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Abstract

Arbovirus infections have increasingly become a profound burden on public health.
Inflammatory response to mosquito bites and the saliva deposited, aids the replication of
arboviruses. In this thesis, we developed a new in vivo model that mimics natural
transmission by sandfly vectors, to define whether saliva from sandflies enhances
vertebrate host susceptibility to Toscana virus (TOSV), an important and growing cause
of infectious neurological disease. We established new quantitative PCR assays, and
plaque assays to define TOSV titre. New flow cytometry panels and genetically
modified TOSV were utilised to interrogate the cellular tropism of TOSV in skin, and
how this was modified by sandfly saliva/bite. Our results show a statistically significant
increase in virus RNA in mouse tissues, such as skin, when TOSV is co-inoculated with
sandfly salivary factors, compared to inoculation with TOSV alone. Higher quantity of
virus RNA was also associated with an increase in the number of clinical signs,
including atypical neurological signs and inflamed foot joints. These findings suggest
that the enhancement effect of sandfly saliva is a general pro-viral mechanism, not
limited to specific vector species. We found virus infection by sandfly saliva/bite was
more inflammatory with increased cytokine expression. We identified dermal fibroblasts
as crucial for TOSV replication and our flow cytometry analysis suggested that sandfly
saliva/bites alter fibroblast biology, promoting a more primitive state. We suggest that
while this is an aspect of normal wound healing, it simultaneously increases their
capacity for TOSV replication. Salivary microbiota was dispensable for its ability to
enhance TOSV infection, suggesting that the sandfly encoded salivary factors are
instead responsible. A better understanding of how sandfly saliva increases host
susceptibility to arbovirus infection will provide new insights into this crucial
intersection of virus, vector and host. Such insights can aid development of an urgently

needed vaccine.
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CHAPTER 1: INTRODUCTION
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1.1 BRIEF INTRODUCTION OF EMERGING AND RE-EMERGING INFECTIOUS
DISEASES

The term “disease” generally attributes to an abnormal status that can be observed in
either the structure or function of a portion or the entire body, and each disease is
described as having distinct underlying causes. Internal and physiological factors,
including age and the body's genetic makeup, may cause them and are limited to
individuals. However, “infectious diseases” are defined as illnesses resulting from
pathogens' invasion of a host and have the potential to be transmitted to other
individuals. These external pathogens can be bacteria (e.g., E. coli), parasites (e.g.,

malaria), prions or viruses (e.g., yellow fever virus).

The terminology “emerging and re-emerging diseases” was formally introduced by
Joshua Lederberg, Robert B. Shope, and Mary Wilson in 1987. They described these
terms as either “an infectious disease whose incidence had increased over the preceding
two decades” or one “which had the potential to increase in the near future” (Joshua
Lederberg, Robert E. Shope et al., 1992). Since their official designation, these terms
have garnered acceptance within the scientific community. These infectious diseases are
either novel to humans (newly emerging e.g., from a non-human animal) or have
previously only affected limited populations. Interestingly, the emergence of new
infectious disease and their impact on health, was thought to have been diminishing for
much of the latter half of the 20" century. However, in recent decades they have rapidly
increased in incidence, or they have only recently been recognised as distinct diseases
(emerging and re-emerging) or have appeared in new geographic locations (re-
emerging) (Nii-Trebi, 2017).

Perhaps one of the best examples is the Human immunodeficiency viruses (HIV), a
well-known emerging infectious pathogen. Acquired immunodeficiency syndrome
(AIDS) was first recognised as a new disease in the 1980s, which is caused by HIV.
Here, HIV strains gained the ability to pass to humans because of transmission and
recombination of Simian Immunodeficiency Virus (SIV) strains, which only infect
primates in nature (Sharp and Hahn, 2011; Wegner et al., 2022). It is now estimated that
40.4 million individuals have died from AIDS-related illnesses (UNAIDS, 2022).
Regarding emerging infectious diseases, coronaviruses [severe acute respiratory
syndrome (SARS-CoV-1)], Middle East Respiratory Syndrome (MERS-CoV)] have

caused public health problems and increased their incidence in humans in the past two
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decades (Morens et al., 2020; Giovanetti et al., 2023). Importantly, Coronavirus
Disease-19 (COVID-19), caused by infection with SARS-CoV-2, has emerged and
become a pandemic, leading to at least over 6 million deaths since 2019 (World Health
Organization (WHO), 2024). Measles serves as a notable example of a re-emerging
infectious disease. Measles disease is caused by Measles morbillivirus. Despite a
notable reduction in reported measles cases globally from 2000 to 2016, attributed
mainly to vaccination efforts, there was a significant surge in cases between 2016 and
2019, reaching levels not seen since 1996 (Hubschen et al., 2022).

Emerging or re-emerging infectious diseases are not only a recent phenomenon. Notable
historical examples include some of the most catastrophic pandemics in human history.
This includes the Black Death in the 14th century, which caused approximately 30% of
the European population's deaths (Seifert et al., 2016) and the 1918 influenza pandemic,
known as the Spanish flu, which resulted in an estimated 50 million deaths worldwide
(Johnson and Mueller, 2002).

Importantly, over 60% of human pathogens are zoonotic in origin and constitute a
significant portion of aetiological agents that lead to pandemics (Rahman et al., 2020).
Infectious pathogens continuously evolve and adapt to their environment, influenced by
evolutionary forces. Adaptation to a new host species is considered one of the first and
most important process for the emergence and re-emergence of infectious. Once
adapted, these pathogens must be able to disseminate between individuals of the host
populations. Several factors contribute to the emergence and transmission of the
infectious diseases. Such factors involve growing human populations, globalisations,
urbanization, socioeconomic states (Morse, 2004; Spernovasilis et al., 2022). Table 1.1
provides a summary of the major factors contributing to emergence and includes some
examples of infections that have recently emerged or re-emerged. However, it should be

noted that there are no sharp boundaries between the factors and their examples.
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Major factors

Examples of specific factors

Examples of disease emergence

Human Populations and

Demographics

Due to overpopulation, human-
driven land use changes and
urbanisation

2014 Ebola outbreak in West Africa
(Obeng-Kusi et al., 2024)

Zika virus (ZIKV) outbreak is closely
linked with the development of

urban areas (Gubler et al., 2017)

Ecological and
Environmental

Climate change (various
environmental changes, including
but not limited to rising sea levels
and increased global
temperatures), can alter the
ecological range of vector habitats

Autochthonous cases of
chikungunya due to the expanding
geographical area of Aedes
albopictus mosquito in France in
2014 (Roiz et al., 2015; Delrieu et
al., 2023)

Globalisation

Increase rate of international

travel, trade

COVID-19 has spread from its initial
reported city to numerous countries
across the globe through global
travel (Lin et al., 2020)

Political and Social
Determinants

Migration, Conflicts, Poverty and

Social Inequality

Ebola re-emerged in the Democratic
Republic of Congo due to several
attacks on health centres and
healthcare workers because of the
ongoing civil war (Marou et al.,
2024)

Natural Disasters

Earthquakes, flooding

ZIKV cases in Ecuador promptly
increased after a 7.8-magnitude

earthquake (Topluoglu et al., 2023)

Bioterrorism

Potential bioterrorist agents (such
as various haemorrhagic fever

viruses, smallpox)

Smallpox outbreaks were often
intentionally used on populations
who do not have immunity to it
(Barras and Greub, 2014; Green et
al., 2019)

Table 1.1: Main Determinants in Emerging and Re-emerging Infectious Diseases

with Examples.

In some cases, vaccines and laboratory tests have often been developed in a remarkable

and timely manner, e.g., with recent estimates suggesting 67% of the world's population

has been vaccinated with a complete primary series of COVID-19 vaccines.

Nonetheless, the pandemic still maintains its negative influences, including
economically, on mental health, and Long COVID (LC) (IMF, 2020; WHO, 2023;
Cruickshank et al., 2024)
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There is sadly no vaccine for HIV/AIDS. Indeed, with 39 million people living with the
disease, this virus continues to be an immense global health issue worldwide (WHO,
2022). There is yet no cure for HIV infection, but effective HIV prevention, treatment,
and care does exist. However, the World Health Organization’s (WHO) latest HIV Drug
Resistance (HIVDR) report suggested that dolutegravir, an antiretroviral medication,
has encountered increased HIV resistance (WHO, 2024).

In summary, although we have partial treatment (e.g., vaccines, antivirals) against many
infectious agents, as discussed above, there is one group of emerging infectious diseases
for which there is an urgent unmet need to identity and develop new medicines, those
caused by arthropod-borne viruses. Indeed, when we evaluate this situation regarding
these infections, we find that we have no specific treatments, and few have proven
effective vaccines (Barrett, 2017). Together this emphasises the importance of scientific
research in deepening our understanding of any new emerging or re-emerging
pathogens, with particular emphasis on arthropod-borne pathogens; especially those that

result in novel treatments and medicines.
1.2 AN OVERVIEW OF ARTHROPOD-BORNE PATHOGENS

1.2.1 Arthropod-borne Viruses (Arboviruses)

Arthropod-borne virus, also known as arbovirus, is a term that defines viruses that have
a blood-feeding arthropod and at least one vertebrate in their life cycle. They can be
transmitted by any arthropod vector such as sand flies, mosquitoes, ticks, and biting
midges (Gubler, 2002). Following the taking of a blood meal from an infected
vertebrate host, viruses must pass through several cellular barriers, and in doing so
evade the arthropods’ immune system, comprising RNAI, inducible signalling
pathways, cellular immunity, melanisation, and ROS (Cheung et al., 2022). From the
gut, they infect gut epithelium cells and disseminate to the salivary glands. Infected
arthropods then can transmit arboviruses to humans or other vertebrates during biting
(Franz et al., 2015; Perveen et al., 2023).

