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Abstract
Ross River virus (RRV) is a mosquito borne virus that results in
polyarthritic disease with symptoms including rash, lethargy and myalgia.
Currently, RRV is responsible for around 5000 infections each year in
Australia and disease symptoms can persist for several months or years in
RRV infected patients. Early interaction of the virus with the host immune
system has been identified as critical to the resulting disease. In addition, it
has been shown that there are differences between mammalian and mosquito
derived virus in the N-linked glycans on envelope proteins, the ability of the
virus to infect cells in vitro and the resulting cytokine expression. However,
the mechanism behind these differences and their effect in vivo is yet to be
elucidated. The work reported in this thesis aimed to test the hypothesis that
mammalian and mosquito derived RRV differ in replication fitness in vitro and
in vivo, and are associated with differences in host response and the
subsequent clinical disease.
RRV-T48, the common laboratory strain of RRV, showed differences in
replication in vitro. Mammalian derived RRV T48 (Mam-RRV-T48) showed a
replication advantage in mammalian (Vero) cells and a disadvantage in
mosquito (C6/36) cells. In contrast, mosquito derived RRV T48 (Mos-RRVT48) demonstrated a replication advantage in C6/36 cells and a disadvantage
in Vero cells. This is indicative of RRVs ability to adapt to different host cells
and increase the infectivity in the host within one passage. Furthermore, MosRRV-T48 showed a replication advantage in Raw 264.7 cells. Previous studies
have also showed that mosquito derived virus had increased binding affinity
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with cell surface receptors such as DC-SIGN, resulting in an increased
infectivity. This is likely due to high mannose N-linked glycans present on
mosquito derived virus only. Glycosylation differences have been found to
result in strong IFN induction for mammalian but not mosquito derived virus
in DCs. We confirmed this occurs in RRV-T48 infection of Raw 264.7 and
Jaws II cells.
The RRV-T48 studies were expanded further utilising RRV field isolates
extracted from mosquitos in Western Australia. The aim of this study was to
examine if the differential effect observed with RRV-T48 could also be
observed using wild type circulating RRV isolates in vitro. The study confirmed
that RRV isolates mimicked the same pattern of infection as seen in RRV-T48
study. Mam-RRV-isolates produced the highest titres in Vero cells while MosRRV isolates produced the highest titres in C6/36 cells. Furthermore,
approximately half of all Mam-RRV isolates replicated to higher titres than
their Mos-RRV counterparts in Raw 264.7 cells; indicating that binding
affinity is not the only factor involved in RRV replication.
Subsequent in vivo studies showed a significant difference between
Mam-RRV-T48 and Mos-RRV-T48. The in vivo pilot study also revealed that
disease progression was influenced by the gender of mice. While female mice
showed almost no difference in disease when inoculated with Mam-RRV-T48
or Mos-RRV-T48, disease measures in male mice were significantly more
severe. This has led to the development of a male only mouse model of RRV
disease which provides more robust and reproducible results.
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In the in vivo model, Mos-RRV-T48 infection induced less weight gain
and higher clinical scores compared to Mam-RRV-T48 inoculated mice.
Additionally,

Mos-RRV-T48

infection

resulted

in

more

inflammatory

infiltrates, greater tissue and bone destruction present in quadriceps and
ankle samples compared to Mam-RRV-T48 inoculated mice. IFNβ induction
was upregulated in Mam-RRV-T48 infected mice at peak disease. Isolates
RRV-M and RRV-R showed similar disease patterns as seen with RRV-T48.
This demonstrates that the differential induction of disease by Mam-RRV and
Mos-RRV also occurs for wild type circulating isolates.
In addition, Barmah Forest and Dengue viruses also showed differential
profiles between mammalian and mosquito derived viruses in vitro, similar to
RRV-T48 findings. This suggests that the observations in RRV infection may
be more widely applicable to other arboviruses and warrants investigation.
In conclusion, the cell culture findings in this thesis suggest that
arboviruses should be cultured in mosquito cell lines, ensuring that the data
generated is related to natural infection and host response. Furthermore, one
of the most pivotal outcomes of this thesis is in the refinement of the current
RRV mouse model which now takes into account gender dimorphism. The
improvement of the RRV mouse model is an important step forward in more
reproducible arbovirus research.
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Introduction
Arboviruses
Arboviruses (arthropod-borne viruses) are transmitted through an
arthropod vector and are maintained in nature through a continuous cycle of
transmission between a blood feeding arthropod vector and susceptible
vertebrate host (Mellor, 2000). Arthropods that are able to function as vectors
for viral diseases include ticks and biting flies, such as mosquitos (Lupi,
2011). Arboviruses cause significant clinical disease manifestations in both
humans and animals. They are a growing medical concern, especially as
global temperatures rise and the vectors are able to inhabit more areas;
therefore increasing the spread of disease. Over 550 species of arboviruses
were listed in the international catalogue of arboviruses held by the Centers
for Disease Control and Prevention (CDC) in 1985 and more have emerged
since (Liu et al., 2011a). Arboviruses are predominantly within the virus
families

Togaviridae,

Flaviviridae,

Bunyaviridae,

Rhabdoviridae

and

Reoviridae; however they also include one genus in the Orthomyxoviridae
family and one virus in the Asfarviridae family (Ciota and Kramer, 2010).
Arboviruses are ribonucleic acid (RNA) viruses with the singular exception of
African swine fever virus which is a deoxyribonucleic acid (DNA) virus (Shope,
1994). An important feature of RNA viruses is their high mutation rate which
can make it difficult to create effective vaccines.

This is a concern, as

arboviral infections are responsible for a significant burden to the public
health system worldwide. There are over 100 arbovirus species that can cause
1

human disease with the majority being transmitted by a mosquito vector
(Ciota and Kramer, 2010).

Mosquito-borne viruses of medical importance
As far back as 100AD there are reports of fevers being spread by biting
flies, however, despite suspicions that mosquitos were the carriers for yellow
fever (YFV) in 1854, the first arbovirus was not identified until 1901 (Calisher,
2005).

In 1930, only six arboviruses had been identified.

A surge in

advancement of viral isolation techniques at that time lead to a number of
viruses being identified and isolated in quick succession; jumping to 16
arboviruses by 1940, 35 by 1950, 144 by 1960, 354 by 1970 and 450
arboviruses by 1980 (Chamberlain, 1982).

More and more arboviruses

continue to emerge, many of which cause significant human disease and use
the mosquito as the primary vector.
Mosquito-borne arboviruses are prevalent around the world in locations
where conditions allow for the breeding and existence of the vector species.
In addition to this, disease outbreaks are usually seasonal and depend on
factors such as temperature, level of breeding and when the mosquitoes are
taking a blood meal (Kilpatrick and Pape, 2013; Shope, 1994; Waldock et al.,
2013). It has been suggested that the spread of arthropod-borne infections is
increasing due to an increase in human travel and changes in environmental
conditions that favour vector survival, such as global warming and urban
living (Russell, 1998).
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Geographical distribution of arboviruses is highly reliant on the viability
of susceptible vector populations in the area.

Worldwide, Japanese

encephalitis virus (JEV), Dengue virus (DenV), West Nile virus (WNV) and JF
have been identified as having a major impact on health. In Australia the
arboviruses of concern are DenV, Ross River virus (RRV), Barmah Forest
Virus (BFV), JEV, Murray Valley Encephalitis virus (MVE), Chikungunya virus
(ChikV), Kunjin virus (KV) and Rift Valley fever virus (RVFV) (Department of
Health, 2010).

Taxonomy
Mosquito borne viruses of medical importance predominantly originate
from three families, Togaviridae, Flaviviridae and Bunyaviridae. Viruses from
the families Togaviridae and Flaviviridae involve a mosquito vector and the
ability to utilise humans as the host (Table 1.1).

Viruses from the

Bunyaviridae family infect vertebrate hosts other than humans as their
primary host, with occasional zoonosis resulting in human infections. La
Crosse virus is perhaps one of the most significant and has been identified as
the major cause of viral encephalitis in America, with 80-100 cases per year
(CDC, 2011).
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Table 1.1 - General information on arboviruses

Family

Togaviridae

Flaviviridae

Bunyaviridae

Genome

Single stranded
RNA

Single stranded
RNA

Single stranded
RNA

+/- strand

Positive

Positive

Negative

Envelope

Yes

Yes

Yes

Virion morphology

Spherical (65-70
nm)

Spherical (40-64
nm)

Spherical (90-100
nm)

Nucleocapsid
morphology

Icosahedral

Spherical

Helical filaments

Genome

Linear 10-12 kb

Linear 10-12 kb

Linear 11-19 kb

Baltimore
classification

IV

IV

V

Genus

Alphavirus

Flavivirus

Hantavirus

Rubivirus

Hepacivirus

Nairovirus

Hepatitis G Virus

Othobunyavirus

Pestivirus

Phlebovirus
Tospovirus

Units: nanometers (nm), Kilobases (kb)

Togaviridae
The Togaviridae family consists of two genera, Alphavirus and
Rubivirus, the latter of which contains only rubella virus, which is not
transmitted by a vector. In contrast, the Alphavirus genus consists of 40
viruses, most of which are transmitted by an arthropod vector. Alphaviruses
have single stranded, non-segmented, positive sense RNA genomes that are
11-12 kilobases (kb) long (Figure 1.1). The genome contains two open reading
frames (ORFs) which separate the translation of the structural and nonstructural proteins (NsP). The Alphavirus genome codes for four structural
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proteins; the capsid protein (C) and three envelope glycoprotein (E1, E2 and
E3) as well as a small protein known as 6K whose role is not yet fully
elucidated (Firth et al., 2008). Four NsPs are encoded in the 5’ section of the
genome (NsP1-4) and constitute two thirds of the coding region (Strauss and
Strauss, 1994; Vaney et al., 2013).
Alphaviruses have been traditionally further broken down into New
World viruses and Old World viruses. New World viruses result in acute
encephalitic type diseases, whilst Old World viruses result in chronic arthritic
disease.

There is some overlap of these definitions, as three Old World

viruses, Sindbis (SinV), RRV and ChikV, primarily cause an arthritic disease
but have been shown to be neuro-invasive and have the potential to cause
encephalitic disease (Zacks and Paessler, 2010).
Alphaviruses are generally referred to as enzootic infections, as humans
are not the preferred host for these viruses despite being susceptible to
infection. They are maintained and amplified through a mosquito vector and
a mammalian or marsupial vertebrate host (Atkins, 2013).

Of all the

Alphaviruses, RRV is the most reported arboviral infection in Australia and is
of significant concern to human health (Table 1.1).

5

Figure 1.1 - Schematic representation of alphavirus virion and genome.
Representation of a cross section of the Alphavirus virion showing the envelope glycoproteins
E1 and E2, lipid bilayer, the capsid protein (CP). The Alphavirus RNA genome is a single
molecule of plus strand RNA and 9-12 kilobases in length. The non-structural proteins are
translated from the genome RNA whilst the structural proteins are translated from subgenomic mRNA into two polyproteins which are then processed by host and viral proteases
to produce proteins (Firth et al., 2008; Strauss et al., 1988).
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Table 1.2 - Notifications of Ross River virus infection

Year

ACT

NSW

NT

QLD

SA

TAS

VIC

WA

Aust.

2008

21

1153

263

2843

197

77

231

863

5648

2009

4

909

431

2146

328

29

92

837

4776

2010

22

1083

336

2379

451

39

422

409

5141

2011

8

577

184

1220

979

7

1312

871

5158

2012

11

607

227

1944

221

18

281

1378

4687

2013

4

504

300

1787

167

8

170

1368

4308

Notifications of RRV infection data received from State and Territory health authorities for
2008 to 2013 (Department of Health, 2015)., Australian Capital Territory (ACT), New South
Wales (NSW), Northern Territory (NT), Queensland (QLD), South Australia (SA), Tasmania
(TAS), Victoria (VIC), Western Australia (WA).

Alphavirus Virion and genome
The genome of the T48 strain of RRV, commonly used in laboratory
research, is 11854 nucleotides long (Genebank). Structural and Ns proteins
are encoded in two distinct regions with separate ORFs. Two glycosylated
proteins (E1 and E2) found in the envelope and the icosahedral nucleocapsid
contained by it, make up the four commonly recognised structural proteins
along with E3 which is although required for spike assembly, is not
incorporated in the virion (Cheng et al., 1995).

The 6K protein has been

associated with formation of ion channels and is also encoded in the
structural section of the genome.

Alphavirus replication
The spherical, enveloped virion is approximately 71 nanometres (nm)
in diameter with a positive sense, single stranded, non-segmented RNA
genome (Strauss and Strauss, 1994). Many studies examining replication
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and protein formation of Alphaviruses have used SinV as a representative
virus and thus much of the knowledge around the RRV genome, protein
functions and viral replication has been inferred from studies using SinV, the
Alphavirus replication cycle is illustrated in Figure 1.2.
Protruding portions of the viral envelope glycoproteins, E2, as well as
E1 interact with host cell surface receptors and mediate membrane fusion
(Snyder and Mukhopadhyay, 2012).

E2 is highly conserved among

Alphaviruses, but interestingly, a single point mutation in E2 in SinV virus
resulted in a different effect on spike formation and viral assembly than in
RRV indicating that E2 folding is species specific (Snyder et al., 2012). Recent
studies in RRV have indicated the same importance of E2 in virulence. Jupille
et al. (2013) found that a single amino acid substitution at position 18 on the
RRV E2 glycoprotein resulted in attenuation of disease in mice, with less virus
spread and a significant reduction in viremia. In vitro it was shown that this
mutant also replicated more efficiently than RRV-T48 in mosquito cells but
displayed lower titres in mammalian cells. It was proposed that amino acid
switching at this position functions to regulate fitness in either vertebrate or
invertebrate hosts. It has also been found that amino acid 218 of RRV can be
modified to create heparan sulfate (HS) binding site and that this leads to an
expansion of the host range of RRV to include avian cells (Heil et al., 2001).
Other studies involving the E2 glycoprotein of SinV found that deletions at
positions 391 disrupted virus assembly in mammalian cells but did not have
the same effect in insect cells (Hernandez et al., 2005).
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Figure 1.2 - Alphavirus replication cycle
The Alphavirus virion enters the cell via receptor mediated endocytosis. The low pH of the
endosome results in membrane fusion and allows the delivery of the viral genome into the
host cell cytoplasm. Non-structural protein precursors are translated from the viral mRNA
and processing by viral proteases results in the production of the non-structural proteins
which leads to the synthesis of full length negative strand RNA intermediate. From this
genomic and sub-genomic RNA is synthesised. Sub-genomic RNA results in the production
of a polyprotein of which the capsid protein is the first to be cleaved.

The remaining

glycoproteins are further processed in the Golgi apparatus before undergoing further cleavage
and being transported to the plasma membrane.

The nucleocapsid, genomic RNA and

glycoproteins bind together and bud from the host cell membrane as a mature virion
(Schwartz and Albert, 2010).
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E1 facilitates fusion of the viral envelope with a target membrane,
additionally it generates an icosahedral lattice on the viral surface and forms
ion permeable pores in the target membrane during virus entry (Lescar et al.,
2001; Wengler et al., 2003). The formation of ion pores occurs at low pH, invivo this happens in the low pH endosomes but the effect can also be induced
in-vitro under low pH (White and Helenius, 1980). The formation of ion pores
in the endosomal membrane is thought to facilitate core disassembly and
translation of the viral genome. Rearrangement of proteins occurs in the
acidic environment exposing the E1 fusion peptide. The E1 fusion peptide is
then inserted into the host endosome membranes (Gibbons et al., 2003). It is
noted that unlike infection in vertebrate cells, low pH may not be required in
the infection of mosquito cells (Hernandez et al., 2001). Following fusion, the
nucleocapsid core is release into the cytoplasm and RNA translation and
transcription occur forming a genome plus strand RNA, complementary
minus strand RNA and sub-genomic messenger RNA (mRNA).
Minus strand synthesis requires NsP1 which has been indicated in the
initiation and maintenance of minus strand synthesis (Wang et al., 1991).
NsP1 has been identified as a critical determinant in mouse virulence where
mutation can effect virulence and increase host type I interferon (IFN)
response without effecting viral replication in both SinV and RRV (Cruz et al.,
2010). A role for NsP1 in mouse disease was further confirmed in a study
which swapped the NsP1 regions of RRV-T48 and a mouse avirulent strain
resulting in attenuation of RRV-T48 and restored virulence to the avirulent
strain (Jupille et al., 2013). In ChikV infection, NsP1 is an antagonist to the

10

IFN stimulated gene, BST-2, that prevents infection of bystander cells by
prevention of virion budding (Jones et al., 2013).
NsP2 plays a role in minus strand synthesis by blocking host cell
translation and facilitation of unwinding of RNA during RNA replication and
transcription (Peranen et al., 1990; Rikkonen, 1996; Rikkonen et al., 1994;
Sawicki et al., 2006; Tamm et al., 2008). It also cleaves the non-structural
polyprotein (Hardy and Strauss, 1989).
NsP3 is critical for minus strand and sub-genomic RNA synthesis and
has been shown to block the formation of stress granules as well as to
interfere with host cell membrane trafficking, cell signalling and cytoskeletal
organisation (Fros et al., 2012; Lemm et al., 1994; Neuvonen et al., 2011; Park
and Griffin, 2009; Tuittila and Hinkkanen, 2003). It is important to note that
NsP3 has a different morphology and protein interaction depending on
whether they are from New or Old World Alphavirus.

It is believed, that

despite these differences, their functions are likely similar (Foy et al., 2013a).
In Venezuelan equine encephalitis virus (VEEV) infection, it has been shown
that NsP3 plays a critical role in virus replication of mosquito cells but not
mammalian cells.

It is unknown if this is also the case for Old World

Alphaviruses (Foy et al., 2013b). NsP4 is a RNA-dependent RNA polymerase
(RdRP) and is thought to interact with other NSP’s and may have a role in the
regulation of host cell gene expression (Rupp et al., 2011).
The sub-genomic RNA is translated to produce structural polyprotein
of which CP is the first protein to be cleaved, through autocatalytic cleavage
(Melancon and Garoff, 1987). The process occurs in the cytoplasm after which
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it assembles into the nucleocapsid core and later associates with the mature
glycoproteins at the plasma membrane (Forsell et al., 2000).
Meanwhile, the remaining polyprotein, containing E3+E2(PE2)-6K-E1
is translocated across the ER membrane where the polyprotein is cleaved into
E3-E2, 6K and E1 and the proteins undergo posttranslational modifications
including the addition of high mannose chains on N-linked glycosylation sites.
Proteins then move through the Golgi network and the envelope protein spike
complex matures before E3 is cleaved by furin and the E2-E1 spike complex
is transported to the plasma membrane for assembly with the nucleocapsid.
Unlike the other envelope proteins, E3 is not incorporated into the virion.
Major roles of E3 include particle assembly, and mediation of spike folding
and activation. E3 transports the structural polyprotein, once CP has been
cleaved, to the ER. The polyprotein is then further cleaved to form E3-E2,
often called pE2 (Zhang et al., 2003). Spike formation occurs in the ER and
if E3 is not present correct folding of E2 does not occur and E2-E1
heterodimer spikes are not able to form (Snyder and Mukhopadhyay, 2012).
E3 must be cleaved from E2 by furin before the spikes become fusion
competent and are transported through the host secretory system to the
plasma membrane for budding (de Curtis and Simons, 1988; Sjoberg et al.,
2011). To highlight the importance that E3 plays in Alphavirus infectivity, it
was found that mice immunised with E3 glycoprotein antibody were protected
against lethal infection with VEEV (Parker et al., 2010). Additionally, studies
indicate that alteration to the highly conserved cysteine residues in the
glycoprotein highly alters infectivity (Parrott et al., 2009).
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Virion budding occurs on the cell membrane surface as the
nucleocapsid core and glycoproteins associate. This is facilitated by 6K which
functions as a cation-selective ion channel in the lipid bilayer (Melton et al.,
2002).

Complete deletion of the gene results in a virion that is

indistinguishable to the wild type (Wt) virus but reduces the titre by 50 fold
in baby hamster kidney (BHK) cells (Liljestrom et al., 1991). Loewy et al.
(1995) confirmed that 6 K plays a role in assembly and budding process. In
conjunction with this, they also identified that lack of this protein makes
Semliki Forest virus (SFV) more thermolabile.

Additionally, their studies

showed that mosquito cells were more competent at growing the 6K deletion
mutant than mammalian cells and that a large amount of infectious virus
remained cell associated in both cell lines. When visualised on a protein gel,
6 K migrates as a doublet. Previously this has been explained as a result of
varying degrees of acylation. Current research is investigating this doublet
and has indicated that it is in fact due to frame shifting which results in the
synthesis of an addition novel protein of 8 kDa, called the TransFrame (TF)
protein.

Whilst it used to be accepted that small amounts of 6 K were

incorporated into the virion, these new studies suggest that it is actually TF
that is included and not 6 K (Firth et al., 2008; Snyder et al., 2013).
Characterisation of this novel protein has only recently commenced, however
it is indicated as having similar ion-channel activity to 6K. Additionally, TF
was found to be not required for culture in cells but does alter the release of
virus in both mammalian and insect cells. Furthermore, when TF was altered
in SinV mice mortality fell to under 15 % compared to 95 % of mice infected
with Wt virus (Snyder et al., 2013).
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RRV epidemiology and disease
RRV was first isolated by Doherty et al. (1963) from Aedes vigilax
mosquitoes, taken from an area near the Ross River in Townsville,
Queensland, Australia. Doherty further identified the virus as the causative
agent of the epidemic polyarthritis that had been reported around the warmer
states of Australia in 1972. RRV requires a mosquito vector as well as a
mammalian/marsupial

host

reservoir

and

is

maintained

through

a

transmission cycle between the two. Marsupials have been identified as the
most competent hosts and in the Northern Territory, the agile wallaby
(Macropus agilis) and the dusky rat (Rattus colletti) have been identified as
potential major reservoirs of RRV. In addition, kangaroos, other wallabies
and possums have also been identified as potential hosts (Harley et al., 2001;
Kay et al., 1982). Human infection by RRV is thought to be due to spill over
from an epidemic in a mammalian reservoir population, however once this
has happened human-mosquito-human transmission is thought to be the
main cycle during a human epidemic (Carver et al., 2009). As RRV requires a
mosquito vector, the disease is limited to areas in which susceptible mosquito
species can survive.

The most prominent mosquito vectors identified are

Ochlerotatus vigilax (formerly Aedes vigilax), a salt water mosquito and Culex
annulirostris, a fresh water mosquito; however it is important to note that RRV
has been associated with over 35 species of mosquitos (Jacups et al., 2008).
Hu et al. (2010) found that the incidence of human RRV infection was directly
related to mosquito abundance, which was scored between 0-100 according
to mosquito population density.

There was an 89 % chance of an RRV

outbreak if Oc. vigilax abundance was scored between 64 and 90 in coastland
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Queensland and an 80 % chance of an RRV outbreak if Cx. annulirostris
abundance was scored between 53 and 73 in inland Queensland.
Furthermore, pre-emptive mosquito control programs that include both
species have been shown to result in decreased incidence of RRV disease
(Tomerini et al., 2011). Additionally, a clear relationship exists between an
increase in mosquito population due to increased rainfall and increase in RRV
infection Figure 1.3 (Tong et al., 2008). RRV is endemic in Australia, Papua
New Guinea, Fiji, Indonesia, Cook Islands, and Samoa.

Figure 1.3 - Relationship between rainfall, mosquito density and RRV incidence in
Brisbane
Increased rainfalls in Brisbane correlate with an increase in moquito population peaks which
in turn corresponds to a peak in RRV incidence within two months of peak mosqito
populations. Graph used with permission from Tong et al., (2008).

Human infection by RRV occurs when an infected mosquito takes a
blood meal from a person. Once infected, the incubation period averages eight
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days with a range of 3-21 days (Harley et al., 2001). Early symptoms include
non-itchy macropapular rash, headache, fever and lethargy, myalgia or
arthritic symptoms can occur acutely or chronically in the disease. While
joint pain is present in more than 95 % of patients and tiredness in more than
90 %, other symptoms such as rash, headache and fever only present in
approximately half of all patients (Barber et al., 2009). Arthritic symptoms
primarily affect the joints of the limbs, such as the carpals and metacarpals
and can last between 3-12 months with associated pain ranging from
moderate to severe. Acute RRV infection has been associated with a risk of
developing post-infective syndrome and chronic fatigue syndrome, however
this is thought to be due to the host response to disease and not virus specific
(Hickie et al., 2006). Meningitis and encephalitis have also only been reported
a few times and are considered extremely rare (Harley et al., 2001).
Presently there is no vaccine for RRV disease and treatment of disease
is aimed at alleviating symptoms. There is a promising vaccine candidate
which has been shown to provide protection to mice from viremia and also
eliminate mortality and disease in IFN α/β receptor (IFNAR) knock out (-/-)
mice. Furthermore, no antibody dependent enhancement (ADE) was seen and
antibodies were cross protective against infection with ChikV (Holzer et al.,
2011).

Human trials have been promising with 92.9 % of participants

seroconverted however up to 30 % of candidates were symptomatic (Aichinger
et al., 2011). Until a vaccine is realised, the main treatment is use of nonsteroidal anti-inflammatory drugs and paracetamol. It has been estimated
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that the annual disease burden cost to Australia is at least US$10 million
(Jones et al., 2010)

Flaviviridae
The family Flaviviridae consists of a group of positive strand, enveloped
RNA viruses. This large family is further broken down into three genera:
Flavivirus, Pestivirus and Hepacivirus. Of these, only the genus Flavivirus
contains mosquito borne viruses of human disease significance (Table 1.3).

Table 1.3 - Mosquito-borne viruses in the Flaviviridae family that cause human disease

Virus

Vector

Primary
host

Distribution

Disease

Dengue 1

Mosquito

Human

World Wide

DF, DHF, DSS

Dengue 2

Mosquito

Human

World Wide

DF, DHF, DSS

Dengue 3

Mosquito

Human

World Wide

DF, DHF, DSS

Dengue 4

Mosquito

Human

World Wide

DF, DHF, DSS

Japanese
encephalitis

Mosquito

Bird/Pig

Asia

Encephalitis

Kunjin

Mosquito

Bird

Australia

Encephalitis

Murray valley
encephalitis

Mosquito

Bird

Australia

Encephalitis

Powassan

Tick

Rodent

North
America/Europe

Encephalitis

St Louis
encephalitis

Mosquito

West Nile

Mosquito

Yellow fever

Mosquito

Bird

North
America/Central
America/South
America

Encephalitis

Bird

Africa/Europe/Asia

Encephalitis

Africa/South America

Meningitis,
hepatitis and
haemorrhagic
fever

Monkey

Modified from Monath and Heinz, (1996) with additional information from Munoz-Jordan et
al. (2005). DF – Dengue Fever, DHF – Dengue Haemorrhagic Fever, DSS – Dengue Shock
Syndrome
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It is interesting to note that Flaviviruses were originally grouped with
Alphaviruses in the Togaviridae family based on similarities in their viral
structure, however, distinct differences in genomes, proteins and their
functions, as well as translational mechanisms led to the reclassification of
Flaviviruses into the Flaviviridae family (Strauss and Strauss, 2001).
Flaviviruses have a non-segmented single stranded positive sense RNA
genome which is approximately 11 kb long and contains a single ORF. The
genome encodes for three structural proteins: C, glycoprotein precursor of
matrix (M) protein (prM) and E, and seven NsPs: NsP1, NsP2A, NsP2B, NsP3,
NsP4, NsP4B and NsP5 (Pierson and Diamond, 2012).
Although Flaviviruses can target many host cells, infection of dendritic
cells (DC) has been found to be of particular importance. It has been shown
that interaction with dendritic cell-specific intercellular adhesion molecule-3grabbing non-integrin (DC-SIGN) and liver/lymph node-specific intercellular
adhesion molecule-3-grabbing integrin (L-SIGN) is involved in the attachment
of Flavivirus to DC’s (Davis et al., 2006; Martina et al., 2008; Martins Sde et
al., 2012; Tassaneetrithep et al., 2003).
Once attached, the Flavivirus virion enters the host cell by clathrinmediated endocytosis and the replication cycle is outlined in Figure 1.5 (Chu
et al., 2006; Peng et al., 2009). The virus NsPs assist in the evasion of the
immune response by inhibiting IFN induced signalling by interfering with both
the janus kinase signal transducer and activator of transcription (Jak-STAT)
pathway and through prevention of activation of interferon regulatory factor
(IRF)-3 resulting in a delay in IFNβ production and thus a down regulation of
18

host immune response (Best et al., 2005; Fredericksen and Gale, 2006; Lin
et al., 2006).

Figure 1.4 - Schematic representation of flavivirus virion and genome.
Representation of a cross section of the Flavivirus virion showing the envelope glycoprotein
homodimer (E), matrix protein (M), lipid bilayer, capsid protein (CP) and genomic RNA. The
positive sense Flavivirus RNA genome is translated into a polyprotein which is then cleaved
by host and viral proteases to produce indicated structural and non-structural proteins (NsP)
(Chambers et al., 1990; Hernandez et al., 2014).

19

Figure 1.5 - Flavivirus replication cycle
The Flavivirus virion enters the cell via receptor mediated endocytosis. The low pH of the
endosome results in membrane fusion and allows the delivery of the viral genome into the
host cell cytoplasm. A single polyprotein is translated from the viral mRNA, processing by
host and viral proteases results in the production of proteins and replication of the viral RNA
occurs. Assembly of the virus occurs on the endoplasmic reticulum membranes. Virions
bud from the ER and undergo further processing in the Golgi apparatus with virion
maturation occurring when prM is cleaved by furin and the mature virion buds from the
plasma membrane (Pierson and Diamond, 2012).
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Dengue Virus (DenV)
Without a doubt, the virus in the Flavivirus genera that has had the
most impact on human health is DenV. DenV is emerging as one of the
world’s most important arboviruses with an estimated 2.5 billion people at
risk of infection (WHO, 2001). DenV can cause three clinical conditions in
humans: dengue fever (DF), dengue haemorrhagic fever (DHF) and dengue
shock syndrome (DSS), with each increasing in severity (Alejandria, 2004). A
disease classification system for these conditions has been devised by the
World Health Organisation (WHO), based on clinical presentations (Table 1.4)

Table 1.4 - Dengue disease grade classifications

Disease

Grade

Symptoms

Dengue Fever

-

Fever with two or more of the following signs:
headache, retro-orbital pain, myalgia,
arthralgia

Dengue Haemorrhagic
Fever

I

Fever with above signs. The only
haemorrhagic manifestation is a positive
tourniquet test and/or easy bruising

Dengue Haemorrhagic
Fever

II

Above signs plus spontaneous bleeding
usually in the forms of skin or other
haemorrhages

Dengue Haemorrhagic
Fever with Dengue
Shock Syndrome

III

Above signs followed by circulatory failure
manifested by a rapid, weak pulse and
narrowing of pulse pressure or hypotension,
with the presence of cold, clammy skin

Dengue Haemorrhagic
Fever with Dengue
Shock Syndrome

IV

Profound shock with undetectable blood
pressure and pulse

Table modified from Wichmann and Jelinek (2004) and WHO (1997).

Despite the global importance of DenV disease, the mechanisms by
which this virus causes disease are still not completely understood
(Stephenson, 2005). It has been found, however, that DenV is able to subvert
the innate immune system through several strategies that target important
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antiviral cytokines such as type I IFN. Several NsPs have specific actions that
inhibit IFN production. For example, NsP2B3 cleaves host factors resulting
in the interruption of IRF-3 phosphorylation which is involved in the
transcription of type I IFNs. In addition, NsP2A, NsP4A, NsP4B and NsP5
have all been shown to cause disruption to the IFN I activation pathway
(Morrison et al., 2012). Of particular note, NsP5 is able to directly bind to
STAT2 and inhibits phosphorylation. This in turn disables the production of
the antiviral IFN response (Mazzon et al., 2009).
Further understanding of DenV and its subsequent disease has been
slowed by a lack of suitable mouse model. While several papers have now
published proposed models they are all imperfect due to resistance of Wt mice
to DenV. This means that to date mouse models involve severely immune
compromised mice, human-mice chimeras or massive viral loading all of
which have individual problems and limitations (Bente et al., 2005; Chen et
al., 2007; Chen et al., 2009; Huang et al., 2000; Kuruvilla et al., 2007; Shresta
et al., 2006). As such, a reliable and robust model is still being researched.

Bunyaviridae
Bunyaviridae is the largest virus family, with five genera covering over
350 viruses. However, it contains the least number of medically significant
arboviruses.

Bunyaviradae have a negative sense, single stranded,

segmented RNA genome Figure 1.6. The three segments exist in a circular
configuration inside the nucleocapsid protein and are denoted by size, large,
medium and small (Walter and Barr, 2011). The genome encodes for four
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structural proteins, two glycoproteins, the nucleoprotein and the viral
polymerase L.
Some, but not all of the Bunyaviridae viruses, also encode NsPs (Guu
et al., 2012). Entry of Bunyaviridae into host cells is through phagocytosis,
clathrin-mediated or clathrin independent endocytosis (Guu et al., 2012;
Hollidge et al., 2012; Walter and Barr, 2011). Of most concern to human
health are La Crosse virus, RVFV and California encephalitis virus. La Crosse
virus and Californian encephalitis virus both cause encephalitic disease
symptoms that range from fever to vomiting, stiff neck, seizures, mental
impairment, coma and death.

Although infection is quite common,

progression to severe disease is rare (Hollidge et al., 2010). Of the two, La
Crosse virus has been identified as the major cause of paediatric encephalitis
in the USA, with approximately 100 cases reported per year (CDC, 2011).
Outbreaks of human infections of RVFV occur mainly in Africa and are
associated with contact with infected livestock. Disease outcomes of RVFV
include asymptomatic infection, retinitis, hepatitis, renal failure, necrotic
encephalitis, severe haemorrhagic fever and death (Hollidge et al., 2010).
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Figure 1.6 - Schematic representation of Bunyaviridae virion and genome.
Representation of a cross section of the Bunyaviridae virion showing the embedded
glycoproteins Gn and Gc, the lipid bilayer, nucleoprotein (N) and the segmented genomic RNA.
The Bunyaviridae consists of three genomic RNA segments, S, M and L which are each
encapsulated by the nucleoprotein and are in association with the L protein molecules
(Ikegami and Makino, 2011; van Knippenberg and Elliott, 2015)
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Arbovirus immunobiology and pathogenesis

Cells targeted by arboviruses in infection and disease
Although the primary cells targeted by RRV have not been fully
elucidated, several immune cells have been shown to interact with the virus
early in the infection process and several have been determined to contribute
to disease development. Shabman et al (2008) suggest that Langerhans cells
and dermal myeloid DCs are early targets for viral replication after
introduction of virus from a mosquito bite, as they are located in the skin
tissue. Immune cells such as T lymphocytes and natural killer cells have also
been implicated in RRV pathogenesis; however to date it is the macrophage
that has been shown to contribute most significantly to RRV disease
symptoms. Macrophages have been found to be the main cell infiltrate in
inflamed tissues during disease in a mouse model (Morrison et al., 2006).
Additionally, disease symptoms in mice have been shown to be abrogated by
removal of macrophages (Lidbury et al., 2000).

Macrophage migration

inhibitory factor (MIF), a cytokine released by macrophages that increases
host inflammatory response, has also been shown to be crucial to
development of arthritic disease symptoms in a mouse model of RRV (Herrero
et al., 2011).