Many of these viruses have an enzootic lifecycle, which involves continuous
transmission between a nonhuman vertebrate host and an arthropod vector (Musso et
al., 2022). Arboviruses circulate in nature in an enzootic sylvatic cycle involving e.g.,
rodents, birds, or nonhuman primates as reservoir hosts. Occasionally, transmission to
humans occurs through incidental bites by vectors from this cycle (e.g., WNV). In some

cases, arboviruses may spread to domestic animals, that may act as amplifying hosts,
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leading to a rural epizootic cycle (e.g., JEV and pigs). Additionally, certain arboviruses

can adapt to infect humans directly, transitioning to an urban epidemic transmission

cycle (e.g., DENV) (Figure 1.1) (Weaver and Barrett, 2004).

i Domestic animals
Humans

ENZOOTIC EPIZOOTIC EPIDEMIC
SYLVATIC CYCLE RURAL CYCLE URBAN CYCLE
(e.g. DENV, CHIKV, ZIKV)

m% N S :‘% i fﬂ‘k%

. Enzootic vectors and/or o* Epizootic Vector Peridomestic Vectnr
*

Vertebrate hosts

.‘ bridge vectors

*

Spillover from enzootic cycle
(e.g. WNV)

Amplification in domestic
animals and transmission to
humans (e.g. JEV, RVFV)

i IS

Dead-end hosts and/or
incidental hosts

Figure 1.1: Arboviruses Transmission Cycles

Arboviruses are transmitted and maintained through various transmission cycles, including the
enzootic sylvatic cycle, the epizootic rural cycle, and the epidemic urban cycle. The enzootic
cycle occurs in natural hosts, such as birds or non-human primates, within sylvatic habitats.
However, spillover events from these cycles can result in human infections, where humans
serve as dead-end or incidental hosts—an example being the spillover of West Nile virus
(WNV). The transmission may involve enzootic or bridge vectors. Certain arboviruses, like
Japanese encephalitis virus (JEV) and Rift Valley fever virus (RVFV), can undergo further
amplification in domestic animals, leading to human infections through an epizootic rural cycle.
Additionally, many arboviruses, including Chikungunya virus (CHIKV), Dengue virus
(DENV), and Zika virus (ZIKV), have adapted to be transmitted directly between humans and
peridomestic vectors, sustaining transmission in urban settings. Created with BioRender.com.

Arboviruses can be passed across generations of arthropod vectors through the common
and effective process known as vertical transmission. In addition to this, venereal
transmissions and horizontal oral transmissions between susceptible arthropods also
may occur (Ciufolini et al., 1989; Bente et al., 2013; Mueller and Cao-Lormeau, 2018).

Arboviruses encompass a wide array of viruses from at least eight taxonomic families,
with over 500 identified viruses, 150 of which are recognised as causing diseases in

humans (Madewell, 2020). Many arboviruses are characterised as single positive-
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stranded RNA (Togaviridae and Flaviviridae virus families), whilst the majority of the
segmented negative-stranded RNA arboviruses belong to the class Bunyaviricetes
(Young, 2018).

Such arboviruses are present in tropical and sub-tropical areas and have been expanding
their global distribution in recent years (Figure 1.2) (Wu et al., 2019; Socha et al., 2022;
Mapalagamage et al., 2022). For example, West Nile virus (WNV), which belongs to
the genus Flavivirus and is transmitted by mosquitoes, is also categorised as a re-
emerging infection. WNV was first isolated in 1937 and is a well-known pathogen in
the Old World (commonly found in Africa, Europe, and the Middle East). However, the
virus reached the New World in the 1990s and subsequently became endemic in the
Americas (Lanciotti et al., 1999; Gould et al., 2017).

Arbovirus infections are mostly asymptomatic (Scott C. Weaver et al., 2018). However,
they can cause disease, from mild, temporary influenza-like symptoms, to disease that
adversely affects daily life such as arthritis (e.g., O’nyong-nyong fever, chikungunya),
or life-threatening diseases such as haemorrhagic fevers (e.g., dengue, yellow fever) and
encephalitis (e.g., Toscana virus (TOSV), JEV) (Weaver and Barrett, 2004; Higgs and
Vanlandingham, 2016; Brasil and Gabaglia, 2019).

WNV and Zika virus (ZIKV) infections also cause neurological involvement. For
instance, ZIKV can cause congenital malformation, microcephaly, in foetuses and new-
borns(Miner and Diamond, 2017). In addition to this, Guillain-Barré syndrome (GBS)
as a neurological sequela in adults whose were diagnosed with ZIKV infection (Sanchez
et al., 2021). Furthermore, WNV is also neuroinvasive and can cause West Nile
encephalitis or meningitis (David and Abraham, 2016). TOSV is the only sandfly-borne
Phlebovirus that can cause neurological infections and is now considered an important
cause of aseptic acute meningitis, encephalitis in endemic areas (Ayhan and Charrel,
2020). Initially, the neurovirulence of the TOSV was illustrated with the initial case of
possible encephalitis in a Swedish man who had visited Portugal a decade after its first
isolation in 1971 (Ehrnst et al., 1985). However, like many arboviruses, TOSV infection

is mostly asymptomatic or comprises acute fever and nausea, vomiting, and myalgia.
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In summary, with arbovirus infections on the rise, they are of growing clinical
importance. Therefore, understanding these viruses, their pathogenesis and the host
response to infection, is important if we are to improve the care and design treatments

for these patients.
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Figure 1.2: Distribution of West Nile virus (WNV), Dengue virus (DENYV), and
Toscana virus (TOSV) in Europe and Mediterranean Region

Geographical distribution of Toscana virus (TOSV), West Nile virus (WNV), and Dengue virus
(DENV) in Europe and the Mediterranean basin. Countries highlighted in red indicate the
presence of both WNV and TOSV, those in orange indicate the presence of TOSV, pink
represents regions where WNV is circulating, and green indicates areas where WNV, TOSV,
and DENV are circulating in the population. Created with mapchart.net.

1.2.2 A Rising Threat of Medically Important Arthropod-borne Viruses

The burden of arboviral disease on human health is profound and recently the global
incidence of arthropod-borne viruses has grown dramatically. Alarmingly, between
2000 and 2019, the WHO recorded a many-fold rise in reported cases of DENV
globally, escalating from 500,000 to an estimated 96 million symptomatic cases (Bhatt
et al., 2013; World Health Organization (WHO), 2023).

Over the last four decades, arboviruses have become a significant global health concern,
experiencing a resurgence of viruses like WNV, DENV, and CHIKYV. Additionally,
unexpected emergence, as seen with ZIKV, has led to major outbreaks characterised by
new clinical manifestations, such as congenital Zika syndrome and novel modes of
transmission, like sexual transmission for ZIKV, previously unreported for arboviruses
(Musso et al., 2022).

Not only human health, but importantly livestock are also adversely affected by
arboviruses such as Rift Valley Fever virus (RVFV) and bluetongue virus (BTV).
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RVFV, belonging to the Hareavirales order, is known to cause severe disease with high
mortality and abortion in livestock such as sheep and cattle, occasionally spreading to
affect other domestic animals and humans (Weaver and Reisen, 2010). BTV, a member
of the Orbivirus genus, can lead to death and cause abortion or deformities in lambs or
calves; outbreaks have been reported widely worldwide, reaching 3 billion US dollars in
losses by BTV infectious globally (Ben Salem et al., 2024).

Despite this, no specific treatments are currently available for these viruses (Weaver and
Reisen, 2010), and few have vaccines (Monath, 2005). The reasons for this are multi-
factorial and include economics, the unpredictable nature of outbreaks, and their genetic
diversity, all of which help conspire to make developing and stockpiling targeted
antiviral drugs or vaccines difficult. Even for those viruses for which we have effective
vaccines, stockpiling and timely distribution can hinder response to outbreaks, as e.qg.,
evidence by the recent, poorly contained outbreaks of YFV in Africa (Lindsey et al.,
2022).

1.2.3 Alphavirus Genus

Alphaviruses, which belong to the family Togaviridae, are transmitted by mosquitoes
(e.g., Aedes sp. mosquitoes) and are widely distributed across continents, relying on the
presence of competent vectors. There are noteworthy examples of emerging and re-
emerging alphaviruses, due to the expanding distribution of mosquito vectors. Recent
examples include the ongoing CHIKYV epidemics in India, since 2005, and the Americas
(since 2012), and outbreaks of Mayaro virus (MAYYV) in tropical regions of South
American countries (Azar et al., 2020). In addition, some alphaviruses also pose a threat
as potential bioterrorism agents; Venezuelan equine encephalitis virus (VEEV), Eastern
equine encephalitis virus (EEEV) and Western equine encephalomyelitis virus (WEEV)
are important encephalitic pathogens that can be transmitted by aerosols (Roy et al.,
2010).

Although most of these viruses are maintained involving zoonotic host species and
mosquito vectors in sylvatic transmission cycles, due to a variety of determinants (e.g.,
urbanisation, climate change), they can spill over into humans (Kim and Diamond,
2023). CHIKYV has evolved to enable efficient mosquito-borne transmission between

humans in urban environments, which does not require other vertebrate hosts.



29

1.2.3.1 Taxonomy

Alphaviruses are classified based on their genetic similarity and clinical characteristics.
Encephalitic alphaviruses, including EEEV, WEEV and VEEV responsible for
meningitis and encephalitis, frequently leading to enduring neurological complications
(e.g., paralysis) (Sah et al., 2023). CHIKV, Ross River virus (RRV), O’nyong’nyong
virus (ONNV), Barmah Forest virus (BFV), MAYYV, Sindbis virus (SINV), and Semliki
Forest (SFV) induce musculoskeletal illness marked by symptoms including fever, rash,
joint pain (arthralgia), muscle pain (myalgia), muscle inflammation (myositis), and both
acute and chronic polyarthritis (Zaid et al., 2021).

When based on genetic similarity and serological cross-reactivity, Alphaviruses are also
grouped into eight antigenic complexes. These are: Barmah Forest, Eastern Equine
Encephalitis (EEEV), Venezuelan Encephalitis (VEEV), Western Equine Encephalitis
(WEEV), Middelburg, Ndumu, Semliki Forest, and unclassified complex. Generally,
viruses that belong to the Semliki Forest, Middelburg, and Ndumu complexes are only
present in the “Old World,” (a notable exemption being CHIKV which has spread to the
Americas). This contrasts with the WEEV, EEEV, and VEEV complexes that are
limited to the Americas, aka the “New World” (Zaid et al., 2021).

This next section will discuss CHIKV, a medical and socioeconomic importance, and

SFV, the prototypical laboratory alphavirus.

1.2.3.2 Structure and Replication

The alphaviruses are small (around 65-70nm in diameter), spherical viral particles
comprising a 12-kilobase (kb) positive-sense single-stranded RNA genome enclosed
within an icosahedral protein nucleocapsid, which is then enveloped by a lipid
membrane derived from the host (Figure 1.3) (Richardson and Vance, 1976; Strauss and
Strauss, 1994).
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Figure 1.3: Alphavirus Virion Structure

Alphaviruses are small (65-70nm in diameter), enveloped viruses and possess a positive-sense
single-stranded RNA genome. Their capsid exhibits icosahedral symmetry. The viral envelope,
derived from the host cell's lipid membrane, is embedded with 80 glycoprotein spike structures,
each consisting of a trimer of E1/E2 proteins. This figure was created on BioRender.com.

The genome of alphaviruses contains two open reading frames (ORFs) enclosed by
untranslated regions (UTR) with a 5° cap and a 3’ poly(A) tail. The 5> ORF encodes the
non-structural polyproteins (nsP1, nsP2, nsP3, and nsP4), involved in virus replication
and pathogenesis, translated from the genomic RNA. Meanwhile, the 3’ ORF is
translated from subgenomic 26S RNA and encodes structural polyproteins (capsid, E3,
E2, 6k/TF, and E1) that compose the virion (Figure 1.4). Together, these proteins
moderate viral transcription, replication, and host cell antagonism (Jose et al., 2009;
Kim and Diamond, 2023).

26S subgenomic

promoter
5' Gap UTR e | nsP1 | nsP2 | nsP3 | nsP4 capsid E3 E2 | | E1 e 3’ Poly A UTR
6kITF
| J [ |
Non-strucrutal proteins Structural proteins

Figure 1.4: Alphavirus Genome Structure

The genome is ssSRNA(+) that features two open reading frames (ORFs) and is capped at the 5’
end, with a 3’ poly(A) tail. The 5° ORF encodes the non-structural (ns) proteins, translating into
nsP1, nsP2, nsP3, and nsP4. The 3’ ORF encodes for the structural proteins and gets translated
through the 26S subgenomic promoter into the capsid, 6k/TF, and the glycoproteins E1, E2, and
E3. This figure was created on BioRender.com.

The virus attaches to a cellular receptor (possible receptors, e.g., heparan sulphate,
CD209, L-SIGN) and is internalised by endocytosis. Inside the cell, the virus undergoes
pH-dependent membrane fusion with the endosome, releasing the nucleocapsid into the

endosome. Negative-strand RNA is firstly synthesised and serves as a template for both
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genomic RNA and subgenomic RNA. The subgenomic RNA is translated to produce a
structural polyprotein, which is then cleaved into individual structural proteins. Both
structural and non-structural proteins assemble into immature virions in the
endoplasmic reticulum (ER). Finally, the mature virus buds from the cell (Strauss and
Strauss, 1994; Klimstra et al., 2004; Rupp et al., 2015).

1.2.3.3 Semliki Forest Virus — a well characterised model virus that infects mice.

In 1942, female Aedes mosquitoes were caught and pooled for a field investigation on
the epidemiology of yellow fever. However, this study unexpectedly revealed an
unknown alphavirus in the Semliki Forest region of Bwamba, Uganda (Smithburn and
Haddow, 1944; Manwaring, 1945). This positive single-stranded RNA alphavirus was
named after the forest where it was discovered, SFV. SFV circulates in sub-Saharan,
central Africa and has been detected in various animal species, including rodents,
horses, monkeys, and rabbits (Kemp et al., 1974; Hubalek et al., 2014). Small wild
animals, birds, and nonhuman primates might the natural hosts of SFV (Ylésmaki et al.,
2013). Its primary transmission vectors are Aedes aegypti and Aedes Africanis
mosquitoes (Fazakerley, 2002).

In the 1980s, an outbreak of 22 symptomatic patients was associated with SFV
infections in the Central African Republic (Mathiot et al., 1990). Although SFV
infection causes self-limited febrile diseases in humans, only one reported fatal
encephalitis is associated with SFV infection (Willems et al., 1979). However, SFV-
infected mice can develop fatal central nervous system (CNS) infections (Fazakerley,
2002). Therefore, alphavirus infections, mainly SFV, in rodents has been investigated as
a model for studying viral encephalitis.

Following the first isolation (Smithburn and Haddow, 1944), the original strain, along
with three additional isolates from passaged in small mammals, including mice, were
studied, and various SFV strains have been adapted for use in the laboratory (Bradish et
al., 1971). SFV strains can be broadly categorised into two groups: virulent strains and
avirulent strains, L10 (the original SFV isolate), V13, SFV4, and SFV6; and avirulent
A8, A7, A7(74), MRS MP 192/7, respectively (Atkins et al., 1985; Fazakerley, 2002).
However, these so-called virulent strains exhibit a strict host age dependency and
become virulent in neonatal or young suckling mice (Bradish et al., 1971; Pusztai et al.,
1971). All strains of SFV infect neurons and oligodendrocytes (Fragkoudis et al., 2009).
As only SFV4 has been used for this thesis, it will be discussed further. The SFV4
strain, was generated by in vitro transcription and transfection of RNA from an
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infectious cDNA clone (pSP6-SFV4) derived from the virulent prototype strain
(Liljestrom et al., 1991). SFV4 is also neurovirulent and fatal in adult mice following
intracerebral inoculation. However, this strain rarely triggers clinical disease, especially
CNS infection, when is inoculated intranasally, intraperitoneally, or subcutaneously by
needle in the absence of mosquito saliva (Fragkoudis et al., 2007; McKimmie and
Fazakerley, 2016).

SFV is advantageously classified as a biosafety level 2 pathogen, while other medically
important alphaviruses commonly require BSL-3 facilities. SFV has been utilised as an
experimental virus to understand the mechanism of viral encephalitis, and several
studies have focused on pathogenesis and dissemination in neural tissue after initiating
the SFV infection (Atkins et al., 1985; Atkins et al., 1999; Fazakerley, 2002; Fragkoudis
et al., 2009). Furthermore, (Shi et al., 2023) developed a recombinant SFV-eGPB
reporter virus, a safe surrogate for highly pathogenic alphaviruses, as a tool for antiviral
study. It also showed that SFV replicates and spreads effectively in both immune-
competent mice and Aedes mosquitoes (Rodriguez-Andres et al., 2012; Ferguson et al.,
2015). Therefore, an in vivo model of SFV has been developed to investigate the
pathogenesis of virus infection following the subcutaneous inoculation of the virus in
the skin in the presence of mosquito bite (Pingen et al., 2016). The study showed that
following subcutaneous injection of SFV4, the virus disseminates to the draining
popliteal lymph node (dLN) within up to 6 hours post-infection, with peak viremia
observed 24 hours after infection. Moreover, the virus infection can be detected more

enhancement in the presence of mosquito bites with higher virus RNA than the control
group.

With respect to this thesis, we assess whether sandfly saliva could modulate host
susceptibility to SFV infection, a well-defined mouse model of arbovirus infection. This

will be discussed in greater detail in section 3.5 of Chapter 3.

1.2.3.4 CHIKYV — a medically important alphavirus.

In 1953, Chikungunya, which refers to contorted posture in the Kimakonde language,
the virus was first isolated in Tanzania from the blood of a febrile patient. CHIKV
infections can progress with severe fever, headache, vomiting, rash, myalgia and
commonly polyarthralgia with crippling joint pains (Ross, 1955). Moreover, this
debilitating rheumatologic disease can become chronic in some patients (Hawman et al.,
2013). After the first isolation in Africa continent, CHIKV was defined in patients in
Thailand, Asia in 1958 (Hammon et al., 1960). Later, substantive outbreaks of CHIKV
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infection were reported in India, Africa, the Indian Ocean islands, Europe, Southeast
Asia, the Caribbean islands, and the Americas (Schuffenecker et al., 2006; Dash et al.,
2007; Rezza et al., 2007; Sergon et al., 2008; Hapuarachchi et al., 2010; Van Bortel et
al., 2014; Weaver and Lecuit, 2015). Therefore, CHIKV infection has become a global
health concern since it was first reported.

Aedes aegypti mosquitoes, is an important vector for CHIKYV, are highly anthropophilic
and geographically widespread. Importantly, Aedes albopictus, an invasive species, was
also shown to be vector competent for CHIKV (Vega-Rua et al., 2020). Originating in
tropical Southeast Asia, Aedes albopictus has progressively played a larger role in the
transmission of CHIKV in numerous regions where it has expanded its habitat. For
example, over 200 autochthonous cases of CHIKV were reported in 2007 in two
villages in Italy, and positive CHIKV sequences were detected in captured Aedes
albopictus mosquitoes in the same region (Rezza et al., 2007). This is due to a mutation
in the virus's E1 envelope protein gene, which allows efficient infection of Aedes

albopictus mosquitoes (Tsetsarkin et al., 2007).

CHIKYV has three genotypes based on the geographical location of its origin: West
African, East/Central/South African (ECSA), and Asian strains (Volk et al., 2010).
Phylogenetic analysis showed that genetic changes in the ECSA strain occurred when
the virus spread in recent outbreaks. These CHIKV outbreaks had severe social and
economic consequences, especially in the 2006 CHIKYV epidemic on La Réunion island,
and the 2014 US Virgin Islands outbreaks, which cost over £30 million for their

economies (Soumahoro et al., 2011; Feldstein et al., 2019).

Animal models have been established to investigate CHIKV immunity and pathogenesis
and serve as a nonclinical model for the development of anti-CHIKV drugs or vaccines.
One of the first CHIKV in vivo infectious studies assessed pathogenesis on young
immunocompetent mice model via intracerebral injection route (Ross, 1956). One of the
challenges of using a wild type, e.g., C57BL/6, adult mice is that CHIKV does not
disseminate efficiently. However, the high titre of CHIKV in young mice, make this a
model for studying some aspects of CHIKYV infection, such as viral persistence in joint
tissues (Morrison et al., 2011; Haese et al., 2016). Other mouse and non-human primate
CHIKYV models, including IFN receptor-deficient mice have also been used to

investigate antivirals and vaccines' efficacy (Constant et al., 2021).



34

1.2.4 Flavivirus Genus

The Flavivirus genus contains >70 members, including several that are known human
and animal pathogens that are transmitted by arthropods. Flaviviruses infectious can
cause asymptomatic or mild fever to haemorrhagic disease [e.g., DENV, yellow fever
(YFV)] or neuropathological diseases [e.g., ZIKV, Japanese Encephalitis (JEV), WNV]
(Gould and Solomon, 2008). Medically important flaviviruses circulate on all
continents. These pathogens impose a substantial disease burden globally, with some
estimates of dengue alone at up to 400 million infections annually of ~ which 30-50%
are symptomatic million cases annually (Bhatt et al., 2013). The classification of
flaviviruses is continually evolving to incorporate newly discovered viruses (Moureau
et al., 2015). In this section, | will provide a brief overview of flavivirus structure and
replication mechanisms, with a particular focus on ZIKV infection.

1.2.4.1 Structure and Replication

Flaviviruses are small (~50 nm) spherical, enveloped virus particles. The flavivirus
positive sense single-stranded RNA genome (~11kb size) encodes three structural
proteins, E (envelope) protein, C (capsid) protein and pr/M (premembrane/membrane)
protein, as well as seven non-structural proteins. The nucleocapsid is surrounded by a

lipid bilayer derived from the host cell (Figure 1.5) (van Leur et al., 2021).
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Figure 1.5: Flavivirus Virion Structure

Flaviviruses are small (50nm in diameter), enveloped, icosahedral viruses containing an
unsegmented, positive-strand RNA genome. The C protein coats the viral nucleic acid, and the
M and E proteins form symmetric structures. This figure was created on BioRender.com.
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The genome possesses a single open reading frame (ORF) which codes for a single
polyprotein is initially produced, which is then cleaved to generate both structural and

non-structural proteins and is framed by 5’ and 3’ untranslated regions (UTRs).
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Figure 1.6: Flavivirus Genome Structure

The genome contains a single open reading frame (ORF) flanked by 5’ and 3’ untranslated
regions (UTRs). This ORF encodes a polyprotein, which is cleaved by host and viral proteases
during the replication cycle into three structural proteins—capsid (C), premembrane/membrane
(pr/M), and envelope (E)—as well as seven non-structural proteins: NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5. This figure was created on BioRender.com.