In addition, RRV and BFV have been shown to replicate

effectively in DCs, however in contrast, ChikV cannot replicate in DCs
showing that Alphavirus target cells are virus specific. Human epithelial and
endothelial cells as well as fibroblasts and macrophages have all been shown
to be permissive to ChikV infection and have been suggested as possible target
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cells (Shabman et al., 2007; Sourisseau et al., 2007). Recent studies have
shown that primary human osteoclasts can be productively infected by RRV
and ChikV and that the infection of osteoblasts and the resulting proinflammatory mediators released are a critical factor in Alphavirus disease
(Chen et al., 2014a; Chen et al., 2014b; Noret et al., 2012).
The primary target cells of DenV infection in vivo have long been
thought to be blood monocytes and tissue macrophages (Chen and Wang,
2002; Halstead, 2002; Moreno-Altamirano et al., 2004; Mosquera et al., 2005;
Wang et al., 2002). However, there has been a growing body of evidence that
suggests that DCs may in fact be the primary target cells (Alen et al., 2012;
Wu et al., 2000). Libraty et al. (2001) have shown that DenV can infect and
replicate in immature human myeloid DCs. Wu et al. (2000) demonstrated
that immature monocyte-derived DCs and human skin Langerhans cells were
highly permissive to DenV infection, with Langerhans and DCs being ten
times more permissive to infection than either monocytes or macrophages.
Several other cell lines have been implicated as targets of DenV infection
including those of myeloid, lymphoid, epithelial, endothelial and fibroblastic
lineages (Wang et al., 2002).
It is important to acknowledge that although the method and site of
viral introduction in the host is the same for all arboviruses, the cells that
they target and productively infect in the host can differ between viruses and
impacts the resulting infection and disease progression in the host.
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Attachment and entry of arboviruses
Although the category of arbovirus covers several virus families, there
are similarities in the viruses’ attachment to target cells and replication
cycles. Both Alphaviruses and Flaviviruses have been shown to interact with
DC-SIGN and L-SIGN as attachment ligands which mediate viral entry to host
cells (Geijtenbeek et al., 2000; Klimstra et al., 2003; Pohlmann et al., 2001;
Ryman and Klimstra, 2008; Tassaneetrithep et al., 2003).

It has been

proposed that interaction with these C-type lectins by Alphavirus and
Flavivirus can alter the response to infection and enhance viral replication
whilst reducing antiviral activity in the host (Shabman et al., 2007; Silva et
al., 2007). It has further been inferred that DC-SIGN and L-SIGN may act as
common receptors to arboviruses and influence the rate of DC infection early
in the host response (Ryman and Klimstra, 2008).
HS glycosaminoglycans are polysaccharides found at the cell surface of
animal cells. Interaction between HS and arboviruses has been implicated in
increased virulence of arboviruses in mammalian cells (Artpradit et al., 2013;
Dalrymple and Mackow, 2011; Gardner et al., 2011; Smit et al., 2002; Zhu et
al., 2010).

Enhanced binding and infectivity was conferred on SinV by

mutations in E2 that accumulated during tissue culture passage and allowed
the use of cell surface HS as attachment ligands. In addition, after only three
passages in mammalian cells, SinVs ability to utilise HS binding increased by
over 12 fold, and this resulted in a 100 fold increase in viral titres.
Interestingly, the authors state that Wt isolates do not utilise HS binding sites
but can adapt in as little as one passage to utilise these sites. The data
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described in the paper cites only one field isolate that was recreated through
a complementary DNA (cDNA) clone so it remains possible that this is an
isolate dependent effect (Klimstra et al., 1998). In fact, a study comparing a
known high affinity DenV strain with DenV obtained from the serum of
human patients found that the HS binding residues were conserved indicating
a role for high affinity HS strains in vivo (Conway et al., 2014). In contrast,
studies have shown that an increase in the binding of SinV to HS in tissue
culture can lead to increased clearance by the liver in a mouse system
compared to virus with low HS binding affinity (Byrnes and Griffin, 2000; Smit
et al., 2001). This finding is supported by more recent studies that show HS
binding attenuates alphaviral disease that is dependent on high titre viremia
but can lead to an increase in virulence due to encephalitic disease (Ryman
et al., 2007a; Ryman et al., 2007b). Although RRV-T48 has previously been
found to bind independent of HS, it was found that a single substitution in
the E2 glycoprotein conferred HS binding and expanded host range in vitro
(Byrnes and Griffin, 1998; Heil et al., 2001; Zhang et al., 2005). In addition
to mounting evidence that HS plays a role in arbovirus infection, a recent
study identified the ability of mosquito saliva to enhance in vitro infection by
increasing viral attachment to HS (Conway et al., 2014).

Early events in host response to arboviral infection
In a study using SinV it was found that very early differences in virus
replication within the first few infected host cells had the ability to change the
outcome from 100 % mortality to 100 % survival (Ryman et al., 2007b). This
clearly demonstrates the importance of early events in host immunity to viral
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infection. The innate immune system is the host’s front line of defence against
invading pathogens and is not reliant on previous exposure. It involves white
blood cells such as monocytes, macrophages, neutrophils, basophils,
eosinophils, T-cells and natural killer (NK) cells as well the complement
system and the release of cytokines (Ma and Suthar, 2015). In the case of
arboviruses, the virus is introduced into the skin and circulating blood, both
of which are areas rich with immune cells that recognise pathogens and
mount an immune response, some of these cells are thought to play a critical
role in the development of arboviral disease and include DCs, macrophages,
NK and T cells (Reviewed in Briant et al., 2014).
DCs are able to capture antigen and present it to T-cells and B-cells to
help modulate host immune response to infection. They are present in the
mucosal linings and blood and also in the skin as Langerhans cells, a
specialised form of DC.

These cells are thought to be one of the first

encountered by arboviral infection and have been shown to contribute to the
release of antiviral cytokines such as type I IFN and tumour necrosis factor
(TNF)α resulting in initiation of the innate immune response after exposure to
arbovirus (Klimstra et al., 2003; Libraty et al., 2001; Shabman et al., 2008).
Several studies have shown that DCs are not only permissive to infection by
a range of arboviruses but that the expression of DC-SIGN is capable of
binding to the high mannose N-glycans on arboviruses facilitating viral
attachment to the cell (Feinberg et al., 2001; Johnston et al., 2000; Klimstra
et al., 2003; Morizono et al., 2010; Richter et al., 2014).
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DC-SIGN is also

expressed on macrophages, another cell involved in early stages of arboviral
infection.
Macrophages are phagocytic cells found in tissue and in the blood
stream which play an important role in innate immunity and the
inflammatory response.

Monocytes are recruited to the site of infection

through various cytokines and chemokines which also result in their
activation and differentiation into macrophages.

Two forms of activated

macrophages have been proposed, M1 macrophages are cytotoxic, associated
with

inflammation

and

differentiate

in

response

to

IFNγ

and

lipopolysaccharide (LPS); they release high amounts of the pro-inflammatory
cytokine interleukin (IL)12. M2 macrophages result in the presence of IL4
and are associated with tissue repair and wound healing. They act to reduce
inflammation by releasing anti-inflammatory cytokines such as IL10 and
transforming growth factor (TGF) β (Gordon and Martinez, 2010; Laskin,
2009; Verreck et al., 2004). Macrophages have been shown to play a critical
role in the development of viral arthritis caused by Alphavirus due to the
release of cytotoxic, pro and anti-inflammatory cytokines as well as fibrogenic
mediators and subsequent tissue destruction in a dysmodulated immune
response (Assuncao-Miranda et al., 2010; Lidbury et al., 2008; Morrison et
al., 2006). In a mouse model of RRV infection it was shown that removal of
macrophages resulted in significantly reduced RRV disease and tissue
damage (Herrero et al., 2011; Lidbury et al., 2011; Lidbury et al., 2000;
Stoermer et al., 2012). Additionally, it has been shown that macrophages
present in RRV and ChikV infection are skewed towards a wound healing and
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immunosuppressive/anti-inflammatory profile (M2) as opposed to a proinflammatory/host defence profile (M1) at late time points (7 days post
infection).

An M2 profile is associated with expression of arginase 1 by

macrophages/monocytes and it was shown that deletion of arginase 1
dramatically reduced viral loads and improved tissue pathology indicating
that virus clearance and disease resolution is inhibited in an arginase 1dependent manner (Stoermer et al., 2012). In addition, macrophages have
been shown to contribute to disease pathology of Flaviviruses through the
release of cytokines such as TNFα, IL6 and nitric oxide (NO) which has been
shown to correlate with severe disease (Kreil and Eibl, 1996; Levy et al., 2010)
Another cell capable of killing infected cells during viral infection is the
NK cell, a type of cytotoxic lymphocyte that is able to recognise stressed cells
and induce apoptosis without requiring antigen presentation on the affected
cell and is up-regulated in the presence of type I IFN (Petitdemange et al.,
2014). The role of NK cells in arboviral infection is still poorly elucidated and
is a continuing area of research. It has been suggested that NK cells may play
a role in arthritic symptoms of RRV due to increased destruction of stressed
tissue in the joints and have been shown, along with macrophages, to make
up a large percentage of the inflammatory infiltrates in affected tissue (Aaskov
et al., 1987; Herrero et al., 2011). Additionally, NK cells are recruited to the
sites of DenV infection by mast cells and present with an up regulation of cell
adhesion molecules (Azeredo et al., 2006; St. John et al., 2011). This results
in an increase in the production of pro-inflammatory cytokines by activated
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NK cells and maintenance of an inflammatory state in infected tissue (Ahmad
and Alvarez, 2004; Dalbeth and Callan, 2002; Green et al., 2005).
T-cells, like NK cells, are a type of lymphocyte that originate in the bone
marrow. They mature in the thymus under different positive and negative
pressures into two separate T-cell subsets, CD4+ and CD8+ cells. They leave
the thymus as naïve cells and are found throughout the body in circulating
blood, lymphatic tissues and other organs such as bone marrow (Di Rosa and
Pabst, 2005). Interaction of the naïve T-cell with an antigen and the presence
of cytokines, such as IFN and TNFα, results in activation of the naïve cells.
Activated T-cells have been shown to regulate bone homeostasis through the
release of cytokines that act directly on bone tissue cells such as bone marrow
and osteoblasts but have also been shown to trigger osteoclastogenesis,
resulting in bone loss and joint destruction (Kong et al., 1999). This has
important implications in the development of arthritic alphaviral infections.
Activation of T-cells results in the development of several different T-cell
subsets, including Helper CD4+ (TH), Cytotoxic CD8+ (TC) and Memory (TM) Tcells, which can be derived from either CD4+ or CD8+ cells.
TM cells are part of the adaptive immune response and are antigenspecific; they remain after infection to improve the response of the immune
system to subsequent infection by the same antigen, usually resulting in
successful amelioration of the resulting disease or milder disease symptoms.
TC cells recognise virally infected cells through major histocompatibility
complex (MHC) class I molecules bound to viral peptide antigen and presented
on the surface of infected cells. The cytotoxic cells release granules which
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induce apoptosis of the infected cell.

Removal of TC cells in encephalitic

Alphaviruses infection in mice resulted in prevention of lesions of
demyelination which occur during the inflammatory response post alphaviral
infection (Subak-Sharpe et al., 1993). Additionally, TC cells have been shown
to be significantly up-regulated in the synovial fluid of psoriatic arthritis
patients and that this correlates with disease and bone erosion (Menon et al.,
2014). TC cells have also been shown to play an assisting role in the clearance
of RRV from persistently infected macrophages indicating that they may play
a dual role in disease (Linn et al., 1998).
TH cells can differentiate into several different subsets of cells, each of
which secretes different characteristic cytokines. These include TH1, TH2 and
TH17 cells (Raghupathy et al., 1998). TH1 cells release cytokines such as IL2,
IFNγ and TNFα which are involved in cell mediated immunity, inflammatory
reactions and delayed type hypersensitivity disorders, on the other hand TH2
cells secrete cytokines such as IL4, IL5, IL10 and IL13 which are important
in regulating humoral immunity and antibody production (Sun and Kochel,
2013). In general, TH1 and TH2 cells are thought of as opposing and balancing
forces and a skew to one profile can influence the outcome of infection. For
instance, recovery from viral infection is linked with a TH1 immune response,
while a TH2 immune response is associated with the development of more
severe disease (Chaturvedi et al., 1999b).

Additionally, TH1 response is

associated with M1 macrophage differentiation and TH2 with an M2
macrophage profile; to date the contribution of TH17 cytokines to macrophage
activation is unclear (Chinetti-Gbaguidi and Staels, 2011).
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TH17 cells have only recently been described and one theory states that
these are the primary cells responsible for inflammation and that TH1 cells
are

more

related

to

antigen

presentation

and

cellular

immunity.

Differentiation into TH17 cells is driven by IL6, IL1β and IL23 and they release
IL17,

granulocyte-macrophage

colony-stimulating

factor

(GM-CSF),

macrophage inflammatory protein (MIP)-3α and TNFα. IL17 is an important
inflammatory cytokine linked to rheumatoid arthritis (RA).

Furthermore,

studies have shown that TH17 cells result in the production of proinflammatory cytokines that can also drive osteoclastogenesis resulting in
bone resorption (Jovanovic et al., 1998). Additionally, TH17 cells have been
shown to have a pathological effect in encephalitic alphaviral infection in mice.
Interestingly, recent studies examining the TH17 response have linked this
with an ‘opening’ of the blood-brain barrier to viral infection increasing neuro
immune pathology in some viral infections (Barkhordarian et al., 2015).
The complement system consists of over 30 proteins which contribute
to an enzymatic cascade that is part of innate immunity but which also aids
the adaptive immune response. When triggered, the complement cascade in
turn triggers a series of potent anti-antigen and inflammatory events such as
opsonisation, chemotaxis and cell lysis (Orlowsky and Kraus, 2015).

In

regards to the involvement of the complement system in arboviral infection,
the mannose binding lectin pathway of complement activation has been found
to be essential for the development of RRV disease symptoms and complement
component 3 (C3) has been shown to contribute to disease development
through mediating inflammatory tissue destruction (Gunn et al., 2012;
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Morrison et al., 2008). Complement receptor 3 (CR3) is highly expressed on
monocytes/macrophages and NK cells which have been shown to be upregulated in alphaviral infection.

Additionally, C3 is able to activate pro-

inflammatory

phagocytosis

cells,

mediating

and

initiating

cytotoxic

degranulation (Ehlers, 2000; Ross, 2000). Further to this, CR3 has been
shown to contribute to induction of smooth muscle cell apoptosis by activated
macrophages (Vasudevan et al., 2003).
A direct correlation to C3 and inflammatory damage caused by RRV
infection has been demonstrated in mice where C3 deficient mice developed
attenuated disease symptoms and had significantly less tissue damage than
Wt mice. Of note is the fact that this decrease in disease symptoms and tissue
damage occurred with no reduction in cell infiltrates to the site and the
attenuated profile in mice was attributed to the diminished expression of proinflammatory cytokines that require CR3 signalling (Morrison et al., 2008).

Cytokines
Cytokines are a group of proteins whose actions affect a variety of
functions, including cellular metabolism, growth, differentiation and immune
functions. Cytokines are released by many cell types in response to viral
infection or upon recognition of viral infection in neighbouring cells
(Mahalingam et al., 2003). Host response to infection can result in systemic
inflammatory response syndrome (SIRS) which occurs when the host’s proinflammatory response is dysregulated due to pathogens or trauma. This
dysregulation results in a destructive cytokine storm and can be the cause of
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disease manifestations (Ryman and Klimstra, 2008). Additionally, viruses
have evolved ways to circumvent this system and to skew it in the favour of
virus replication and survival. Cytokines can be sorted by many different
grouping systems including pro-inflammatory and TH1 or anti-inflammatory
and TH2, as previously discussed. During the first few hours after alphaviral
infection, critical events occur

that can determine the level of virus

production, host immune response and the resulting disease progression
(Frolov et al., 2012).
Severe RRV disease in mice correlates with an increase in the
inflammatory cytokine MIF in both serum and tissue. MIF deficient mice had
attenuated disease symptoms and reduced tissue damage whilst having
comparable virus titres to Wt mice (Herrero et al., 2011).

Monocyte

chemotactic protein (MCP) has been found to be crucial in the development of
disease symptoms in a mouse model of RRV disease. If synthesis of MCP was
obliterated through the use of bindarit treatment, mice developed mild
disease,

had

significantly

reduced

tissue

destruction

and

reduced

inflammatory cell recruitment despite equivalent viral load in tissues when
compared to non-treated mice (Rulli et al., 2009). MCP-1, IFNγ and TNFα
have also been shown to be significantly up-regulated in mice infected with
RRV as opposed to mock infected controls when assessed by real time
polymerase chain reaction (PCR) at 10 days post infection, which would
indicate a TH1 type response at peak disease; both MCP-1 and IFNγ have also
been detected in synovial effusions of infected mice. It is thought that these
cytokines may contribute to inflammatory disease pathology (Herrero et al.,
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2011; Rulli et al., 2007). In support of this, injection of mice with neutralising
antibodies for TNFα, IFNγ or MCP-1 reduced clinical scores (Lidbury et al.,
2008). In contrast, another study found that when mice were treated with
the TNFα inhibitor, etanercept, disease was greatly exacerbated and mortality
increased from 0 % to 100 % (Zaid et al., 2011). This discrepancy is most
likely due to timing, although the first study does not specifically state when
the neutralising antibodies were administered, it appears that this was only
done at peak disease; whilst in the second study the TNFα inhibitor was
administered from day one every 2 days until peak disease. Recently it has
been proposed that a switch from a TH1 a TH2 cytokine profile occurs and that
this may contribute to persistence of RRV arthritis and also in antibody
dependent enhancement of subsequent infections (Suhrbier and La Linn,
2004). A small plaque variant of RRV induced lower levels of type I IFN and
was able to inhibit type I IFN signalling. As a result, mice infected with this
RRV variant had increased disease symptoms and mortality (Lidbury et al.,
2011).
Interestingly, ChikV patients have significantly increased serum levels
of IL1 receptor antagonist (Ra), IL2 receptor (R), IL6, IL8, IL10, interferon
gamma-induced protein (IP)10, macrophage induced gene (MIG), MCP-1
when compared to healthy controls, suggesting a TH2 type response
(Chaaitanya et al., 2011). Additionally, type I IFN up regulation occurs at very
early time points in the course of ChikV infection and before type I IFN levels
return to normal (Labadie et al., 2010).

In VEEV infection of mice, pro-

inflammatory cytokines are detectable in draining lymph nodes 6 hours after
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inoculation. The disease then progresses to fatality within 2 weeks (Grieder
et al., 1997) which is likely due to increased permeability of blood brain
barrier caused by a cytokine storm (Wang et al., 2004).
In less severe forms of DenV infections, such as DF, a TH1 response is
observed but if the disease progresses to DHF then a switch to TH2 cytokine
response is evident (Chaturvedi et al., 1999b). For example, IL12 levels are
highest in patients with DF and levels drop significantly as disease severity
increases, to the point where no IL12 could be detected in patients with grade
III or IV DHF (Pacsa et al., 2000). Additionally, patients with DF have higher
IFNγ levels than patients with DHF and patients with DHF had significantly
higher IL10 levels than those with DF (Chen et al., 2005). Further supporting
the shift theory are studies with secondary DenV infections which indicate
that a TH1 response occurs in the first three days post infection and that from
the fourth day onwards there is a shift to a TH2 response (Chaturvedi et al.,
1999a). In WNV infection of mice, IL10 is up-regulated and is associated with
more severe disease. Increase in IL10 was seen as early as 6 hours post
infection in serum but increased again at 72 hours and peaked at 5 days,
indicating a possible shift to a TH2 response after an initial TH1 response. IL10
deficient mice were found to have higher levels of other antiviral cytokines and
this was associated with better clearance of the virus and less severe disease
(Bai et al., 2009).
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Type I interferons (IFN) and arbovirus infection
IFNs are a family of cytokines that help regulate the immune system in
response to infection, cancer or antigenic challenge (Chadha et al., 2004).
They also help to regulate the immune response and favour the production of
TH1 cytokines whilst suppressing TH2 cytokine production (Tilg and Kaser,
2004). IFNs can be divided into three groups, type I, II and III. In humans,
type I IFNs include IFNα and IFNβ, which are the predominant cytokines
involved in the innate immune response against viral infections, and are
secreted by many cell types following infection, the primary producers being
plasmacytoid dendritic cells (pDC), (Baccala et al., 2005; Taniguchi and
Takaoka, 2001). The type II class of IFNs includes IFNγ, a cytokine secreted
by activated T lymphocytes and NK cells in response to antigen or cytokine
stimulation (Taniguchi and Takaoka, 2001). The role and mechanism of type
III IFNs is poorly characterised. Debate still exists in the literature as to
whether these are a true distinct group or if they are IFN stimulated genes
with IFN-like activities (Ank et al., 2008; Ank et al., 2006; Levy et al., 2011;
Zhou et al., 2007). In either case type III IFN’s are believed to have similar
actions to type I IFN’s and are thought to be activated in virus infection
through IRF-3 and IRF-7 dependant pathways (Osterlund et al., 2007).
Transcription of type I IFNs is induced in cells in response to viral
stimuli, such as viral entry and release of viral components, for example RNA,
which is detected by mannose receptors and toll like receptors (TLR) (MunozJordan et al., 2003).

(Malmgaard, 2004).

Once bound to cell surface

receptors, several downstream signalling pathways are activated resulting in
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the induction of transcription factors necessary for driving gene transcription.
This event occurs in two phases, the initial induction of IFNβ followed by the
transcriptional activation of IFN-inducible genes, which are required for the
amplification and production of both IFNβ and IFNα (Smith et al., 2005).
The binding of TLR3 and TLR4 to viral RNA results in the
phophorylation of IRF-3 through the recruitment of threonine protein kinase
(TBK1) (Baccala et al., 2005). IRF-3 resides in the cytoplasm of normal cells,
and upon phosphorylation, translocates to the nucleus where it initiates the
transcriptional activation of IFNβ (Munoz-Jordan et al., 2005; Taniguchi and
Takaoka, 2001). Serine threonine protein kinase R (PKR) is also activated
upon binding to RNA (Basler and Garcia-Sastre, 2002). Once activated, PKR
phosphorylates inhibitor of nuclear factor kappa beta (NF-κB) kinase (IκK)
(Smith et al., 2005).

This activates IκK, which then phosphorylates the

inhibitor molecule of nuclear factor kappa B (IκB), which is an important
transcription factor for the induction of type I IFN. Once phosphorylated, IκB
is ubiquinated and subsequently degraded, freeing NF-κB and allowing it to
translocate to the nucleus (Goodbourn et al., 2000). Once in the nucleus, NFκB forms a complex called the enhanceasome with IRF-3, as well as either
high mobility group protein-1/y (HMG-1/y) or activation transcription factor2 (ATF-2) homodimers, or ATF-2/c-Jun heterodimers (Goodbourn et al.,
2000).

The enhanceasome

assembles at the IFNβ gene enhancer and

regulates transcription of the gene (Seth et al., 2006) Once transcribed, IFNβ
then induces IRF-7 by binding to the IFNAR. This results in the translocation
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of IRF-7 to the nucleus and the induction of IFNα expression (Baccala et al.,
2005).
Binding of IFNα and IFNβ to their shared receptor IFNAR results in the
transcription of approximately 100 genes that induce an antiviral state
(Munoz-Jordan et al., 2003). After induction, IFNα/β binds to the IFNAR
located on the cell surface, which is made up of two subunits, IFNAR-1 and
IFNAR-2 both of which are required for downstream signal transduction
(Bekisz et al., 2004; Taniguchi and Takaoka, 2001). Associated with IFNAR1 and IFNAR-2 are two Janus protein tyrosine kinases, Jak1 and Tyk2
(Baccala et al., 2005). These two receptor-associated proteins phosphorylate
tyrosine residues on the IFNAR, and provide docking sites for signal
transducer and activator of transcription (STAT) proteins (Bekisz et al., 2004).
STAT-2 attaches to IFNAR-1 where it is phosphorylated and subsequently
binds STAT-1 (Taniguchi and Takaoka, 2001). STAT-1 and STAT-2 form a
heterodimer in association with IRF-9, (also known as p48) and form IFNstimulated gene factor 3 (ISGF3) complex (Jones et al., 2005).

ISGF3

translocates to the nucleus of the cell and binds to the IFN-stimulated
response element (ISRE) in promoter regions of IFN response genes, initiating
their transcription (Bekisz et al., 2004). The signalling pathway initiated by
IFNα/β binding can also result in the formation of STAT-1 homodimers that
stimulate IFNγ activated sites (GAS), thus up-regulating transcription of genes
in the IFNγ signalling pathway (Baccala et al., 2005).
Alphavirus infection leads to the production of type I IFN in vivo (Frolov
et al., 2012). The role of type I IFN response is primarily to protect uninfected
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cells from subsequent rounds of infection and give the host time to mount an
adaptive immune response (Frolov et al., 2012).

In a mouse model, RRV

virulence has been directly related to type I IFN sensitivity (Stoermer Burrack
et al., 2014).

Mice lacking the IFN α/β receptor subunit (IFNAR -/-) are

unable to mediate type I IFN activity. When infected with Alphavirus they are
unable to mount an effective immune response despite the competence of the
rest of the immune system (Muller et al., 1994). In the case of SinV and SFV,
IFNAR -/- mice experience mortality within days whilst Wt mice show no
disease symptoms (Fragkoudis et al., 2007; Muller et al., 1994; Zhang et al.,
2007). It is interesting to note that within the Alphavirus genera it has been
shown that whilst VEEV induces type I IFN there is no IFN induction by
Eastern Equine encephalitis virus (EEEV) in infected mice. It is proposed that
this is linked to inability of EEEV to infect cells of myeloid lineage and its
absence in lymphatic tissue.

It is proposed that this avoidance of host

immunity is responsible for the increased neurovirulence of EEEV (Gardner
et al., 2008). Later studies by Gardner et al. (2009) showed that this was
strain specific and that whilst the virulent North American EEEV did initially
replicate slower than its avirulent South American counterpart, the North
American strain also failed to induce significant levels of IFN whilst IFN
induction was prominent in the South American strain.
Type I IFNs prevent the accumulation of DenV RNA in a variety of
human cells, rather than inhibiting binding or cellular entry of the virus
(Diamond et al., 2000). Cells that were pre-treated with IFNα/β were resistant
to DenV infection; however, addition of IFNα/β post infection did not prevent
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viral replication in either antibody-dependent or antibody-independent
infection. Diamond et al. (2000) suggest that this may be due to IFNα/β
inhibiting the virus at an early stage and/or that DenV actively interrupts the
IFNα/β pathway.

Arboviruses derived from mammalian versus
mosquito cells
Arboviruses are able to effectively evade host immune responses;
however, the effect of propagation in a mosquito cell as opposed to a
mammalian cell on virus morphology and consequent interaction with host
immunity is still poorly defined. Some studies have shown that vector factors,
such as the mosquito saliva, can increase infection in a mammalian host, for
example type I IFN is down regulated in SinV infection in the presence of
mosquito salivary gland extract and a TH2 cytokine profile is up-regulated
(Schneider et al., 2004). This is supported by analogous findings in ChikV
where suppression of TH1 and up-regulation of TH2 cytokines was observed in
mosquito bite infections compared to needle infections in mice (Thangamani
et al., 2010).

Other virion factors, such as differences in glycoprotein

composition, have been shown to be important in differentiating host
reactions to mammalian and mosquito derived virus.
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Glycosylation differences between mammalian and
mosquito derived virus
Virus grown in mammalian cells has been shown to have different
glycosylation structures to virus grown in mosquito cells.

This has been

confirmed in RRV, where mammalian cell derived (Mam-) RRV was found to
have complex oligosaccharides at E1 and E2 glycosylation sites as well as high
mannose/hybrid at the other E2 glycosylation site. In contrast, mosquito cell
derived (Mos-) RRV was found to have high mannose oligosaccharides at both
E2 glycosylation sites, whilst the E1 glycosylation site was found to comprise
predominately of paucimannose oligosaccharides, as outlined in Figure 1.7
(Shabman et al., 2008). Additionally, SinV grown in mosquito cells has Nlinked mannose glycans (Man3GlcNAc2) located at E glycosylation sites, while
virus derived from mammalian cells has complex glycans at E glycosylation
sites (Hsieh and Robbins, 1984). Similarly, N-linked glycans on Mam-DenV E
were found to be a mix of high-mannose and complex glycans, whilst MosDenV E have a mix of high-mannose and paucimannose glycans (Hacker et
al., 2009). The DenV E protein contains two N-linked glycosylation sites,
Asparagine-67 and Asparagine-153. Deletion of one or both glycosylation
sites did not affect propagation of DenV in mosquito cells, however removal of
Asparagine-67 resulted in virus that could infect mammalian cells but was
unable to produce infective viral progeny and removal of Asparagine-153
resulted in reduced infectivity (Mondotte et al., 2007). Recent studies have
found that basic residues at the N terminus of CP are critical for propagation
of DenV in human cells, however a deletion of these residues only caused a
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reduction in titre in mosquito cells (Samsa et al., 2012). Deletion of all three
N-linked glycosylation sites on E1 and E2, significantly reduced infectivity in
RRV infection of DC’s for both Mam-RRV and Mos-RRV. However even with
the reduction in titres, Mam-RRV still had higher infectivity than Mos-RRV in
DCs. The presence of complex N-linked glycans on E2 is required for the
increase in type I IFN induction which occurs in Mam-RRV infection of DC’s.
While Mos-WNV actively supresses antiviral and pro-inflammatory cytokines
in macrophages, Mos-RRV was not found to actively suppress IFNβ when used
to infect DC’s, further studies would need to be done to see if active
suppression by Mos-RRV is occurring (Arjona et al., 2007; Shabman et al.,
2008). BFV mutants where the E2 glycosylations were deleted was able to
induce high levels of type 1 interferon when derived from either mammalian
or mosquito cells, however the Wt form only induces interferon when grown
in mammalian cells; suggesting that the glycosylations on Mos- BFV are able
to actively suppress type I IFN induction (Shabman et al., 2007). The different
glycosylation exhibited may be responsible for the different viral attachment
mechanisms between mammalian and mosquito derived virus (Jones et al.,
2005). However, it is interesting to note that a point mutation in NsP4B of
DenV4 was found to decrease replication capacity in mosquito cells whilst
increasing replication in Vero and human cells. This mutation was also found
to enhance viral replication in mice, and it is thus proposed that NsP4B may
be involved in mediating the balance of effective replication between hosts,
implying that there may be other factors involved in differences between
mammalian and mosquito derived virus that are not solely dependent on Nlinked glycosylations (Hanley et al., 2003). In support of this it has been
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demonstrated that an RNA sequence in the viral 3’ untranslated region of the
DenV genome is essential for replication in mosquito cells but is not required
for replication in mammalian cells (Groat-Carmona et al., 2012; Villordo and
Gamarnik, 2013).

Figure 1.7 - Comparative overview of mammalian and mosquito N-glycan subtypes
Mammalian processing in the Golgi apparatus generates high-mannose, hybrid and complex
N-glycan subtypes. Most cell surface and secreted N-glycans are of the complex subtype.
Mosquito cell processed N-glycans include high-mannose, paucimannose and hybrid Nglycan structures (de Vries et al., 2012; Mathieu-Rivet et al., 2014; Shi and Jarvis, 2007;
Vasta, 2009).
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Entry/attachment differences between mammalian and
mosquito derived virus
Alphaviruses are very effective replicators in vivo with mature virus
being released from cells within 6 hours post infection and within 16 hours
each infected cell can produce over 100 virions and the second replication
round is initiated (Frolov et al., 2012). It has recently been reported that
arboviruses grown in mosquito cells differed in level of infectivity when
compared to the same virus grown in mammalian cells (Davis et al., 2006;
Klimstra et al., 2003). It has been suggested that Mam-RRV and Mos-RRV
may differentially interact with lectin receptors on the surface of cells or that
they may enter cells differently but this is yet to be elucidated (Shabman et
al., 2008). The mannose binding lectin (MBL) pathway has been identified as
essential for the development of RRV disease in a mouse model. MBL deficient
mice showed a marked reduction in disease symptoms and tissue damage
when compared to Wt mice infected with RRV (Gunn et al., 2012). Thus, it is
possible that lectin receptors may be triggered differentially by mammalian
and mosquito derived virus depending on glycosylation, leading to different
initial immune reactions that can alter the course of disease. In addition,
other Alphaviruses have been shown to have differential infectivity, with both
Mos-SinV and Mos-WNV infecting DCs more efficiently than Mam-SinV and
Mam-WNV respectively (Davis et al., 2006; Klimstra et al., 2003).
Furthermore, Mos-WNV infected monocyte-derived DCs using DC-SIGN, but
Mam-WNV attached more efficiently to the DC-SIGN homologue L-SIGN and
only weakly to DC-SIGN.
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Differential immune responses to mammalian and
mosquito derived virus
Alphaviruses are adept at interfering with the innate immune response
through inhibition of cellular transcription. Recent studies have shown that
the first two to four hours post infection are critical to the induction of cell
defences. If this critical period is interrupted or dysregulated, the virus is able
to establish in the host and cause disease (Frolov et al., 2012).
Mos-RRV has been found to be a poor inducer of type I IFN in DC
cultures, although the virus efficiently infected DCs. In contrast, Mam-RRV
has been found to be a potent inducer of type I IFN in DCs. Furthermore, this
trend was observed in both BFV and VEEV where virus grown in mosquito
cells resulted in low expression levels of type I IFNs in DCs (Shabman et al.,
2007). A recent study (Lidbury et al., 2011) identified a RRV variant that was
type I IFN resistant. This variant resulted in increased mortality and disease
symptoms in mice. It is thus reasonable to infer that perhaps the decreased
induction of type I IFN by Mos-RRV may also lead to increased disease in an
in-vivo model. To date, the differential induction of cytokines by Mam-RRV
and Mos-RRV has not been investigated.

Studies have shown that MBL-

dependent activation of the complement cascade neutralized Mos-WNV but
not Mam-WNV (Fuchs et al., 2010). Similar studies with DenV showed that
while Mos-DenV was more susceptible (100 %), MBL-dependent complement
activation also had a neutralising effect on Mam-DenV (60 %), indicating that
differences in mammalian and mosquito derived Flaviviruses result in
different immune reactions early in infection (Avirutnan et al., 2011).
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Mouse model of RRV
Mouse models that are able to replicate human disease are vital to the
development and expansion of knowledge in arboviral infections. Whilst cell
culture provides many answers, it is not possible to understand the immune
response and the effects on disease pathology without all of the factors
present in the host immune response.

As a result, the complete picture

cannot be analysed without all of the factors at work in a live system.
The mouse model used in this thesis was developed under the direction
of Dr Suresh Mahlingam and in collaboration with Dr Mark Heise, at the
University of North Carolina. In this model, 18-24 day old C57Bl/6J mice
develop disease with comparable characteristics to human disease. Following
inoculation, viral titres peak at around 24 hours and mice fail to gain weight
compared to

controls.

Additionally, mice

show

disease

symptoms

characterised by ruffled fur, restricted movement and hind limb impairment,
by day 5 and peak disease occurs between day 7 and day 10. At this point,
tissue destruction and bone erosion are visible in histological samples. After
peak disease is reached, mice recover slowly and symptoms resolve (Herrero
et al., 2011; Morrison et al., 2006; Rulli et al., 2009).
RRV infection in mice causes severe muscle damage and inflammation
in the hind limbs as a result of infiltration of macrophages and activation of
the complement system (Morrison et al., 2007; Morrison et al., 2006).
Specifically, complement activation by the MBL pathway, but not the
alternative or classical complement pathway has been identified as essential
for the development of RRV disease (Gunn et al., 2012). Further it was shown
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that depletion of macrophages prior to RRV infection reduced in-situ tissue
damage but inflammatory infiltrates were still present (Rulli et al., 2007).
Investigations into the role of cytokines in the mouse model of RRV disease
have found that MIF is significantly up-regulated at 24 hours post infection
and at day five post infection which supports that massive influx of
inflammatory cells (Herrero et al., 2011). Additionally, TNFα, IFNγ, IL6 and
arginase-1 have been shown to be up-regulated in the quadriceps muscles
and the ankle of infected mice at ten days post infection (Herrero et al., 2014).
It is interesting to note that although encephalitis is seen in the RRV mouse
disease model it has been deemed non-relevant to the natural pathogenesis
of arthritogenic Alphaviruses (Ryman and Klimstra, 2008).
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Thesis objectives
This thesis aims to expand the knowledge on the differences between
mammalian and mosquito derived virus and the effect of these differences in
an in vitro and an in vivo model. The first aim of this thesis was to show
dimorphic infection and replication kinetics for Mam-RRV and Mos-RRV in a
tissue culture system. Expanding on this, the study included an examination
of 18 field isolates collected from mosquitos in Western Australia to see if this
was an isolate specific mechanism. Secondly, we aimed to investigate if the
dimorphic profiles were also present in vitro and in vivo systems; this led not
only to the study of RRV in a mouse model but also a refinement of the current
animal model used. Thirdly, we examined the effect of Mam-RRV and MosRRV field isolates on the cytokine profile elicited by the host in response to
infection as well as an examination of histological pathology. Finally, we
explored if these effects were unique to RRV or could have implication more
broadly, in other Alphaviruses and further, in arboviruses in general.
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Materials and Methods
General reagents
Reagents, chemicals and equipment used are cited in using the supplier
name from which they have been sourced.

However, the composition of

general solutions and buffers not cited in text, are listed in Table 2.1 below.

Table 2.1 - General reagents and their preparation.

Reagent

Abbreviation

Ingredients

Agar Plates

N/A

1:49 w/v of Agar was added to LuriaBertani broth.

Diethylpyro
carbonate-treated
water

DEPC-water

1 mL/L diethylpyrocarbonate (SigmaAldrich, USA) was added to NANOpure
water. Shaken overnight and autoclaved.

Ethylene
diaminetetraacetic
acid

EDTA

1.861 g/L di-sodium-ethylene-diaminietetraacetate.2H2O was added to
NANOpure water. Adjusted to pH 8.0.

Luria-Bertani
broth

LB broth

10 g NaCl, 10 g Tryptone and 5 g yeast
per litre of NANOpure water. Adjusted to
pH 7.0 and autoclaved for sterilization.

NA

4 g sodium phosphate monobasic and 6.5
g sodium phosphate dibasic was added to
900 mL of NANOpure water. 100 mL of
37 % formaldehyde was added

PBS

8g NaCl, 0.2 g KCl, 1.44g Na2HPO4, 0.24
g KH2PO4, per litre NANOpure water.
Solution adjusted to pH 7.4 and
autoclaved.

TE buffer

10 mL 1M Tris and 2 mL 0.5 M EDTA
were added per litre of solution. Solution
was autoclaved for sterilisation.

Tris-buffered
saline

TBS

8 g NaCl, 0.2 g KCl, 3 g, Tris base, 0.015
g Phenol red, were added per litre
NANOpure water. Solution was adjusted
to pH 7.4 and sterilised by autoclaving.

Trypsin

N/A

2:2:96 2.5 % trypsin (Sigma-Aldrich,
Australia): EDTA:PBS.

Neutral buffered
formalin

Phosphate
buffered saline (1x)

Tris-EDTA buffer
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Cell lines and virus strains
All cells lines were obtained from the American Type Culture
Collection’s (ATCC) official Australian distributor, In Vitro Technologies Pty.
Ltd. For virus propagation Vero (ATCC, CCL-81) and C6/36 cells (ATCC, CRL1660) were used. These cells along Raw 264.7 (ATCC, TIB-71) and Jaws II
cells (ATCC CRL-11904) were used for experimental work. These cell lines
utilise different medium (Table 2.2) and temperature requirements, as listed
below (Table 2.3). All culture media used was made as per manufactures
recommendations.

Table 2.2 - Growth media.

Growth
Medium/Supplement full
name

Growth
Medium/Supplement
Abbreviation

Manufacturer

Dulbecco's Modified Eagle
Medium

DMEM

Gibco, Australia

Reduced Serum
Medium/Minimal Essential
Medium

Opti-MEM

Gibco, Australia

Roswell Park Memorial
Institute medium

RPMI

Gibco, Australia

Medium 199

M199

Sigma-Aldrich,
Australia

Granulocyte macrophage
colony-stimulating factor

GM-CSF

Sigma-Aldrich,
Australia

Foetal calf serum

FCS

Thermotrace,
Australia
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Designation

Species

Morphology

Adherent

Growth
Medium

FCS (%)

Temperatur
e (ºC)

Table 2.3 - Cell lines and their normal growth conditions.

Raw
264.7

Mouse
(BALB/c)

Monocyte/
macrophage

Yes

DMEM

10

37

Vero

African green
monkey

Epithelial

Yes

Opti-MEM

3

37

N/A

Yes

RPMI

10

28

Monocyte

No

RPMI + 5 ng/mL
GM-CSF

10

37

C6/36
Jaws II

Asian tiger
mosquito
Mouse
(C57BL/6)

Cell banking and culture
Thawing of cells from liquid nitrogen cryostorage
Cells removed from liquid nitrogen cryostorage were washed twice with
PBS prior to being grown in sterile 25 cm2 tissue culture flask (Corning
Incorporated, USA) with growth media. Cells were incubated under normal
growth conditions (Table 2.3) for 24 hours, after which the media was
discarded and replaced with fresh medium to remove dead cells. Cells were
incubated until a confluent monolayer was formed for subsequent passaging
or in the case of semi adherent cells (such as Jaws II), passaging occurred
when cell density became high.

Cell culture propagation
Cells were propagated in tissue culture flasks (Corning Incorporated)
and all cells were washed twice with PBS.
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Adherent cells were either

trypsinised or scraped with a flask cell scraper (Nunc, Thermo Scientific,
Australia) while non adherent cells were spun down at 1200 rpm (HD
Scientific, Australia) and resuspended in fresh PBS or media. The amount of
cells added to the new flask was dependent on the desired growth rate of the
cells; however, in most cases a 1:8 ratio cell split was performed. Cells were
checked daily and split 2-3 times per week when cells were approximately 90
% confluent or reaching high density,. This was also dependent on the growth
rate of the individual cell lines.

Cultures were discarded when they had

reached 20 passages.

Cell viability assay
Viable cell counts were performed by diluting 1:1 cell suspension with
trypan blue (Sigma-Aldrich, Australia) and delivering an appropriate amount
to a Neubauer haemocytometer (Hirschmann Em Techolor, Germany). The
average of four sections was multiplied by 2 x 104 to calculate the number of
cells per mL in the cell suspension.

Cryopreservation of cells
In order to store cell lines, a 75 cm2 confluent flask (Corning
Incorporated) or one containing a high cell density of semi adherent cells of
desired cell type was prepared. For adherent cells, cells were washed once
with PBS before cells were trypsinsed and added to a centrifuge tube. For
non-adherent cell lines, cell suspension was centrifuged at 1200 rpm (HD
Scientific) to collect cells. Cells were then washed twice with PBS before resuspension in 1 mL growth medium before being added to the freezing
medium, (1 mL growth media, 2.5 mL FCS (Thermotrace) and 0.5 mL dimethyl
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sulfoxide (DMSO) (Univar, Asia Pacific Specialty Chemicals)) and 1 mL
aliquots transferred to plastic cryogenic vials (Corning Incorporated, USA).
The vials were placed in a Nalgene Cryo 1 °C freezing container (Nalge Nunc
International, USA) and stored at -80 ºC for 24 hours before being transferred
to a liquid nitrogen Dewar.

Virus propagation and purification
Ross River virus (RRV)-T48 was derived from the infectious clone and
then passaged through Vero and C6/36 cells. In addition to this, different
RRV isolates were supplied by Dr Cheryl Johansen (University of Western
Australia) and Barmah Forrest virus (BFV) was generously supplied by
Westmead Hospital. Dengue virus (DenV) used in this study was DenV2 New
Guinea C and was generously supplied by Dr Paul Young (University of
Queensland).

RRV T48 derivation
RRV (T48 strain) was produced from the pRR64 infectious clone (Kuhn
et al., 1991) as described below.
E. coli containing the infectious clone pRR64, was grown overnight at
37 °C, 300 rpm, in a starter culture of 1mL LB with 100 µg/mL ampicillin
(Invitrogen, Australia). The culture was then streaked on an LB agar plate
containing 50 mg/mL ampicillin and overnight growth at 37 °C. A single
colony was used to inoculate 5 mL of LB broth with ampicillin (100 µg/mL)
(Invitrogen), followed by incubation at 37 °C with shaking for 8 hours. The
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resultant bacterial culture was diluted to 100 mL in LB with 100 µg/mL
ampicillin (Invitrogen) and grown overnight at 37 °C with shaking.
A Plasmid Maxi Kit (Qiagen, Netherlands) was used for plasmid DNA
extraction following the instructions provided in the Qiagen Plasmid
Purification Handbook (Qiagen 2005). In brief, 100 mL culture was collected
by centrifugation at 5000 g (HD Scientific) for 15 minutes (min) at 4 °C and
resuspended in 10 mL of buffer P1. This was followed by an addition of 10
mL of buffer P2 which was mixed thoroughly and the solution incubated at
room temperature for 5 min. Subsequently, 10 mL of P3 was added, mixed
thoroughly and incubated on ice for 20 min.

Precipitated proteins were

removed by centrifugation at 20000 g for 30 min at 4 °C. Supernatant was
applied to a Qiagen-tip 500 (pre-equilibrated with buffer QBT). The column
was washed and bound DNA eluted in 15 mL Buffer QF. DNA was precipitated
by adding 10.5 mL isopropanol, mixing well and centrifuging at 15000 g for
30 min at 4 °C. The DNA pellet was washed with 5 mL 70 % ethanol and air
dried for 10 min before being resuspended in 100 µL TE buffer.

Purified

pRR64 (25 µL) was digested with 3 µL of SacI in a total volume of 50 µL with
recommended buffer for 24 hours at 37 °C. Salts and enzymes were removed
by extraction with phenol:chloroform:isoamyl alcohol (25:24:1) (PCIA) (SigmaAldrich, USA).

The aqueous phase was collected and re-extracted.

The

resultant aqueous phase was mixed with an equal volume of chloroform and
centrifuged at 16300 g for 5 min at room temperature in order to collect the
aqueous phase.

Chloroform treatment was repeated.

The DNA from the

aqueous phase was precipitated overnight at -20 °C using 1 part DNA solution
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to 9 parts 3 M sodium acetate (Univar, USA) and 2.5 volumes of 95 % ice cold
absolute ethanol (Sigma-Aldrich, USA).

The DNA pellet was recovered by

centrifugation at 15000 g for 15 min at 4 °C, washed twice with 70 % ethanol,
air dried and resuspend in 30 µL of DEPC water. The reaction was set up as
listed in the Table 2.44 and incubated for 2 hours at 37 °C.

RNA was

precipitated for 30 min at -20 °C with 1 µL of 5mM ammonium acetate
(Univar, USA), 3 µL of ice cold 95 % ethanol. RNA was then collected by
centrifugation at 15000 g for 15 min at 4 °C, washed once with 70 % ethanol
and resuspended in DEPC Water.

Table 2.4 - In-vitro transcription reaction mix

Reagent

Manufacturer

Volume (µL)

10 mM rNTPs

Promega, Australia

1

40 MM Cap Analog

Promega, Australia

0.5

10 x SP6 Buffer

Promega, Australia

1

200 mM DTT

Promega, Australia

0.5

40 U/µL RNAsin

Promega, Australia

0.5

5 mg/mL BSA

Sigma-Aldrich, Australia

1

20 U/µL SP6 polymerase

Promega, Australia

1

1 µg DNA template

Section 2.6.3

1

DEPC water

Refer to Table 2.1

3.5

Vero cells were grown as described previously. Confluent cells were
trypsinised and growth medium added before being centrifuged at room
temperature and washed with DEPC-PBS. Cells were resuspended at 1.7 x
107 cells/mL in DEPC-PBS.

Precipitated RNA was added to 0.7 mL cell

suspension in a sterile Gene pulser electroporation cuvette (Bio-Rad, USA).
Electroporation was performed using a Gene Pulser II (Bio-Rad USA) with
voltage set at 450V and Capacitance set at 50 F. Four pulses were used with
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2 seconds between each pulse. Cells were transferred to a T150 flask (Corning
Incorporated) containing growth media and incubated for 24 hours at 37 °C.
Culture media was then removed and centrifuged. Supernatant was collected
and titre determined using plaque assay as detailed in section 2.3.5.

RRV Field isolates
Field isolates were supplied by Dr Cheryl Johansen from the Arbovirus
Surveillance and Research Laboratory at the University of Western Australia.
All isolates received had undergone less than five passages in tissue culture,
however, information on cell lines used and exact number of passages was
not available. Information provided with the isolates is listed in Table 2.5.

Table 2.5 - RRV field isolates

Abbreviation

Isolate

Year

Phenotype

Locality

RRV-A

DC42554

2007

Northern/eastern

Waroona

RRV-B

DC43633

2007

Northern/eastern

Mandurah

RRV-C

K66000

2007

Northern/eastern

Broome

RRV-D

DC41773

2006

Northern/eastern

Mandurah

RRV-E

SW79118

2006

Northern/eastern

Busselton

RRV-F

K61297

2006

Northern/eastern

Kununurra

RRV-G

DC39663

2005

Northern/eastern

Mandurah

RRV-H

DC39901

2005

Northern/eastern

Murray

RRV-I

K50605

2003

Northern/eastern

Billiluna

RRV-J

K51922

2003

Northern/eastern

Kununurra

RRV-K

DC36022

2003

Variant northern/eastern

Mandurah

RRV-L

DC36669

2003

Variant northern/eastern

Waroona

RRV-M

DC34889

2002

Variant northern/eastern

Waroona

RRV-N

SW70003

2003

Variant northern/eastern

Harvey

RRV-O

SW74249

2004

South western

Harvey

RRV-P

DC36486

2003

South western

Mandurah

RRV-Q

DC36571

2003

South western

Mandurah

RRV-R

K50081

2003

unknown

Broome
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RRV propagation and purification
Cells were grown in vented tissue culture flasks (Corning Incorporated)
until 80 % confluent. Vero cells were used to propagate Mam-RRV, while
C6/36 were used to propagate Mos-RRV. In both cases, cells were washed
twice with PBS before adding virus inoculum and incubating for 1 hour at the
appropriate temperature (Table 2.3).

After the 1 hour adsorption period,

normal growth media was added and flasks returned to the incubator for 48
hours. Virus was collected by remove supernatant after the flasks had been
freeze thawed and solution clarified by centrifugation. All viral stocks were
stored at -80 ºC and viral titres determined by plaque assay (Section 2.3.6. ).

Barmah forest virus (BFV)
The BFV used for experiments was the Bateman’s Bay isolate,
generously supplied by Westmead Hospital, NSW. Growth of BFV stocks was
performed as for RRV, section 2.3.2. except that virus was harvested on the
third day of incubation. Vero cells were used to propagate Mam-BFV, while
C6/36 were used to propagate Mos-BFV.

Dengue virus (DenV)
The DenV used for all experiments was propagated from virus
generously supplied by Dr Paul Young, University of Queensland and was
serotype DenV-2; strain New Guinea C (NGC, PR1599 strain). DenV-2, NGC
is the prototype DenV-2 strain and was first isolated in 1944 (CDC, 2005).
Growth of DenV stocks was performed as for RRV, section 2.3.2. with the
following changes.

Adsorption was performed for 2 hours and cells were
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incubated for 7 days prior to harvest. Vero cells were used to propagate MamDenV, while C6/36 were used to propagate Mos-DenV.

Virus titration by plaque assay (RRV and BFV)
A 24 well flat bottom tissue culture plate (Corning Incorporated) was
seeded with Vero cells (2 x 104 cells/well) and incubated for 24 hours at 37
ºC with 5 % CO2. Cells were washed with PBS and then washed with serum
free (SF) Opti-MEM medium (Gibco). Serial dilutions of the virus inoculum
were performed and two wells per plate were left uninfected as controls.
The plate was incubated for 1 hour at 37 ºC with 5 % CO2. Wells were
overlaid with 500 μL/well of Opti-MEM + 3 % FCS + 0.1 % agarose and
incubated for an additional 48 hours at 37 ºC with 5 % CO 2. At the end of
the incubation period, medium was aspirated and 0.01 % crystal violet in 20
% ethanol (Sigma-Aldrich, USA) was added to each well for 2-5 min. Wells
were rinsed with deionized water and left to air dry before plaques were
counted and titres determined. The virus titre was determined by applying
the following formula to calculate plaque forming units (pfu) per mL:

𝑝𝑓𝑢/𝑚𝐿 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)

DenV titration by immuno-focus assay
A 96 well flat bottom tissue culture microplate (Corning Incorporated,
USA) was seeded with 2 x 104 Vero cells per well and incubated for 24 hours
at 37 ºC with 5 % CO2 to achieve a confluent monolayer. Cells were washed
with once with PBS and once with SF Opti-MEM (Gibco). Serial virus dilutions
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were done in a separate 96 well round bottom plate and 50 µL of each dilution
was transferred to Vero cell plates. The flat bottom microplate was incubated
for 2 hours at 37 ºC with 5 % CO2 and overlaid with 150 μL/well of 1 x M199
medium (Sigma-Aldrich) containing 2.5 % FCS and 1.5 % carboxymethylcellulose (CMC) (Sigma-Aldrich, Australia) solution.

The microplate was

incubated for 4 days at 37 ºC with 5 % CO2.
Medium was aspirated and the plate washed twice with PBS and then
incubated at -20 °C with 200 μL/well of ice cold 80 % acetone (Univar, USA)
in PBS. Acetone was flicked out of the microplate and left to dry overnight.
The following day, 200 μL/well of 10 % hydrogen peroxide (stock
concentration of 30 % H2O2) (Univar) in methanol (Univar) was added to each
well, and the plate incubated in the dark at room temperature for 20 min.
The microplate was then washed twice with PBS containing 1 % bovine serum
albumin (BSA) (Sigma-Aldrich, Australia). Wells were blocked for 20 min with
200 μL/well of PBS containing 1 % BSA (Sigma-Aldrich). Cells were incubated
for 1 h in mouse monoclonal anti-DenV-2 antibody (Tropbio, Australia) used
at a 1:500 ratio diluted in PBS + 1 % BSA. The plate was washed twice with
PBS containing 1 % BSA followed by incubation in peroxidase-conjugated
rabbit anti-mouse Ig-G-specific antibody, (Sigma-Aldrich, Australia) diluted
1:1000 with PBS containing 0.1 % BSA. The plate was washed twice with
PBS containing 1 % BSA.

Virus infected cells were visualised using 100

μL/well of Sigmafast 3, 3’-diaminobenzidine tetrahydrochloride with metal
enhancer (DAB) (Sigma-Aldrich, Australia) and incubating in the dark, at
room temperature, for 40 minutes. Plate was rinsed with distilled water to
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stop the reaction and air dried. Plates were scanned on an Epson perfection
2450 photo Scanner (Epson Australia, Australia) and the ‘plaques’ counted.
It is important to note, that although traditionally a plaque is regarded as an
absence of cells on a cell monolayer, for the purpose of this DenV titration
method a plaque refers to the stained area of infected cells.

Purification of RRV and BFV
RRV and BFV were purified by ultracentrifugation in a Himac CP90wx
using a fixed angle rotor, P50AT-0091(Hitachi, Japan).

In a hard sided

ultracentrifuge tube, 0.7 mL of PBS + 20 % sucrose was used to form a
sucrose cushion and layered with 2.5 mL virus suspension. Virus was then
centrifuged at 30300 rpm for 5 hours at 4 °C. Supernatant was discarded
and pellets were resuspended in PBS.

Purification of DenV
Purification of DenV by ultra-centrifugation
DenV was purified by ultracentrifugation in a Himac CP90wx using a
swinging rotor, (Hitachi, Japan). In a polymer ultracentrifuge tube 1 mL of
PBS + 20 % sucrose was used to form a sucrose cushion and layered with 9
mL virus suspension. Virus was then centrifuged for 17 hours at 50,000 g at
4 °C. Pellet was resuspended in a minimal amount of PBS.
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Purification

of

DenV

by

polyethylene

glycol

(PEG)

precipitation
Sodium chloride, NaCl (Univar, USA) was added to the virus suspension
to obtain a final concentration of 0.4 M. Then a 30 % PEG 6000 solution
made with the addition of sterile PBS was added until the final strength was
7 %.

Virus was precipitated overnight at 4 °C on a rotary mixer before

incubation at 4 °C for 2 hours.

Virus precipitate was collected by

centrifugation at 10000 g for 30 min at 4 °C. Supernatant was discarded and
pellet was incubated at 4 °C with 500 µL of PBS to soften pellet before being
resuspended.

Virus kinetics studies

Infection of adherent cells
24 well plates were seeded with 1 x 105 cells per well (2.5 x 105 cells/mL)
and incubated under normal growth conditions for 24 hours (Table 2.3). Cells
were washed twice with PBS and 200 L of virus inoculation at multiplicity of
infection (MOI) 1 or 0.1 was added per well and incubated for 1 hour (RRV
and BFV) or 2 hours (DenV) at normal growth temperature. MOI indicates
the ratio of viral plaque-forming units to the number of cells in a culture and
was calculated using the following equation.

𝑀𝑂𝐼 =

𝑣𝑖𝑟𝑢𝑠 𝑡𝑖𝑡𝑟𝑒 (𝑝𝑓𝑢⁄𝑚𝐿 ) 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑢𝑠 (𝑚𝐿)
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
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After incubation, 1 mL of normal growth media was added. This was
considered the zero time point. At designated time points (2, 4, 6, 12 and 24
hours) samples were taken. Either supernatant was removed and snap frozen
at -80 ºC for later titration or RNA samples were taken by scraping cells and
collecting the resulting suspension and adding it to 500 μL of TRI-reagent
(Ambion, USA). RNA samples were frozen at -80 ºC until extraction could be
performed.

Infection of non-adherent cells
Cells were prepared in suspension and added to a centrifuge tube at 1
x 105 cells per well. Once aliquoted the tubes were centrifuged for 5 min at
315 x g. The cell pellet was washed in PBS and centrifugation repeated. Cells
were infected at MOI 1 or 0.1 and the resuspended cell pellet incubated at 37
°C with 5 % CO2 for 1 hour (RRV and BFV) or 2 hours (DenV). The mock tube
contained only SF Opti-MEM. After the 2 hour incubation period, media was
added to make the cell suspension to 1.25 x 105 cells/mL and 1.2 mL of cell
suspension added to each well of a 24 well tissue culture plate.

This

constituted the zero time point. Plates were then incubated at 37 ºC with 5
% CO2 and supernatant taken at 2, 4, 6, 12 and 24 hours post infection and
snap frozen at -80 °C for later titration.
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Mouse Studies

Mouse strains and breeding
Mice used in this study were 18-20 days old at time of infection. Wild
type C57BL/6J mice were bred at the University of Canberra animal facility
from breeding pairs purchased from the Animal Resources Facility (Western
Australia, Australia). In addition, Type I interferon receptor knockout mice
(IFNAR-/-) with a C57BL/6J background were kindly supplied by Dr Michael
Frese, University of Canberra, and bred in house. All work was conducted
with the approval of the Committee for Ethics in Animal Experimentation at
the University of Canberra.

Mouse model of disease.
C57BL/6J mice were injected subcutaneously in the axillary region at
18-20 days of age with 104 PFU (50µL) of Mam-RRV or Mos-RRV using a 29
G needle. Mice were then monitored daily for clinical score and weight gain
for up to 30 days. The clinical score used was adapted from (Morrison et al.,
2006) and is presented in Table 2.6. A PBS control group was always included
in which mice were inoculated with 50 µL of PBS. To assess cytokine profiles
and tissue inflammation samples were collected at 6, 12 and 24 hours and 7
days post infection.

At these time points, mice were euthanized using

isofluorane and blood taken via cardiac puncture with a 29 G needle and snap
frozen at -80 for further processing. Spleen, quadriceps, ankles and brain
were also taken for further analysis. Samples to be later used for real-time
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PCR were collected in sterile 2 mL microcentrifuge tubes (Quantum Scientific,
Australia) containing 5 mm stainless steel balls (Procureit, Australia) and 1
mL of TRI-reagent (Ambion).

Samples for enzyme-linked immunosorbent

assay (ELISA) or viral titrations were collected in sterile tubes containing
stainless steel balls and 1 mL PBS. Samples were homogenised at a frequency
of 30 i/s for two minutes using a Tissue lyser II (Qiagen, Netherlands) and
stored at -80 for further processing. With all samples, tubes were weighed
before and after the addition of tissue to enable calculations per gram of
tissue. Samples taken for histology were stored in sterile tubes containing 10
% phosphate buffered formalin. These samples were then sent to Australian
National University where they were processed and stained with hematoxylin
and eosin (H&E) for further examination by microscopy.

Table 2.6 - Clinical score of RRV disease in mice

Score

Clinical observations

0

No disease observed.

1

Ruffled fur and some lethargy.

2

Very mild hind limb weakness, but still able to grip using hind limbs.
Will have reduced speed of movement.

3

Mild hind limb weakness characterised by resistance to griping with
hind limbs and lethargy.

4

Moderate hind limb weakness characterised by very low hind limb grip
strength, slow movement and lethargy

5

Severe hind limb weakness, characterised by resistance to movement
and severe lethargy. No hind limb grip strength. Will often move both
hind limbs together and will sit hunched with ruffled fur. Often with
drop in body temperature.

6

Loss of function in the hind limbs, extremely resistant to movement,
dragging of hind limbs can be seen as well as extreme lethargy and
hunched position with ruffled fur and drop in body temperature.

7

Moribund

8

Death
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Expression studies

RNA extraction from cultured cells
Samples were removed from storage at -80 °C and thawed on ice. RNA
extraction was performed as recommended by the manufacturer (Ambion).
Throughout the RNA extraction procedure, RNase-free plastic tubes were used
(Molecular Bioproducts, USA) and unless stated otherwise were kept on ice.
Tubes containing cells in 500 μL of TRI-reagent (Ambion) were incubated at
room temperature for 5 min. To each tube, 100 μL of chloroform (SigmaAldrich) was added and incubated at room temperature for 15 min before
being centrifuged for 15 min at 4 ºC (12 000 x g). The aqueous phase was
collected and 250 μL of isopropanol (Sigma-Aldrich) was added followed by
incubation at room temperature for 10 min and centrifugation for 10 min at
4 ºC (12 000 x g). Supernatant was discarded and the RNA pellet washed in
500 μL of 75 % ethanol in DEPC water with 5 min centrifugation at 4 ºC (12
000 x g) and the supernatant removed. The RNA pellet was air dried and
resuspended in 21 μL of DEPC water. The RNA concentration and quality
was determined using NanoDrop spectrophotometer ND-1000 (Thermo
Scientific, USA).

RNA extraction from mouse tissue
Samples taken for RNA extraction for mice followed the same extraction
process detailed above in 2.6.1. , however, due to an increase in tissue present
liquid volumes were doubled. As a result samples were in 1mL of TRI-reagent
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(Ambion), 200 µL of chloroform was used.

Additionally the isopropanol

volume was 500 µL and the ethanol was 500 µL. The RNA pellet was air dried
and resuspended in 21 μL of DEPC water.

Preparation of complementary DNA (cDNA)
The RNA samples were removed from storage and thawed on ice. In a
new polymerase chain reaction (PCR), RNase free tube 1 µL of 10mM dNTP
mix, 1 µL of random primer and 1-5 µg of RNA template and DEPC water were
added to make 10 µL of total volume. Samples were then incubated in a
thermocycler (Eppendorf, Australia) at 70 °C for 10 min after which they were
placed on ice and 10 µL of the Reverse transcriptase master mix was added
(Table 2.7).

Table 2.7 - Reverse transcriptase master mix reagent

Volume (μL)

Reagent

Supplier

2

10x M-MLV Reverse Transcriptase
Buffer

Sigma –Aldrich, Australia

1

M-MLV Reverse Transcriptase

Sigma –Aldrich, Australia

0.5

Rnase Inhibitor

Sigma –Aldrich, Australia

6.5

DEPC treated water

Refer to Table 2.3

The RNA sample was further incubated in theromocycler; initially
sample was warmed for 10 min at 25 °C to help prevent damage to RNA.
Amplification occurred at 37 °C for a period of 50 minute, denaturing occurred
at 90 °C for 10 min and then returned to 4 °C. cDNA was diluted by adding
20 μL of DEPC water and concentration was determined using the Nanodrop
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(Thermo Scientific). Samples were stored at -20 ºC for long term storage or at
4 °C for short term storage prior to being used for real time PCR analysis.

Real time PCR
Real time PCR was conducted using the Bio-Rad CFX96 Real-Time
system with C1000 Thermal cycler (Bio-Rad, USA). A single master mix was
made using the reagents below (Table 2.8). Reagent amounts are per sample;
this was multiplied by the number of samples plus 1 to calculate the required
volume.

Table 2.8 - Real-time PCR master mix reagent

Volume (μL)

Reagent

Supplier

12.5

Sybr green mix

Qiagen, Australia

2.5

Target Primer

Qiagen, Australia

8

DEPC water

Refer to Table 2.3

Samples were run in triplicate, in a Bio-Rad Multiplate PCR plate
(MLL9601). In each well 23 µL of master mix was added and then 2 µL of the
cDNA template was added at a concentration of 100-200 ng/µL. Plate was
then sealed with Bio-Rad PCR Sealers Microseal ‘B’ Film (MSB1001). While
working, all reagents and samples were kept on ice. Plates were centrifuged
briefly to ensure all liquid was collected in the bottom of the wells before being
place in the Bio-Rad real time PCR machine and run as per the settings set
out in Table 2.9.
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Table 2.9 - Real time PCR parameters

Cycle stage

Temperature (˚C)

Time (seconds)

Denature

95

600

95

15

55

30

72

30

50

30

Increase by 1 (repeat to 99)

5

99

50

Cycling (40 cycles)

Melt curve

A melt cycle was completed at the end of the PCR reaction to ensure
that only one product was being amplified. In addition to the use of negative
control and a house keeping gene, samples were run with an internal
calibration sample to ensure any samples that were run on different plates
were comparable.

Real time PCR calculation of relative expression
The comparative cycle threshold (CT) method previously documented
(Arcari et al., 1984; Godfrey et al., 2000) was used to calculate relative
expression of messenger RNA (mRNA) species.

Results were calculated

relative to a negative control (PBS sample group) and quantity of RNA input
was controlled by the inclusion of the house keeping gene, hypoxantine
phsophoribosyltransferase (HPRT).

In order to normalise samples the

difference between the CT values for the target gene expression and HPRT gene
expression had to be calculated (ΔCT). To normalise data against the negative
control, ΔCNC was calculated for each of the negative control samples. Relative
expression of mRNA was then calculated by using the amplification efficiency
as determined by the real time PCR machine. Calculations were completed in
the software package, Bio-Rad CFX Manager version 3.1.
72

Statistical analysis
Data has been presented, where possible, in graph form as the mean +
standard error of the mean (SEM). GraphpadPrism 6 statistical software was
used to perform statistical analysis and prepare graphical representations of
data.
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Characterisation of T48
Ross River virus replication in
tissue culture
Introduction
RRV mammalian infection is initiated when an infected mosquito bites
the vertebrate host during a blood meal; as a result, dermal dendritic cells
that reside in the skin are likely encountered very early and have been
suggested as

target

cells.

However, mounting evidence implicates

macrophages as not only an early target cell but also as a key contributor to
the development of RRV disease through expression of pro-inflammatory
cytokines, chemokines and chemoattractants (Herrero et al., 2011; Morrison
et al., 2006; Shabman et al., 2008).
Type I IFNs, IFNβ and IFNα; have been identified as critical factors in
RRV disease.

IFNβ is produced by many cells including macrophages,

plasmacytoid dendritic cells and fibroblasts (Baccala et al., 2005; Taniguchi
and Takaoka, 2001). Its role in the innate immune system is antiviral, and
IFNβ amplifies the expression of IFNα through a positive feedback loop. Both
cytokines then act together to recruit and activate macrophages and NK cells
(Chadha et al., 2004). In addition, IFNβ provides protection to uninfected
cells from subsequent infection, allowing time for the adaptive immune
system to mount a response, as well as having anti-inflammatory effects
(Frolov et al., 2012). Of particular interest is a study by Holten (2004), where
IFNβ treatment was given at the onset of symptoms in mice with collagen75

induced arthritis, this resulted in significantly less bone and cartridge
destruction compared to untreated mice as well as a reduction in
inflammatory markers.

This eludes to a possible role for IFNβ in down

regulation of disease symptoms which result from tissue destruction as part
of the host’s inflammatory processes.
In the course of natural RRV infection in the vertebrate host, the
immune system first encounters Mos-RRV.

However, once the virus has

replicated in host cells, all subsequent virus particles are then Mam-RRV.
Whether this first contact can have an effect on the resulting disease, several
days later, has not been clearly elucidated and understanding of this initial
contact with the immune system is important in infection by arboviruses and
vital to further developing the understanding of how arboviruses cause
disease.
Structural differences between Mam-RRV and Mos-RRV have been
identified at the virions N-linked glycosylation sites, with Mam-RRV shown to
have complex oligosaccharides at E1 141 and E2 262, as well as a hybrid form
at E2 200, whilst Mos RRV has high mannose oligosaccharides at E2 200 and
262 and paucimannose oligosaccharides at E1 141.

These differences in

glycosylation have been linked with the capacity to induce IFNβ and may
result in different attachment mechanisms of the virus to target cells
(Shabman et al., 2008). Furthermore, Mos-RRV has been shown to have
higher infectivity compared to Mam-RRV in myeloid dendritic cells. Shabman
et al. (2008) found that deletion of all three glycosylation sites on Mam-RRV
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reduced plaque size on BHK-21 cells, indicating viral growth was restricted
by these mutations in this mammalian cell line.
Interestingly, deletion of all glycosylation sites reduced infectivity of
both Mam-RRV and Mos-RRV, however in comparison Mos-RRV still had
higher levels of infectivity than Mam-RRV, suggesting that glycosylation is not
the only variable at play (Shabman et al., 2007). A study using SINV, an
alphavirus related to RRV, found that a mutation in nsP2 made SINV a potent
inducer of IFNβ and reduced plaque size in IFNβ competent cells (Cruz et al.,
2010).
This chapter aims to investigate the replication kinetics of Mam-RRVT48 and Mos-RRV-T48 in several cell lines to see if significant differences can
be identified and also to confirm if IFNβ induction differs for Mam-RRV-T48
and Mos-RRV-T48 in both a macrophage and a dendritic cell line.

Results

Plaque morphology of Mam-RRV-T48 and Mos-RRV-T48
The first step in investigating the effect of cell line of origin on viral
fitness was to compare the plaque morphology produced by Mam-RRV-T48
and Mos-RRV-T48 in Vero cells. Confluent washed Vero cells were incubated
with virus for one hour before being overlaid with agarose and incubated for
48 hours at 37 C. After staining with crystal violet, plaque differences were
assessed visually (Figure 3.1). The phenotypical plaque of Mam-RRV-T48 was
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found to be larger with more diffuse edges, in contrast to Mos-RRV-T48 which
generated small, ‘pin-prick’ plaques.

Figure 3.1 - Differential plaque morphology of Mam-RRV-T48 and Mos-RRV-T48
Mammalian derived RRV (top row) and Mosquito derived RRV (bottom row) were plaqued on
Vero cells and incubated for 48 hours before being stained with crystal violet.

Plaque

morphology was then visually compared.