The viral glycoprotein E attaches to a cellular receptor to initiate internalization through
endocytosis. Although the specific entry receptor of individual flaviviruses remains
unidentified, the host receptors: DC-SIGN, Tyro3 and tyrosine kinase receptor AXL are
linked to ZIKV entry (Hamel et al., 2015). The acidic pH environment inside host cell
endosomes induces a conformational change in the E protein of the virus, facilitating
fusion between the viral envelope and the endosomal membrane. This fusion event
enables the release of the viral genome into the cytosol (Fritz et al., 2008). Within the
cytoplasm, the viral RNA (VRNA) is translated by the host's translational machinery,
producing a polyprotein. This polyprotein is then inserted into the membrane of the
endoplasmic reticulum (ER). The polyprotein is then cleaved by both host and viral
proteases, resulting in the generation of three structural proteins and at least seven non-
structural proteins. Following, the production of new viral particles initiates within
vesicle packets (VP) formed by the endoplasmic reticulum (ER). Subsequently, the VP
can bud into the ER, forming an immature virion. Then, viral maturation occurs in
Golgi apparatus. The infectious viral particles are released from the host cell by

exocytosis (van Leur et al., 2021).

1.2.4.2 ZIKV — a medically important member of Flavivirus.

ZIKV was initially isolated in 1947 from a rhesus monkey in the Zika forest of Uganda,
marking its first discovery (Dick et al., 1952). ZIKV is one of the important but
neglected mosquito borne Flaviviruses. Although Aedes sp. mosquitoes principally
transmit the virus, there are also reports of human sexual transmission and vertical

transmission from infected pregnant woman to their foetus. (Miner, 2017; Pletnev et al.,
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2021). ZIKV causes a self-limiting febrile illness with rash, headache, conjunctivitis,
and muscle pain. ZIKV can result in congenital abnormalities in foetuses and newborns,
including conditions like cortical atrophy with microcephaly, along with functional
challenges such as dysphagia and epilepsy. These malformations may manifest
following either symptomatic or asymptomatic infection of pregnant women (Miner and
Diamond, 2017; Smoots et al., 2020; Paixao et al., 2022). In addition to this, Guillain-
Barré syndrome (GBS) is a neurological sequela in adults who were diagnosed with
ZIKV infection (Acosta-Ampudia et al., 2018; Sanchez et al., 2021).

Prior to 2007, there were less than 20 reported ZIKV human cases after its identification
in 1954 (MacNamara, 1954; Musso and Gubler, 2016). In 2007, the first documented
ZIKV outbreak was reported on the Pacific Island of Yap (Duffy et al., 2009). In 2013-
2014, a large outbreak started in French Polynesia, that reached Brazil in 2015 and was
subsequently detected in much of the Americas. As of July 2019, autochthonous ZIKV
infection has been described in over 80 countries worldwide (Gatherer and Kohl, 2016;
Petersen et al., 2016). In the last few years, the number of reported ZIKV cases have
declined, likely due to underreporting and lockdowns due to the COVID-19 pandemic.
However, epidemics and outbreaks continue in some regions, including India and
Southeast Asia and it is expected to initiate new outbreaks as e.g., host immunity
declines (Giraldo et al., 2023).

ZIKV does not replicate in immunocompetent mice e.g., wild-type (WT) C57BL/6,
BALB/c (Rossi et al., 2016; Lazear et al., 2016). Arboviruses have evolved mechanisms
to antagonise host interferon (IFN) responses, including ZIKV. Type | interferon
signalling is inhibited by the NS5 viral protein of ZIKV, which cause the degradation of
STAT2 (JAK- STAT pathways in humans), an IFN-regulated transcriptional activator
(Grant et al., 2016a). However, ZIKV N5 protein is not able to bind, degrade or
antagonise mouse STAT2, therefore this effect is species specific (Wu et al., 2017; Shu
et al., 2021). As a result, ZIKV mouse models have been developed, which depend on
the absence of interferon or mouse STAT?2 proteins for understanding disease and
assessing vaccines and antivirals (Morrison and Diamond, 2017). More recently, a
mouse model of an immunocompetent transgenic knock-in mouse expressing human
STAT?2 instead of mouse STAT?2 has been established. This mouse is susceptible to
ZIKV replication and pathogenesis (Gorman et al., 2018a). Apart from mouse models,

there are limited non-human models for ZIKV infection (Morrison and Diamond, 2017).
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Although ZIKYV is not the focus of this thesis, its recent emergence serves as an
important example by which arboviruses can go from complete obscurity to the

causative agent of a WHO-declared pandemic.

1.2.5 Phlebovirus Genus

Phleboviruses are a genetically diverse group of viruses from the genus Phlebovirus,
family Phenuiviridae, order Hareavirales. In the 2022 report of the International
Committee on Taxonomy of Viruses (ICTV), the Phlebovirus genus contains 67 known
virus species (Walker et al., 2021; Sasaya et al., 2023), of which more than 40,
including 11 species linked to human illness, have been identified in sand flies (Diptera:
Psychodidae, Phlebotominae) through isolation or detection (Kuhn et al., 2020).
However, some of Phlebovirus members can also be transmitted by mosquito (e.g.,
RVFV) and ticks (e.g., Mukawa Virus) (Oker-Blom et al., 1964; Nanyingi et al., 2015).
Phleboviruses are globally distributed, with notable presence across the Mediterranean,
Middle East, sub-Saharan Africa, and Africa. Like most arboviruses, these infectious in
humans are often asymptomatic or cause flu-like symptoms but can also lead to life-

threatening diseases such as acute viral haemorrhagic fever (Elliott and Brennan, 2014).

The impact of Phleboviruses on public health and the agroeconomic are noteworthy.
For example, RVFV causes abortion and 95-100% mortality among newborns of
domestic ruminants due to severe hepatic damage, and e.g., the 2007 RVFV outbreak in
Kenya and Tanzania cost ~$66 million USD (Pepin et al., 2010; Peyre et al., 2015). In
this section, | will discuss the Phlebovirus genus structure, replication, and sandfly-

borne viruses, particularly TOSV, which is studied in this thesis.

1.2.5.1 Structure and Replication

Phleboviruses are spherical, enveloped RNA viruses approximately 100nm in diameter.
They possess a tri-segmented negative-sense RNA genome named after their size: L,
large, M, medium, S, and small. Virions consist of only four proteins: two glycoproteins
known as Gn and Gc, which are integrated into the Golgi-derived viral membrane, and
two internal proteins; the nucleocapsid (N) protein, responsible for encapsulating each
of the three genome segments in the form of ribonucleoprotein complexes; and the L
protein, functioning as an RNA-dependent RNA polymerase (Elliott and Brennan,
2014; Amroun et al., 2017).
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Figure 1.7: Diagrammatic Representation of Phlebovirus Virion In-cross Section (left)
and Electron Microscope Image of TOSV (right)

The surface spikes consist of Gn and Gc glycoproteins. The three helical nucleocapsids, which

are circular, each contain one of the unique single-stranded RNA segments (L, large; M,

medium; S, small) encapsulated by the N protein and associated with the L protein. Electron
micrograph of TOSV. Scale bar, 50 nm. Credit by (Koch et al., 2023) The left figure was

created on BioRender.com.
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Figure 1.8: Phlebovirus Genome Structure

Phleboviruses contain tripartite single-stranded RNA genome. L segment (negative-sense)
encodes the viral component of the RNA-dependent RNA polymerase (RdRp). M segment
(negative-sense) encodes Gn/Gc and a non-structural protein (NSm). S segment encodes
(ambisense) the nucleocapsid (N) protein and a non-structural protein (NSs). This figure was
created on BioRender.com.

The S segment encodes the nucleocapsid (N) protein responsible for encapsulating the
viral RNA-replication products to form the ribonucleoprotein (RNP) complex. The M
segment encodes a polyprotein precursor, which then is cleaved into Gn and Gc
components via host-cell proteases in the ER. The Gn-Gc heterodimer is involved in
virus assembly and attachment to new target cells. The L segment encodes the viral
component of the RNA-dependent RNA polymerase (RdRp) (Walter and Barr, 2011).
The S and M segments also encode NSs and NSm which are non-structural proteins,
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respectively (Piper et al., 2011; Walter and Barr, 2011). Although, NSs is not required
for efficient Phlebovirus replication in cultured mammalian cells (e.g. RVFV) (Gerrard
et al., 2007; Piper et al., 2011; Walter and Barr, 2011), they are required for efficient
suppression of the interferon (IFN) response (Gori-Savellini et al., 2013; Kalveram and
Ikegami, 2013; Savellini et al., 2019; Woelfl et al., 2020) and therefore likely have an

important role in supressing anti-viral immunity during infection in vivo.
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Figure 1.9: Replication Cycle of Phleboviruses

1. Phleboviruses, including TOSV, use virus encoded glycoproteins, Gn and Gc, to bind cell
surface molecules DC-SIGN, L-SIGN and heparan sulphate (glycosaminoglycan) (Lozach et al.,
2011; Spiegel et al., 2016). This is similar for the related phenuiviruses that also target DC-
SIGN. Receptor use is likely cell-specific, e.g. with DC-SIGN mediated entry occurring in
dendritic cells (DC). 2. Virus enters the cell via receptor-mediated endocytosis (Koch et al.,
2021). 3. Once internalised, the viral particles move through early and late endosomes. 4. In late
endosomes, acidification induces the membrane fusion activity of the Gc protein with the
endosomal membrane. This fusion triggers encapsidation of the viral genome and virus RdRp
are released into the cytoplasm, where primary transcription and replication occur (Lozach et
al., 2010). 5. N interactions with RdRp allow access to the ribonucleoproteins (RNP), which
serves as a template for the transcription of new mRNA (Lozach et al., 2010). Following
translation of the viral mMRNAs and genome replication (6-7), viral Gn/Gc are cleaved by host-
cell proteases in the endoplasmic reticulum, allowing Gn—Gc glycoprotein heterodimers to reach
the Golgi apparatus (Spiegel et al., 2016), (8.) where viral assembly occurs (Hornak et al.,
2016). 9. Newly formed virions decorated with Gn and Gc in the Golgi bud via vesicles to the
plasma membrane and 10. are released from the host cell by exocytosis (Wuerth and Weber,
2016; Spiegel et al., 2016). This figure was created on BioRender.com.
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1.2.5.2 Sandfly-borne Viruses

There are now more than 40 species of Phleboviruses that have been identified through
either isolation from, or detection in, phlebotomine sandflies. Following infection in
humans, they typically have an asymptomatic course. Some of these viruses can also
cause mild, self-resolving, flu-like illness, but others have been associated with more
severe illness, such as with TOSV infections, which can lead to meningitis and
encephalitis. Interestingly, the genus name is derived from Phlebotominae, the
taxonomic group of vectors for member species such as Phlebovirus napoliense,
originating from the Greek word “phlebos,” which means “vein” (Calisher and
Calzolari, 2021). Sandfly-borne Phleboviruses are widely distributed and prevalent,
facilitated by the presence of vectors from the genera Lutzomyia in Central and South
America, and Phlebotomus and Sergentomyia in Africa, Europe, and Central Asia
(Depaquit et al., 2010; Alkan et al., 2017). The interactions between vectors and viruses
help determine the geographical spread and contribute to the inter-epidemic persistence

and evolution of Phleboviruses (Horne and VVanlandingham, 2014).