Multistep replication kinetics of Mam-RRV-T48 and MosRRV-T48 in Vero, C6/36, Raw 264.7 and Jaws II cells
The next step in comparing Mam-RRV-T48 and Mos-RRV-T48 was to
examine the growth kinetics of Mam-RRV-T48 and Mos-RRV-T48 in various
cell lines. This was initially done in two cell lines commonly used to propagate
arboviruses in a laboratory setting, Vero, a mammalian line, and C6/36, a
mosquito cell line. When tested in the mammalian interferon deficient system
(Vero cells), Mam-RRV-T48 titres were significantly higher than Mos-RRV-T48
at four, 12, 24 and 48 hours post infection (Figure 3.2A). In contrast, in the
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mosquito cell system, Mam-RRV-T48 titres were only significantly higher than
Mos-RRV-T48 titres at 24 hours, with Mos-RRV-T48 titres significantly higher
than Mam-RRV-T48 titres at 6, 12 and 48 hours post infection (Figure 3.2B).
Both Mam-RRV-T48 and Mos-RRV-T48 reached higher titres when grown in
C6/36 cells compared to Vero cells.
As both Vero and C6/36 cells are not relevant to immune function in a
mammalian host, the growth kinetics of Mam-RRV-T48 and Mos-RRV-T48 in
immune cells was investigated. A macrophage cell line, Raw 267.4, (Figure
3.2C) and a dendritic cell line, Jaws II, (Figure 3.2D) were chosen as not only
have these cell types been implicated as target cells but also are major players
in disease development. Compared to overall titres obtained in Vero and C636
cells, titres were significantly reduced in RAW 264.7 and JAWS II cells by
several logs. At 24 hours post infection titres in Vero cells were ~7.5 and ~6.5
log pfu/mL for Mam-RRV-T48 and Mos-RRV-T48 respectively. In C6/36 cells
titres obtained at 24 hours post infections were ~11.5 and ~10.5 log pfu/mL
for Mam-RRV and Mos-RRV respectively. In contrast, titres obtained in Raw
264.7 and in Jaws II cells were between 2.5 and 4 log pfu/mL for Mam-RRVT48 and Mos-RRV-T48. In addition, Mos-RRV-T48 titres were significantly
higher than Mam-RRV-T48 titres in both Raw 264.7 and Jaws II cells from
four hours post infection onwards.
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Figure 3.2 - Growth kinetics of mammalian and mosquito derived RRV in various cell
lines
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Induction of IFNβ by Mam-RRV-T48 and Mos-RRV-T48 in
Raw 264.7 and Jaws II cells
IFNβ has been shown to be important in arboviral disease development
and Mam-RRV-T48 and Mos-RRV-T48 have previously been shown to cause
differential induction profiles in primary myeloid dendritic cells (Shabman et
al., 2007).

As such, it was important to investigate whether differential

induction by Mam-RRV-T48 and Mos-RRV-T48 of IFNβ occurred in other
immune cells. When assessed by real time PCR, gene expression of IFNβ was
induced to higher levels by Mam-RRV-T48 in both Raw 264.7 and Jaws II cells
compared to expression levels in cells infected with Mos-RRV-T48 and
negative controls (Figure 3.3).
Expression of IFNβ by Raw 264.7 cells infected with Mam-RRV-T48 was
over 2 fold higher than cells infected with Mos-RRV-T48 at all time points and
was over 5 fold higher than negative controls at all time points. The gene
expression of IFNβ by Raw 264.7 cells infected with Mos-RRV was over 2 fold
higher than negative controls at four hours, was down regulated by 3.5 fold
at six hours and was not significantly different at 12 hours post infection.
In Jaws II cells, infection with Mam-RRV-T48 resulted in significantly
higher levels of IFNβ gene transcription than both Mos-RRV-T48 infected cells
and negative controls at four hours six and 12 hours post infection.
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Discussion
Arboviruses are a significant burden to human health and have evolved
many ways in which to evade host immune responses including utilising
components of the mosquitos saliva that are injected into the host with the
virus (McCracken et al., 2014; Schneider et al., 2004). In addition, both virally
encoded mechanisms and N-linked glycosylations affect IFNβ production and
modulate host responses (Cruz et al., 2010; Munoz-Jordan et al., 2005;
Shabman et al., 2008). When the virus replicates in the mosquito system,
different glycans are linked at the N-linked glycosylation sites to those
produced in mammalian cells. It is possible that these changes may have an
effect on how the virus is then able to attach, replicate and disseminate in the
mammalian host.

Understanding the initial contact of the virus with a

mammalian host and factors that may give the virus an advantage are vital in
our understanding of these viruses and for the future development of
treatment and prevention strategies.

Differential plaque morphology of mammalian and
mosquito derived RRV
Plaque morphology is often used as a phenotypical indicator of a virus
and can be used as a guide for the replication fitness in a cell line. In the case
of RRV, Mam-RRV-T48 clearly has large, diffuse plaques when compared to
the “pin prick” plaques of Mos-RRV-T48.

Larger, more diffuse plaques

indicate ease of growth and spread in the cell line, resulting in higher titres.
This was confirmed by the replication kinetics study in Vero cells, where
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Mam-RRV-T48 produced higher titres in Vero cells than Mos-RRV-T48.
Interestingly, a recent study found that a small plaque Mam-RRV-T48 variant
missing all three N-linked glycosylation sites resulted in a small plaque
phenotype and reduced titre on BHK-21 cells, as well as reduced IFNβ
induction in myeloid DCs, suggesting a potential link between the pin-prick
plaques of the Mos-RRV-T48, glycosylation of the RRV envelope proteins and
IFNβ induction (Lidbury et al., 2011).

Differential replication kinetics of mammalian and
mosquito derived RRV in Vero and C6/36 cells
Vero and C6/36 cell lines are commonly used to propagate arboviruses
in the research environment and were the two lines used to propagate MamRRV-T48 and Mos-RRV-T48.

Both cell lines are deficient in immune

functions, allowing viruses to reach high titres. Vero cells are not able to
produce type I IFN, however they are able to respond to IFN if it is introduced
into the culture (Mosca and Pitha, 1986). C6/36 cells have an analogous
deficiency in that they do not have an antiviral RNA interference response
which is the equivalent system in the insect immune response (Brackney et
al., 2010). Mam-RRV-T48 produced significantly higher titres than Mos-RRVT48 at most time points when grown in Vero cells, with the highest titres
obtained at 48 hours post infection. In contrast, when grown in C6/36 cells,
Mam-RRV-T48 was only significantly higher than Mos-RRV-T48 at 24 hours
post infection, which was the highest titre reached during the time, after
which Mam-RRV-T48 titres dropped below that of Mos-RRV-T48.
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Comparing RRV infection in the two cell lines it is interesting to note
that whilst the highest titre of Mam-RRV-T48 was obtained at 24 hours in
C6/36 cells, Mam-RRV-T48 was significantly higher than Mos-RRV-T48 in
Vero cells at most time points. Additionally Mos-RRV-T48 was significantly
higher than Mam-RRV-T48 in C6/36 cells at most time points. This may
indicate adaptation to the cell line to increase viral production in either
mammalian or mosquito cell lines. A study by Fayzulin and Frolov (2004),
investigated the capacity for adaptation between mammalian and mosquito
viruses using SINV and found that SINV was capable of adaptation to either
mammalian or mosquito cell lines within one passage. They also identified a
51 nucleotide conserved sequence element located in the NsP1 encoding
region which is highly conserved in alphaviruses and required for efficient
replication in mosquito cells but not mammalian cells, indicating that factors
in the viral genome have an effect on viral replication in different hosts.

Differential replication kinetics of mammalian and
mosquito derived RRV in Raw 264.7 and Jaws II cells
Raw 264.7, a macrophage cell line, and Jaws II, a dendritic cell line, are
both representative of cells that are important mediators of the innate
immune response, have been suggested to encounter RRV early in natural
infection and are able to produce type I IFN. As a result, these cell lines were
chosen to compare Mam-RRV-T48 and Mos-RRV-T48 replication kinetics.
Multistep replication kinetics were performed to mimic the replication
occurring in the host, taking into account that only the initial viral inoculum
is either Mam-RRV-T48 or Mos-RRV-T48, with all subsequently replicated
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particles being Mam-RRV-T48 as generated by the cell line in use. As is
expected in cells with a functional immune system, titres were much lower in
both cell lines compared to infections carried out in Vero and C6/36 cell lines
where immune response in dysfunctional. Mos-RRV-T48 had significantly
higher titres than Mam-RRV-T48 in both Raw 264.7 and Jaws II cells from 6
hours post infection, indicating that in macrophage and DCs, Mos-RRV-T48
has a growth advantage over Mam-RRV-T48. As the infection was performed
without the addition of mosquito saliva, proteins present in saliva cannot be
the sole contributor to enhanced infection and other factors, including
envelope glycosylation, are likely contributing to the effect (McCracken et al.,
2014).
Previous studies have shown that Mam-RRV-T48 and Mos-RRV-T48
surface glycoproteins have different glycosylation patterns, with Mam-RRVT48 glycoproteins having mainly complex and hybrid glycans and Mos-RRVT48 glycoproteins having high mannose and paucimannose glycans. Similar
differences in glycan structure have been seen in DenV where high affinity
DC-SIGN binding increases cell infectivity and requires high mannose glycans
present on Mos-DenV but not Mam-DenV (Lozach et al., 2005; Mondotte et
al., 2007). Further, it has been demonstrated that enhanced infection of DCs
occurs due to interactions between the high mannose glycans on both MosSinV, an alphavirus, and Mos-WNV, a flavivirus, via DC-SIGN (Martina et al.,
2008; Morizono et al., 2010).

Taken together, this information strongly

suggests that different glycans present on mammalian and mosquito derived
arboviruses play a role in the improved infectivity of Mos-RRV-T48 in immune
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cells with DC-SIGN. However, arboviruses are quick to adapt and mutate and
although it is unlikely that significant genomic changes have occurred in a
single passage, a genetic difference cannot be ruled out. The initial virus-cell
interaction of Mos-RRV with the host system is sufficient to give Mos-RRV a
fitness advantage. This advantage is likely due to an immune evasion or down
regulation strategy employed upon initial contact which gives Mos-RRV
additional time to establish an infection. It is likely that Mam-RRV-T48 and
Mos-RRV-T48 would have differential cytokine expression profiles as a result.

Differential induction of IFNβ by mammalian and
mosquito derived RRV in Raw 264.7 and Jaws II cells
Differential induction of IFNβ has been previously shown to occur in
response to infection by Mam-RRV-T48 and Mos-RRV-T48, however these
studies were performed in primary mouse myeloid dendritic cells (Shabman
et al., 2007).

It was important to determine not only if this differential

induction could be replicated in other immune cells but also if this could be
linked to the replication kinetics observed in the respective cell lines. In both
Raw 264.7 and Jaws II cells, Mam-RRV-T48 infection induced higher levels of
IFNβ gene expression from four hours post infection. Taken together with the
replication kinetics, this strongly suggests that there is a difference in the way
in which Mam-RRV-T48 and Mos-RRV-T48 interact with cells and evoke
immune responses. In support of the theory that this difference is due to
differential N-linked glycosylation, is the finding that RRV generated in a cell
line capable of only complex glycan additions induced more IFNβ than RRV
propagated in cells which only have the capacity to produce mannose glycans
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(Shabman et al., 2007; Shabman et al., 2008).

Although unlikely, it is

important to note that genetic changes cannot be ruled out and future studies
that sequence and compare the genomes of Mam-RRV-T48 and Mos-RRV-T48
may be required to determine the importance of genetic changes. Mutations
occurring in the NsP2 region of SinV, a close relative of RRV, made the virus
a potent inducer of type I IFN at early time points (Frolov et al., 2012).
Additionally a small plaque RRV variant (RRV-PERS) was found to have
mutations in the NsP region, along with a point mutation in the E2 gene.
RRV-PERS grew to higher titres and induced less IFNβ in RAW 264.7 cells, as
well as causing a more severe form of disease in mice (Lidbury et al., 2011).
Taken together differential induction of IFNβ in Raw 264.7 and Jaws II cells
by Mam-RRV-T48 and Mos-RRV-T48 indicates that it is likely that a difference
in disease progression will occur in the mouse model between the two viral
preparations.

Conclusion
Differential growth kinetics and IFNβ induction of Mam-RRV-T48 and
Mos-RRV-T48 in cell culture indicates that there is a difference in how MamRRV-T48 and Mos-RRV-T48 interact with, and infect, mammalian immune
cells. Although many studies have been performed on immune interaction
later in RRV infection, few have examined the initial contact with the host and
the implications that this has for further disease. This may not only reveal
novel ways of decreasing disease outcomes in the host but also has important
medical research implications.
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In a research setting, arboviruses such as RRV are commonly
propagated in a mammalian cell line due to convenience and this is not
thought to have any long term implication on research; if this fundamental
assumption is incorrect then not all subsequent research may be valid to
disease modelling. This has obvious research implications and should not be
overlooked when examining immune response to arbovirus infection. More
investigation is required to see if there is any downstream effect on disease
progression at later time points but until the exact mechanism behind these
differences is understood, they cannot be discounted.
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Characterisation
of
Ross River virus field isolates in
tissue culture
Introduction
RNA viruses, unlike DNA viruses, do not have effective proof reading
mechanisms to stop mutations occurring during replication, resulting in high
level of genetic variation and rapid evolution (Steinhauer and Holland, 1987).
However, although arboviruses are RNA viruses, alphaviruses such as Murray
Valley Encephalitis (MVE), Kunjin, SinV and EEEV in particular tend to have
little variation between isolates, with less than two percent genetic variation
(Poidinger et al., 1997; White et al., 2011). These viruses have a transmission
cycle of mosquito to bird and it has been hypothesised that this cycling
between arthropod and avian species limits the ability of the virus to mutate,
as it cannot select against either host. In contrast, RRV isolates have been
reported to have a higher level of genetic diversity (Lindsay et al., 1996).
Previous studies found that in RRV areas of polymorphism occur at several
regions of the E2 and NsP3 proteins and that two distinct genetic RRV
variants circulate in eastern and Western Australia (WA) with greater than 6
% nucleotide diversity (Lindsay et al., 1993b; Liu et al., 2011b).
RRV is believed to cycle through mosquito and marsupial hosts, in
particular kangaroos, however studies have shown that RRV can also infect
the brush tail possum, flying foxes and domestic horses, dogs and cats (Boyd
et al., 2001; Doherty et al., 1971; Kay et al., 2007).
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Another study also

confirmed the ability of vertical transmission of RRV in WA (Lindsay et al.,
1993a). This means that mosquitos may be born already infected and able to
transmit RRV. In addition, RRV has a wide range of mosquito vectors that it
can infect, including several of the Aedes species. It is possible that the wider
genetic variation that occurs with RRV is due to different isolates performing
better in certain hosts or vectors as well as different environmental pressures
depending on the geographic region. In fact early findings suggested that RRV
evolved in independent geographically isolated enzootic foci which could
account for some of the variation (Sammels et al., 1995). Interestingly, BFV is
similar to other alphaviruses in that it has a high degree of sequence homology
between isolates although its primary reservoir is yet to be identified.
Investigations have revealed that the brush tail possum, a reservoir for RRV
in suburban areas, was not susceptible to BFV infection (Boyd et al., 2001).
This chapter aims to investigate if the differential cell culture profiles of
Mam-RRV-T48 and Mos-RRV-T48 reflect the replication fitness of RRV field
isolates as detailed in section 2.3.1.2. . Due to the fairly conserved genome
of RRV, it is thought that differences in kinetics should be minimal between
isolates
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Results

Multistep replication kinetics of Mam-RRV and Mos-RRV
field isolates in Vero cells
Examination of the multistep growth kinetics of Mam-RRV isolates in
Vero cells shows that titres of all isolates increased steadily over time up to
48 hours with the highest titre (13.15 ± 0.1283 log pfu/mL) occurring at 48
hours in cells infected with Mam-RRV-I (Figure 4.1A). The most variation in
titres occurred at 24 hours post infection with some isolates e.g. Mam-RRVR and Mam-RRV-O having high titres of 10.71 ± 0.06367 log pfu/mL and
10.60 ± 0.08089 log pfu/mL respectively whilst infection of Vero cells with
other isolates e.g. Mam-RRV-L and RRV-B resulted in titres of 4.660 ± 0.1224
and 5.896 ± 0.03563 log pfu/mL respectively. Mam-RRV-D was the only
isolate to substantially deviate from the general growth curve in Vero cells
compared to the other isolates. This isolate reached a peak titre of 10.81 ±
0.05239 log pfu/mL at 12 hours post infection, much earlier than any other
isolate and then stabilised for the remaining time course.
Mos-RRV isolates increased in titre at each time point over the 48 hour
period studied with the highest titre yield occurring at 48 hours in Vero cells
infected with Mos-RRV-Q and was 9.649 ± 0.05112 log pfu/ml, whilst the
lowest titre obtained at 48 hours was 8.4690 ± 0.02574 (Figure 4.1B). The
only exception to this was Mos-RRV-D which had no significant difference in
titres at 24 and 48 hours post infection.

In contrast to other Mos-RRV

isolates, Mos-RRV-M recorded no viral production until 12 hours post
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infection.

Additionally, Mos-RRV-L was significantly lower than all other

isolates at 12 and 24 hours post infection with titres of 2.459 ± 0.05756 and
4.411 ± 0.02637 respectively.
The mean titre of Mam-RRV isolates reached at the 48 hour peak was
log 11.53 ± 0.09468 whilst the mean titre of Mos-RRV isolates in Vero cells
was significantly lower at a mean of 8.953 ± 0.04972.

Mam-RRV and Mos-RRV field isolate trends in Vero cells
When directly comparing mammalian and mosquito derived virus of the
same RRV isolate (Appendix 1), three trends were apparent.
The first trend, represented in Figure 4.2A includes four isolates (RRVA,-M,-N,-R). In this group both Mam-RRV and Mos-RRV titres obtained in
Vero cells follow the same general curve but Mos-RRV titres are significantly
lower than Mam-RRV titres from early time points.
The second trend, seen in Figure 4.2B, is characterised by significantly
higher titres in Vero cells infected with Mos-RRV compared to Mam-RRV at
early time points but at later time points viral titres are significantly higher in
Vero cells infected with Mam-RRV compared to Mos-RRV. Ten isolates fit
within this group (RRV-B,-C,-E,-G,-I,-J,-K, O,-P,-Q).
The final trend, containing four isolates (RRV-D,-F,-H,-L) (Figure 4.2C),
is defined by a lack of significant difference between titres obtained in Vero
cells by Mam-RRV and Mos-RRV typically until 24 hours post infection.
However, at 48 hours post infection, significantly higher titres of Mam-RRV
was obtained in Vero cells compared with Mos-RRV virus infection.
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Figure 4.1 - RRV field isolate multistep kinetics in mammalian cells
Mammalian derived (A) and mosquito derived (B) RRV field isolates were used to infect Vero
cells at 0.001 MOI. Samples were taken at 2, 4, 6, 12, 24 and 48 hours post infection and
titrated on Vero cells to determine viral titre. Data is represented as the mean (n=3) ± SEM.
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Figure 4.2 - RRV field isolate growth kinetic trends in mammalian cells
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Multistep replication kinetics of Mam-RRV and Mos-RRV
field isolates in a mosquito cell line
Examination of the multistep growth kinetics of Mam-RRV isolates in
C6/36 cells shows that all isolate titres increase over time up to 24 hours
Figure 4.3A. Between 24 and 48 hours post infection, titres remained stable
with all changes being within one log. At 24 hours post infection Mam-RRVM titres in C6/36 cells were 100 fold higher than any other isolate titre at that
time point and reached a titre of 12.52 ± 0.1865 log pfu/mL, the highest titre
obtained over the time course. However, the titre of Mam-RRV-M in C6/36
cells dropped at the 48 hour time point and was no longer distinct from titres
obtained in other isolates.
In general, when C6/36 cells were infected with Mos-RRV isolates, titres
rose steadily up to 24 hour post infection after which point they either
stabilised or continued to rise Figure 4.3B. However, Mos-RRV-B and D titres
have more pronounce increases in titre between time points when compared
to other isolates. As in the infection of C6/36 cells with Mam-RRV-M, at 24
hours post infection Mos-RRV-M titres were significantly higher than other
isolate titres at this time point with a titre of 13.19 ± 0.07383 log pfu/mL and
over 1000 fold increase in titre compared to the next highest titre, obtained in
Mos-RRV-R of 10.46 0.06413 log pfu/mL. Mos-RRV-M titres decreased by 48
hours post infection and were not significantly different to the titres of other
Mos-RRV isolates at this time point in C6/36 cells. At the 24 hour time point,
infection of C6/36 cells with Mos-RRV produced a high titre group with titres
ranging between 11 and 12 log pfu/mL and low titre group with titres ranging
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between 9.5 and 10.5 log pfu/mL (Figure 4.3B). These groups were not easily
distinguished at the 48 hour time point but all isolates in the lower titre group
maintained a lower titre than isolates that were in the high titre group.
The mean titre of Mam-RRV isolates reached at the 48 hour time point
was 10.57 ± 0.1135 log pfu/mL whilst the mean titre of Mos-RRV isolates in
C6/36 cells was significantly higher at a mean titre of 12.58 ± 0.1345 log
pfu/mL.

Mam-RRV and Mos-RRV field isolate trends in a mosquito
cell line.
When directly comparing the titres of Mam-RRV and Mos-RRV in C6/36
cells for the same viral isolate (Appendix 2), the trends seen in isolate growth
kinetics could be grouped into three trends.
The first trend depicted in Figure 4.4A, shows clear distinction between
Mam-RRV and Mos-RRV titres throughout the time course, with Mos-RRV
titres consistently significantly higher than Mam-RRV titres.

There were

seven isolates in this group, (RRV-A,-E,-F,-J,-M,-N,-O)
The second trend, Figure 4.4B, has less difference between Mam-RRV
and Mos-RRV titres, with several time points in the middle of the time course
showing no significant difference between the two viral preparations.
However, Mos-RRV titres were significantly higher than Mam-RRV titres at
some early time points and were significantly higher by between 100-1000
fold at 48 hours post infection. Five isolates were identified as belonging to
this trend (RRV-B,-D,-H,-K,-L).
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The third trend, Figure 4.4C, had titres of Mos-RRV initially being
higher than Mam-RRV titres, but at a point during the infection Mam-RRV
titres rose to above those of Mos-RRV titres. At 48 hours post infection MamRRV titres dropped below their peak and Mos-RRV titres were significantly
higher than Mam-RRV titres. There were six isolates in this group (RRV-C,G,-I,-P,-Q,-R).
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Figure 4.3 - RRV field isolate multistep kinetics in mosquito cells
Mammalian derived (A) and mosquito derived (B) RRV field isolates were used to infect C6/36
cells at 0.001 MOI. Samples were taken at 2, 4,6,12, 24 and 48 hours post infection and
titrated on C6/36 cells to determine viral titre. Data is represented as the mean (n=3) ± SEM.
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Multistep replication kinetics of Mam-RRV and Mos-RRV
field isolates in Raw 264.7 cells
Titres obtained from infection of the macrophage cell line,Raw 264.7,
with Mam-RRV and Mos-RRV isolates were significantly lower than titres
obtained in either Vero or C6/36 cell infection.
Titres from infection of Raw 264.7 cell with Mam-RRV resulted in
growth curves showing a rise in titre up to 12 hours before titres stabilised
with little increase between 12 and 48 hours Figure 4.5A. In contrast to the
general trend, Mam-RRV-B titres decreased from 12 hours post infection and
titres of Mam-RRV-I dropped dramatically from 24 hours to 48 hours to below
the level of detection, making it significantly lower than other isolates at this
time point.
When examining the titres of Mos-RRV isolates obtained after infection
of Raw 264.7 cells, in general isolate titres rose between six and 12 hours post
infection after which time they remain fairly stable, Figure 4.5B. Isolates that
did not follow this trend include Mos-RRV-R which continued to rise across
the time course and at 48 hours was significantly higher than the next highest
isolate by over 10 fold. Additionally, Mos-RRV-A did not start to rise in titre
until 24 hours post infection which is significantly later than other isolates
and remained at a significantly lower titre compared to other isolates at this
time point. Also, Mos-RRV-N and Mos-RRV-P titres decreased between 24
and 48 hours post infection to below the level of detection making them
significantly lower than other isolate titres.
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The mean titre of Mam-RRV isolates reached at the 48 hour peak was
3.441 ± 0.1936 log pfu/mL, the mean titre of Mos-RRV isolates in Raw 264.7
cells was determined to be not significantly different at a titre of 3.323 ±
0.2106 log pfu/mL.

Mam-RRV and Mos-RRV field isolate trends in Raw 264.7
cells
When comparing the growth kinetics of Mam-RRV and Mos-RRV of the
same isolate in Raw 264.7 cells (Appendix 3), growth kinetics patterns of all
isolates could be represented by four trends.
In the first trend, Figure 4.6A, both Mam-RRV and Mos-RRV titres
increase at a similar rate with no significant difference until later in the time
course when either Mam-RRV or Mos-RRV titres increase compared to each
other.

For all isolates except RRV-M, there was a significant difference

between Mam-RRV and Mos-RRV at 48 hours post infection. Seven isolates
were found to fit within this trend (RRV-B, -D, -F, -J, -M, -N -R).
The second trend, Figure 4.6B, contains only two isolates (RRV-P and
RRV-Q) and is distinguished by either Mam-RRV or Mos-RRV titres being
significantly higher than the other by 12 hours post infection, followed by a
reduction in titres occurring by 48 hours post infection making the previously
higher titre viral preparation now the significantly lower viral preparation. For
example, in the case of RRV-Q, at 12 hours post infection Mam-RRV-Q titres
were significantly higher than Mos-RRV-Q titres; however, by 48 hours post
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infection Mos-RRV-Q titres were significantly higher than Mam-RRV-Q titres
in Raw 264.7 cells.
Isolates grouped into the third trend, Figure 4.6C, are characterised by
significantly higher titres resulting from Mam-RRV infection in Raw 264.7
compared to titres obtained from Mos-RRV infection for a majority of the time
course. The five isolates that fall within this trend are RRV-A, RRV-C, RRVE, RRV-G and RRV-O.
The fourth trend shown in Figure 4.6C, is characterised by Mos-RRV
infection of Raw 264.7 cells resulting in significantly higher titres than MamRRV infection for a majority of the time course. The isolates in this group are
RRV-H, RRV-I, RRV-K, and RRV-L.

107

A 14
12

T itre (log pfu/mL)

10
8
6
4
2
0

0

6

12

18
24
30
Hours post infection

36

42

48

0

6

12

18
24
30
Hours post infection

36

42

48

B 14
12

T itre (log pfu/mL)

10
8
6
4
2
0

108

Figure 4.5 - RRV field isolate multistep kinetics in mammalian macrophage cells
Mammalian derived (A) and mosquito derived (B) RRV field isolates were used to infect Raw
264.7 cells at 0.001 MOI. Samples were taken at 2, 4,6,12, 24 and 48 hours post infection
and titrated on Raw 264.7 cells to determine viral titre. Data is represented as the mean
(n=3) ± SEM.
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Figure 4.6 - RRV field isolate growth kinetic trends in mammalian macrophages
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Discussion
Understanding the similarities and differences between viral isolates is
important for in-depth understanding of factors that contribute to viral
virulence, pathogenesis, transmission and ultimately affect the efficiency of
vaccine strategies. Given the sequence conservation between RRV isolates, it
would be expected that all isolates replicate in a similar manner. Additionally,
investigation into the growth kinetics of Mam-RRV and Mos-RRV isolates will
help to further elucidate differences between mammalian and mosquito
derived viruses which were documented for the laboratory strain T48 (Chapter
3).

Differential replication kinetics in Vero and C6/36 cells
When comparing titres of Mam-RRV and Mos-RRV resulting from
infection of Vero cells, isolates were found to fit into one of three trends as
depicted in Figure 4.2. Interestingly, in all cases, at 48 hours post infection
Mam-RRV titres were higher than Mos-RRV titres demonstrating a clear
advantage for Mam-RRV in Vero cells.

This data correlates to previous

findings in studies examining SinV infection that indicate an ability to adapt
between cell lines in one passage (Fayzulin and Frolov, 2004). In addition to
this, studies involving DenV showed that compared to alternate passaging of
DenV between human and mosquito cells, repeated passage of DenV in either
cell line exclusively resulted in fitness gains for the virus in that cell line and
a decrease in fitness in the other cell line (Vasilakis et al., 2009). Interestingly,
in this study, the trends observed in the multistep replication kinetics of RRV
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isolates in Vero cells were also observed when multistep replication kinetics
studies were performed in C6/36 cells. However, in C6/36 cell infection,
infection with Mos-RRV resulted in significantly higher titres compared to
Mam-RRV infection at 48 hours post infection.

It is important to note,

however, that isolates did not necessarily fall within the same trend for both
Vero and C6/36 growth kinetics. These results are supported by the ‘tradeoff’ hypothesis; this theory hypothesises that the cycle of alternating passage
between vertebrate and arthropod host restricts the evolution of arboviruses,
as any fitness gains in one host would result in a fitness loss in the alternate
host (Vasilakis et al., 2009). This theory has been used to account for the fact
that despite being RNA viruses, with traditionally high mutation rates, the
evolution rate of arboviruses is 10 fold slower than other RNA viruses (Jenkins
et al., 2002).

Differential replication kinetics in Raw 264.7 cells.
The growth curves that resulted from the multistep kinetics in RAW
264.7 cells were not as expected. In line with previous studies in DCs, it was
expected that Mos-RRV isolate titres would be significantly higher than MamRRV isolate titres due to the interaction of glycosylated proteins with DC-SIGN
(Shabman et al., 2007). Results reveal that the Mos-RRV isolate titres were
significantly higher at the 48 hour time point in only half of the isolates tested.
In the remaining isolates it was the Mam-RRV isolate titres that was
significantly higher at this time point. Thus it is possible to group the viral
replication of RRV isolates in RAW 264.7 cells by either the comparison of
Mam-RRV and Mos-RRV titres over the time course or simply by dividing them
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into two groups, one in which Mam-RRV titres are significantly higher than
Mos-RRV titres and the other in which Mos-RRV titres are significantly higher
than Mam-RRV titres at 48 hours post infection. Previous explanations for
higher titres for mosquito cell derived virus in immune cells, includes
glycosylation differences between Mam-virus and Mos-virus which may cause
differential interactions between DC-SIGN and the virus E proteins (Kato et
al., 2005; Klimstra et al., 2003). Future studies would need to look at the
glycosylation of isolates that resulted in low titres for Mos-RRV to determine
if this theory still holds true for RRV. Sequence data for all isolates would
also add valuable information and should be included in future work.
When looking at the results of the multistep growth kinetics for each
isolate across all groups, it is interesting to note that isolates within trend
4.2A for growth kinetics in Vero cells had growth curves in Raw 264.7 cells in
which Mos-RRV titre was significantly lower than Mam-RRV at 48 hours post
infection. Additionally all isolates that were grouped in trend 4.2C for growth
kinetics in Vero cells had growth curves in Raw 264.7 cells in which Mos-RRV
titre was significantly higher at 48 hours post infection. When comparing
trends of isolates in C6/36 cells and Raw 264.7 cells, it was found that with
the exception of RRV-F all isolates that were grouped into 4.4A for growth
kinetics in C6/36 cells also had growth curves in which Mam-RRV was
significantly higher at 48 hours whilst for isolates that were grouped with
trend 4.4B, Mos-RRV produced significantly higher titres in Raw 264.7 cells
at 48 hours post infection.
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Conclusion
Study of the multistep growth curve kinetics of viruses isolated in the
field in different cell lines gives researchers important information on the way
in which viruses interact in different isolated systems. This study has shown
that passaging RRV in a single cell line results in a fitness advantage in that
cell line and repeated passage in Vero cells reduces fitness in C6/36 cells and
vice versa. It is not clear whether passage in C6/36 cells affects replication
fitness in Raw 264.7 as inconsistent results were obtained across isolates and
it is likely that other factors contribute to the infection of this cell line.
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Characterisation of a
Ross River virus infection mouse
model
Introduction
The first mouse model for RRV disease was characterised by Lidbury
et al. (2000), a model that has since been further developed over a number of
years with the implementation of several modifications (Morrison et al., 2006;
Rulli et al., 2009).

The current mouse model of RRV disease has been

established in 18-24 day old C57Bl/6J mice, and results in severe muscle
pathology, hind limb weakness and dragging in infected mice. Inflammatory
infiltrates, in particular monocytes, and tissue damage is observed in
histological sections of the hind limb and virus can be isolated from these
areas within 24 hours of infection. Disease in the mouse model is scored on
the level of hind limb function along with general signs of illness such as
ruffled fur (Chapter 2 - Table 2.5) and closely mimics several facets of human
disease (Herrero et al., 2011).
Due to a lack of substantive evidence, CNS involvement has been
deemed irrelevant to the mouse model and currently its role remains under
research (Jupille et al., 2011). However, mouse studies with RRV in the early
1980s revealed clear encephalomyelitis with focal necrosis, presence of
histopathological lesions containing macrophage and granulocyte infiltrates,
as well as signs of demyelination.

Furthermore, maximum viral titres in
115

serum and brain peaked at day two post infection, cell infiltrates were found
on day five and demyelination was extensive by day eight, with partial
remyelination occurring by day 13 (Seay and Wolinsky, 1982). These findings
established a disease time course which mimics the time line of disease
progression in the current mouse model and thus warrants further
investigation.
The current mouse model of RRV disease uses both male and female
mice, it is possible that differences between the immune response in males
and females may affect the outcome and reproducibility of results obtained
using the current RRV mouse model, although this has not yet been
evaluated. Sex hormones have been found to have an effect on both the
adaptive and innate immune systems, with females generally having better
outcomes when challenged with infectious agents than males in animal
studies (Marriott and Huet-Hudson, 2006; Suffredini, 2007).

In addition,

mounting evidence suggests that the inflammatory response differs between
males and females, with males tending to mount a more aggressive
inflammatory response when challenged with viral infection while females
have a more protective immune response (Curiel et al., 1993; Huber, 2005; Li
et al., 2009; Marriott and Huet-Hudson, 2006; McAbee et al., 2012; Nagayama
et al., 2006; Quach et al., 2003; Villacres et al., 2004).
It has been suggested that male mice do not produce effective levels of
type I IFN in early stages of infection making them more susceptible to viral
infection; the inference being that gender dimorphic response to viral infection
may occur (Ellermann-Eriksen et al., 1986; Pozzetto and Gresser, 1985;
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Zawatzky et al., 1982). Type I IFN is known to play a critical role in the
development of disease in alphavirus infection and has been shown to control
alphavirus replication. In vitro studies have shown that several alphaviruses
grown in mammalian cells induce a higher type I IFN response compared to
alphaviruses grown in mosquito cells, however, this has yet to be
demonstrated in vivo (Shabman et al., 2007). This differential induction is
attributed to differences in structure of viral surface glycosylation and their
interaction with host cell surface receptors, but is not yet fully understood
(Shabman et al., 2008). Type I IFN responses are initiated in DCs after
exposure to UV inactivated SFV in vitro. UV-Mam-SFV was found to induce a
type I IFN response at four hours post infection comparable to IFN induction
by Wt Mam-SFV but had significantly reduced by over 50 % at six hours post
infection. The induction capacity of UV-Mam SFV was logically attributed to
initial attachment and fusion events and not replication indicating that
replicating virus may not be required for type I IFN induction at early stages
of disease (Hidmark et al., 2005).
In support of a role for sexual dimorphic infectivity, female BALB/c mice
produce lower viral titres and have reduced viral spread when inoculated with
vesicular stomatitis virus compared to male mice (Barna et al., 1996).
Additionally, type I IFN receptor signalling has been shown to be activated
differentially in viral infection depending on sex in C57Bl/6J mice (Geurs et
al., 2012). Investigations into gender dimorphic immunity have found that
testosterone has an immunosuppressive effect whilst oestrogen has an
immunoprotective and anti-inflammatory effect (Angele and Chaudry, 2005;
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Choudhry et al., 2006; Marriott and Huet-Hudson, 2006; Pfeilschifter et al.,
2002). Additionally, oestrogen directly suppresses bone resorption as well as
a reduction in the cytokines that activate osteoclasts and result in bone
destruction; an important pathology observed in the RRV mouse model (Lam
et al., 2000; Wong et al., 2006).
Castrated male C57Bl/6 mice treated with oestrogen were able to
suppress

arthritis

and

immune

cell

infiltrates

and

had

decreased

concentration levels of IL6 and TNFα, whereas untreated mice showed severe
arthritis and cartilage destruction with increased IL6 and TNFα concentration
(Geurs et al., 2012).