1.2.5.2.1 Phlebovirus napoliense and Phlebovirus siciliaense

Sandfly fevers, known also as pappataci fever, were to first isolated from febrile United
States (US) soldiers in Italy in 1943 and 1944 (Sabin, 1955). These viruses became
important during the Second World War, as although infection with them typically
caused flu-like in residents in the endemic region, immunologically naive soldiers
suffered long illnesses and were incapacitated in large numbers (Sabin, 1944). The
symptoms of infections caused by Phlebovirus napoliense (sandfly fever Naples
phlebovirus) and Phlebovirus siciliaense (sandfly fever Sicilian phlebovirus) are
clinically comparable, often presenting as a 3-day fever marked by a sudden onset of
fever, headache, muscle pain, sensitivity to light, and nausea (Ayhan and Charrel,
2017). Although the geographic distributions, their main vector (Phlebotomus papatasi)
and pathogenesis of these viruses show similarities, according to the International
Classification for Taxonomy of Viruses (ICTV), they are classified into two complexes,
which are; 1.) the sandfly fever Naples serocomplex, also including TOSV; and 2.) the
sandfly fever Sicilian serocomplex (Marklewitz et al., 2020). These virus
serocomplexes have significantly different antigenic properties. Therefore, there is no

immune cross-protection among them (Alkan et al., 2013).

They are extensively distributed across the Mediterranean region, the African continent,
the Indian subcontinent, the Middle East, and Central Asia (Ergunay et al., 2017).
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Sandfly fever virus serotypes were studied epidemiologically in a wide range, including
Europe, Africa, and Mediterranean regions. In some regions around the Mediterranean,
antibody prevalence rates for Phlebovirus napoliense and Phlebovirus siciliaense have
been shown to be greater than 50% (R. Eitrem et al., 1991; Alkan et al., 2013; Ergunay
etal., 2017). It is important to note that cross-reactions might have influenced the
estimation of the seroprevalence rate. Serological cross-reactions have been documented
within the sandfly fever Naples serocomplex, of which TOSV is a member (Depaquit et
al., 2010).

Phlebotomus papatasi is the most well-defined vector of Phlebovirus napoliense and
Phlebovirus siciliaense. In addition, Phlebovirus napoliense was also isolated from Ph.,
perniciosus in Italy (Verani et al., 1980) and from Ph. perfiliewi in Serbia (Gligi¢ et al.,
1982). Field and experimental studies have shown that transovarial transmission (female
to offspring) and/or venereal transmission play important roles in maintaining viruses.
Generally, while various sandfly-borne phleboviruses have been isolated from
vertebrates (e.g., humans, bats), there is limited conclusive evidence indicating that
vertebrates play a significant role in the natural life cycle of these viruses, suggesting
they may simply serve as dead-end hosts (Ayhan and N. Charrel, 2019).

To develop in vivo models of these infections, patients' serum (containing Phlebovirus
napoliense and Phlebovirus siciliaense) were injected via various routes into monkeys,
hamsters, mice, rats, rabbits, and guinea pigs. However, they did not cause clinical
symptoms. Subsequently, Phlebovirus napoliense and Phlebovirus siciliaense were
effectively adapted to suckling mice through a series of consecutive passages (Sabin,
1955).

1.2.5.2.2 TOSV — an encephalitic Phlebovirus.

TOSV (Phlebovirus toscanaense) is an arbovirus within the genus Phlebovirus. (King et
al., 2018; Kuhn et al., 2023). TOSV is one of the medically important arboviruses
transmitted by Phlebotomus sp. sandflies. TOSV was initially isolated from
Phlebotomus (Ph.) perniciosus and Ph. perfiliewi, that act as competent vectors of
TOSV, collected in the Tuscany region of central Italy in 1971 (Verani et al., 1982).
TOSV is the only sandfly-borne phlebovirus that can cause neurological infections and
is now considered an important cause of aseptic acute meningitis, encephalitis,
especially during the warm season in endemic regions (Ayhan and Charrel, 2020).
Initially, the neurovirulence of the TOSV was illustrated with the initial case of possible
encephalitis in a Swedish man who visited Portugal a decade after its first isolation in
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1971 (Ehrnst et al., 1985). In 1983, it was isolated for the first time from patients with
meningitis (Nicoletti et al., 1991).

Phylogenetic analyses have revealed three distinct lineages of TOSV, denoted as A, B,
and C (Echevarria et al., 2003). Presently, there are no differences in virulence or
clinical symptoms among these genetic lineages. In regions like France, Turkiye, and
Croatia, at least two lineages are known to coexist (Ayhan et al., 2020). Recently, the
complete sequence of the lineage A of TOSV, was made available, leading to the
establishment of the first reverse genetic system capable of recovering infectious
recombinant TOSV (rTOSV) from cDNA. This advancement allows for the creation of
genetically modified versions of the virus. By generating an NSs-deficient rTOSV
capable of expressing reporter genes, it enables visualization and tracking of
intracellular replication, essential for further research and vaccine development efforts
(Alexander et al., 2020). A developed reverse genetic system is also available for a
lineage B strain of TOSV (Woelfl et al., 2020).

1.2.5.2.2.1 Epidemiology of TOSV: a historical context.

The burden of arboviral diseases on human health is profound and recently its incidence
has grown, although increased diagnosis may also account for some of this.
Approximately 250 million individuals in the Mediterranean region are at risk of TOSV
infection. This heightened number is mainly attributed to factors including climate
change and globalisation. Consequently, cases of TOSV and other arboviruses are on
the rise (Ayhan, Baklouti, et al., 2017).

After TOSV's first identification in sandflies in Italy in 1971, early seroepidemiological
studies frequently did not assess TOSV distribution and often was referred to as
“Phlebotomus fever” or “Pappataci fever” (Sabin et al., 1944; R. Eitrem et al., 1991). It
was not until ten years after its identification, that TOSV was registered in the
International Catalogue of Arthropod-Borne Viruses (Karabatsos, 1978). The ability of
TOSV to be neurovirulent was first shown following investigation of cerebrospinal fluid
(CSF) from a Swedish patient with encephalitis, who had recently visited Portugal
(Ehrnst et al., 1985). TOSV infection has also been reported in Swedish United Nations
soldiers following stays in Cyprus (Niklasson and Eitrem, 1985; Eitrem et al., 1990).
Perhaps not surprisingly, there is a high antibody prevalence rate of 20% to TOSV
among Cyprus's local population (R. Eitrem et al., 1991). Travellers returning from

TOSV endemic regions also regularly present with evidence of TOSV infection
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(Calisher et al., 1987; Schwarz et al., 1993; T. F. Schwarz, Jager, Gilch and Pauli, 1995;
Schwarz et al., 1996; Dobler et al., 1997).

The clinical importance of these infections is underlined by a study assessing the viral
aetiology of CNS infection among children in the Siena province of Italy. Importantly,
this indicated that TOSV is responsible for at least 80% of children's acute viral CNS
infections during the summer (A. Braito et al., 1998). This peak of CNS infection was
coincident with a high frequency of adult insect vectors (Ph. perniciosus and Ph.
perfiliewi), that typically peaks in August (Valassina et al., 1998). A similar study in
Tuscany, Italy showed again that TOSV is the primary etiological agent (81%) of acute
aseptic meningitis in the summer (Valassina et al., 2000). With increasing globalisation
and frequency of tourists visiting these regions, the virus is regularly infecting tourists
(Assunta Braito et al., 1998). In addition, seroprevalence studies suggest a large
proportion of infection is common and occurs without obvious clinical CNS
involvement. For example, in nine different regions of Spain, seroprevalence of TOSV
in a random cohort of individuals was 26% (n= 1268 individuals) that had not presented
with meningitis or febrile illness (Mendoza-Montero et al., 1998). Here, although
antibodies to TOSV were found in younger age groups, they were detected at a higher
frequency in older age groups (Cusi et al., 2010). This has also been shown in an Italian
cohort, with an age-dependent seroprevalence of TOSV, with 19.8% in adults and 5.8%
in children (Terrosi et al., 2009). Interestingly, individuals with increased exposure to
sandfly-rich environments, such as forestry workers, showed seroprevalence rates as
high as 77.2% (Valassina et al., 2003). A more recent assessment of sandfly transmitted
virus in Italy over a ten-year period, described TOSV seropositivity at between 22.95%
and 26.75% (Marchi et al., 2017).

Further evidence for increased geographical dissemination, a recent prevalence study in
Bulgaria found seropositivity at 24.4%, despite no previous history of TOSV infection
(Christova et al., 2020). While in Southwest Germany, 4% of individuals with probable
viral meningoencephalitis in a retrospective cohort analysis, exhibited neuroinvasive
TOSV, despite having no prior history of visiting an endemic region (Dersch et al.,
2021). To assess exposure to sandfly-borne infections in general, one study from Spain
assessed seropositivity to sandfly salivary proteins. Here, Ph. perniciosus sand fly
salivary gland homogenate (SGH) and recombinant protein rSPO3B were investigated to
detect sand fly exposure in blood donors and SGH and rSP03B seroprevalences were

estimated to be 69% and 88%, respectively. In addition, the same study showed 26% of



TOSV seropositivity in the blood samples (Ortufio et al., 2022). For a full list of these
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and other epidemiological studies, see Table 1.2.