Oestrogen has also been shown to regulate the

differentiation and function of DCs (a target cell in RRV infection) in vitro and
in vivo (Geurs et al., 2012).
examining

In addition, a study by Inoue et al. (2013)

rheumatoid arthritis in SKG/Jcl mice that had received an

ovariectomy, found that mice given oestrogen treatment suppressed arthritic
symptoms, accompanied by a reduction in cell infiltrates and decreased levels
of IL6 and TNFα. This study also found that progesterone treatment resulted
in abolishment of cell infiltrates and decreased IL6 levels in serum. Taken
together, the two female hormones appear to work together in the
amelioration of arthritis in female SKG/Jcl mice. Although this mechanism
has not yet been elucidated it is likely that the effect is through the regulation
of TH1 and TH17 cell differentiation by oestrogen as well as the suppression of
TNFα and IL6, whilst progesterone helps to reduce immune cell infiltration by
further supressing IL6 (Inoue et al., 2013).
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To confirm IFNβ was important in the development of RRV disease, viral
replication and disease progression was examined in mice lacking IFNAR
(IFNAR -/- C57Bl/6 mice). Next, the differential effect of Mam-RRV-T48 and
Mos-RRV-T48 on RRV replication, disease progression and cytokine induction
was examined using the current RRV mouse model. UV inactivated virus (UVMam-T48-RRV or UV-Mos-T48-RRV) was also used to determine if any
observed effect on disease pathology was the result of physical determinants
or required a replicating virus. To assess the role of gender dimorphism in
the RRV mouse model, viral titres, weight gain and clinical disease symptoms
in C57Bl/6 male and female mice were compared following infection with both
Mam-RRV-T48 and Mos-RRV-T48.

In addition to these factors, the gene

expression of a range of pro-inflammatory and anti-inflammatory cytokines
was examined to see if a differential induction occurred after exposure to
either Mam-RRV-T48 or Mos-RRV-T48.

Results

Disease profile of IFNAR -/- mice in RRV infection
The importance of type I IFN in the development of RRV disease was
investigated using C57Bl/6J Wt and IFNAR -/- mice. Type I IFN involvement
was assessed by comparing viral titres present in whole blood, along with
mouse weights and clinical scores in Wt and IFNAR -/- mice thus allowing a
comparison between a standard in-vivo model and a type I IFN non-responsive
model.
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Wt and IFNAR -/- mixed sex mice were inoculated with 104 pfu/mouse
of Mam-RRV-T48 or 50 µL PBS. PBS inoculated (negative control) Wt and
IFNAR -/- mice did not have any viral titres (data not shown) and gained
weight steadily over the 30 day time course (Figure 5.1B and E) with a
persistent clinical score of 0 (Figure 5.1C and D) and no fatalities. In contrast,
Wt Mam-RRV-T48 inoculated mice developed viremia (3.423 ± 0.2692 log
pfu/mL) detectable at 24 hours post infection (Figure 5.1A), with no fatalities
observed. Mam-RRV-T48 inoculated Wt mice gained significantly less weight
(Figure 5.1B) compared to Wt negative control mice from six days post
infection. In addition, hind limb symptoms in accordance with the clinical
score were observed in Mam-RRV-T48 inoculated Wt mice (Figure 5.1C) from
day two, and peaked at eight days post infection, with a clinical score of 4.6±
0.24. RRV disease in T48-RRV inoculated Wt mice was resolved by 14 days
post infection. As expected, Mam-RRV-T48 inoculated IFNAR -/- mice (104
pfu/mouse) developed systemic viremia (8.619 ± 0.5922 log pfu/mL) (Figure
5.1A) resulting in significantly higher RRV viral loads compared to Mam-RRVT48 inoculated Wt mice. Dramatic weight loss and death within 48 hours
post infection occurred in all Mam-RRV-T48 inoculated IFNAR -/- mice
(Figure 5.1B).
In order to examine if disease progression could occur without fatal
viremia in IFNAR -/- mice, viral inoculum was reduced to 101 pfu/mouse. As
a comparison, one group of Wt mice was inoculated with Mam-RRV-T48 at
101 pfu/mouse and one with Mam-RRV-T48 V at 104 pfu/mouse. Wt and
IFNAR -/- negative controls were inoculated with PBS and no viral titres were
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recovered (data not shown). As expected Wt mice inoculated with T48-RRV at
101 pfu/mouse did not have any detectable viral titres at 24 hours post
infection, gained weight at the same rate as negative controls and had a
clinical score of 0 for the duration of the experiment (data not shown). Viral
titres of Wt mice inoculated with Mam-RRV-T48 at 104 pfu and IFNAR -/mice inoculated with Mam-RRV-T48 at 101 pfu/mouse were significantly
different to negative controls but interestingly were not significantly different
to each other with viral titres of 3.889 ± 0.1066 and 3.534 ± 0.1049 log
pfu/mL respectively (Figure 5.1D). Both Wt mice inoculated with Mam-RRVT48 at 104 pfu and IFNAR -/- mice inoculated with Mam-RRV-T48 at 101
pfu/mouse gained significantly less weight compared to negative controls,
however again there was no statistical difference between weights of MamRRV-T48 inoculated Wt (104 pfu/mouse) and IFNAR -/- (101 pfu/mouse) mice
(Figure 5.1E).

This similarity between T48-RRV inoculated Wt (104

pfu/mouse) and IFNAR -/- (101 pfu/mouse) mice was not mirrored in the
clinical disease scores where IFNAR -/- mice developed only a mild reaction
from T48-RRV infection from day two to four after which they showed no
disease symptoms as seen in Figure 5.1F. In contrast, the Mam-RRV-T48
inoculated Wt mice developed a typical disease score profile, with symptoms
appearing on day two, peaking on day eight and resolving by 15 days post
infection. The difference between the two disease profiles of Mam-RRV-T48
inoculated mice was statistically significant from day two until day 15.
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Inactivated RRV in a mouse model of disease
To assess the requirement of replicating virus to cause an immune
response in a mouse model, UV inactivated virus propagated in either
mammalian or mosquito cell lines was used to inoculate mixed sex Wt mice.
Viral titres were collected at 24 hours post infection and mice were monitored
daily for weight change and clinical score. Wt mice were inoculated with either
UV-Mam-RRV-T48, Mam-RRV-T48, UV-Mos-RRV-T48 or Mos-RRV-T48 at 104
pfu/mouse or PBS (negative control).
As expected, negative control mice were negative for viral titres and
clinical scores (data not shown) and showed progressive weight gain over the
30 day trial period. No viral titres were recovered from either of the mouse
groups inoculated with UV-inactivated virus whilst titres from mice inoculated
with active virus reached a combined average titre of 7.397 ± 0.0852 log
pfu/mL (data not shown). During the first three days post infection, Wt mice
inoculated with UV-Mam-RRV-T48 and UV-Mos-RRV-T48 gained less weight
than PBS controls (Figure 5.2A). The difference between the UV inactivated
virus and the PBS control was not statistically significant, however it is
supported by the clinical score Figure 5.2B. Interestingly, after 15-20 days
post infection, mice inoculated with UV inactivated virus consistently gained
more weight than PBS controls, although again this difference was not
deemed to be statistically significant. Mild disease symptoms were apparent
at days two and three before reducing over the next two days. At day one and
three post infection, clinical scores were comparable between UV inactivated
and active virus groups. It was noted that mice inoculated with UV-RRV-T48
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were more lethargic than PBS mice for up to 17 days post infection but did
not meet the criteria for a clinical score of 1.

Mam-RRV-T48 and Mos-RRV-T48 in a mouse model of
disease
The ability of Mam-RRV-T48 and Mos-RRV-T48 to produce differential
disease profiles was examined in the mouse model. Mixed sex Wt mice were
inoculated with either UV-Mam-RRV-T48, Mam-RRV-T48, UV-Mos-RRV-T48
or Mos-RRV-T48 at 104 pfu/mouse or PBS (negative control).

Mice were

monitored daily for disease symptoms and weight gain.
Wt mice inoculated with PBS, as expected, did not develop disease
symptoms (Figure 5.2B). PBS inoculated mice gained weight at a steady rate
throughout the 30 day trial, shown in Figure 5.2A.

Mam-RRV-T48 mice

gained more weight than the Mos-RRV-T48 mice, but not as much as PBS
inoculated mice or mice inoculated with UV-inactivated virus. The difference
between weights of Mam-RRV-T48 mice was significantly different to all other
groups from day 10 to 19 and the clinical score was significantly different to
Mos-RRV inoculated mice from day 3 to 20 with the exclusion of day 5.
Clinical scores for Mos-RRV-T48 were significantly higher than all other
groups from day two to day 20, with the exception of day five (Figure 5.2B).
The highest average score reached by this group was 5 on day 12; however
the highest individual score was 8. A score of 8 indicates a fatality, this was
the only death in this experiment and as a result after day 12 the number of
mice in the Mos-RRV-T48 group was reduced to 4.
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30

Cytokine expression of active and inactive Mam-RRV-T48
or Mos-RRV-T48 in a mouse model of disease.
To examine the cytokines expressed in vivo in response to active and UV
inactivated RRV, mixed sex Wt mice were inoculated with 104 pfu/mouse of
Mam-RRV-T48, Mos-RRV-T48, UV-Mam-RRV-T48, UV-Mos-RRV-T48 or 50
µL PBS and sacrificed at 12 and 24 hours post infection for tissue collection.
Tissue samples were then processed as per Chapter 2, and examined for gene
expression of CCL2, IFNβ, IFNγ and MIF by rt-PCR. When examining the
cytokine profiles it was discovered that within each group there appeared to
be two subgroups which had differential expression.

This lead to large

standard deviations and thus, a reduction in the ability to determine
significant differences between groups.

Cytokine expression in the quadriceps muscle of mice
following RRV infection
At 12 hours post infection, gene expression of CCL2 in the quadriceps
muscle was significantly higher than all other groups in mice inoculated with
Mam-RRV-T48, with an 81 fold increase in gene expression compared to PBS
controls (Figure 5.3). Mice inoculated with Mos-RRV-T48 had an increase in
CCL2 gene expression by 24 fold, whilst UV-RRV-T48 inoculated mice had
comparable gene expression levels to PBS inoculated mice. At 24 hours post
infection, CCL2 gene expression was decreased across all groups with both
Mam-RRV-T48 and Mos-RRV-T48 inoculated mice showing up-regulated gene
expression of CCL2 by less than fourfold compared to PBS inoculated mice.
Mice inoculated with UV-RRV-T48 had similar gene expression levels to PBS
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inoculated mice at 24 hours post infection. IFNβ gene expression at 12 hours
post infection was highest in mice inoculated with Mam-RRV-T48, being 2.6
fold greater than PBS inoculated mice. This was found to be significantly
higher than the UV-RRV-T48 and PBS inoculated mice. At 24 hours post
infection gene expression of IFNβ was similar to PBS inoculated mice in all
RRV inoculated mice groups.
High levels of IFNγ gene expression were found in Mam-RRV-T48
inoculated mice at 12 hours post infection with 577 fold increase compared
to PBS inoculated mice. This was found to be significantly higher than both
UV-RRV-T48 and PBS inoculated mice. Mice inoculated with Mos-RRV-T48
also had a higher levels of gene expression of IFNγ than UV-RRV-T48 or PBS
inoculated mice a (370 fold increase compared to PBS inoculated mice). At
24 hours post infection the gene expression levels of IFNγ were much lower
than 12 hours post infection, with expression levels of 2.8 and 0.8 fold in
Mam-RRV-T48 and Mos-RRV-T48 inoculated mice respectively when
compared to PBS inoculated mice. Gene expression of IFNγ in UV-RRV-T48
mice was not significantly different to PBS inoculated mice. MIF expression
in all groups at 12 hours post infection was similar to PBS inoculated mice.
At 24 hours post infection a decrease in gene expression of MIF in mice
inoculated with UV-Mos-RRV-T48 to 0.002 fold expression compared to PBS
inoculated mice, was found to be significantly different to the expression of
MIF in active RRV-T48 inoculated mice and the PBS control.
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Cytokine expression in the ankle joint of mice following RRV
infection
At 12 hour post infection the gene expression of CCL2 in the ankle joints
was increased in mice inoculated with Mam-RRV-T48 and Mos-RRV-T48 by
10 and 5 fold respectively when compared to PBS inoculated mice, however
this difference was not statistically significant due to large variations in
expression levels in individual mice within each group as shown in Figure 5.4.
At 24 hours post infection CCL2 expression was lower than that seen at 12
hours post infection, with normalised relative expression levels of 1 and 1.6
for Mam-RRV-T48 and Mos-RRV-T48 respectively.

Interestingly, the

expression levels of CCL2 in Mos-RRV-T48 inoculated mice was found to be
significantly higher than expression levels in mice groups inoculated with UVMam-RRV-T48 and UV-Mos-RRV-T48, both of which had non-significant
decreases in expression compared to PBS control mice. At 12 hours post
infection the gene expression of IFNβ in mice inoculated with Mam-RRV-T48
was found to be significantly up-regulated compared to the gene expression
in UV-Mam-RRV inoculated mice. All other groups were found to have similar
expression levels to PBS inoculated mice. Expression levels of IFNβ in mice
inoculated with Mam-RRV-T48 dropped from 3 fold at 12 hours post infection
to 1 fold at 24 hours post infection when compared to PBS inoculated mice.
Mice inoculated with Mos-RRV-T48 however, maintained a fold change of 1.6
across the two time points and this was significantly higher than the
expression of IFNβ in UV-RRV-T48 at 24 hours post infection.
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The gene expression of IFNγ at 12 hours post infection was increased by
52 and 42 fold for Mam-RRV-T48 and Mos-RRV-T48 respectively when
compared to PBS inoculated mice.

This difference was not statistically

significant due to a large variation in individual mice within the groups.
Expression levels of IFNγ in UV-RRV-T48 inoculated mice were comparable to
PBS inoculated mice. At 24 hours post infection gene expression of IFNγ was
similar to PBS inoculated mice for all RRV inoculated mice. Gene expression
of MIF at 12 hours was significantly reduced in mice inoculated with MamRRV-T48 compared to mice inoculated with UV-Mos-RRV-T48 or PBS. At 24
hours post infection, the expression levels of Mam-RRV-T48 and Mos-RRVT48 inoculated mice were not significantly different to PBS inoculated mice.
However, mice inoculated with UV-Mam-RRV-T48 and UV-Mos-RRV-T48 were
significantly lower than Mam-RRV-T48, Mos-RRV-T48 and PBS inoculated
mice.
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Comparison of gender in mouse model of RRV infection
The effect of gender on disease progression of RRV in a mouse model of
disease was investigated due to inconsistent results obtained in the previous
experiments in a mixed sex model. Male or female mice were inoculated with
104 pfu/mouse of Mam-RRV-T48, Mos-RRV-T48 or 50 µL PBS. Mice were
then monitored for weight gain and disease symptoms as outlined in the
clinical score for a period of 30 days.
Mice of both sexes treated with either Mam-RRV-T48 or Mos-RRV-T48
gained significantly less weight compared to PBS inoculated mice from day
nine to day 18 post infection as seen in Figure 5.5A. Additionally, male mice
inoculated with

Mos-RRV-T48

were significantly different

from PBS

inoculated mice from day five to day 25 post infection. This group also had
significantly less weight gain than male mice inoculated with Mam-RRV-T48
from day nine to 30 days post infection. A statistical difference between male
and female mice inoculated with Mam-RRV-T48 was not seen until after 24
days post infection. Additionally, there was no significant difference in weight
gain between female mice inoculated with either Mam-RRV-T48 or Mos-RRVT48.
Clinical scores of female mice inoculated with Mam-RRV-T48 or MosRRV-T48 were comparable across the course of disease as seen in Figure
5.5B. The only exceptions occurred at days six and ten when mice inoculated
with Mos-RRV-T48 had significantly higher clinical scores than Mam-RRVT48 inoculated mice. In contrast, male mice inoculated with Mos-RRV-T48
had significantly higher clinical scores than male mice inoculated with Mam136

RRV-T48 from day two to 17 post infection. When comparing mice inoculated
with Mam-RRV-T48, male and female mice had comparable clinical scores
across the time course with the exception of day three and four where the
average clinical score was higher in male mice.

In contrast, male mice

inoculated with Mos-RRV-T48 had significantly higher clinical scores
compared to female mice inoculated with Mos-RRV-T48 from two-18 days post
infection.
The male mouse model of RRV yields reliable, repeatable statistically
significant differences between Mam-RRV-T48 and Mos-RRV-T48.

Mice

inoculated with Mos-RRV-T48 consistently gain less weight than mice
inoculated with Mam-RRV-T48 which is significant from around day 5 post
infection and persists up to 30 days post infection, shown in Figure 5.6A. Mice
inoculated with Mos-RRV-T48 also produce significantly higher clinical scores
than mice inoculated with Mam-RRV-T48 which is apparent from around day
three and continues for an average of 10 days post infection (Figure 5.6B). As
a result of these finding all subsequent experimentation is completed in a
male only mouse model.

137

Weight gain (% of initial weight)

A

300

250
*

3

200

150

100
*
5

10

*

1

2

15

20

25

30

Days post infection

C

B6

*

6

C linical S core

C linical S core

*

4
*

2

0
0

5
10
15
Days post infection

4

2

0
0

20

5
10
15
Days post infection

20

M a le a n d f e m a le m ic e in f e c t e d w it h m o s q u i t o a n d m a m m

Maal el emai cned i nf e
i cm
e oi n
f eu ci ttoe adn w
t ha m
mmoasl iqa u
to
mRaVm m a l i a n d e r i v e d R R V
M a le a n d fe m
f em
c ta
e lde wm
ith
sq
d im
n id
e ra
i vne d
d R
M a le a n d fe m a le m ic e in fe c te d w ith m o s
300

300

W e ig h t g a in ( % o f in itia l w e ig h t)

W e ig h t g a in ( % o f in itia l w e ig h t)

(male

F Mos
M female
M os
or

*

M mam 3
* 50 µL PBS (mixed sex
), ForMos
with
M M os

)..P Mice
BS

M female
mam
or

Mam
),FMos-RRV-T48
F Mos
M mam
were
daily for A)
M Mosmonitored
F Mos

M M os to the
In a c tiv
e ve
r o T 4 8according
weights and B, C) disease progression. Disease
progression
was
scored
200
200
In 2a0c0 tiv
C 6 /3group
6 T 4 8 (n=5) ± SEM.
clinical
disease score data and is represented as the mean
ofeeach

V e ro
T 4 8 with Tukey’s test. Data
Statistical significance (* p<0.05) was determined by two way
ANOVA

100

2

03 0

1

2

*

0

1

0

0

D a y s p o s t in fe c tio n

138
100

0

0
2

100

C 6 /3 6 T 4 8

3

is representative of two separately run experiments.

0

100

100

F 4Mam
M mam with 2 10
pectoral region
pfu/mouse of Mam-RRV-T48 (male

1

200

P B S subcutaneously in the
S
C57Bl/6JP Bwild
type 18
old male and female mice were injected
P Bday
S
F Mam
F Mam
PBS

0

200

3 0 0derived T48 RRV lose more
Figure 5.5 - Male C57Bl/6 mice infected with mosquito
weight and have higher clinical scores than female C57Bl/6 mice.

1

W e ight ga in (% )

300

W e ig h t g a in ( % o f in itia l w e ig h t)

W e ig h t g a in ( % o f in itia l w e ig h t)

300

A

250

Weight gain (% of initial weight)

*

2

200

150

100
*
5

B

10

1

15
20
Days post infection

25

30

8

*

Clinical Score

6

4

2

0
2

300

10

*
*
*

W e ight ga in (% )

PBS

3

In a c tiv e v e ro T 4 8

PBS

Figure 5.6 - Difference in disease and weights of male C57Bl/6 mice inoculated with
T48 RRV is highly reproducible.
In a c tiv e C 6 /3 6 T 4 8
In a c tiv e v e ro T 4 8

In a c tiv esubcutaneously
C 6 /3 6 T 4 8
Vine ro
48
Male C57Bl/6J wild type 18 day old mice were injected
theTpectoral
region

104 pfu/mouse of Mam-RRV-T48 (
2 0 with
0

0

30

3

*

2

0

20
Days post infection

(

e ro T 4 8
),V Mos-RRV-T48
(

), Cor
6 /3with
6 T 450
8 µL PBS

). P BMice
were monitored daily for A) weights
S
C 6 /3 6and
T 4 8B) disease progression.

Disease

In a c tivwas
e v escored
r o T 4 8according to the clinical disease score data is represented as the mean
progression
In agroup
c tiv e (n=5)
C 6 /3 6± TSEM.
48
of each
Statistical significance (* p<0.05) was determined by two way
V ewith
ro T Tukey’s
48
ANOVA
test. Data is representative of five separately run experiments.
C 6 /3 6 T 4 8

100

139

0
*

0

*

1

10

1

20

30

Viral titres in mice inoculated with Mam-RRV-T48 or MosRRV-T48 in mice
C57Bl/6 mice were inoculated with 104 pfu/mouse of Mam-RRV-T48,
Mos-RRV-T48 or 50 µL of PBS, samples from blood, quadriceps muscle, ankle
joint and brain were then taken at 24 hours post infection and at peak disease
(seven days) and homogenised in PBS.

After clarification, samples were

titrated on Vero cells to enable viral titre comparison between Mam-RRV-T48
and Mos-RRV-T48 inoculated mice.
At 24 hour post infection blood titres of Mam-RRV-T48 and Mos-RRVT48 in mice were comparable in blood samples with a combined mean of 7.397
± 0.0523 log pfu/mL as seen in Figure 5.7A. At peak disease titres between
Mam-RRV-T48 and Mos-RRV-T48 inoculated mice were still similar however
the mean titre had reduced to 1.947 ± 0.1329 log pfu/mL (Figure 5.7E). RRV
titres in the both the quadriceps and ankle joint were significantly higher in
Mam-RRV-T48 inoculated mice compared to Mos-RRV-T48 inoculated mice
at 24 hours as shown in Figure 5.7B and D, however titres recovered from
Mos-RRV-T48 mice had risen by peak disease to be significantly higher than
Mam-RRV-T48 inoculated mice in both tissues as seen in Figure 5.7F and G.
In brain tissue there was no difference in RRV titres in mice inoculated with
either Mam-RRV-T48 or Mos-RRV-T48 at 24 hours post infection (Figure
5.7D). At peak disease RRV titres were not recoverable in brain tissue (Figure
5.7H).
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Histology of mice infected with Mam-RRV-T48 or MosRRV-T48
C57Bl/6J mice were inoculated with 104 pfu/mouse of either Mam-RRVT48, Mos-RRV-T48 or 50 µL of PBS. Mice were sacrificed at 24 hour post
infection and at peak disease (seven days post infection), as determined by
clinical score and weight data. Samples of the quadriceps muscle, ankle joint
and brain were taken and fixed in buffered formalin and prepared for
microscopic examination as outlined in Chapter 2. Histological sections were
then examined to not only confirm differences from PBS controls but also to
see if differences were apparent between Mam-RRV-T48 and Mos-RRV-T48
samples.
In general, mild histological changes could be detected in quadriceps and
ankle tissue samples at 24 hours post infection; by peak disease changes in
tissue due to inflammation had increased with inflammatory cells present and
areas of necrotic tissue.

Histological findings in the brain were mild but

present with indications of encephalitis in RRV infected mice.

Quadriceps muscle histology of RRV infected mice
Sections taken from the quadriceps muscle of RRV infected mice at 24
hours post infection had an increase in mononuclear cells when compared to
PBS controls (Figure 5.8). In addition, necrotic fibres were present in mice
inoculated with Mos-RRV-T48. At seven days post infection, there was an
increase in mononucleated inflammatory cells in both Mam-RRV-T48 and
Mos-RRV-T48 inoculated mice compared with respective sections at 24 hours
post infection and to PBS controls (Figure 5.9).
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Figure 5.8 - Histology of quadriceps muscle in mice infected with RRV at 24 hours post
infection.
C57Bl/6J wild type 18 day old mice were injected subcutaneously in the pectoral region with
104 pfu/mouse of Mam-RRV-T48, Mos-RRV-T48 or 50 µL PBS. Samples were taken from
quadriceps muscle at 24 hours post infection and fixed in formalin. Tissue was paraffin
embedded, sectioned and stained with haematoxylin and eosin. Data is representative of
each group (n=4) ± SEM.
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Figure 5.9 - Histology of quadriceps muscle in mice infected with RRV at peak disease.
C57Bl/6J wild type 18 day old mice were injected subcutaneously in the pectoral region with
104 pfu/mouse of Mam-RRV-T48, Mos-RRV-T48 or 50 µL PBS. Quadriceps muscle samples
were taken at peak disease as indicated by clinical score and weight and fixed in formalin.
Tissue was paraffin embedded, sectioned and stained with haematoxylin and eosin Data is
representative of each group (n=4) ± SEM.
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Sections

from

Mam-RRV-T48

inoculated

mice

had

increased

extracellular material compared to control (PBS) as well as some irregularity
and swelling of fibre shape. Degeneration of muscle cells is evident but signs
of cell regeneration are also present as indicated by central nucleation in a
small number of cells. In the Mos-RRV-T48 sample, there was a large increase
in extracellular material, including fibrotic tissue morphology. Muscle fibre
size was more variable with several areas of atrophic fibres. Fibrosis was
visible as were degenerated fibres.

Ankle joint histology of RRV infected mice
At 24 hours post infection ankle sections stained with H&E for both
Mam-RRV-T48 and Mos-RRV-T48 inoculated mice had minimal thickening of
the synovial membrane but otherwise were comparable to PBS (Figure 5.10).
At peak disease, tissue and bone destruction are present in both Mam-RRVT48 and Mos-RRV-T48 inoculated mice, however the sections from mice
inoculated with Mos-RRV-T48 were more severely affected (Figure 5.11).
There was evidence of hyperplasia in the Achilles tendon as well as
degeneration of the tendon itself in RRV infected mice; additionally, the
spongy bone sections had evidence of degradation and inflammatory
infiltrates around the area of bone and cartilage. There was an increase in
mononuclear cells and areas of fibrosis.
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Figure 5.10 – Histology of ankle joint in mice infected with RRV at 24 hours post
infection.
C57Bl/6J wild type 18 day old mice were injected subcutaneously in the pectoral region with
104 pfu/mouse of Mam-RRV-T48, Mos-RRV-T48 or 50 µL PBS. Samples were taken from the
ankle joint at 24 hours post infection and fixed in formalin. Tissue was paraffin embedded,
sectioned and stained with haematoxylin and eosin. B) bone, C) cartridge, G) growth plate,
M) muscle, P) periosteum, S) synovia/synovial space. Data is representative of each group
(n=4) ± SEM.
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Figure 5.11 – Histology of ankle joint in mice infected with RRV at peak disease.
C57Bl/6J wild type 18 day old mice were injected subcutaneously in the pectoral region with
104 pfu/mouse of Mam-RRV-T48, Mos-RRV-T48 or 50 µL PBS. Samples were taken from the
ankle joint at peak disease and fixed in formalin. Tissue was paraffin embedded, sectioned
and stained with haematoxylin and eosin. B) bone, C) cartridge, G) growth plate, M) muscle,
P) periosteum, S) synovia/synovial space. Data is representative of each group (n=4) ± SEM.
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Brain histology of RRV infected mice
Examination of brain tissue sections from RRV infected mice contained
signs of inflammation at 24 hours in Mos-RRV-T48 inoculated mice (Figure
5.12).

There was an increase in mononucleated cells as well as necrotic

neurons present which are indicators of encephalitis. Perivascular cuffing
was seen in both Mam-RRV-T48 and Mos-RRV-T48 samples but was most
predominant in Mos-RRV-T48 samples. At peak disease there was evidence
of prior inflammation with several necrotic neurons undergoing phagocytosis.
In Mos-RRV-T48 samples, eosinophilic vacuoles and embolus could be
observed in the brain tissue.
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Figure 5.12 - Histology of brain tissue in mice infected with RRV at 24 hours and peak
disease.
C57Bl/6J wild type 18 day old mice were injected subcutaneously in the pectoral region with
104 pfu/mouse of Mam-RRV-T48, Mos-RRV-T48 or 50 µL PBS. Samples were taken from the
brain at 24 hours post infection and at peak disease as determined by clinical scores and
weight gain data and fixed in formalin. Tissue was paraffin embedded, sectioned and stained
with haematoxylin and eosin. Data is representative of each group (n=4) ± SEM
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Cytokine profiles of mice inoculated with Mam-RRV-T48
or Mos-RRV-T48
Gene expression of pro-inflammatory and anti-inflammatory cytokines
in male mice after infection with Mam-RRV-T48 and Mos-RRV-T48 was
examined in the quadriceps muscle and ankle joint by real time PCR.
Samples were taken at 6, 12 and 24 hours post infection and at peak disease,
determined as seven days, by information taken from mouse weights and
clinical scores. All results were normalised against the HPRT1 gene and are
relative to expression levels in PBS inoculated mice.

Cytokine profiles in quadriceps muscle
At six hours post infection, mice infected with Mam-RRV-T48 had
significantly higher gene expression levels of IL4 and IL12 compared to mice
inoculated with either Mos-RRVT48 or PBS as seen in Figure 5.13A.

In

contrast, Mos-RRV-T48 inoculated mice had significantly higher gene
expression of CCL2 and IFNβ compared to both Mam-RRV-T48 and PBS
inoculated mice and significantly higher gene expression of IFNα compared to
Mam-RRV-T48 inoculated mice.
At 12 hours post infection gene expression of IFNβ in Mos-RRV-T48
inoculated mice was increased 3 fold compared to PBS inoculated mice,
shown in Figure 5.13B. Additionally gene expression levels of IFNα were still
significantly higher in Mos-RRV-T48 inoculated mice compared to Mam-RRVT48 mice at 12 hours but at a lower level than that at 6 hours at 2.6 and 4.9
fold respectively. In both Mam-RRV-T48 and Mos-RRV-T48 inoculated mice
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IL12 gene expression was reduced compared to expression in PBS inoculated
mice.
Interestingly, at 24 hours post infection IFNβ gene expression was
significantly reduced in Mam-RRV-T48 inoculated mice compared to both
Mos-RRV-T48 and PBS inoculated mice (Figure 5.13C). Gene expression of
IFNγ was also reduced in Mam-RRV-T48 inoculated mice at 24 hours when
compared to PBS inoculated mice. Both Mam-RRV-T48 and Mos-RRV-T48
inoculated mice were found to be significantly up-regulated for IL6 gene
expression compared to PBS inoculated mice, whilst Mos-RRV-T48 inoculated
mice had reduced expression levels of CXCR3 compared to PBS controls.
At peak disease expression levels of IFNβ, IFNγ and IL12 were
significantly up-regulated in Mam-RRV-T48 inoculated mice compared to
both Mos-RRV-T48 and PBS inoculated mice as shown in Figure 5.13D.
Additionally, Mam-RRV-T48 inoculated mice also had increased expression
levels of IL4 and IL6 compared to PBS inoculated mice.
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Cytokine profiles in ankle joint
At six hours post infection, gene expression levels of most cytokines in
the ankle joint of Mam-RRV-T48, Mos-RRV-T48 and PBS inoculated mice
were similar, as shown in Figure 5.14A.

The only exception to this was

expression levels of IL10 which were elevated in both Mam-RRV-T48 and MosRRV-T48 inoculate mice, however, only Mos-RRV-T48 inoculated mice were
found to have a significant difference compared to PBS inoculated mice.
Gene expression levels of IL10 were similar at 6 and 12 hours post
infection and Mos-RRV-T48 inoculated mice were again significantly upregulated compared to PBS inoculated mice. Mice inoculated with Mos-RRVT48 had up-regulated gene expression of both IFNα and IFNβ compared to
Mam-RRV-T48 and PBS inoculated mice at 12 hours post infection (Figure
5.14B). Additionally, both Mam-RRV-T48 and Mos-RRV-T48 inoculated mice
had significantly down-regulated levels of IL4 gene expression when compared
to PBS inoculated mice at 12 hours post infection.
At 24 hours post infection both Mam-RRV-T48 and Mos-RRV-T48
inoculated mice had significantly higher gene expression of IL10 when
compared to PBS inoculated mice, and this was also the case for TNFα gene
expression (Figure 5.14C).

Mam-RRV-T48 inoculated mice expressed

significantly higher levels of IL4 and significantly lower levels of CCL2 than
PBS inoculated mice at 24 hours post infection.
At peak disease, seven days post infection, IFNβ expression was
significantly higher in Mam-RRV-T48 inoculated mice when compared to MosRRV-T48 and PBS inoculated mice, as seen in Figure 5.14D. In addition,
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Mam-RRV-T48 inoculated mice had significantly higher expression levels of
both CXCR3 and IL6 compared to PBS inoculated mice at peak disease. IFNγ
and IL12 gene expression levels were found to be significantly higher in MosRRV-T48 inoculated mice compared to controls at peak disease.
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Discussion
Whether there are differences in disease profiles of mice infected with
mammalian or mosquito derived viruses has been a controversial issue. As
only the initial viral inoculum in the human host is mosquito derived, it has
been suggested that this would have no effect on disease progression as all
replication rounds of the virus in the host would be mammalian derived.
However, differences in the induction of cytokines has been reported in a cell
culture environment (Hidmark et al., 2005; Shabman et al., 2007).

Of

particular interest is the report that Mam-RRV-T48 and not Mos-RRV-T48 is
a potent inducer of IFNβ. It has been suggested that IFNβ is important in the
development of RRV symptoms in response to viral infection. We sought to
confirm that IFNβ was required for disease development in a model of RRV
disease prior to testing if this was differentially induced by Mam-RRV-T48 and
Mos-RRV-T48 in vivo.

IFNβ is critical for development of disease symptoms
Wt and IFNAR -/- mice were inoculated with 104 pfu virus. In Wt mice,
this caused the expected disease profile comparable to previously published
work using this particular model. In IFNAR -/- mice, the virus caused acute
viremia which overloaded the system resulting in complete fatality in the
group within 48 hours. This reaction was expected as the knockout mice are
missing a critical part of the innate immune system that responds to invading
pathogens. To overcome this, the viral load in the knockout mice was reduced
to 101 pfu with interesting results. Whilst this amount would not be sufficient
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to cause any significant difference in either the percentage of weight gain or
the clinical score in the Wt mice, it did significantly affect the weight gain of
the IFNAR -/- mouse. In addition to this, the viral titre in the blood of infected
mice was comparable between Wt mice inoculated with 104 pfu RRV and
IFNAR -/- mice inoculated with 101 pfu. Even more interesting, is that despite
these similarities IFNAR -/- mice did not develop any arthritic disease
symptoms.

This strongly indicates a role for IFNβ in the development of

inflammation in the joints and resulting tissue destruction that is responsible
for many of the symptoms of RRV disease.

IFNβ has traditionally been

associated with a reduction of inflammation and has been inferred as a
treatment option for rheumatoid arthritis.

However, recent studies have

linked IFNβ treatment with the development of psoriatic arthritis and the upregulation of the TH17 response in human patients (Toussirot et al., 2014;
Triantaphyllopoulos et al., 1999). It is likely that IFNβ plays a dual role in
prevention or initiation of arthritic symptoms depending on timing and the
magnitude of the response.

Traditionally, IFNβ is associated with the

reduction of pro-inflammatory cytokines such as IL12 and TNFα (Smeets et
al., 2000).