In summary, TOSV infection is now widespread across multiple countries, not only in

those that border the Mediterranean, but also further north in Central and Southern

Europe. It is likely that further spread to more temperate countries will occur as the

climate warms and international travel continues apace.

residents

Location Year Cases/Findings References
United States 1985, 2009, | Three imported cases of TOSV meningitis or (Calisher et al., 1987;
2015 meningoencephalitis from Italy were reported Kay et al., 2010; Howell
et al.,, 2015)
United Kingdom | 2019 One imported case with TOSV encephalitis (Farrugia et al., 2020)
was determined
Sweden 1980s An imported TOSV case was reported from (Rickard Eitrem et al.,
Swedish tourists visiting Spain 1991)
Southern Europe
Southern ltaly 2000s Meningitis and encephalitis cases were (Di Nicuolo et al., 2005;
reported during the summer Venturi et al., 2007;
Venturi et al., 2009)
Southern France | 2001, 2004 Two TOSV cases manifested as aseptic (Hemmersbach-Miller et
meningitis and influenza-like ilinesses, while al., 2004; Peyrefitte et
one case was diagnosed as acute meningitis al., 2005)
Catalonia, Spain | Early 2000s | A 6% seroprevalence of anti-TOSV IgG was (Cardefiosa et al., 2013)
found, with 2 acute clinical cases with viral
meningitis or meningoencephalitis
Spanish Early 2000s | The overall seroprevalence was 24.9%, with (Echevarria et al., 2003;
Mediterranean & higher rates observed in rural populations Navarro et al., 2004; de
Madrid compared to urban areas Ory-Manchén et al.,
2007; Sanbonmatsu-
Gamez et al., 2009)
Emilia-Romagna | 2002, 2003 The first reports of CNS infections caused by (Portolani et al., 2002;
and Umbria, TOSV were documented Francisci et al., 2002)
Italy
France 2003, 2006 Imported acute meningitis and (Defuentes et al., 2005;
meningoencephalitis cases due to TOSV Epelboin et al., 2008)
infection were reported
Portugal 2002-2005 TOSV meningitis was confirmed in 6 (5.6%) (Santos et al., 2007)
cases out of 106 samples tested
Portugal 2004-2008 The prevalence was 4.2% in those with (AMARO et al., 2012)
neurological symptoms and 1.3% in those
without neurological symptoms
Kosovo 2005 The presence of TOSV in the population was (Venturi et al., 2011)
suggested
Bosnia and 2006-2008 Anti-TOSV IgG and IgM were analysed in 68 (Huki¢ and Salimovi¢-
Herzegovina human serum samples, revealing recent Besi¢, 2009)
infection in seven patients (10.29%)
Croatia 2007-2009 TOSV seropositivity was 37.5% among healthy | (Punda-Poli¢ et al.,

2012)
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lonian Islands, 2010 TOSV IgG antibodies prevalence was 51.7% (Papa et al., 2010)
Greece in Corfu and 39% in Cephalonia
Northern Italy 2010 Acute meningitis cases due to TOSV infection (Vocale et al., 2012)
were reported
Greece 2010-2014 TOSV was responsible for 10% of CNS (Papa, Kontana, et al.,
infections 2015)
Greece 2010-2014 Three different TOSV cases were reported, (Papa, Mallias, et al.,
two of which showed neurological symptoms 2014; Papa, Paraforou,
et al., 2014; Papa,
Kesisidou, et al., 2015)
Tuscany, ltaly 2012 A total seropositivity of 10% was recorded for (Remoli et al., 2018)
TOSV
Sicily, Italy 2012 TOSV-specific IgG prevalence was 25% in (Colomba et al., 2012;
those with neurological symptoms and 10.8% Calamusa et al., 2012)
in those without neurological symptoms
Emilia- 2012 Among 120 suspected neuroinvasive infection | (Pierro et al., 2014)
Romagna, Italy cases, TOSV was detected in 28.3%. Of
these, 79.4% were in the acute phase of
infection
Aegean Sea 2013 TOSV seroprevalence was 21% (Vassiliki Anagnostou
islands, Greece and Papa, 2013)
Northern Greece | 2013 TOSYV seroprevalence was 11.26% (V. Anagnostou and
Papa, 2013)
Corsica, France | 2014 TOSV RNA was detected in Phlebotomus (Bichaud et al., 2014)
species sandflies
Portugal 2009-2018 Six TOSV cases were identified from patients (Amaro et al., 2021)
who had CNS infections
Madrid, Spain 2007, 2018- | The seroprevalence was 34.5% overall, with (Martinez et al., 2022)
2019 anti-TOSV IgG at 41.5% in 2007 and 21.3% in
2018-2019
Elba Island, Italy | 2018 Twelve cases of TOSV meningoencephalitis (Quattrone et al., 2020)
with symptoms were reported
Southern 2011-2019 TOSV positivity was 4.6% in CSF samples, (Gori Savellini et al.,
Tuscany, ltaly and TOSV-specific IgM was 27.1% in sera 2020)
Southwest 2019 Neutralising antibodies to TOSV were found in | (Maia et al., 2022)
Portugal 5.3% of healthy blood donors
Corsica, France | 2019 TOSV antibodies were found in 22.5% of (Masse et al., 2019)
cases using virus microneutralization assay
Central Europe
Germany 1993-1994 Thirteen acute TOSV infections were reported (Schwarz et al., 1993; T.
in German citizens returning from Southern F. Schwarz, Jager, Gilch
France, Greece, Italy, and Portugal and Pauli, 1995; Dobler
etal., 1997)
Germany 1993-1995 Out of 317 patients, 13 (4.1%) tested positive (Schwarz et al., 1996)
for TOSV antibodies. These cases were
imported from ltaly (11 cases, 84.6%),
Portugal (1 case, 7.7%), and Turkiye (1 case,
7.7%)
Netherlands and | 2000s Imported TOSV infectious-caused CNS (Beersma et al., 2004;

Germany

diseases were reported

Imirzalioglu et al., 2006)
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Switzerland 2008, 2009, Imported aseptic meningitis cases due to (Sonderegger et al.,
2012 TOSV infection were reported from Swiss 2009; Gabriel et al.,
tourist who visited Italy 2010; Cordey et al.,
2015)
Africa

Tunisia 2003-2009 IgM (10%) and 1gG (7%) antibodies for TOSV (Babhri et al., 2010)
were identified in patients with neurological
diseases

Djibouti, Africa 2010-2011 The circulation of Toscana-related viruses was | (Andayi et al., 2014)
3.7%

Tunisia 2013 Anti-TOSV IgG positivity was 9.5% in healthy (Fezaa et al., 2013)
individuals

Tunisia 2013 TOSV neutralising antibodies were present in (Zhioua et al., 2010;
41% of human sera, with confirmed co- Sakhria et al., 2013)
circulation with Punique virus

Northern Algeria | 2013 The presence of TOSV was confirmed in (Alkan et al., 2015)
sandflies and the population with almost 50%
seropositivity

Tunisia 2014 Anti-TOSV IgM was 12.16% in serum (Fezaa et al., 2014)
samples, TOSV positivity was 12.86% in CSF
samples, and TOSV RNA was found in pooled
sandfly samples

Algeria 2016-2018 TOSV infection was found in 3.8% of patients (Benbetka et al., 2023)
with neurological symptoms

Libya 2013-2014 TOSV seroprevalence was 25% in the (Saadawi et al., 2022)
population

Middle East

Turkiye 2010 Fourteen TOSV infection cases were reported (Koray Ergunay et al.,
in patients initially diagnosed with aseptic 2012)
meningoencephalitis

Central, North, 2011-2012 TOSV seroprevalence was 17.8% in (K. Ergunay et al., 2011;

and Southeast asymptomatic blood donors and 15.7% in K. Ergunay et al., 2012)

Anatolia, Turkiye patients with CNS infections of unknown cause

Eastern Thrace, | 2012 TOSV seroprevalence in blood donors was (Erdem et al., 2014)

Tirkiye 14.4% and the first co-infections of WNV and
TOSV were reported

Central Anatolia, | 2012 Among 94 patients investigated, TOSV (Ocal et al., 2014)

Turkiye seroreactivity was found in 37.2% (35 patients)

Mediterranean 2011-2012 Neutralising antibodies to TOSV were detected | (TEZCAN et al., 2015)

Region, Turkiye in 13.9% of healthy blood donors

Western Border 2013 Among military personnel, 1% TOSV was (Shiraly et al., 2017)

of Iran revealed in serum samples

Turkiye 2014 A patient who was HIV positive was also found | (Kuscu et al., 2014)
to have an acute TOSV infection

Western Saudi 2012-2016, The circulation of TOSV showed an overall (Al-numaani et al., 2023)

Arabia 2019 seroprevalence of 0.8% in residents

Table 1.2: Epidemiological Studies of TOSV.

The time frame indicates the years during which the samples were collected or when TOSV
diagnoses were made in patients.




47

1.2.5.2.2.2 Potential Vertebrate Reservoirs of TOSV

Numerous species of vertebrates have been proposed as TOSV reservoirs, although firm
proof is still lacking. Given the high frequency of either TOSV RNA detection or
neutralising antibodies found in canine blood samples taken during the sandfly season
in Mediterranean Anatolia, Turkiye (Dincer et al., 2016), Portugal (Alho et al., 2016),
Corsica (Dahmani et al., 2016) and Algeria (Tahir et al., 2016; Sellali et al., 2022), dogs
have been proposed as a reservoir host. Indeed, seroprevalence of TOSV was 6.8% in
dogs and 3.7% in cats in the Portuguese study (Alwassouf, Maia, et al., 2016). Another
seroprevalence study showed that guard dogs seroprevalence rate of 7.5% in two
different regions of Tunisia (Sakhria et al., 2014), while there was 8.4% seropositivity
in dogs from Greece (Alwassouf, Christodoulou, et al., 2016). Antibodies in cats to Ph.
perniciosus saliva (47.7%, 350/167) and neutralising antibodies against TOSV (4.9%,
18/365) show that cats are bitten by sandflies, and can be infected with TOSV (Pereira
et al., 2019). However, it is not clear if either species supports the TOSV transmission
cycle, due to the low level of viremia that results from infection and inability to excrete
virus (Mufioz et al., 2020). However, experimental infection of dogs by Ph. perniciosus
feeding has been recently documented in a natural setting (Dachraoui et al., 2023). It
has also been suggested that L. infantum-infected canines demonstrate enhanced
vectorial capacity for TOSV (Dincer et al., 2015; Maia et al., 2017), compared to
healthy dogs that do not have L. infantum.

Livestock may also act as a reservoir, with e.g., serum samples exhibiting seropositivity
in 4.7% (Kosovo; n= 1,086) (Ayhan, Sherifi, et al., 2017), and up to 7.8% (Saudi
Arabia) (Al-numaani et al., 2023) of samples. In some studies, issues relating to cross-
reactivity have made it difficult to assess true seropositivity for TOSV specifically.
TOSV RNA is typically not detected in most cases, complicating host range definition
(Navarro-Mari et al., 2011), although infection of sheep and goat have also been
suggested. Cattle are nonetheless clearly bitten by sandflies, as shown by presence of

their blood in engorged females, particularly Ph. perniciosus (Messahel et al., 2022).

For several neurotropic arboviruses, such as WNV, birds have a role as viral
amplification hosts, vector dispersion vehicles, and sources of new strains by
interspecies transmission. Birds passing through known migratory routes in the Hatay
province of Turkiye, have been shown to be positive for TOSV RNA in samples taken
from the brain and kidney(Hacioglu et al., 2017). In addition, the migratory common

quail (Coturnix coturnix) exhibit a high seroprevalence rate of 42.45% in Spain (Ayhan
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et al., 2023). Furthermore, a recent study conducted in the northern wetlands of Turkiye
revealed the presence of both TOSV RNA and infectious virus in bird populations
(Hacioglu and Ozkul, 2023). These findings indicate that birds may be a reservoir or act
as amplifying host for TOSV.

Bats have been recognised as important reservoirs of many zoonotic viruses worldwide
(Moratelli and Calisher, 2015). However, there is little information about the role of
bats in the ecology of phleboviruses, including TOSV. While TOSV was once isolated
from a bat's brain (Pipistrellus kuhlii) (Verani et al., 1988), TOSV exposure rate can be
considered low in bats as long-lived animals, with an antibody seroprevalence at 10%.
Therefore, bat colonies are not likely to play a reservoir role for TOSV (Ayhan et al.,
2021).

1.2.5.2.2.3 Public Health Importance

TOSV is among the top three aetiological agents of aseptic meningitis after
enteroviruses and herpesviruses, especially in the summertime, because its vector is
most active in the warmer months (Ayhan and Charrel, 2020). This seasonality can lead
to outbreaks during specific times of the year, placing a periodic burden on healthcare
systems. Therefore, possible outbreaks of TOSV can strain healthcare resources and
lead to economic loss, particularly in tourism-dependent regions where the fear of
infection may deter visitors. There are no specific antiviral treatments or vaccines
available for TOSV. In addition, TOSV infection often presents with nonspecific
symptoms such as fever, headache, and fatigue, which can be mistaken for other
illnesses. This can lead to underreporting and misdiagnosis, complicating public health

responses.

Overall, the public health importance of TOSV infection lies in its potential to cause
significant neurological disease, its prevalence in endemic regions, the challenges in

diagnosis and treatment, and its economic impact on affected communities.

1.2.5.2.2.4 Clinical Manifestations of TOSV Infection

Similar to many arboviruses, the majority of TOSV infections are either asymptomatic,
mild or undiagnosed (Scott C Weaver et al., 2018); however, an increasing number
develop severe disease that can be life threatening or leave disabling sequelae, including
those that involve deafness (Martinez-Garcia et al., 2008). In the Mediterranean region,
the majority of TOSV infection occur in the warmer months between May and October,
peaking in August. This timeframe corresponds to the peak activity of the sandfly
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vector (Nicoletti et al., 1991). Importantly, TOSV is the only sandfly-borne phlebovirus
that can cause neurological disease (Ayhan and Charrel, 2020). Following a bite by an
infected sandfly, the virus is assumed to replicate in the skin, during the so-called
incubation period that original estimates suggest range from 3 to 7 days before the onset

of more severe clinical signs.

Typically, the infection manifests as a mild febrile illness, commonly marked by
elevated body temperature, headaches, skin rashes (exanthema) with haemorrhagic
features, feelings of sickness, muscle pain, headache, joint pain, arthritis and
occasionally nausea and vomiting (AMARO et al., 2012; Papa, Kesisidou, et al., 2015).
However, the incubation period of this infection can be prolonged. In one case report,
the incubation period extended to 17 days in a patient who developed extreme lethargy,
malaise, anhedonia and decreased hearing (Howell et al., 2015), while another study
assessing infection in a travel-acquired cohort, estimated the incubation period at an
average of 12 days (Laroche et al., 2021). During the early-stage phase of infection that
coincides with viraemia, TOSV RNA can also be detected in urine, a characteristic that
IS sometimes observed in virus infections that involve the nervous system (Mathur et al.,
1995; Barzon et al., 2013; Ergunay et al., 2015; Popescu et al., 2021).

1.2.5.2.2.5 Complications of TOSV Infection

Signs of meningitis, sudden hearing loss and other neurological involvement can
develop in some cases 2 weeks post fever. These are diverse and can manifest
differently and can encompass Kernig's sign (resistance to knee extension with hip
flexed), stiffness in the neck, light sensitivity, tremors, nystagmus (involuntary eye
movements), muscle weakness, specific neurological impairments, double vision, sleep
disturbances, prolonged fatigue, altered mental alertness, and changes in consciousness.
Typically, these symptoms can endure for several weeks, while persistent alterations in
personality linked to TOSV encephalitis have also been reported (Calisher et al., 1987;
Tino F. Schwarz et al., 1995; Pauli et al., 2008; Serata et al., 2011; Papa, Mallias, et al.,
2014; Ludlow et al., 2016; Garcia San Miguel et al., 2021), which can also occur
without concurrent meningitis (Dionisio et al., 2001; Papa, Paraforou, et al., 2014).
TOSV has the potential to cause fatal encephalitis in humans, although this is rare. In
one fatal case, diagnosis was based on positive serological results and the patient's
travel history to Tuscany prior to the development of symptoms, which indicated
progressive encephalitis linked to TOSV infection (Bartels et al., 2012). Moreover, in

Romania, severe encephalitis and meningoencephalitis caused by TOSV was identified
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through RT-PCR testing, following 5 deaths out of 8 patients (Popescu et al., 2021).
More frequent is the presentation of TOSV-linked hydrocephalus, a complication of
viral meningoencephalitis that is otherwise highly uncommon. Patients with CNS
TOSV infection have also reported testicular pain including epididymal-orchitis,
epididymitis, and genital vasculitis (Baldelli et al., 2004; Zanelli et al., 2013; Gonen and
Sacagiu, 2013; Tschumi et al., 2019; Mascitti et al., 2020), although no evidence yet
suggests direct infection of testes (Zanelli et al., 2013). Interestingly, TOSV RNA was
detected in seminal fluid samples from a patient with TOSV meningitis (Matusali et al.,

2022), suggesting transmission through sexual intercourse may be possible.

Persistent sequalae of infection have also been noted. In one case, a patient presented
with severe neurological features after returning from Umbria, Italy. Here, serum and
CSF were positive for antibodies against TOSV, and recovery was associated with
persistent headaches (Oechtering and Petzold, 2012). There have also been reports of
siblings who contracted severe life-threatening meningoencephalitis following TOSV
infection, and have since experienced long-lasting neurological complications, including
hydrocephalus (Baldelli et al., 2004).

TOSV infection associated with peripheral neuropathy has been reported to mimic a
Guillain-Barré like syndrome. Although, one case report was insufficient to demonstrate
a definitive association (Rota et al., 2017), in a further case-control study, TOSV was
recognised as a contributing factor to the development of GBS (Okar et al., 2021). Due
to scarcity of cases, it is not clear whether these TOSV neurological manifestations of
the peripheral nervous system can be considered an established feature of this disease.
TOSV infection also has the capacity to rarely cause persistent neurological infections
accompanied by ischemic complications (Sanbonmatsu-Gamez et al., 2009), sensory
polymyeloradiculopathy (Gonen and Sacagiu, 2013), and brachial plexus involvement
(Vilibic-Cavlek et al., 2020).

Complications arising from TOSV infections do not always involve CNS disease
(Braito et al., 1997); lymphadenopathy (Ranaldi et al., 2011), pancytopenia during acute
infection (Ocal et al., 2014), benign myositis and fasciitis (Mosnier et al., 2013) have
been described. While the connection between myositis and viral infections is well-
established (Crum-Cianflone, 2008). The mechanisms behind these viral-induced
pathologies myositis remain unclear and warrant further research. In summary, TOSV

infections are of growing clinical importance. Understanding the molecular and cellular
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basis for these diverse pathologies, and the host response to infection, is important if we
are to improve the care and treatment of these patients.

1.2.5.2.2.6 Diagnosis, Treatment and Prevention

The diagnosis of TOSV infection typically involves a combination of clinical evaluation
and laboratory testing. Clinical evaluation involves assessment of symptoms, medical
history and travel history to TOSV-endemic areas. With the rise in travel to TOSV-
endemic regions, it has become increasingly important to diagnose imported cases of
TOSV in countries where the virus is not endemic (Charrel, 2012). In particular,
medical professionals are advised to include TOSV as a potential consideration when
differentiating diagnoses in cases of acute meningitis and encephalitis (AME) in
individuals who have recently travelled to the Mediterranean region (Howell et al.,
2015).

For patients with CNS involvement, differential diagnosis can be aided through
virological tests to confirm TOSV infection and differentiate it from, for example,
WNV, enterovirus, and herpesvirus infections. These assays are typically PCR based
and can detect low concentrations of viral RNA. Sensitivity is an important
consideration for cases with neurological involvement, as the prior acute viraemic phase
is rapid and virus can be cleared from the blood before clinical presentation (Valassina
et al., 2002). To date, several PCR assays has been established to detect TOSV,
including nested RT-PCR of serum and CSF samples, which are additionally employed
for those with the acute meningitis (T. F. Schwarz, Jager, Gilch and Nitschko, 1995;
Valassina et al., 1996; Sanchez-Seco et al., 2003). Typically, assay primers amplify the
TOSV S fragment (Valassina et al., 2000). More recently, real-time PCR assays have
been adopted due to their time-saving benefits and reduced risk of contamination
(Pérez-Ruiz et al., 2007). Although, CSF sampling is most informative, recent
developments have optimised detection of TOSV RNA using real-time RT-PCR in
more accessible blood samples from patients with CNS disease (Weidmann et al., 2008;
K. Ergiinay et al., 2011; Brisbarre et al., 2015). Lately, a TOSV real-time RT-PCR
assay has been established to target three specific genomic regions within the
nucleoprotein gene. This assay offers a robust and sensitive method for detecting TOSV
by targeting multiple genomic regions, enhancing specificity and reducing the risk of
false negatives (Thirion et al., 2021). Additionally, diluted urine samples have been
shown to be suitable for TOSV RNA detection using this Trio TOSV RT-qPCR system

(Mori et al., 2024). Finally, there now exists a multiplex PCR where several sets of
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primers are employed in a single reaction to identify infections caused by either TOSV
or enterovirus (Valassina et al., 2002).

Serological assays, such as Enzyme-Linked Immunosorbent Assay (ELISA) and
Immunofluorescence Assay (IFA) can be used to detect current and previous infections.
As such, they are less informative for diagnosis but may offer the only sign of TOSV
infection if the acute viraemic is over and TOSV RNA can no longer be detected. These
assays detect specific antibodies (IgM and IgG) against TOSV in the patient's blood
serum. There is limited cross-reactivity among viruses belonging to the Phlebovirus
genus, particularly between the TOSV and Phlebovirus napoliense, mainly because of
the significant similarity in the N protein of these viruses (Amodio et al., 2012). As
such, these tests are of most use when screening many specimens rapidly e.qg., for
seroprevalence studies. Notably, the neutralization assay has a lower likelihood of
cross-reactions compared to indirect immunofluorescence (I1FA) or ELISA (Mendoza-
Montero et al., 1998; Zhioua et al., 2010). Several commercial assays are available for
the detection of TOSV antibodies, providing diagnostic options for healthcare

professionals when assessing potential TOSV infections (Koray Erginay et al., 2011).