It would therefore have been expected that these mice would

develop a higher level of disease without the ability to moderate the
inflammatory reaction. The results from this study indicated that further
investigation was warranted and as such, the cytokine profiles were examined
to get a better understanding of the inflammatory responses that may underlie
the observed effect.
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UV inactivated virus does not cause arthritic disease
symptoms in the RRV mouse model of disease.
To ensure that appropriate controls were utilised in all experimental
work and to confirm that any effects seen required replicating virus, UV
inactivated virus was tested in the mouse model. Findings show that whilst
there is a mild initial reaction from the introduction of UV inactivated virus
this only lasts briefly, confirming that replication of virus is required for
disease

symptoms

and

that

simple

interactions

with

the

different

glycosylations present on Mam-RRV-T48 and Mos-RRV-T48 are not enough
to initiate a differential immune response.
Interestingly, whilst there were no arthritic disease symptoms seen in
mice inoculated with UV inactivated virus, the animals did consistently gain
more weight than the PBS control by the end of the 30 day period, however
this was significant in only one instance. Mice inoculated with UV inactivated
virus did appear to be lethargic in comparison to PBS controls, however, this
was a subjective observation and difficult to measure in the absence of other
indicators such as ruffled fur.

It is hypothesised that although the

introduction of the UV inactivated virus did not cause any arthritic disease
symptoms it was enough to initiate some immune response which, in turn,
made the mice feel unwell with general viral symptoms such as lethargy
resulting in less movement in these mice.

However, as they were not

movement restricted, due to arthritic limbs, as in the case with the mice
inoculated with active RRV, they continued to consume food and water at the
normal rate. C57Bl/6J mice are often used for obesity studies as they will
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eat more than their requirement and are prone to becoming overweight.
Taken together these factors would explain the consistently higher weights in
this group. If the effects of host contact to inactivated virus were of interest
this may be a useful measure to include in future animal models and may
warrant further investigation, however they were not the focus of this study.

Mosquito derived RRV causes a decrease in percentage
weight gain and an increase in clinical score in the RRV mouse
model of disease.
The mouse model was used to investigate if differences in disease
occurred in mice injected with Mam-RRV-T48 when compared to Mos-RRVT48. It was discovered that differences were apparent in both percentage of
weight gained and in clinical score. This was generally reproducible but in
one instance, the differences were not statistically significant, mostly due to
high error bars caused by variations in individual mice within each group. It
was observed in the course of running these experiments that male mice
appeared to gain less weight and had higher clinical scores than female mice
and this was further investigated to rule out a potentially overlooked variable.

Cytokine profiles of RRV disease depend on viral cell
origin and differ from inactivated virus.
Cytokine profiles for CCL2, IFNβ, IFNγ and MIF were tested to determine
if the inflammatory response may be different between Mam-RRV-T48, MosRRV-T48, UV-Mam-RRV-T48, UV-Mos-RRV-T48 and PBS inoculated mice.
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Differences between active and inactive virus were seen in every group, except
MIF at 12 hours post infection, but were not always found to be significant.
This indicated that replicating virus is required for a full immune response to
be initiated by the host and that these factors are not dependent on binding
alone.

Of the findings that were significant, IFNβ was significantly up-

regulated at 12 hours in both quadriceps and ankle samples in Mam-RRVT48 inoculated mice, and both CCL2 and IFNγ were up-regulated in the ankle
in Mam-RRV-T48 inoculated mice.
The up-regulation of these cytokines is somewhat contradictory with
IFNγ being associated with a TH1 response and CCL2 being attributed to
driving a TH2 response, as well as the infiltration of monocytes (Antonelli et
al., 2009). However, recent studies into psoriatic arthritis have shown an
increase in TH1 cytokines along with high circulating levels of CCL2 and
interferon γ-inducible protein (IP-10) in early stages of disease with a further
increase in CCL2 and a decrease in IP-10 occurring later in disease and
indicating a shift to the TH2 response for chronic conditions (Devito, 2014).
Differences in gene expression of cytokines between Mam-RRV-T48 and MosRRV-T48 infected mice were not clear, primarily due to large variation
occurring within each group. However, this variation was in part suspected
to be due to differences in cytokine expression between male and female mice
in response to infection and thus warranted further investigation on the effect
of Mam-RRV-T48 and Mos-RRV-T48 infection in male and female mice.
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Results gained from the RRV mouse model are sexually
dimorphic.
Mice used for the RRV mouse model of disease are inoculated with virus
at between 18 and 21 days of age which is before they become sexually active.
As such, sex has not been considered to be an issue in the development of
disease in these mice; however, due to the reproducible observation of males
in the lowest weight group and displaying the most severe clinical symptoms
in this study, it was important to rule out sex as a variable in the mouse
model.

The results showed minimal difference between female mice

inoculated with either Mam-RRV-T48 or Mos-RRV-T48 but a significant
difference in male mice. This difference was seen in both the percentage of
weight gained and the clinical score over the 30 day observation period with
male mice inoculated with Mos-RRV-T48 gaining less weight and having
higher clinical scores than male mice inoculated with Mam-RRV-T48.
Many studies have shown that sexual dimorphism exists in relation to
inflammation and response to viral infection (Barna et al., 1996; Choudhry et
al., 2006; Geurs et al., 2012; Marriott and Huet-Hudson, 2006; Pfeilschifter
et al., 2002). This has mostly been linked to the oestrus cycle and differences
in hormonal levels in females but some studies are elucidating a role for other
immune response factors such as cytokines (Marriott and Huet-Hudson,
2006; Pfeilschifter et al., 2002). Differences in cytokine expression, as well as
hormonal factors, are likely at play in the development of RRV in the mouse
model and offers some level of protection to female mice against the factors in
Mos-RRV-T48 which cause more severe disease in males. Future studies need
169

to examine the cytokine and hormone profiles of female and male mice
inoculated with Mos-RRV-T48 with the possibility of increasing the oestrogen
in male mice to examine the effect on disease progression.

Male mice show greater reproducible variation when
inoculated with Mam-RRV or Mos-RRV.
The male mouse model of RRV disease was repeated several times to
ensure reproducibility and consistency of results. Each time the experiment
was run, it produced similar results with a significant difference between the
weight gain and clinical scores of Mam-RRV-T48 and Mos-RRV-T48
inoculated mice.

As the aim of this study was to investigate differences

between mammalian and mosquito derived virus the male model of disease
was chosen, however as mentioned previously, investigation into why these
differences occur in male and female mice would make an interesting future
study. All further experimentation completed in the mouse model in this
thesis was done using only male mice to reduce variability and to examine
possible causes for the differential effect between mammalian and mosquito
derived virus.

Viral titres are higher in quadriceps muscle and ankle
joint of Mos-RRV-T48 inoculated mice at peak disease
RRV titres recovered from blood and brain samples of Mam-RRV-T48
and Mos-RRV-T48 inoculated mice were comparable indicating a similar level
of infection. Interestingly, however, higher titres were recovered in Mam-RRV-
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T48 inoculated mice in quadriceps and ankle joint at 24 hours post infection
compared to Mos-RRV-T48 inoculated mice. This was unexpected as it was
thought that increased disease severity would correlate with an increase in
early viral titres. However, at peak disease, titres recoverable from the tissue
of Mos-RRV-T48 inoculated mice had increased and were significantly higher
than Mam-RRV-T48 inoculated mice. This indicates that Mos-RRV-T48 has
a replication advantage over Mam-RRV-T48 and this must be initiated by
early immune interactions.

One possibility is that differential cytokine

profiles activated by either Mam-RRV-T48 or Mos-RRV-T48 result in
differences in disease progression due to reduced clearance of Mos-RRV-T48
from inoculated mice.

Mice have different histology when inoculated with MamRRV or Mos-RRV
Changes in histology of mice inoculated with RRV could be visualised
as early as 24 hours which was not expected. Both Mam-RRV-T48 and MosRRV-T48 infected mice show signs of immune response in muscle and ankle,
whilst evidence of immune response in the brain is most evident in Mos-RRV.
At peak disease, RRV infected tissue can be clearly differentiated from
uninfected mouse control tissue and it is also possible to see that the level of
tissue destruction and inflammation is greater in the Mos-RRV-T48 mice. At
both time points there is an increase in mononucleated cells and it is likely
that the activation states of these cells plays and important role in the
cytokine profile in each tissue.
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Mice have different cytokine profiles when inoculated
with Mam-RRV or Mos-RRV
Examination of the cytokine profiles of C57Bl/6J mice inoculated with
either Mam-RRV-T48 or Mos-RRV-T48 clearly demonstrated that different
gene expression levels are induced depending on the cell line of origin of the
virus. At six hours post infection CCL2 was expressed to high levels in MosRRV-T48 inoculated mice but unexpectedly IL4 levels, which are often upregulated in the presence of CCL2, were not up-regulated in Mos-RRV-T48
inoculated mice but were up-regulated in Mam-RRV-T48 inoculated mice.
There was also an up-regulation of type I IFN at both 6 and 12 hours post
infection in Mos-RRV-T48 inoculated mice. This was not expected as in vitro
studies have shown that Mam-RRV-T48 and not Mos-RRV-T48 is a potent
inducer of type I IFN. However, at peak disease the levels of type I IFN had
returned to expression levels similar to that in PBS inoculated mice; there was
an increase in the gene expression of IFNβ in Mam-RRV-T48. It is possible
that IFNβ is expressed at earlier time points in Mos-RRV-T48 inoculated mice
and at later time points in Mam-RRV-T48 inoculated mice.
This is supported by the cytokine studies completed in the ankle joint.
At 12 hours post infection gene expression of IFNα and IFNβ were upregulated in Mos-RRV-T48 inoculated mice, returning to normal levels by 24
hours post infection. At peak disease, IFNβ was up-regulated in Mam-RRVT48

inoculated

mice

compared

to

Mos-RRV-T48

inoculated

mice.

Interestingly, IL10 was up-regulated in ankle joint in both Mam-RRV-T48 and
Mos-RRV-T48 inoculated mice but was not up-regulated in quadriceps
172

muscle. This, along with other differences in cytokines indicates that the
cytokine response is tissue specific in response to RRV infection as has been
proposed by previous studies (Stoermer Burrack et al., 2014).

Conclusion
The mouse model of RRV has been re-evaluated and refined to a single
sex male mouse model; this reduces error whilst increasing robustness and
reproducibility which is an important consideration in animal experiments.
The data reported in this chapter has also shown that active virus is required
for the progression of infection to disease symptoms and the up-regulation of
TH1 cytokines.

It was also shown that Mam-RRV-T48 and Mos-RRV-T48

infected mice have different levels of weight gain post inoculation and also
different

clinical score, histology and cytokine profiles.

A

deeper

understanding of this difference in host response is vital for understanding
RRV pathogenesis.
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Characterisation
of
Ross River virus isolates in a mouse
model of disease
Introduction
The in-vivo immune system is a complex balance between resistance to
foreign entities and maintenance of self. As a result, studies in isolated cell
systems alone do not allow all possibilities to be taken into consideration. For
this reason when looking at effects on disease progression that occur
downstream from initial infection, investigations in a mouse model offers
invaluable insights into the multitude of factors at play in a host after viral
infection. Another important consideration is the potential for different host
immune reactions in response to different viral isolates within the same
species.

Genomic variation between isolates has been shown to be an

important factor in disease outcome of alphaviruses (Herrero et al., 2014;
Jupille et al., 2011; Stoermer Burrack et al., 2014).
This is illustrated by the mouse avirulent RRV isolate DC5692, isolated
from mosquitos in WA. Studies found that replacing the NsP1 region of RRV
T48 with that of DC5692 resulted in attenuated disease (Jupille et al., 2011).
Additional studies expanded on this using RRV T48 and RRV-T48-nsP16M, a
T48 mutant carrying the six non-synonymous DC5692 nucleotide differences
in the NsP1 region. When mice were inoculated with equal amounts of these
viruses, in addition to attenuation of disease for mice inoculated with RRVT48-NsP16M, viral load in the skeletal muscle of these mice was found to be
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significantly lower than in RRV-T48 mice at 5 days post infection. It was also
found that these mutations made RRV-T48-NsP16M more sensitive to type I
IFN in vitro. It is possible that type I IFN is able to control RRV infection in a
tissue specific manner (Stoermer Burrack et al., 2014). Additionally, studies
using BFV, another Alphavirus, showed that different isolates resulted in
significant differences in disease, with mortality ranging from 100 % to 19.2
% in C57Bl/6J mice inoculated with 104 pfu/mouse for a range of BFV
isolates. This illustrates that mutations occurring in the natural population
can have an effect on disease outcomes, supporting the idea of differences in
immune reaction within the host to different isolates of the same virus.
In this study, RRV isolates were obtained from circulating mosquito
populations in WA and are an example of current variations which exist in
nature.

It is possible that variation is an evolution strategy to enhance

isolates fitness in available local hosts, for example the infections of
macropods in rural areas and domestic animals in urban areas. Studies have
shown that repeated passaging of alphavirus in tissue culture makes it more
virulent in that cell type with a trade off in virulence in other cell
types(Dubuisson et al., 1997; Greene et al., 2005; Heil et al., 2001).
Additionally, passaging in avian cells has been shown to cause changes at the
E2 glycosylation site, resulting in modified growth patterns in mice for two of
the three variants tested. The specific mutations, E2 substitutions at either
residue 4 or 218, could not be replicated by passage in human or mosquito
cell lines (Kerr et al., 1993). The effect of mutations after passaging was also
reported by Lidbury et al., (2011), where a variant, RRVPERS, was able to
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establish a persistent infection in the macrophage cell line RAW 264.7.
RRVPERS had a small plaque phenotype, was resistant to IFNβ, could attenuate
expression of IFNβ and exhibited a significantly enhanced disease in mice.
RRVPERS was found to have several nucleotide differences in the NsP region
and also a point mutation in the E2 gene.
No studies have so far addressed a correlation between tissue culture
kinetics and in-vivo mouse disease kinetics for RRV field isolates and a better
understanding of the link between tissue culture results and those seen in
vivo is important in order to minimise animal experimentation.

Results

Weight gain in mice inoculated with Mam-RRV-T48 or
Mos-RRV-T48 field isolates
Eighteen field isolates of RRV were obtained from WA and propagated
once in either C6/36 (mosquito) cells or Vero (mammalian) cells. These viral
preparations were then used to inoculate 18 day old C57Bl/TJ male mice to
allow comparative analysis of the differences between isolates in disease
progression of infected mice. This also enabled us to compare differences
within each individual RRV isolate on the effect of Mam-RRV and Mos-RRV
on disease progression in inoculated mice.
Mice inoculated with Mam-RRV-isolates experienced minimal changes
in weight during the first few days post infection; however, by day six all
inoculated mice weighed more than at day zero as shown in Figure 6.1A. The
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only exception to this occurred in mice inoculated with Mam-RRV-B where a
significant drop in the weight of mice occurred on day five, however this was
quickly regained. Analysis of mice inoculated with Mam-RRV-isolates reveals
two distinct growth curves as in Figure 6.1A.

The first growth curve,

containing a majority of the RRV isolate groups showed a slight reduction in
weights over the first few days post inoculation and then a gradually increase
in weight surpassing day zero weights by day six post infection.
The second growth curve consisted of mice inoculated with Mam-RRVM, -N and –R. Mice inoculated with these isolates did not experience the
initial weight loss seen in the mice in the previous trend and gained weight
steadily over the time course. This resulted in the weights of these mice being
significantly higher by 30 days post infection, compared to the weights of mice
inoculated with isolates in the other growth curve. The heaviest group at the
end of the 30 day time course consisted of mice inoculated with Mam-RRV-N
with a final mean weight of 327 % of initial body weight ± 8 %. Mice inoculated
with Mos-RRV isolates lost weight in the five days post inoculation before
weight stabilised or began to rise with several of the inoculated mouse groups
taking longer than ten days to recover to weights recorded prior to inoculation
(Figure 6.1B).

Mice inoculated with Mos-RRV-M had significantly lower

weights than all other groups from day 14 to 27, and had the lowest mean
weight at the end of the time course at an average of 190 % of initial body
weight ± 11 %.

178

P e r c e n t o r ig in a l b o d y w e ig h t (% )

A
350
300
250
200
150
100
50

0

5

10

15

20

25

30

25
20

30
25

D a y s p o s t in fe c tio n

P e r c e n t o r ig in a l b o d y w e ig h t %

B
350
300

300
250

200

200
150

100

100
50

0

0

0

5

10
15
20
5
10
15
D a y s p o s t in fe c tio n

RRV- Isolate legend
A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

R

Q

180

Figure 6.1 - Weight gain of C57Bl/6J mice inoculated with Mam-RRV and Mos-RRV field
isolates.
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of A) Mam-RRV-isolate, B) Mos-RRV-isolate or 50 µL PBS (data not
shown). Mice were monitored daily for weight gain which is shown as a percentage of the
initial weight of the mice immediately prior to inoculation. Different isolates are represented
by different symbols as depicted in the accompanying legend. Data is represented as the
mean of each group (n=5) ± SEM.
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Clinical scores of mice inoculated with Mam-RRV or MosRRV field isolates.
Male mice were inoculated with either the mammalian or mosquito
preparation of one of 18 isolates and observed daily for disease symptoms and
rated as per the defined clinical disease score (Table 2.5) to determine
differences between isolates and also between mammalian and mosquito
derived preparations of the same isolate. Comparison of the clinical scores of
mice inoculated with a Mam-RRV isolate did not reveal any discreet trends,
with a lot of variation existing between groups (Figure 6.2A). The highest
clinical score attained by mice inoculated with a Mam-RRV isolate was
reached on day five by mice inoculated with Mam-RRV-H at 4 ± 0. For all
mice inoculated with Mam-RRV isolates, clinical disease was resolved by 20
days post inoculation.
For mice inoculated with Mos-RRV-isolates, the highest average clinical
score was 6 ± 0, reached on day five by mice inoculated with Mos-RRV-L and
on day 14 by mice inoculated with Mos-RRV-G (Figure 6.2B). In contrast to
all other isolates, mice inoculated with Mos-RRV-G reached peak clinical
disease score at day 14 post infection, several days later than other isolates.
All mice inoculated with a Mos-RRV isolate produced a disease score ≥1
between days three and ten. Disease symptoms resulting in a clinical score
were resolved in all mice inoculated with Mos-RRV isolates by day 25.
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Figure 6.2 - Clinical score of C57Bl/6J mice inoculated with Mam-RRV and Mos-RRV
isolates.
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of A) Mam-RRV-isolate, B) Mos-RRV-isolate or with 50 µL PBS (data not
shown). Mice were monitored daily for disease progression which was scored according to
the established clinical disease score as described in Table 2.5, briefly, 0 – no disease,
1 – ruffled fur, 2 – Very mild hind limb weakness, 3 – mild hind limb weakness, 4 – Moderate
hind limb weakness, 5 – Severe hind limb weakness, 6 – Loss of function. Different isolates
are represented by different symbols as depicted in the accompanying legend.
represented as the mean of each group (n=5) ± SEM.

185

Data is

Disease progression in mice inoculated with Mam-RRV or
Mos-RRV field isolates
Eighteen isolates were used to examine the weight gain and clinical disease
profile of male C57BL/6J mice inoculated with Mam-RRV and Mos-RRV over
a 30 day period as shown previously in Figure 6.1 and Figure 6.2.

This

information was then collated for each isolate and mice inoculated with MamRRV were compared to their Mos-RRV counterpart. The disease profiles in
mice could be grouped into four trends.
In the first trend depicted in Figure 6.3A, there was less than three points
of significant difference in weight gain and clinical score when comparing
Mam-RRV and Mos-RRV inoculated mice.

This group contained mice

inoculated with isolates RRV-D, RRV-F, RRV-H and RRV-L.
The second trend was represent by mice inoculated with four RRV isolates
(RRV-B, -I, -K, -Q) and is shown in Figure 6.3B. Mice inoculated with the
Mam-RRV and Mos-RRV had similar weight gains but significantly different
clinical scores at later time points.

Mam-RRV isolate inoculated mice

returned to a clinical score of zero, on average five days earlier than mice
inoculated with Mos-RRV.

A return to zero clinical score occurred in all

groups by day 13, however for mice inoculated with Mos-RRV-I there was an
additional increase in the clinical scores on day 13, 14 and 16, raising them
from zero but remaining under two.
The third trend is depicted in Figure 6.3C. In this group, there was a
significant difference in weight gain and clinical scores at later time points
between Mam-RRV and Mos-RRV inoculated mice.
186

Mice inoculated with

Mam-RRV isolates had an early peak disease prior to 10 days post infection,
but clinical scores remain under 4. In addition, disease symptoms resolved
on average four days earlier than mice inoculated with the Mos-RRV. On the
other hand, mice inoculated with Mos-RRV isolates had late peak in disease
symptoms with the peak occurring after 10 days post infection. This group
contained mice inoculated with the isolates RRV-C, -E, -G, -J, -O and -P.
The final trend shown in Figure 6.3D is characterised by a significant
difference between the weight gain and clinical scores of mice inoculated with
Mam-RRV and Mos-RRV.

In this trend, mice inoculated with Mos-RRV

isolates gained significantly less weight compared to mice inoculated with
Mam-RRV isolates.

In the mice inoculated with RRV-A, a significant

difference in weights was observed for mice inoculated with Mam-RRV-A
compared to Mos-RRV-A only after 12 days post infection. In contrast, mice
inoculated with the other isolates in this trend (RRV-M, -N, -R), exhibited a
significant change in weights from day one post infection. Clinical scores were
significantly different between Mam-RRV and Mos-RRV inoculated mice by
day three post infection for all isolate groups tested.
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Viral titres in mice inoculated with Mam-RRV or Mos-RRV
field isolates
Male mice were inoculated with either Mam-RRV-isolate or Mos-RRVisolate or 50 µL of PBS. Samples of blood, quadriceps muscle, ankle joint and
brain were taken 24 hours post infection. These were homogenised in PBS
and titrated on Vero cells.

To enable a comparison between the titres

recovered from RRV isolates and those recovered from RRV-T48 the data
previously presented in Figure 5.7 is included again in Figure 6.4. No viral
titres were recovered from any sample in mice inoculated with PBS (data not
shown).
No difference was found at 24 hours post infection between the blood
titres of Mam-RRV and Mos-RRV inoculated mice of the same RRV isolate
(Figure 6.4A). In contrast, there was a significant difference between titres
recovered from mice inoculated with Mam-RRV-T48, Mam-RRV-M and MamRRV-R. Additionally, Mos-RRV-T48, Mos-RRV-M and Mos-RRV-R inoculated
mice also had significantly different viral blood titres compared to one
another.
In the quadriceps muscle, (Figure 6.4B) there was a significant
difference in titres obtained from mice inoculated with the Mam-RRV isolate
compared to the Mos-RRV for each RRV isolate at 24 hours post infection.
In the ankle joint, (Figure 6.4C) titres were again significantly different
between mice inoculated with Mam-RRV compared to Mos-RRV for both, RRVT48 and RRV-R; however, there was no difference between Mam-RRV and
Mos-RRV for the isolate RRV-M. In addition, titres in the ankle joint of mice
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inoculated with Mam-RRV-R were significantly lower than mice inoculated
with Mam-RRV-T48. Viral titres recovered from the brain tissue at 24 hours
post infection were found to be similar for all isolates and were between 3.01
± 0.326 and 4.04 ± and 0.317 log pfu/g as seen in Figure 6.4D.
Peak disease blood titres were significantly lower (Figure 6.4E) in
comparison to titres obtained at 24 hours post infection (Figure 6.4A). There
was no significant difference between mice inoculated with different RRV
isolates and all titres were between 1.78 ± 0.205 and 2.32 ± 0.0209 log pfu/ml.
In contrast, most titres recovered at peak disease from quadriceps muscle
(Figure 6.4F) and ankle joint (Figure 6.4G) increased compared to titres
recovered at 24 hours post infection (Figure 6.4B and C). The only exception
to this was for titres recovered from mice inoculated with Mam-RRV-T48
which decreased slightly between 24 hours post infection and peak disease in
both quadriceps muscle and ankle joint. Additionally, mice inoculated with
Mam-RRV-T48 had significantly lower viral titres in quadriceps muscle at
peak disease when compared to the titres recovered from Mos-RRV-T48 and
Mam-RRV-M inoculated mice.
In the ankle joint at peak disease, a significant difference was found
between the titres of Mam-RRV-T48 and Mos-RRV-T48 inoculated mice and
also between Mam-RRV-R and Mos-RRV-R inoculated mice (Figure 6.4G).
Additionally, mice inoculated with Mam-RRV-T48 had significantly lower viral
titres in ankle joint tissue compared to mice inoculated with Mam-RRV-R. No
viral titres were detected for any of the mice inoculated with RRV in brain
tissue at peak disease (Figure 6.4H).
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Quadriceps muscle histology of mice inoculated with
Mam-RRV or Mos-RRV field isolates at 24 hours post infection
To examine quadriceps pathology at 24 hours post inoculation, male mice
were inoculated with Mam-RRV-M, Mos-RRV-M, Mam-RRV-R, Mos-RRV-R or
PBS. At 24 hours post inoculation mice were sacrificed and tissues harvested
fixed in formalin. They were then imbedded in paraffin and stained with H&E
before examination by microscopy, sections presented are representative of
each group. There are signs of mild inflammation in the sections taken from
Mam-RRV inoculated mice and mild/moderate signs of inflammation evident
in the sections taken from mice inoculated with Mos-RRV.
The quadriceps transverse and longitudinal sections from mice inoculated
with Mam-RRV-M show evidence of mild inflammation. However, Mos-RRVM inoculation of mice resulted in moderate inflammation present in the
quadriceps muscle as evident by a widening of the perimysium. Mos-RRV-M
inoculated mice also have necrotic fibres visible in the transverse sections of
the quadriceps muscle.
Apart from a widening in the extracellular space, transverse quadriceps
sections for mice inoculated with Mam-RRV-R are comparable to PBS controls
in terms of negligible structural and cellular changes. Only, a slight increase
in adipose tissue can be seen in longitudinal quadriceps muscle sections. In
contrast, the evidence of inflammation is the most prominent in quadriceps
of mice inoculated with Mos-RRV-R. The transverse and longitudinal sections
show an increase in inflammatory infiltrates, tissue necrosis as well as
fibrosis and increase in adipose tissue.
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Figure 6.5 - Histology of quadriceps muscle in mice infected with RRV at 24 hours post
infection
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of Mam-RRV-M, Mam-RRV-R, Mos-RRV-M, Mos-RRV-R or 50 µL of PBS.
Samples were taken from quadriceps muscle and fixed in formalin. Tissues were paraffin
embedded, sections were cut and stained with haematoxylin and eosin.
representative of each group (n=4).
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Ankle joint histology of mice inoculated with Mam-RRV or
Mos-RRV field isolates at 24 hours post infection
To examine ankle pathology at 24 hours post inoculation, male mice
were inoculated with Mam-RRV-M, Mos-RRV-M, Mam-RRV-R, Mos-RRV-R or
PBS. At 24 hours post inoculation mice were sacrificed and tissues harvested
fixed in formalin. They were then imbedded in paraffin and stained with H&E
before examination by microscopy of four chosen sections to allow evaluation
over the whole ankle area. All ankle sections of RRV inoculated mice show
evidence of inflammation however, the mice inoculated with RRV-R show
more severe tissue destruction than that of mice inoculated with RRV-M.
Mam-RRV-M inoculated mice show signs of inflammation in the ankle
joint as evident by a thickening of the synovial membrane. Inflammation is
also evident in the Achilles tendon, with an increase of adipose tissue and
some evidence of haemorrhage. Similar findings can be seen in the ankle
sections of mice inoculated with Mos-RRV-M with the addition of
inflammatory percussions, contributing to severe disruption of the synovial
membrane, increased infiltrates fibrosis and pannus formations.
In the ankle section of mice inoculated with Mam-RRV-R and Mos-RRVR, a moderate to severe amount of tissue damage can be seen which is likely
due to the inflammatory process. This is evident by disruption to the synovial
membrane, and increase in inflammatory infiltrates, fibrosis and pannus
formation as well as the increase in adipose tissue in the ligaments and
tendons. The resulting image shows that there is major disruption to the
normal architecture of the joint.
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Figure 6.6 - Histology of ankle joint of mice infected with RRV at 24 hours post
infection
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of Mam-RRV-M, Mos-RRV-M, Mam-RRV-R, Mos-RRV-R or 50 µL PBS.
Samples were taken from the ankle joint at 24 hours post infection and fixed in formalin.
Tissue was paraffin embedded, sectioned and stained with haematoxylin and eosin. B) bone,
C) cartridge, G) growth plate, M) muscle, P) periosteum, S) synovia/synovial space. Data is
representative of each group (n=4) ± SEM.
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Brain histology of mice inoculated with Mam-RRV and
Mos-RRV field isolates at 24 hours post infection
To examine the pathology occurring in brain tissue at 24 hours post
inoculation, male mice were inoculated with Mam-RRV-M, Mos-RRV-M, MamRRV-R, Mos-RRV-R or PBS. At 24 hours post inoculation mice were sacrificed
and tissues harvested fixed in formalin. They were then imbedded in paraffin
and stained with H&E before examination by microscopy.
In mice inoculated with Mam-RRV-M, sections of brain tissue reveal
that some inflammation has occurred. There is evidence of necrotic neurons
and vacuolisation of the cytoplasm, collagen fibres and other protein rich
structures. The brain sections from mice inoculated with Mos-RRV-M contain
clusters of inflammatory infiltrates as well as dark neurons and necrotic
neurons with shrinkage of the nucleus and vacuolisation of the cytoplasm.
Brain sections for mice inoculated with Mam-RRV-R and Mos-RRV-R
show similar signs of mild inflammation with the presence of dark neurons
and necrotic neurons along with inflammatory infiltrates and some
vacuolisation.
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Figure 6.7 - Histology of brain tissue in mice infected with RRV at 24 hours post
infection
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of mammalian derived RRV isolates M and R, mosquito derived RRV
isolate M and R or 50 µL PBS. Samples were taken from the brain and fixed in formalin.
Tissues were paraffin embedded, sections were cut and stained with Haematoxylin and eosin.
Data is represented as the mean of each group (n=4) ± SEM.
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Quadriceps muscle histology of mice inoculated with
Mam-RRV and Mos-RRV field isolates at peak disease
To examine tissue pathology at the peak of disease symptoms, male
mice were inoculated with Mam-RRV-M, Mos-RRV-M, Mam-RRV-R, MosRRV-R or PBS. At when at peak symptomatic disease (7 days post infection),
as guided from previous data (6.2.1. and 6.2.2. ), mice were sacrificed and
tissues harvested fixed in formalin. They were then imbedded in paraffin and
stained with H&E before examination by microscopy.
Mice inoculated with Mam-RRV-M show signs of mild/moderate
inflammation of the quadriceps muscle (Figure 6.8).

The transverse and

longitudinal sections show muscle being replaced by adipose tissue, myofiber
necrosis with myophagocytosis and presence of eosinophil and lymphocyte
infiltrates. Inflammation is clearly visible in the longitudinal section with
areas of endomesysial lymphocytic inflammatory infiltrate.

The muscle

sections from the Mos-RRV-M group show widening of the perimysium and
the endomysium cell fibres are swollen and irregular indicating myositis. Cell
infiltrates are present and neutrophils, eosinophils and lymphocytes can be
readily identified with areas of focal invasion of muscle fibres by inflammatory
cells. There is also evidence of late stage necrosis.

204

Quadriceps muscle sections for mice inoculated with Mam-RRV R seen
in Figure 6.8 show similar evidence of cellular infiltrates, the perimesium is
widened and fibre splitting is present as is fibre necrosis.

Mos-RRV-R

inoculated mice show dramatic changes due to myositis with fibres becoming
small and rounded, an increase in extracellular space, areas of fibrosis as well
as degenerating fibres, areas of necrosis and cytoplasmic vacuoles are all
present in the sections. Inflammatory infiltrates such as neutrophils and
eosinophils can be identified. Additionally, muscle fibres are being replaced
and infiltrated by adipose tissue.
For both isolate groups myositis and myopathy is most severe in mice
inoculated with Mos-RRV compared to the mice inoculated with Mam-RRV.
Additionally, the myopathies were more prominent in mice inoculated with
RRV-R isolate compared to mice inoculated with RRV-M isolate.
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Figure 6.8 - Histology of quadriceps muscle in mice infected with RRV at peak disease
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of mammalian derived RRV isolate M and R, mosquito derived RRV
isolate M and R or 50 µL PBS. Samples were taken from, quadriceps muscle, ankle joint and
brain fixed in formalin. Tissues were paraffin embedded, sections were cut and stained with
Haematoxylin and eosin. Data is represented as the mean of each group (n=4) ± SEM.
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Ankle joint histology of mice inoculated with Mam-RRV or
Mos-RRV field isolates at peak disease
All mice inoculated with RRV showed evidence of inflammation and
associated tissue damage in ankle sections at peak disease when compared
with the PBS inoculated control mice.

In all cases, infection resulted in

damage to the tissue and disruption of the normal architecture of the joint
however, this was more severe in Mos-RRV inoculated mice compared to
Mam-RRV inoculated mice. Additionally, the most tissue damage was seen
in mice inoculated with Mos-RRV-R (Figure 6.9).
In mice inoculated with Mam-RRV-M, some synovial hyperplasia and
fibrosis is evident around the navicular ligament with inflammatory
infiltrates.

Additionally, there is evidence of muscle fibre necrosis in the

Achilles tendon with fibrosis/inflammatory pannus. In contrast, the histology
of mice inoculated with Mos-RRV-M shows severe damage to the area around
the navicular bone, causing loss of normal architecture. Cellular infiltrates,
cartridge degeneration and bone erosion are present as well as areas of
synovial hyperplasia and pannus formation.
Mice inoculated with Mam-RRV-R showed inflammatory infiltrates,
mild cartilage destruction and bone erosion with mild synovial hyperplasia.
The ligaments show evidence of fibrosis and inflammatory infiltrate as well as
some muscle necrosis. In Mos-RRV-R inoculated mice, inflammation and
associated tissue damage is severe with the presence of inflammatory
infiltrates, destruction of cartridge and bone erosion. Fibrosis, inflammatory
pannus and synovial hyperplasia of the foot has disrupted normal
208

architecture.

The navicular ligament has reduced in size and adipose

infiltration is evident as is muscle degeneration and fibrosis in the Achilles
tendon.
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Figure 6.9 - Histology of ankle joint in mice infected with RRV at peak disease
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of Mam-RRV-M, Mos-RRV-M, Mam-RRV-R, Mos-RRV-R or 50 µL PBS.
Samples were taken from the ankle joint at peak disease and fixed in formalin. Tissue was
paraffin embedded, sectioned and stained with haematoxylin and eosin. B) bone, C) cartridge,
G) growth plate, M) muscle, P) periosteum, S) synovia/synovial space. Data is representative
of each group (n=4) ± SEM.
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Brain histology of mice inoculated with Mam-RRV or MosRRV at peak disease
Examination of the brain tissue at peak disease showed evidence
of encephalitic involvement. This was most prominent in mice inoculated with
Mos-RRV, however minor inflammatory signs were also present in mice
inoculated with Mam-RRV. The most severe encephalitic presentation was
seen in the Mos-RRV-R group as seen in Figure 6.10.
For mice inoculated with Mam-RRV-M there is some evidence of
vacuolation and thrombus with minimal infiltrates. Necrotic neuron damage
can also be identified, as well as embolus. In mice inoculated with Mos-RRVM, inflammatory cells are present, in addition, dark neurons are present
indicating irreversible neuron injury. Vacuolation and an increase in protein
rich fibres are also present in the white matter.
In mice inoculated with Mam-RRV-R, some inflammatory infiltrates are
present along with low levels of necrotic neurons.

Evidence of a minor

embolus can be seen but was not an occurrence in all samples. In contrast,
multiple embolus are present in mice inoculated with Mos-RRV-R.
Inflammatory cells, swollen astrocytes, necrotic neurons and inclusions are
present in the cellular make up. Signs of early neuron injury are present and
inflammatory tissue damage is extensive in areas of the white matter.
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Figure 6.10 - Histology of brain tissue in mice infected with RRV at peak disease
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of mammalian derived RRV isolate M and R, mosquito derived RRV
isolate M and R or 50 µL PBS. Samples were taken from the brain and fixed in formalin.
Tissues were paraffin embedded, sections were cut and stained with Haematoxylin and eosin.
Data is represented as the mean of each group (n=4) ± SEM.
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Cytokine profiles of mice inoculated with Mam-RRV and
Mos-RRV field isolates
Gene expression of inflammatory cytokines were examined by real-time
PCR for quadriceps muscle and ankle joints for male mice inoculated with
Mam-RRV-M, Mos-RRV-M, Mam-RRV-R and Mos-RRV-R.

Samples were

taken at 6, 12 and 24 hours as well as at peak symptomatic disease as guided
by previous data in this chapter. All results are normalised against the HPRT1
house keeping geneand expressed as fold change compared to levels in PBS
control mice.

Cytokine profiles in quadriceps muscle of RRV inoculated
mice at six hours post infection
At six hours post infection the gene expression of mice for most
cytokines were not significantly different to either the other RRV inoculated
mouse groups or PBS inoculated mice. Two notable exceptions were gene
expression of CCL2 and IL4 (Figure 6.11A).

CCL2 expression in mice

inoculated with Mos-RRV-R was significantly higher than that for both MamRRV-R and PBS inoculated mice. Expression of CCL2 in mice inoculated with
Mos-RRV-R was found to be 24 fold higher than PBS inoculated mice and 2.5
fold higher than Mam-RRV-R inoculated mice. Additionally, IL4 expression
in Mos-RRV-M inoculated mice was found to be 4 fold higher than PBS
inoculated mice.
There was no significant difference in gene expression of CXCR3, IFNα,
IFNβ, IFNγ IL6, IL10, IL12, MIF and TNFα between RRV and PBS inoculated
mice at six hours post infection in the quadriceps muscle.
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Cytokine profiles in quadriceps muscle of RRV inoculated
mice at 12 hours post infection
At 12 hours post infection the expression of CCL2 gene expression in
the quadriceps muscle was significantly higher in mice inoculated with MamRRV-R showing a 15 fold increase compared to PBS inoculated mice (Figure
6.11B). CXCR3 gene expression was elevated for both Mam-RRV-R and MosRRV-R inoculated mice when compared to PBS mice at an 8 and 10 fold
increase respectively.

Gene expression of IFNα was significantly elevated

between 15-26 fold for all mice inoculated with RRV, with the exception of
Mam-RRV-M, when compared to PBS inoculated mice. Additionally, gene
expression of IFNα in mice inoculated with Mam-RRV-M was found to be
significantly different to gene expression of mice inoculated with Mos-RRV-M.
This pattern was similar for IFNβ gene expression, however the expression
levels of Mos-RRV-M, Mam-RRV-R and Mos-RRV-R were between 67-84 fold
higher than the gene expression of IFNβ in PBS inoculated mice. The gene
expression in mice inoculated with Mam-RRV-M was down regulated by over
2.5 fold compared to PBS however this was not statistically significant, but
the difference between Mam-RRV-M and Mos-RRV-M was found to be
statistically significant with a 6.5 fold change. The gene expressions levels of
IFNγ in all RRV inoculated mice was not significantly different compared to
expression in PBS controls.

However, mice inoculated with Mam-RRV-M

showed downregulation of IFNγ expression which was significantly different
by 6.5 fold when compared to expression of IFNγ by Mos-RRV-M inoculated
mice.
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Mice inoculated with Mos-RRV-M, Mam-RRV-R or Mos-RRV-R all had
significantly elevated gene expression of IL4 at 12 hours post infection when
compared to PBS inoculated mice, with 123-247 fold difference. Additionally
Mam-RRV-M was found to be significantly different to Mos-RRV-M with a 24.5
fold difference between the two.

A significant difference between mice

inoculated with Mam-RRV-M or Mos-RRV-M was also found in regards to IL10
gene expression in Mos-RRV-M inoculated mice 3 fold higher than Mam-RRVM inoculated mice, however none of the RRV inoculated mouse groups were
found to be significantly different to PBS inoculated mice for IL10 gene
expression. Mice inoculated with Mos-RRV-M and Mam-RRV-R were found
to have elevated expression of IL2 at 3.5 fold change compared with PBS
inoculated mice. In addition, expression of IL12 in Mos-RRV-M inoculated
mice was 6.5 fold higher than expression in Mam-RRV-M inoculated mice.
There was no significant difference in gene expression of IL6, MIF and
TNFα between RRV and PBS inoculated mice at 12 hours post infection in the
quadriceps muscle.
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Figure 6.11 - Cytokine profiles in the quadriceps muscle of mice inoculated with
mammalian and mosquito derived RRV field isolates.
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of Mam-RRV-M (
R (

) or with 50 µL PBS (

), Mos-RRV-M (

), Mam-RRV-R (

), Mos-RRV-

). Mice were sacrificed at A) 6 hours, B) 12 hours, C) 24

hours post infection and at D) peak disease and the quadriceps muscle was removed. Total
RNA from the quadriceps muscle was isolated and analysed for mRNA expression by real time
PCR. Data was normalised to the house keeping gene HPRT1 and expressed as relative
expression to PBS inoculated mice. Results are represented as the mean of each group (n=5)
± SEM. Statistical significance (* p<0.05) was determined by one way ANOVA with Tukey’s
test.
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Cytokine profiles in quadriceps muscle of RRV inoculated
mice at 24 hours post infection.
CCL2 gene expression was significantly elevated 6-8 fold for mice
inoculated with Mos-RRV-M, Mam-RRV-R or Mos-RRV-R when compared to
mice inoculated with PBS (Figure 6.11C). Mice inoculated with Mos-RRV-M
and Mam-RRV-R had significantly higher levels of CXCR3 gene expression at
this time point compared to control mice with a fold change of between 2.5
and 3.5. A significant down regulation in the gene expression of IFNβ was
found in mice inoculated with Mos-RRV-M compared to PBS inoculated mice,
no significant differences were found in the other groups. However, for IFNγ
gene expression, mice treated with Mos-RRV-M were the only group not
significantly down regulated for gene expression compared to PBS with the
other groups having a negative fold change of between 6 and 11.

Mice

inoculated with Mam-RRV-M were found to have higher expression of IL6 by
over 3.5 fold compared to control mice and also had a significant fold change
difference of 3.5 when compared to Mos-RRV-M inoculated mice. The gene
expression for MIF was found to be significantly down regulated in Mos-RRVM and Mam-RRV-R by 18.5 and 3 fold respectively. Additionally, a significant
12.5 fold difference was found between Mam-RRV-M and Mos-RRV-M. There
was no significant difference in gene expression of IFNα, IL4, IL10, IL12 and
TNFα between RRV and PBS inoculated mice at 24 hours post infection in the
quadriceps muscle.
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Cytokine profiles in quadriceps muscle of RRV inoculated
mice at peak disease post infection.
IFNβ gene expression was significantly elevated between 11 and 12 fold
for mice inoculated with Mam-RRV-M or Mam-RRV-R (Figure 6.11D).
Additionally mice inoculated with Mam-RRV had significantly different IFNβ
expression to mice inoculated with Mos-RRV with fold changes of 11 for RRVM and 5 for RRV-R inoculated mice. IFNγ gene expression was significantly
up-regulated in Mam-RRV inoculated mice with fold changes of 27 and 14 for
Mam-RRV-M and Mam-RRV-R inoculated mice respectively.

Additionally,

mice inoculated with Mam-RRV-M had a significant fold change of over 4.5
compared to Mos-RRV-M inoculated mice. Both Mam-RRV-M and Mam-RRVR inoculated mice were significantly elevated for IL12 gene expression with
fold changes of 13 and 10 respectively compared to control mice. The gene
expression of TNFα was significantly elevated for mice inoculated with both
Mos-RRV-M and Mam-RRV-R with 15 and 18 fold change compared to PBS
inoculated mice and a significant fold change of 11 found between Mam-RRVM and Mos-RRV-M inoculated mice. There was no significant difference in
gene expression of CCL2, CXCR3, IFNα, IL4, IL6 and MIF between RRV and
PBS inoculated mice at peak disease post infection in the quadriceps muscle.

Cytokine profiles in ankle joint of RRV inoculated mice at 6
hours post infection.
The only cytokine to have gene expression level differences at 6 hours
post infection in RRV inoculated mice was CCL2 as seen in (Figure 6.12A).
Both Mos-RRV-M and Mos-RRV-R inoculated mice were found to have
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elevated levels of gene expression for CCL2 (6.5 and 13 fold change
respectively) at six hours post infection in the ankle joint.

Additionally,

expression in Mos-RRV-M inoculated mice was found to be 2 fold higher than
Mam-RRV-M inoculated mice and Mos-RRV-R inoculated mice had 5.5 fold
higher expression of CCL2 than Mam-RRV-R inoculated mice.

Cytokine profiles in ankle joints of RRV inoculated mice at
12 hours post infection.
Gene expression of IFNα was significantly up-regulated by 11 fold in
Mos-RRV-M inoculated mice compared to control mice (Figure 6.12B). MosRRV-M inoculated mice also had significantly higher IFNα gene expression
profiles than Mam-RRV-M with a fold difference of 7. IFNβ gene expression
was significantly elevated in Mos-RRV-M inoculated mice with a fold
difference of 5 compared to PBS inoculated mice and 7.5 fold change
compared to Mam-RRV-M. Mice inoculated with Mos-RRV-R had elevated
levels of IL10 compared to both Mam-RRV-R and PBS inoculated mice with
fold changes of 2.5 and 5.5 respectively. Mos-RRV-R inoculated mice also
had 3 fold elevated gene expression of IL12 compared to PBS inoculated mice.
There was no significant differences in gene expression of CCL2, CXCR3, IFNγ,
IL4, IL6, MIF and TNFα between RRV and PBS inoculated mice at 12 hours
post infection in the ankle joint.
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Figure 6.12 - Cytokine profiles in the ankle joint of mice inoculated with mammalian
and mosquito derived RRV field isolates.
C57Bl/6J wild type 18 day old male mice were injected subcutaneously in the pectoral region
with 104 pfu/mouse of Mam-RRV-M (
R (

) or with 50 µL PBS (

), Mos-RRV-M (

), Mam-RRV-R (

), Mos-RRV-

). Mice were sacrificed at A) 6 hours, B) 12 hours, C) 24

hours post infection and at D) peak disease and the ankle joint was removed. Total RNA from
the ankle joint was isolated and analysed for mRNA expression by real time PCR. Data was
normalised to the house keeping gene HPRT1 and expressed as relative expression to PBS
inoculated mice. Results are represented as the mean of each group (n=5) ± SEM. Statistical
significance (* p<0.05) was determined by one way ANOVA with Tukey’s test.
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Cytokine profiles in ankle joints of RRV inoculated mice at
24 hours post infection.
CCL2 gene expression levels in the ankle joints of RRV inoculated mice
was significantly down regulated for Mos-RRV-M and Mam-RRV-M inoculated
mice by 4.7 fold compared to PBS inoculated mice (Figure 6.12C).

Mice

inoculated with Mos-RRV-M had a significant 3 fold decrease in CCL2 gene
expression compared to Mam-RRV-M inoculated mice and Mam-RRV-R
inoculated mice had a significant 5 fold decrease in gene expression compared
Mos-RRV-R inoculated mice. Although no RRV inoculated mice were found
to be significantly different to PBS inoculated mice for CXCR3 gene expression
levels, Mam-RRV-M inoculated mice were found to have a significant 7 fold
increase in gene expression compared to Mos-RRV-M inoculated mice. MamRRV-M inoculated mice had significantly higher (4 fold) IFNα and IFNβ levels
compared to PBS inoculated mice. Additionally, mice inoculated with MamRRV-M were found to have significantly higher gene expression levels to mice
inoculated with Mos-RRV-M for IFNα and IFNβ gene expression with 2.5 and
5 fold difference respectively. All RRV inoculated mice had elevated levels of
IL10 at 24 hours post infection with fold change differences of between 9.515.5 when compared to PBS inoculated mice.

There was no significant

differences in gene expression of IFNγ, IL4, IL6, IL12, MIF and TNFα between
RRV and PBS inoculated mice at 24 hours post infection in the ankle joint.
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Cytokine profiles in ankle joints of RRV inoculated mice at
peak disease post infection.
Mice inoculated with Mam-RRV-M had significantly higher gene
expression levels of CXCR3 by 2 fold in ankle joints when compared to both
Mos-RRV-M and PBS inoculated mice (Figure 6.12D). Both Mam-RRV-M and
Mam-RRV-R inoculated mice had significantly elevated levels of IFNβ gene
expression with 31-32 fold change difference compared to PBS inoculated
mice. Additionally Mam-RRV-M inoculated mice had a 5.5 fold increase in
gene expression of IFNβ when compared to Mos-RRV-M and Mam-RRV-R
inoculated mice had a 4.5 fold increase when compared to Mos-RRV-R
inoculated mice.

Gene expression of IFNγ was elevated for Mos-RRV-M

inoculated mice with a 67.5 fold difference compared to PBS inoculated mice.
Mam-RRV-M inoculated mice had elevated IL6 gene expression by 17 fold and
Mos-RRV-M inoculated mice were up-regulated in regards to IL12 expression
by 8 fold compared to PBS inoculated mice.

There was no significant

differences in gene expression of CCL2, IFNα, IL4, IL10, MIF and TNFα
between RRV and PBS inoculated mice at peak disease in the ankle joint.

Discussion
In the previous chapter, it was found that differences in the disease
profiles of Mam-RRV-T48 and Mos-RRV-T48 occurred in a male model of
disease. To further investigate if this was unique to the laboratory strain of
RRV or if this was typical of wild circulating RRV strains, several field isolates
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taken from mosquitos in WA were obtained and used in the mouse model of
RRV disease.

Weight gain and clinical score trends in mice inoculated
with mammalian and mosquito derived RRV isolates.
The reduced weight gain of mice inoculated with RRV is due to disease
pathology which limits the mobility of the mice, likely due to malaise. Mice
typically rest and resist any movement or exercise in the peak stages of severe
disease; they access less food, resulting in the observed weight loss. It is also
possible that in some instances there is a reduced urge to eat as well as
decreased movement but this is difficult to quantify.
Of the 18 isolates tested in the mouse model, all isolates resulted in
significant differences in either percentage weight gain or clinical score in RRV
inoculated mice when compared to PBS inoculated mice.

Additionally,

inoculation of mice with 14 (79 %) of the isolates tested produced a significant
difference between Mam-RRV and Mos-RRV inoculated mice in either weight
gain and/or clinical score. In the isolates that resulted in differential disease
profiles in mice, disease scores were always more severe in mice inoculated
with Mos-RRV, indicating that viral replication in mosquito cells has an
impact on disease progression in a majority of cases for RRV in the isolates
tested. There was not one instance of Mam-RRV resulting in a more severe
clinical score in mice than the mosquito derived counterpart. It is worth
noting that due to the animal numbers required these disease profile studies
were only completed once however five mice per group were used to ensure
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that rigorous statistical analysis could be completed and with the statistical
tests used it is more likely that a false negative would occur than a false
positive.
It is possible that the four isolates that have been grouped into Figure
6.3A simply have smaller differences that are more difficult to determine. In
fact all four of these isolates do have points in the clinical disease score that
are significantly different and in all cases it is again the mice inoculated with
the Mos-RRV isolate preparation that have higher scores than the Mam-RRV
isolate inoculated mice. Smaller differences may be further elucidated in the
isolates grouped into Figure 6.3A if the disease time course could be repeated
and additionally if further investigation was completed such as histology and
cytokine studies. It is interesting to note that although Mos-RRV inoculated
mice consistently had higher clinical scores than Mam-RRV inoculated mice,
there were several instances where Mos-RRV inoculated mice had higher
weights than Mam-RRV inoculated mice. Isolates where this occurred were
RRV-B, -O and –P. One explanation for the increase in weight gain in MosRRV inoculated mice is that a minimal impact on mobility results in exercise
impairment but not food seeking behaviours. C57Bl/6J mice are prone to
weight gain, depression and overeating and are often used for obesity studies
and these factors would have a greater effect on this strain than in other mice
strains (Guo et al., 2009; Iniguez et al., 2014). For this thesis, two isolates
were chosen from group D that produced the greatest variation in weights and
clinical scores in inoculated mice, isolates M and R. These were used to
further explore these differences and the consequences on the immune
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response and pathology of resulting disease.

For these two isolates the

experiment was repeated (data not shown) to ensure reproducibility and
results were consistent with the first experiment.

Investigation of differential viral titres in tissue of mice
inoculated with RRV field isolates.
There was no difference in the viral titres present in blood for RRV-M
and RRV-R inoculated mice at 24 hours post infection or at peak disease.
Interestingly Mam-RRV-T48 was found to be significantly higher than MamRRV-R and Mos-RRV-T48 was found to be significantly higher than Mos-RRVR at 24 hours post infection. This difference may be due to immune response
differences which impede viral replication. Mice inoculated with RRV-R had
lower viral titres in the quadriceps muscle and ankle joint compared to RRVT48 at 24 hours but only the difference between Mam-RRV-T48 and MamRRV-R in ankle joints was found to be statistically significant.

By peak

disease, there was no significant difference in viral titres recovered for mice
inoculated with RRV-T48 and RRV-R in blood or quadriceps. Mam-RRV-T48
and Mam-RRV-R were still significantly different in ankle joints however they
were reversed with Mam-RRV-R being significantly higher than Mam-RRVT48. It is important to note that at 24 hours post infection Mam-RRV and
Mos-RRV were deemed significantly different to each other for all groups in
quadriceps and for RRV-T48 and RRV-R in ankle joint. As blood titres were
comparable, this difference is indicative of a difference in immune response
occurring within different tissues resulting in different levels of viral
replication or survival. Surprisingly, for both RRV-T48 and RRV-M viral titres
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for Mam-RRV were higher than Mos-RRV but this was reversed for RRV-R.
When comparing RRV-R to the other isolates, in each case Mos-RRV-R is
similar to other Mos-RRV isolates but Mam-RRV-R is lower.
Taken together this indicates that Mam-RRV-R is not as efficient at
establishing early infection in the mouse host as the other viral preparations
but may be slower in doing so as the viral loads were not reduced at peak
disease. Interestingly a study by Stoermer Burrack (2014) has also shown
that the innate immune response to RRV is tissue specific causing variations
in viral titres in different tissues.

It is interesting to note that all mice

inoculated with RRV isolates had recoverable virus in brain tissue. Previously
brain involvement has been discounted as unimportant in the mouse model
of RRV disease. However, the fact that virus is found in the brain indicates
that it may have some impact on disease progression in the mouse model.

Differential tissue pathology in mice inoculated with RRV
field isolates at 24 hours post infection
At 24 hours post inoculation pathological changes in tissue were not
expected as it was considered to be too early to see changes in tissue, however
changes can be seen in all three areas examined indicating that the
inflammatory response is quick and in some cases, severe. Signs of mild
inflammation were present in mice inoculated with Mam-RRV isolates at 24
hours post infection but were more clearly seen in mice inoculated with MosRRV isolates.

Both Mos-RRV-M and Mos-RRV-R inoculated mice showed

evidence of inflammatory infiltrates, fibre necrosis and fibrosis in quadriceps
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sections. The fast acting effect of infection on the muscle is supported by the
clinical scores. In addition, it is interesting to note that the clinical scores of
mice inoculated with Mos-RRV-M were highest and the quadriceps sections
show more signs of inflammation induced pathology than those of mice
inoculated with Mos-RRV-R. However, this is not reproduced in the context
of ankle histology. In the ankle, mice inoculated with RRV-R show greater
disruption to the ankle architecture than mice inoculated with RRV-M. All
isolates showed evidence of moderate inflammatory response in brain tissue.
Inflammation in the brain is supported by the observation of visible cerebral
oedema resulting in a frontal cranial dome on RRV inoculated mice. This was
normally visible several days into infection rather than at 24 hours post
infection and was more prominent in mice inoculated with Mos-RRV isolates
but did occasionally occur in Mam-RRV inoculated mice. It is possible that
mice are also suffering encephalitic symptoms along with arthritic symptoms
in this instance.

These symptoms would include headaches, muscle

soreness, nausea and light sensitivity and this may contribute to the severity
of the weight loss and clinical score measured. As inflammation and disease
is clearly seen in these mice, brain involvement in the process should not be
ruled out in the mouse model as it previously has and should be considered
as a possibility when examining clinical scores. However, strong evidence
supports the linking of symptoms to hind limb inflammatory pathology and
there is no reason to believe that the current scoring system is not sound in
its measure of inflammatory pathologies in the hind limb of RRV infected
C57Bl/6J mice.

233

Differential tissue pathology in tissue of mice inoculated
with RRV field isolates at peak disease post infection
Although signs of inflammatory tissue damage are present at peak
disease in both Mam-RRV inoculated mice tissue samples they are most
prevalent in the Mos-RRV inoculated mice tissue sections. Large numbers of
inflammatory infiltrates are present as well as destruction of muscle fibres.
This is seen again in the ankle sections where severe inflammatory damage
and bone destruction has occurred in Mos-RRV inoculated mice and milder
inflammatory pathology has occurred in the Mam-RRV inoculated mice
sections. For the two isolates studied, results indicate that an aggressive
inflammatory response occurs in response to viral infection in the muscle and
ankle of inoculated mice, which is worse if the virus used for inoculation is
propagated in a mosquito cell line. This infection results in tissue damage
and affects the use of the hind limbs in agreement with previous finding using
other RRV strains. Inflammation has previously been shown to persist past
the resolution of the viral infection and it is the immune inflammatory
response that results in the majority of tissue damage rather than any effect
of the virus itself.

Interestingly in both cases, the most severe levels of

inflammation were seen in mice infected with RRV-R indicating some
difference in the way the immune system responds to the different isolates.
Bone loss during RRV infection is supported by a recent study which found
that not only did bone loss occur but that it could be prevented by IL6
inhibition (Chen et al., 2014b).
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Despite the lack of detectable virus at peak disease in the brain,
histology sections reveal signs of inflammation.

This indicates that

encephalitis may have some impact on disease progression such as weight
loss. Additionally it is supported by the cranial encephalitis that was observed
over the course of the experiment.

Interestingly this was observed

predominantly in Mos-RRV inoculated mice and was worse at times of peak
disease. While the first examination of brain histology in RRV mouse studies
occurred in 1973, there has been little further investigations into this as a
contributing factor to disease (Mims et al., 1973). These previous studies
identified general neurological lesions at early time points which developed
into general monocyte infiltration by day 13; it was deemed that this was not
the source behind the hind limb paralysis seen. However, what effect this
brain involvement does have on the disease has not been investigated and
may provide valuable insights. As many of the alphaviruses are encephalitic
viruses, and even those deemed arthritic in nature have been shown to be
able to cause encephalitis such as ChikV, rejection of brain infection as a
factor of disease appear premature (Chandak et al., 2009; Zacks and Paessler,
2010). C57Bl6 mice infected with mouse passaged ChikV were found to have
brain inflammation and necrosis and displayed symptoms such as ruffled fur,
lethargy and hunched posture and died by day 8 post infection (Wang et al.,
2008). Additionally, recent studies of BFV in a mouse model have shown that
virus is able to reach high titres in the brain, also that this virus does not
cause the same arthritic disease seen in RRV with hind limb dysfunction, but
does induce lethargy, ruffled fur and a hunched posture (Herrero et al., 2014).
It is possible that these symptoms may in part be attributed to involvement
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of the brain by the virus in both cases, and thus it is possible that infection
of the brain in RRV mouse model leads to a mild encephalitic condition
compounding the arthritic symptoms caused by inflammatory pathology in
the hind limbs. Future studies could look at the link between encephalitic
involvement and severity of disease.

Cytokine profiles in quadriceps muscle of mice inoculated
with RRV field isolates
CCL2 is primarily involved in the recruitment of immune cells such as
monocytes, basophils, eosinophils and dendritic cells. It has been linked to
an overexpression of IL4, resulting in defects in cell-mediated immunity and
also affects adaptive immunity by skewing T helper cell polarisation to the TH2
response (Gu et al., 2000). At six hours post infection CCL2 was significantly
higher in Mos-RRV-R inoculated mice compared to Mam-RRV-R and PBS
controls. At the same time point there was a statistically significant rise in
IL4 expression for Mos-RRV-M inoculated mice; in addition, at 12 hours post
infection there was a huge gain in the expression levels of IL4 for Mos-RRVM, Mam-RRV-R and Mos-RRV-R inoculated mice, indicating a polarisation of
T helper cells to a TH2 response. It is of interest to note that signs of disease
were least severe in Mam-RRV-M inoculated mice for clinical score and
histology and that these mice also did not have significantly higher levels of
CCL2 in muscle at any time. This is in support of the findings by Rulli et al.
(2009) who found that elimination of CCL2 in mice through bindirit treatment,
an anti-inflammatory drug, resulted in a mild attenuated disease presentation
in mice.

By 24 hours post infection raised IL4 levels had resolved but
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expression of CCL2 was still elevated. By peak disease, both CCL2 and IL4
expression levels were similar to controls indicating that these cytokines have
a role in the early stages of pathology in the quadriceps muscle. Interestingly,
although a predominant TH2 response appears to be emerging in the first 24
hours post infection, by peak disease Mam-RRV have higher expression levels
of TH1 cytokines such as IFNγ and IL12 as well as having higher levels of IFNβ
than controls or Mos-RRV inoculated mice. Interestingly Mos-RRV M and
Mam-RRV-R inoculated mice had significantly higher expression levels of
TNFα than controls. In addition, Mos-RRV-M was significantly higher than to
Mam-RRV-M. There are a few instances where the cytokine profiles differ
between RRV-M and RRV-R inoculated mice, indicating that immune function
may be quite variable between isolates, especially considering that for this
project isolates that had similar disease profiles were chosen for further study.
In addition, at 24 hours post infection there was down regulation of T H1 and
inflammation as seen by the low expression levels of CXCR3, IFNγ and MIF.
IL12 expression levels were also low, however none of the mouse groups were
found to be significantly different to PBS controls. IL6, a TH2 cytokine, was
up-regulated in Mam-RRV-M inoculated mice.

The results seen at peak

disease were contradictory, in that IFNβ has been shown to reduce TH1
responses through inhibition of IL12 production by dendritic cells and also to
inhibit IFNγ secretion by T cells yet these were all significantly higher at peak
disease (Bartholome et al., 1999). Additionally while IFNβ has been shown to
inhibit TNFα production by 88 % (Jungo et al., 2001), there are several reports
of both being induced together in a synergistic fashion in response to viral
infection (Goldfeld and Maniatis, 1989). There are currently three hypotheses
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around the interactions of IFNβ and TNFα; the first is that the cytokines act
as two opposing forces both inducing opposite effects, where equal amounts
result in an equilibrium leading to protective immunity and that disruption
of this equilibrium past certain thresholds results in pathological states of
autoimmunity, allergy or inflammation (Ivashkiv, 2003). Alternatively, type I
IFN and TNFα actively influence each other’s levels and when balance is lost,
pathology occurs. Another theory states that type I IFN is involved in the
initiation of autoimmunity and that separately TNFα levels increase in the
secondary inflammation phase.

To complicate this, many studies give

conflicting results in regards to the regulation of these two cytokines (Cantaert
et al., 2010).

Cytokine profiles in ankle joints of mice inoculated with
RRV field isolates
Gene expression of CCL2 was significantly up-regulated in the ankle
joints of Mos-RRV inoculated mice at six hours post infection. In addition,
Mos-RRV inoculated mice were found to be significantly different to their
Mam-RRV inoculated mouse counterparts.

Increased gene expression of

CCL2 in the ankle joint would be associated with an increase in inflammatory
cells and is found at the sites of bone degradation. These findings fit with the
histological images presented earlier. It is however interesting to note that
this is an early stage effect as the levels of CCL2 are not significantly upregulated at any other point in the ankle joint and are in fact significantly
down-regulated at 24 hours indicating that infiltration of inflammatory cells
occurs very early in infection in mouse ankle joints.
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At 12 hours post

infection, the gene expression of IL10 in Mos-RRV-R inoculated mice is
significantly

up-regulated

and

IL12

is

appropriately

down-regulated,

indicating a TH2 response is occurring. By 24 hours post infection IL10 gene
expression levels are significantly up-regulated in all RRV inoculated mouse
groups, indicating again that early response to infection is a TH2 response.
Also at 12 hours post infection, type I IFN was significantly up-regulated
in Mos-RRV-M but by 24 hours this had changed to being up-regulated in
Mam-RRV-M and by peak disease, both Mam-RRV isolates had significantly
up-regulated gene expression of IFNβ but not IFNα. IFNβ, as well as being
antiviral when expressed, is also able to supress immunity and prevent
pathological inflammatory conditions. A recent study has identified an IFNstimulated gene which encodes for the enzyme cholesterol 25-hydroxylase
(Ch25h) which results in the production of 25-HC which in turn reduces IL1b
transcription and inflammasome activity. Mam-RRV inoculated mice had less
inflammatory

pathology

and

tissue/bone

destruction

than

Mos-RRV

inoculated mice and the increased levels in Mam-RRV inoculated mice may,
at peak disease, be one explanation for this.

Conclusion
Mam-RRV and Mos-RRV infected mice have different levels of weight
gain post inoculation and different clinical scores in a majority of the field
isolates tested. Additionally Mos-RRV is always the most severe in clinical
score or failure to gain weight when compared to Mam-RRV field isolate
infection of mice. Of the chosen isolates, Mos-RRV histology of quadriceps
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and ankle showed a higher influx of inflammatory cells and bone destruction
at peak disease when compared to Mam-RRV. Cytokines revealed that whilst
there was an up-regulation of type I IFN expression in Mos-RRV inoculated
mice at early time points, this was altered at peak disease with Mam-RRV
inoculated mice having high expression levels of IFNβ.

These differences

confirm that differential disease profiles can be induced by Mam-RRV when
compared to Mos-RRV and that Mos-RRV is more pathological in a model of
disease.

240

Mammalian
mosquito
derived
phenotypes

and
arbovirus

Introduction
Investigations into the different behaviour of Mam-RRV and Mos-RRV
in this thesis have shown that differences exist in the way that Mam-RRV and
Mos-RRV interact with the host system. Further investigations are required
to assess if this differential induction between Mam-RRV and Mos-RRV is
limited to RRV or if this is common among Alphaviruses. In addition, these
findings may be relevant to arboviruses in general. Shabman et al., (2007)
found that the infectivity of mammalian derived RRV and VEEV was reduced
in DC's, but that the induction of IFNβ was increased compared to IFNβ
induction by mosquito derived virus. In contrast, wild type BFV, lacking E2
glycans, was used to assess IFNβ induction and no significant difference was
found between Mam-BFV and Mos-BFV. However when using the 10E101SC
strain of BFV, which contains N-linked glycans on its E2 glycoprotein, MamBFV-10E101SC induced significantly higher induction of IFNβ in DCs than
Mos-BFV-10E101SC (Shabman et al., 2007).

Further investigations were

conducted on the role of E2 and E1 glycosylations in RRV infection and the
effect on virus host interaction. It was found that whilst Mam-RRV had hybrid
and complex oligosaccharides at the glycosylation points on E2 and E1, MosRRV had high mannose and paucimannose oligosaccharides. It was later
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shown that the complex glycans present on Mam-RRV were responsible for
the strong IFNβ response in DC’s (Shabman et al., 2008).
Infectivity studies using the Alphavirus SinV, found that propagation in
mammalian cells resulted in the production of heterogeneous particles with
two different particle populations identified according to virion density; heavy
and light, however, virus propagation in a mosquito cell line resulted in a
homogenous particle population. Interestingly infectivity was increased for
virus propagated in mosquito cells and for the heavier mammalian derived
SinV, compared to lighter mammalian derived SinV particles, with enhanced
viral translation and RNA synthesis early in infection.

In addition when

passaged in mammalian cells, there were more infective light particles
produced than heavy particles as determined by plaque assay (Sokoloski et
al., 2013). Research into the propagation and isolation of DenV also found
that virus production was greatly increased in mammalian cells if the virus
was previously passaged in the mosquito C6/36 cells (Phanthanawiboon et
al., 2014).
Mam-SinV light particles resulted in significantly higher production of
IFNβ in L929 cells than either the mammalian derived heavy particles or the
mosquito derived particles (Sokoloski et al., 2013). This indicates that there
may be several factors, rather than glycosylation alone, that affect host
response to viral particles propagated in either mammalian or mosquito cell
lines.

Hence, it is important to identify which effects are shared among

Alphaviruses and also more generally among arboviruses.
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Results

Plaque morphology of Mam-BFV and Mos-BFV
Titration of Mam-BFV and Mos-BFV on Vero cells revealed different
plaque phenotypes for the two viral preparations. A majority of Mam-BFV
plaques were larger and more diffuse than those of Mos-BFV, although it is
noted that there were several smaller plaques present. The Mos-BFV plaques
were smaller and more defined than Mam-BFV plaques (Figure 7.1).

Figure 7.1 - Differential plaque morphology of mammalian and mosquito derived
Barmah Forest virus
Mammalian derived Barmah Forest virus and Mosquito derived Barmah Forest virus were
plaqued on Vero cells and incubated for 48 hours before being stained with crystal violet.
Plaque morphology was then visually compared.

Multistep replication kinetics of Mam-BFV and Mos-BFV
in Raw 264.7 cells
The growth kinetics of Mam-BFV and Mos-BFV virus in Raw 267.4 cells
was within 10 fold of each other at most early time points. However, MamBFV virus titres declined after the peak at 12 hours post infection significantly
more rapidly than Mos-BFV virus.

This rapid decline by Mam-BFV virus
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resulted in a difference of 100 fold between the two viral preparations at the
final 24 hour time point.
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Figure 7.2 - Growth kinetics of mammalian and mosquito derived Barmah forest virus
in Raw 264.7 cells.
Mammalian derived Barmah Forest virus ( ) and mosquito derived Barmah Forest virus
(

) were used to infect Raw 264.7 cells at an MOI of 0.01 to obtain multistep growth curve

kinetics. Samples were taken at 0, 2, 4, 6, 12, and 24 hours post infection and titrated by
plaque assay. Each data point represents the mean of three separate experiments and error
is calculated as ± SEM. Statistical significance (*, p<0.05) was determined by two-way ANOVA
with Tukey’s test.

Differential IFNβ induction by mammalian and mosquito
derived Barmah Forest virus in Raw 264.7 cells
Examination of the gene expression for IFNβ showed different
expression profiles for Mam-BFV and Mos-BFV.
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Infection with Mam-BFV

resulted in significantly higher IFNβ expression than Mos-BFV and PBS at
both four and six hours post infection. It is interesting to note that expression
was highest in cells infected with Mam-BFV at the earlier four hour time point
where it was 9 fold higher than the PBS group compared to 2 fold greater than
PBS at six hours post infection. Mos-BFV infected cells had expression levels
that were comparable to PBS at both time points and no significant difference
was found.
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Figure 7.3 - IFNβ induction by mammalian and mosquito derived Barmah forest virus
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relative expression to PBS inoculated mice. Results are represented as the mean of each
group (n=5) ± SEM. Statistical significance (* p<0.05) was determined by one way ANOVA
with Tukey’s test.
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4 Hou

Plaque morphology of Mam-DenV and Mos-DenV
DenV plaque phenotype was examined by using an immuno-focus
assay in Vero cells outlined in section 2.3.6.

Mam-DenV generated large

diffuse plaques in contrast to smaller defined pin-prick plaques created by
Mos-DenV.

Figure 7.4 - Differential plaque morphology of mammalian and mosquito derived
dengue virus
Mammalian derived dengue virus and mosquito derived dengue virus was visualised on Vero
cells by immune-focus assay. Virus was overlayed on Vero cells and incubated for 4 days
before being stained with antibodies in order to visualise plaques as outlined in section 2.3.6.

Multistep replication kinetics of Mam-DenV and MosDenV in Jaws II cells
Growth kinetic curves for Mam-DenV and Mos-DenV were found to be
different, with significantly different titres seen at each time point. MamDenV rose in titre until day two at which point it remained stable for the
remainder of the time course. In contrast, Mos-DenV rose nearly to its highest
titre on day one with only a small rise from day one to day two, before a steady
decline that continued over the time course.

246

T itre (log pfu/mL)

6

*

5
4
3
2
1
0

0

2
4
Days post infection

6

Figure 7.5 - Growth kinetics of mammalian and mosquito derived dengue virus in
various Jaws II cells
Mammalian derived dengue virus ( ) and mosquito derived dengue virus ( ) were used to
infect Jaws II cells at an MOI of 0.01 to obtain multistep growth curve kinetics. Samples
were taken at 0, 2, 4, 6, 12, and 24 hours post infection and titrated by plaque assay. Each
data point represents the mean of three separate experiments and error is calculated as
±SEM. Statistical significance (*, p<0.05) was determined by two-way ANOVA with Tukey’s
test.

Differential IFNβ induction by DenV in Jaws II cells
Examination of the gene expression profile of IFNβ in Jaws II cells
revealed different expression profiles for Mam-DenV and Mos-DenV. MamDenV induced significantly higher IFN expression at both time points
compared to Mos-DenV and PBS. Additionally, Mam-DenV induced IFNβ was
highest at the four hour time point, 63 fold higher than PBS, compared to 6
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then taken at four hours and six hours post infection. Cells and supernatant from infected
wells was removed and total RNA was isolated and analysed for mRNA expression by real
time PCR. Data was normalised to the house keeping gene HPRT1 and expressed as relative
expression to PBS inoculated mice. Results are represented as the mean of each group (n=5)
± SEM. Statistical significance (* p<0.05) was determined by one way ANOVA with Tukey’s
test.

Discussion
The investigations covered in this thesis have revealed many differences
between Mam-RRV and Mos-RRV in regards to plaque morphology, in vitro
kinetics, in vivo disease progression and gene expression. Continuing from
these studies, the next step was to see if these finding were applicable only to
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M o s -D e n

RRV or could be applied to other arboviruses. There have been some initial
reports of differences in other arboviruses such as WNV, SinV, VEEV, BFV
and DenV (Frolov et al., 2012; Hacker et al., 2009; Klimstra et al., 2003;
Shabman et al., 2007). Some of these include plaque morphologies and IFNβ
induction, but each study focuses on a separate virus rather than including
several arboviral genera and families. For the purposes of this study, BFV
was chosen from the same family as RRV, and DenV, a Flavivirus, was chosen
as a representative from a different arboviral family. Initial investigations
examined the plaque morphology, the growth kinetics in the primary target
immune cell and the induction of IFNβ.

Differential plaque phenotypes of arboviruses
Both Mam-BFV and Mam-DenV resulted in large diffuse plaques
compared to Mos-BFV and Mos-DenV respectively.

This is similar to the

finding with Mam-RRV-T48 and Mos-RRV-T48 (Chapter 3). This indicates a
growth advantage for the mammalian derived viruses in a mammalian cell
line in the absence of immune functions and type I IFN, with surrounding
cells succumbing easily to infection and thus leading to development of
cytopathic effect. Mosquito derived virus appears to have growth restrictions
in Vero cells contributing to the pin prick, defined plaque morphology of
arboviruses in this study. This is an interesting initial screening process that
may help to identify if differences are likely to occur between mammalian and
mosquito derived viruses.
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Differential growth kinetics of arboviruses in immune cell
lines
Macrophages have been identified as primary targets and critical
disease mediators for RRV as well as permitting persistent infection. The
primary target cell for BFV has not yet been elucidated. Previous studies have
established that in DC’s Mam-BFV induces higher levels of IFNβ than MosBFV, but only for strains containing the N-linked glycans on the E2
glycosylation site (Linn et al., 1998). A role for macrophages has not yet been
investigated and as BFV is closely related to RRV, macrophages are likely
important for infection and pathogenesis.

On the other hand, DC’s are

generally accepted as the primary target cell in early DenV infection (Libraty
et al., 2001; Marovich et al., 2001; Palmer et al., 2005). Interestingly, for both
BFV and DenV infections in vitro, mosquito derived preparations grew to
significantly higher titres at early time points. This indicates some advantage
to mosquito derived virus, whether this is an attachment or entry advantage
due to glycosylations, an immune evasion mechanism such as reduced
induction of IFNβ or an unknown mechanism, will require further
investigation to elucidate. Additionally, it is interesting to note that in both
cases the highest titres recorded were for the mosquito derived preparation of
the virus. This again relates well to the data presented in Chapter three,
where Mos-RRV-T48 had significantly higher titres compared to Mam-RRVT48 from six hours post infection in both Raw 264.7 cells and Jaws II cells.
The differential growth kinetics for DenV is surprising as it is in contrast to a
previous study which reported no significant difference between Mam-DenV
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and Mos-DenV when comparing percent of infected primary human DC
(Hacker et al., 2009). Whilst the number of infected cells between the two
preparations was not significantly different, it does not preclude resulting
overall titres of infectious particles being different, but titres were not
measured in the study. Additionally, the DC’s used in the study conducted
by Hacker et al., (2009) were differentiated from monocytes that had been
extracted from whole blood and there is no mention of the success rate in
obtaining human DC’s, which would need to be clarified to remove the
possibility of other cells contributing to the resulting titres.

IFNβ induction by mammalian and mosquito derived
arboviruses
The induction of IFNβ was highest in the mammalian derived
preparation for both BFV and DenV. Contrary to expectations, both MamBFV and Mam-DenV had the highest levels of IFNβ gene expression at the
earlier four hour time point. Given that DenV has a longer propagation time
it would have been expected that the induction of IFNβ would also be delayed.
However, this very early induction supports a mechanism that occurs on
attachment to cells rather than any process that occurs after entry or during
replication. This is in agreement with previous studies showing that the Nlinked glycosylations on the E protein play a critical role in IFNβ induction
(Shabman et al., 2008). Additionally, studies into the N-linked glycans of
DenV have found that Mam-DenV contains a mix of high mannose and
complex glycans, whilst Mos-DenV has a mix of high mannose and
paucimannose glycans (Hacker et al., 2009). Interestingly, the DenV protease
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NsP2B3 from Mos-DenV has also been found to inhibit the production of type
I IFN in human DC’s at 5 days post infection through cleavage of stimulator
of interferon genes (STING), although it is unable to cleave mouse STING
(Aguirre et al., 2012). NsP2B3 is a viral protease which cleaves the DenV
polyprotein synthesised in the first steps of the viral cycle. This requires cell
entry and the beginning of viral replication to occur, thus this effect would
not come into play at the early time points being investigated in this thesis
but may be an additional mechanism that is important at later points in the
infection process.

Conclusion
Differences between mammalian and mosquito cell derived virus are not
limited to RRV or the Alphavirus family. The related Alphavirus, BFV, and the
Flavivirus, DenV, both display similar differences between mammalian and
mosquito derived preparations. Mammalian cell derived virus results in a
larger diffuse plaque when using Vero cells, indicating a growth advantage of
the virus in these cells compared to mosquito derived virus. When grown in
the target immune cell, mosquito derived virus produces higher titres early in
infection and reaches higher peak titres than mammalian derived virus. This
indicates that there are mechanisms that enable mosquito derived virus to
gain an advantage in the early stages of infection. Examination of the IFNβ
gene expression reveals early advantages for mosquito derived arbovirus with
a lack of induction of IFNβ. In contrast, mammalian derived virus induces
high levels of IFNβ gene expression at early time points, initiating host
immune response before the virus has a chance to establish a solid infection.
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Taken together, this indicates that at very early stages mosquito derived virus
has an advantage in mammalian cells over mammalian derived virus. As this
occurs in very early stages, prior to replication, this difference can only be due
to differences in the particles and/or cell recognition between mammalian and
mosquito derived virus. For WNV, SinV and DenV, the presence of cell surface
DC-SIGN distinguishes between mammalian and mosquito derived virus,
resulting in a more virulent infection by the mosquito derived virus in each
case. In the case of WNV this has been attributed to the lectin carbohydrate
recognition domains, whilst for DenV this is attributed to the terminal
mannose residues present only on Mos-DenV (Davis et al., 2006; Hacker et
al., 2009; Klimstra et al., 2003). There may be many differences occurring
during translation and assembly of the virus particles in mammalian or
mosquito cells that cause host cells to react differently and this area requires
further investigation.
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Discussion
The studies undertaken in this thesis have shown that there is a
difference in the disease pathology in mice infected with mammalian derived
virus compared to mosquito derived virus. Thesis studies show that Mos-RRV
causes a more severe disease than Mam-RRV. Whilst the mechanisms behind
this difference is yet to be elucidated, valuable steps forward have been made
in understanding how this difference occurs.

Arobovirus growth kinetics in tissue culture
The origin of the cell line in which RRV-T48 is propagated, has been
shown to have an effect on replication kinetics in myeloid DCs (Shabman et
al., 2007). This effect was also observed following RRV-T48 infection of Vero,
C6/36, Raw 264.7 and Jaws II cells as discussed in Chapter 3. Both Vero
and C6/36 cells are immune deficient as these cells are unable to produce
antiviral factors in response to viral infection (Brackney et al., 2010; Mosca
and Pitha, 1986). Repeat passage in either cell line provided RRV-T48 with
an advantage during a subsequent infection of the same cell line. This is
indicative of RRV’s ability to quickly adapt to the chosen host. These findings
are in agreement with the theory that mutations in arboviruses are kept in
check through alternating replication cycles in different hosts.

This

alternating replication pattern restricts the ability of the virus to mutate
without causing a fitness loss in the alternate host. Furthermore, previous
findings have shown that SinV is capable of adapting to different host cell
lines within one passage through mutations in the 5’ end of the genome
255

increasing fitness in that cell line (Fayzulin and Frolov, 2004).

Although

evidence for genetic mutation exists, literature also supports the possibility of
a non-genetic adaptation method through differences in glycosylation of the
E protein. In addition, one passage through the alternate cell line will revert
the virus back to its alternate profile (Shabman et al., 2007). However, RRV
has been shown to have more genetic variation than other Alphaviruses and
it is not possible to rule out mutations (Lindsay et al., 1993a). As the natural
reservoir for RRV is thought to be marsupials, in particular kangaroos, it
would be important for future studies to examine cell lines from these species
and see what effect, if any, this has on viral adaptation and fitness. These
findings would contribute to better understanding of the mechanism behind
RRV viral adaptation.
Differences between Mam-RRV-T48 and Mos-RRV-T48 plaque size and
replication kinetics were similar for both, BFV and DenV as previously
discussed in Chapter 7. Viral propagation of mammalian derived virus in
Vero cells was characterised by a large diffuse plaque and an increase in viral
titres. However, viral propagation of mosquito derived virus in Vero cells was
characterised by a smaller pin prick plaque and reduced titres. RRV isolates
behaved similarly. Infection of Vero cells with Mam-RRV isolates resulted in
higher titre compared to Mos-RRV isolate infection by 48 hours post infection.
Additionally, Mos-RRV infection of C6/36 cells resulted in higher titres than
Mam-RRV isolates infection of C6/36 cells, as previously discussed in
Chapter 4. These findings, support the theory that RRV is able to quickly
adapt to the host cell line and confer a fitness advantage in the new host.
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Whilst this ability may mean trade-offs in the initial round of replication, it is
indicative of its ability to adapt to the specific host and increase its infection
potential.
When examining arboviral infection in an immune competent cell line
such as the macrophage cell line (Raw 264.7), it is not only the capacity of the
virus to adapt to a different cell line that is of importance but also the viral
interaction with host immunity. As expected, titres recovered from Raw 264.7
cell infections were significantly lower than those in either Vero or C6/36 cells
for all viruses tested, suggesting that these cells are able to mount some
defence against infection but are not resistant to infection.
In addition, Mos-RRV-T48 replicated to higher titres than Mam-RRVT48 at all-time points in macrophage (Raw 264.7) and DC (Jaws II) lines. This
was also true for the replication kinetics of BFV in a macrophage cell line. In
contrast, Mos-DenV replicated to higher titres for the first 3 days post
infection in a DC line compared to Mam-DenV; however, Mos-DenV viral titres
were lower than titres of Mam-DenV for days four and five post infection. As
RRV and BFV replication cycles are more rapid than those of DenV, this
experiment was extended for several days to accommodate for this delay;
however, it is possible that the drop in viral titres observed for Mos-DenV may
have also occurred in RRV and BFV infections if their respective time courses
were extended as well. From these results it appears that mosquito derived
arbovirus has a fitness advantage in the early stages of infection. Indeed
previous studies found that enhanced infection of DCs by Mos-DenV
compared to Mam-DenV in primary human DC’s was due to an increase in
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DC-SIGN binding affinity for the high mannose and paucimannose glycans
present on Mos-DenV E asparagine-67 glycosylation site (Lozach et al., 2005;
Mondotte et al., 2007). Additionally, it has been shown that both Mos-SinV
and Mos-WNV also benefit from enhanced infection of DCs through increased
affinity with DC-SIGN to high mannose glycans present on the mosquito
derived virus (Martina et al., 2008; Morizono et al., 2010). This information
provides strong evidence that high mannose glycosylations present on
mosquito derived virus enhance viral infectivity and give a fitness advantage
to the virus in the mammalian host.
However, RRV field isolates showed mixed results in terms of infectivity
for Mam-RRV and Mos-RRV in Raw 264.7 cells, with Mos-RRV isolates
reaching higher titres in only around half of the isolates tested. Previous
studies have shown that Mam-RRV-T48 and Mos-RRV-T48 infection of DCSIGN expressing cells results in differences in IFN induction and replication
kinetics. This has been largely attributed to different N-linked glycans on the
E protein of mammalian and mosquito derived arboviruses factors (Shabman
et al., 2007; Shabman et al., 2008). The multistep replication kinetics of
different RRV isolates in Raw 264.7 demonstrates that Mos-RRV does not
always reproduce to higher titres in cells expressing DC-SIGN and indicates
that although glycosylation differences are important, other factors may also
be at play. This is supported by reports that a mutation in the NsP1-NsP2
domain of both, SinV and RRV results in not only an increase in IFNβ
production, but also a decrease in viral titres (Cruz et al., 2010).

Taken

together, glycosylation differences and viral genome variations together are
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most likely responsible for the effects on viral replication that occur in
immune cells by arboviruses.

Gender dimorphism in the RRV mouse model of
disease
In order to further characterise the differences between mosquito and
mammalian derived RRV, we examined whether the effect was relevant in the
mouse model of disease using T48 as a pilot study (Chapter 5). During this
study, it was discovered that whilst a differential disease profile did appear
for Mam-RRV and Mos-RRV in a mixed sex mouse model, this was more
prominent in a male only mouse model. Female mice did not develop as much
difference in weight gain and clinical scores when inoculated with Mam-RRV
or Mos-RRV and as examination of this difference was the focus of our study,
females were found not suitable for the viral mouse model. Many studies
involving animals limit the study to the use of one sex with the use of male
animals usually preferred. This is to eliminate potential sources of variation,
such as differences between the sexes, but also due to the oestrus cycle of
female animals that leads to hormonal fluxes which can cause result
inconsistencies (Marriott and Huet-Hudson, 2006; Suffredini, 2007). Studies
have shown that concentrations of pro-inflammatory cytokines such as IL6
are higher in men compared to women and that CCL2 and soluble vascular
cell adhesion molecule-1 (sVCAM1) are decreased in the presence of oestrogen
(Chan et al., 2002; Register et al., 2005; Sperry et al., 2008). In addition,
females have a higher incidence of apoptosis in inflammatory periodontal
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disease which removes inflammatory cells and promotes healing, leading to
better health outcomes (Johnson and Wikle, 2014). This is supported by a
study which examined periapical inflammation and associated bone loss in
mice and found that male mice had higher levels of inflammatory infiltrates
which correlated to an increase in bone loss (McAbee et al., 2012).
Interestingly, in human subjects females are usually deemed at higher risk of
the inflammatory disease, rheumatoid arthritis and have been shown to have
lower innate immunity responses (Kovacs and Olsen, 2011; Moxley et al.,
2002). Differences in bone densities between males and females has been
widely documented, with female bone densities being significantly lower than
males at all comparative stages of growth. This is of importance as women
are approximately twice as likely to have a fracture in their lifetimes (Bonnick,
2006; Nguyen et al., 2007). Bone densities may have important implications
for severity of disease pathology associated with RRV if bone tissue comes
under attack.
Taken together with the results shown in this thesis there is mounting
evidence to support the idea that gender dimorphism may play an important
role in inflammatory pathology and disease outcomes of RRV in the mouse
model and future studies could compare these differences in more detail.
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Mammalian and mosquito derived RRV results in
differential disease profiles in a mouse model of disease
In the RRV disease mouse model, RRV-T48 infection resulted in a
difference in disease pathology between Mam-RRV and Mos-RRV inoculated
mice. Mos-RRV inoculated mice gained less weight and had higher clinical
scores when compared to Mam-RRV infected mice.

This is supported by

previous studies, which found that IFNβ is differentially inducted by MamRRV and Mos-RRV in tissue culture, with potent induction by Mam-RRV in
DCs (Shabman et al., 2007; Shabman et al., 2008). The differential induction
capacity is indicative of differences in the early innate immune response and
in turn, can influence disease development as demonstrated in our study.
This finding is also supported by the recent finding suggesting that the first
few hours after Alphavirus infection are the most critical for determining
disease outcome (Frolov et al., 2012).

Infection of mouse embryonic

fibroblasts (MEF) with SinV showed that infected cells were unable to respond
to IFNβ by 4 hours post infection (Frolov et al., 2012). Additionally, low levels
of IFNβ insufficient to initiate cellular antiviral responses, have been found to
enhance the cells ability to express IFNβ and IFN stimulated genes on
subsequent exposure to SinV (Frolov et al., 2012).

Taken together, this

suggests that during the first few hours after Alphavirus infection, there is a
balance between viral replication and induction of host cell immune responses
such as type I IFN that ultimately affects disease progression several days
later.
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The differential disease profile of Mam-RRV and Mos-RRV was
significant in approximately 80 % of the RRV isolates tested in the mouse
model as shown in Chapter 6. This finding is similar to findings in tissue
culture and indicates that although the propagation in cell line plays an
important role in RRV infection and subsequent disease pathology, it is not
the only factor at play.

Trends in infection and disease caused by RRV field
isolates in a male mouse model
Isolates can be grouped into four groups defined by the in vitro kinetic
profiles discussed in Chapter 4 and the in vivo disease profile as discussed in
Chapter 6. For kinetics in Vero and C6/36 cells, the groups represented in
Table 8.1 are the same as those presented in Chapter 4.

However, the

relationship between viral titres in Raw 264.7 cells was more complex and for
the purposes of this table has been simplified as to whether Mos-RRV
produced significantly higher or lower titres by the end of the time course.
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Table 8.1 - Correlation between in vivo and in vitro profiles of RRV isolates

Kinetics in Vero
cells

Kinetics in C6/36
cells

Kinetics in
Raw 264.7
cells

RRV disease
model in mice

RRV
isolates

A

No difference in titres
until late in time course
when Mam-RRV titres
were significantly
higher. (Fig 4.2C)

Mos-RRV titres
significantly higher for
majority of time course
but at one or more points
Mam-RRV titres are
significantly higher (Fig
4.4C)

Mos-RRV
produced higher
titres (Fig 4.6A
and D)

No difference in weights
or clinical score (Fig.
6.3A)

H,L,F,D

B

Mos-RRV titres is
significantly higher at
early time points and
Mam-RRV titres are
significantly higher at
later time points (Fig
4.3B)

No difference in titres
until late in time course
when Mos-RRV titres
were significantly higher
(Fig 4.4B)

Mos-RRV
produced higher
titres (Fig 4.6 A,
B and D)

No difference in
weights. Higher clinical
score for Mos-RRV at
later points in disease
time course (Fig 6.3B)

Q,I,K,B

C

Mos-RRV titres is
significantly higher at
early time points and
Mam-RRV titres are
significantly higher at
later time points (Fig
4.3B)

No difference in titres
until late in time course
when Mos-RRV titres
were significantly higher
(Fig 4.4B)

Mos-RRV
produced lower
titres (Fig 4.6A, B
and C)

Significant differences
in weights and higher
clinical score for MosRRV at later points in
disease time course (Fig
6.3C)

O,G,C,J,E,P

Mos-RRV
produced lower
titres (Fig 4.6A
and C)

Significant differences
in weights and higher
clinical score for MosRRV early, and
continuing through
time course. (Fig 6.3D)

A,R,M,N

D

Mam-RRV titres
significantly higher for
majority of the time
course (Fig 4.3A)

Mos-RRV titres
significantly higher for
majority of time course
(Fig 4.4A)
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2

Group

The isolates in group A (Table 8.1) showed no difference between MamRRV and Mos-RRV titres in Vero cells until late time points where Mam-RRV
titres were significantly higher. In C6/36 cells, group A were the only isolates
that had higher titres for Mos-RRV isolates for the majority of time points
however, there is at least one time point at which Mam-RRV had significantly
higher titres in C6/36 cells compared to the Mos-RRV isolate (Figure 4.4C).
In Raw 264.7, group A Mos-RRV isolates produced higher titres than MamRRV. Infection of mice with Mam-RRV and Mos-RRV isolates in this group
showed no significant difference in terms of mouse weight gain or clinical
score. From this information, it appears that group A isolates did not exhibit
an early fitness advantage when used to infect the same cells they were
propagated in. Conversely, it appears that there is an advantage conferred
for Mos-RRV in the infection of Raw 264.7, cells. Interestingly, this results in
no differences seen in the mouse model of disease between infection with
Mam-RRV isolates compared to Mos-RR isolates. One possible explanation
for this is that although there is an increased ability for Mos-RRV to
preferentially infect immune cells (as shown by kinetics in Raw 264.7 cells),
a reduction in adaptation ability, displayed by kinetics in Vero and C6/36
cells, resulted in a lag that negated any advantage given by increased
infectivity alone.
In groups B and C (Table 8.1) isolates displayed characteristics shown in
Figure 4.2B for replication kinetics of Mos-RRV and Mam-RRV in Vero cells.
Mos-RRV isolates produced significantly higher viral titres at early time points
while Mam-RRV isolates induced higher titres at later time points in Vero
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cells. Isolates from both of these groups also shared the same pattern of
replication kinetics in C6/36 cells, with no difference observed at early time
points; however, Mos-RRV showed significantly higher titres at later time
points (Figure 4.4B) However, differences were seen between the two groups
for both in vitro replication kinetics in macrophage (Raw 264.7) cells and mice
weight gain following in vivo infection. For group B, infection of Raw 264.7
cells resulted in higher titres for Mos-RRV isolates when compare to MamRRV isolates. When the group B isolates were used in the mouse model, there
was no significant difference in the weight gain of mice inoculated with either
Mam-RRV or Mos-RRV. In contrast, significant differences in symptomatic
disease occurred at later time points with Mos-RRV isolate inoculation
resulting in higher clinical scores compared to Mam-RRV isolates.
In Raw 264.7 cells, infection with Mos-RRV isolates from group C
produced lower titres than Mam-RRV isolates. Additionally, mice inoculated
with isolates from group C showed a significant difference in weight gain, with
mice inoculated with Mam-RRV gaining more weight than mice inoculated
with Mos-RRV. Clinical scores of mice inoculated with Mos-RRV were higher
at later time points than mice inoculated with Mam-RRV.
In both groups B and C, Mos-RRV isolates appear to have an advantage
in mammalian cells, which is of great importance, as this would assist in
establishing of the initial infection.

However, as Mam-RRV has a

disadvantage in mammalian cells at early time points compared to Mos-RRV,
thus following the initial infection, replication will be retarded. In Raw 264.7
cells infection, group B isolates resulted in Mos-RRV obtaining higher titres
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than Mam-RRV indicating that in a functioning immune cell, Mam-RRV was
at a disadvantage. This suggests that a more effective immune response is
mounted against mammalian derived virus and thus after the initial round of
replication, following infection by Mos-RRV, Mam-RRV is produced and
restricted by the body. In contrast to group B, group C Mam-RRV isolates
had an advantage in the host after the initial round of replication resulting in
an increase in disease pathology in the mouse model. This would support the
idea that a higher titre in Raw 264.7 cells by Mam-RRV increases disease
pathology.
Group D Mam-RRV isolates produced significantly higher titres in Vero
cells for the majority of time points, whilst in C6/36 cells Mos-RRV produced
significantly higher titres for the majority of the time points. In Raw 264.7
cells, Mos-RRV isolates produced significantly lower titres compared to MamRRV isolates. In vivo, group D isolates resulted in a significant difference
between Mam-RRV and Mos-RRV inoculated mice for both weight gain and
clinical score. This group displayed the most symptoms of disease pathology,
both in weight gain and in clinical scores. Not only does Mam-RRV have an
advantage in Raw 264.7 cells but there is also evidence that the virus can
adapt quickly from one host to the other. This is shown by the fact that MamRRV titres are higher in mammalian cells (Vero) and Mos-RRV titres are higher
in mosquito cells (C6/36). This is likely due to genetic variation of these
isolates and not just the glycosylation, as the latter would affect all isolates in
a similar way. Therefore, these results suggest that both, glycosylation and
genetic factors play an important role in disease development as well as in
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speed of adaptation to alternate hosts. These factors can act together to
increase disease pathology, giving the virus an advantage in infection of the
host that would otherwise take several rounds of replication to achieve.
Interestingly, RRV-T48 did not fit into any of the groups defined in Table
8.1; however, it shared characteristics with group A and D. Mam-RRV-T48
produced higher titres than Mos-RRV-T48 in Vero cell infection whilst MosRRV-T48 reached higher titres than Mam-RRV-T48 in C6/36 cells.
Additionally, infection of Raw 264.7 with Mam-RRV-T48 produced higher viral
titres than infection with Mos-RRV-T48. There were significant differences in
both the weight gain and clinical score of mice inoculated with Mam-RRV-T48
and Mos-RRV-T48, with mice inoculated with Mos-RRV-T48 gaining less
weight and achieving higher clinical scores. In contrast to the RRV isolate
studies, although Mam-RRV-T48 had an advantage in mammalian cells such
as Vero, it did not have an advantage in the Raw 264.7 cells. This may be
due to cytokine involvement rather than just genetic or glycosylation
differences.
Unexpectedly, high titres of Mos-RRV field isolates in Raw 264.7 cells
correlated with a lower disease profile in vivo. However, this is not true for
RRV-T48 in which Mos-RRV-T48 reached higher titres compared to MamRRV-T48 in Raw 264.7 cells, but also caused more severe disease in vivo.
Previous studies have reported differential infectivity of myeloid DCs, with
evidence that this enhanced viral fitness was due to N-linked glycans that
occurred after passage through mosquito cells.

Additionally, genetic

mutations were discounted as a single passage of Mos-RRV through
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mammalian cells reverted the virus to its previous infection profile (Shabman
et al., 2007; Shabman et al., 2008). Taken together, it was expected that MosRRV isolates would also have higher titres in the macrophage cell line. The
data in this thesis both supports and contradicts previous studies. As a
result, it is hypothesised that while glycosylation plays an important role in
fitness of RRV to infect immune cells, other factors are also at play. A likely
candidate is mutations occurring either in the NsP1-2 domain or on E2.
Previous studies of RRV have shown that single mutations in these areas
effect viral titres and disease pathology and it is likely this may be a
contributing factor in the differences observed among the various isolates
(Cruz et al., 2010; Jupille et al., 2011; Stoermer Burrack et al., 2014). Future
studies should involve the sequencing of the isolates to further elucidate any
genetic differences that may contribute to the infectivity of the viral isolates
and resulting disease pathology.

Inflammatory responses to RRV in vivo
At six hours post infection, the most notable result is the up-regulation
of CCL2 expression in infected mice.

This up-regulation was seen in

quadriceps muscle from mice infected with either Mos-RRV-T48 or Mos-RRVR and in the ankle joint from mice infected with Mos-RRV-T48, Mos-RRV-M
and Mos-RRV-R at 6 hours post infection. No CCL2 up-regulation was seen
in mice infected with Mam-RRV for any of the isolates tested at this time point.
CCL2, also known as MCP-1, is expressed by osteoclasts, osteoblasts and
monocytes. It recruits monocytes, other inflammatory and immune cells to
the site of infection. CCL2 release has been linked with bone degradation in
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several studies and has been specifically shown to impact ChikV and RRV
pathogenesis (Chen et al., 2015; Guglielmotti et al., 2002; Rulli et al., 2009).
It has also been shown that CCL2 inhibition results in a reduction in
inflammatory infiltrates and lower production of NF-kB and TNFα,
contributing to a reduction in tissue destruction (Rulli et al., 2009). The
expression of CCL2 at such early time points induced by Mos-RRV and not
Mam-RRV is likely an important factor in the development of the more severe
disease seen in mice infected with Mos-RRV. By 12 hours post infection,
CCL2 had returned to normal levels in all mice, except for mice infected with
Mam-RRV-R, which experienced an up-regulation of CCL2 even at this time
point.
At 12 hours post infection, changes were seen in the expression level of
type I IFN; however, the results for both quadriceps and ankle were at times
contradictory. While type I IFN expression was up-regulated in the quadriceps
muscle for mice infected with Mos-RRV-T48, Mos-RRV-M and Mos-RRV-R, it
was also up-regulated for mice infected with Mam-RRV-R. This appears to
contradict previous reports which have shown that Mam-RRV is a potent
inducer of type I IFN in tissue culture while Mos-RRV fails to induce its
expression (Shabman et al., 2007). Mam-RRV-T48 infection induced type I
IFN up-regulation in the ankle at 12 hours post infection, which was in line
with expectations. However, among all the isolates, only Mos-RRV-M was
found to induce up-regulation at this time point. It is possible that the upregulation of type I IFN’s at this early time point contributes to disease
pathology. An up-regulation of class I MHC molecules and recruitment of
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macrophages in conjunction with cytotoxic cells would result in a high level
of apoptosis and inflammatory infiltrates. It is possible that this unbalanced
immune response causes tissue degradation and pathology.

This is

supported by, the highly elevated expression levels of IL4 in mice infected with
Mam-RRV-R, Mos-RRV-M and Mos-RRV-R in quadriceps and the downregulation of IL4 expression in mice infected with Mos-RRV-T48 in ankle at
the same time. IL4 has a role in reduction of inflammation and is induced by
Mam-RRV-R 1.5 fold higher than Mos-RRV-R. This higher level of expression
would offset the induction of type I IFN to some extent in mice infected with
Mam-RRV-R compared to those infected with Mos-RRV-R. Additionally, as
type I IFN is not up-regulated by Mam-RRV-M, neither is IL4 as there is no
need to combat the inflammatory TH1 process.

This relationship is not

mirrored in the ankle joint where IL4 expression levels are similar to PBS or
below.
IL10 is upregulated by Mos-RRV-T48 and Mos-RRV-R in the ankle but
not by Mos-RRV-M. Even though IL10 is an anti-inflammatory cytokine, high
expression levels may not indicate a resolution of pathology but rather an
increase in cytotoxic cells, indicating that the inflammatory process is already
underway. In support of this is the finding that by 24 hours post infection in
the ankle, but not quadriceps, all RRV conditions tested in mice result in
significant up-regulation of expression of IL10, indicating that there is a
response to the inflammatory processes occurring in ankle tissue.
Interestingly, CCL2 is again significantly up-regulated in quadriceps muscles
for mice infected with Mos-RRV-M, Mam-RRV-R, Mos-RRV-R and Mos-RRV-
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T48, indicating a second influx of inflammatory infiltrates which would
contribute to inflammatory pathogenesis. Additionally, IL6 is upregulated by
Mam-RRV-T48, Mos-RRV-T48 and Mam-RRV-M in quadriceps muscle. Levels
of IL6 expression were found to be 2.5 fold higher than that seen for mice
infected with PBS, Mam-RRV-R and Mos-RRV-R, but this was not found to be
statistically significant. The high levels of IL6 are indicative of the acute phase
response and innate immune response to pathogens which includes fever,
tiredness and loss of appetite. In this scenario, IL6 would be working to
induce inflammation in an effort to remove the invading virus in the
quadriceps muscle.

The gene expression of IL6 in the ankle was not

significantly upregulated, however, similar to the findings in quadriceps
muscle, they were found to be 2.5 fold higher than PBS controls for mice
infected with Mam-RRV-M, Mam-RRV-R and Mos-RRV-R.
At 24 hours post infection type I IFN gene expression was only
significantly up-regulated in mice infected with Mam-RRV-M in the ankle,
however by peak disease, IFNβ but not IFNα gene expression was upregulated
in all Mam-RRV inoculated mouse groups. The high levels of IFNβ induction
at this stage of disease in all Mam-RRV infected mice correlate with previous
findings in tissue culture that that Mam-RRV but not Mos-RRV is a potent
induced of IFNβ and that the induction of IFNβ plays a role in reducing disease
in pathology (Lidbury et al., 2011; Shabman et al., 2007). In addition, recent
studies in a tissue culture system have suggested that a delayed IFNβ
induction is associated with an enhanced susceptibility to viral infection and
replication (Chen et al., 2014a). It is possible that if another time point was
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taken past peak disease, we would see an associated rise in IFNβ and this
would be something to consider for future work.
At peak disease IFNγ was upregulated between 7 and 65 fold across all
groups analysed in quadriceps and ankle joint. IFNγ increases osteoclast
apoptosis, activates macrophages and other immune cells; promotes TH1
differentiation and is associated with auto-inflammatory disease. An increase
in IFNγ expression is in line with previous studies, highlighting this as an
important factor in pathogenesis of alphaviral disease (Vollmer-Conna et al.,
2008; Way et al., 2002). Supporting this data is the finding that all samples
that were examined and had significantly up-regulated levels of IFNγ also had
significantly up-regulated gene expression of IL12, which is known to upregulate the expression of IFNγ and induce a TH1 response.
At peak disease, IL6, which has been previously linked with RRV
disease pathology, was up-regulated in most instances (Chen et al., 2014b).
IL6 was significantly upregulated by Mam-RRV-T48 in both quadriceps
muscle and ankle joint and by Mam-RRV-M in ankle samples at peak disease.
However, even though not significant, IL6 was up-regulated in all instances
in ankle by over 6 fold and in quadriceps in all samples by 2 fold except for
RRV-M inoculated mice samples. As previously discussed in section 5.1, IL6
is associated with an inflammatory response and increased disease pathology
in RRV infection. Surprisingly, TNFα was only found to be significantly upregulated in Mos-RRV-M and Mam-RRV-R infected mice at peak disease. This
result is unexpected, as several studies have shown TNFα to be upregulated
in RRV infection (Chen et al., 2014a; Way et al., 2002).
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However, this

discrepancy may have been due to missing the peak up-regulation of gene
expression in the mouse model as at peak disease only one time point was
chosen across a 24 hour interval.

TNFα is associated with apoptotic cell

death, inflammation and tissue destruction and so it would be appropriate for
this cytokine to be upregulated. Future studies may include time points taken
across the period of peak disease to further elucidate events occurring around
that period.

Conclusions and future directions
In conclusion, this study has directly compared the effect of
mammalian and mosquito derived RRV on infection and replication kinetics
in tissue culture and in a mouse model of disease. The results show that a
clear difference in infectivity, kinetics and immune response occurs between
mammalian and mosquito derived RRV. Additionally, the mouse model of
RRV has been refined, as this thesis has provided evidence of a sexual
dimorphic response to RRV infection. It has also been shown that whilst
effects such as glycosylation, covered in previous studies, obviously plays a
role in the infectivity and pathogenesis of the virus, it is likely that
glycosylation and genetic factors are interlinked. Hence, both are required to
improve or reduce viral fitness, as shown by the variety of responses obtained
using RRV field isolates.

Future studies should expand on this work by

examining the genetic sequences of the field isolates used and combining this
information to further elucidate the different roles of genetic mutation and cell
line of propagation. Additionally it was shown that pilot studies in other
related and unrelated viruses may share some of the same dimorphic patterns
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between mammalian and mosquito derived virus.

It would be of great

importance for future studies to expand on this study and further define
common characteristics of arboviruses.
This thesis has contributed to the knowledge of how arboviruses
establish and induce pathogenic disease and has created pathways for future
studies that will add valuable knowledge to the field of mosquito borne
disease.
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