Alternatively, diagnosis can be based on isolating the virus. Here, clinical samples,
especially CSF, are employed to infect cells (e.g., Vero or BHK-21) and detect
cytopathic effects (CPE) on cells, or additionally in animals, preferably combined with
sequencing to define the aetiological agent. However, in practice this is rarely
undertaken due to its complexity and the availability of other diagnostic techniques. In
addition, concerns that these cell-culture based approaches are not sufficiently sensitive
have been raised, as only 14% of the CSF samples that tested positive for TOSV by
PCR successfully resulted in viral isolation when introduced to Vero cells (Charrel et
al., 2005).

In a recent study, metagenomic next-generation sequencing (mMNGS) has been used as a
differential diagnostic tool in undiagnosed meningitis cases and revealed eight cases
(8/23) caused by TOSV (Gambaro et al., 2023).

In summary, prompt diagnosis allows for appropriate medical care and management of
patients with TOSV infections (Cusi and Savellini, 2011). In addition, differential
diagnosis of TOSV is important to find its accurate seroprevalence in the endemic areas
since many of the symptoms of TOSV infections overlap with those of other viral
infections or neurological conditions. It helps to track the distribution of TOSV, which
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is essential for implementing control measures and understanding the virus's behaviour.
Sandflies transmit TOSV, and understanding the geographical distribution of TOSV
infections is vital for vector control efforts. Diagnosing cases helps identify areas at risk

and implement preventative measures.

Since no specific antivirals and vaccines exist for TOSV, therapeutic approaches mostly
include the use of anti-inflammatory drugs, antipyretics, and analgesics. The prevention
of getting a sandfly bite is also essential for avoiding infection. These topics have been

discussed in detail in the 1.3.4 and 1.7 sections.

1.2.6 Leishmania Parasites — medically significant parasites transmitted by sandflies.

Leishmania (Kinetoplastida: Trypanosomatidae) is an obligate protozoan parasite that
causes Leishmaniasis and is transmitted by sandfly bites. Almost one hundred sandfly
species have been associated with Leishmaniasis transmission. There are 31 species of
Leishmania known to parasitise mammals, with over 20 species capable of causing
disease in humans (Maroli et al., 2013). Natural transmission occurs through either
zoonotic or anthroponotic routes. In humans, the disease presents in three primary
clinical forms: Visceral Leishmaniasis (VL), also termed kala-azar, which is the most
severe and potentially fatal without treatment; Cutaneous Leishmaniasis (CL), the most
prevalent form with 0.7-1.2 million cases annually; and Muco-Cutaneous Leishmaniasis
(MCL) (Maroli et al., 2013; Pal et al., 2022). VL is characterised by fever, weight loss,
enlargement of the spleen and liver, and anaemia, while CL causes skin lesions, mainly
ulcers around the bite site, leaving permanent scars. MCL leads to partial or total
mucous membrane damage to the nose, mouth, and throat (Desjeux, 2004; Bafiuls et al.,
2011).

Leishmaniasis, endemic across many regions encompassing the tropics, subtropics, and
the Mediterranean basin, affects approximately 12 million individuals, with an
additional 350 million at risk of infection across 98 countries (Alvar et al., 2012).
Additionally, an estimated 700,000 to 1 million new cases occur each year. However,
given that the disease is more prevalent in endemic geographies inhabited by
impoverished communities with inadequate healthcare systems and hygiene practices,
the actual number of cases may be higher due to underreporting. For instance, in one
region in India, the underreporting of VL was as high as eight times the actual
prevalence of the disease (Singh et al., 2006; Okwor and Uzonna, 2016). Although this

sandfly-borne parasite disease has affected many individuals worldwide, it is still on the
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neglected tropical diseases (NTDs) list (Pal et al., 2022). It continues to re-emerge due
to urban immigration, tourism to endemic regions, deforestation, conflict, and seasonal
workers (Oryan and Akbari, 2016; Chastonay and Chastonay, 2022).

Notably, the prevalence of Leishmaniasis is also show parallelism of its vector
distribution. For example, L. major, cause CL, tends to infect Ph. papatasi because, as a
result of the coevolution process, it has a specific midgut receptor for this parasite
species (Kamhawi et al., 2004). As climates change, the rising temperature has provided
more favourable conditions for sandflies (Figure 1.10). Leishmaniasis is endemic in all
southern European countries, including Greece, Italy, Portugal, Spain, and Turkiye, and
the increasing distribution of its vectors may create new public health risks in more
northern regions (Chalghaf et al., 2018; Hosseini et al., 2021; Tunal1 and Ozbilgin,
2023).
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Figure 1.10: Distribution of Phlebotomus papatasi in 2017 (left) and in 2023
(right) in Europe and Neighbouring Regions

Note how the distribution of the vector increases northward over time. (European Centre for
Disease Prevention and Control, 2023)

The type of treatment depends on the disease form, prognosis, parasite species and
geographic location and patients need to get supportive treatment, such as rehydration.
Generally, there are antileishmanial drugs such as (FDA)-approved oral miltefosine for
CL, can be used for treatments but most of them have life threating side effects (Santos
et al., 2008; Aronson et al., 2017). In addition, Leishmania drug-resistance was
observed (Ponte-Sucre et al., 2017). At present, there is no commercially available
effective vaccine for humans, although effective vaccines have been successfully
developed for dogs (Moafi et al., 2019; Karmakar et al., 2021; King, 2023). Vector

control strategies including insecticide-treated nets (ITNs), topical and spatial repellents
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can decrease disease prevalence by reducing the number of sandflies (Balaska et al.,
2021).

Leishmania and TOSV can co-circulate and/or cause co-infection in sandfly and
vertebrate hosts due to the same vector species being shared, and similar geographical
distribution e.g., as shown in dogs, which may act as a reservoir for TOSV (Dincer et
al., 2015). Moreover, co-infection of TOSV and Leishmania infantum was determined
in captured Ph. tobbi sandflies in eastern Thrace and Northern Cyprus, Turkiye
(Ergunay et al., 2014), while infected dogs could transmit both these pathogens to
sandfly vectors (Ph. pernicious) following a bite. Regarding human co-infections,
(Bichaud et al., 2011) identified a noteworthy correlation between L. infantum
seropositivity and TOSV during a retrospective serological screening conducted in
southern France. This study provided the initial compelling evidence suggesting an
epidemiological connection between Leishmania parasites and TOSV infections.

1.3 ARTHROPODS: VECTORS OF INFECTIOUS DISEASE

1.3.1 Mosquitoes

Mosquitoes (Diptera: Culicidae) are flying, relatively small insects. Over 3,700 types of
mosquitoes have been identified worldwide. Some mosquito species impact human and
animal health as vectors of infectious pathogens (Benelli et al., 2016). Mosquitoes
belonging to the Anopheles genus transmit the Plasmodium parasite that causes Malaria,
a life-threatening disease with over 200 million cases annually (Ashley et al., 2018).
Viral infections can be transmitted by multiple species of mosquitoes. ZIKV, DENV,
and CHIKYV are transmitted by the Aedes aegypti and Aedes albopictus species
(Kraemer et al., 2019).

Mature female mosquitoes lay their eggs in or just above water shortly after feeding on
blood. These eggs typically hatch within 1-2 days of being submerged. The larvae then
reside in the water, feeding on aquatic microorganisms and / or debris until they develop
into pupae. Adult mosquitoes emerge from the pupae after 1-3 days. By 3-5 days post-
emergence, adult mosquitoes become sexually mature. While most mosquitoes
primarily feed on plant nectar and rotting fruit, females of certain species require blood
meals to complete their reproductive cycle, which involves egg maturation and
oviposition (Paaijmans and Thomas, 2011; Eckhoff, 2011). During a subsequent blood
meal, the mosquito injects the virus into a new host along with its saliva (Mellor, 2000;

Leitner et al., 2015). Apart from the salivary glands, mosquito ovaries can be infected
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by related arboviruses, which provide additional vertical transmission (Borucki et al.,
1999).

1.3.2 Ticks

Ticks are blood-feeding arthropods, of which there are approximately 900 species,
classified as the Argasidae (soft bodied ticks) and the Ixodidae (hard bodied ticks)
(Guglielmone et al., 2010). Ixodidae members transmit most pathogens, including
bacteria, protozoa, and arboviruses such as tick-borne encephalitis virus (TBEV),
Crimean-Congo haemorrhagic fever virus (CCHFV), African swine fever virus (ASFV)
(Bell-Sakyi and Attoui, 2013). Medically important ticks typically take a blood meal
from small mammals, birds, and reptiles during their immature stages, while adults feed
on larger herbivores and carnivores. This diverse feeding behaviour allows ticks to
acquire pathogens from various vertebrate hosts and subsequently transmit them to
humans. Human exposure to ticks, often characterised by generalist host behaviour,
increases the risk of pathogen transmission (Anderson, 2002; Salim Abadi et al., 2010).

Ixodid ticks progress through three active stages in their life cycle: larva, nymph, and
adult. Most ticks of the Hyalomma sp. possess a three-host cycle that involves each of
the three life stages seeking a new host to obtain a blood meal, but some exhibit two-
host behaviour, with larvae and nymphs feeding on the same host (Bonnet et al., 2023).
Larvae hatch, feed, moult to nymphs while attached to the host, and then drop to the
ground for further development. Adults, resulting from this process, find a host, feed,
mate, and lay eggs in protected sites with high humidity. Each blood meal can allow
ticks to become infected with virus (e.g., CCHFV), while transmission can also occur
through transstadial or transovarial routes. Transmission occurs between ticks and
mammals or through co-feeding ticks. For CCHFV, human infection can result from the
bite of an infected tick or exposure to the body fluids of a viraemic animal or CCHF
patient (Bente et al., 2013).

As an example of the impact of tick-borne disease, CCHFV will be discussed briefly. In
1944, the haemorrhagic fever disease was first defined in Crimea (Crimean
haemorrhagic fever) (Watts et al., 2019). However, the initial isolation of the virus dates
back to the 1960s in Congo (Simpson et al., 1967). Subsequent investigations unveiled
that the virus responsible for these cases shared antigenic similarities with the pathogen
that causes diseases in the Congo (Casals, 1969). CCHFV can induce fatal

haemorrhagic fever in humans with a mortality rate that can reach 40% (Bente et al.,
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2013). CCHFV is prevalent across Africa, the Middle East, Southeast Asia, and
southern and eastern Europe, closely mirroring the distribution of its vector, the
Hyalomma tick (Messina et al., 2015). Furthermore, the range of Hyalomma ticks,
specifically Hy. marginatum and Hy. rufipes, has extended as far north as Sweden
(Grandi et al., 2020). Currently, there is no specific vaccine and therapeutics for
CCHFV (Ahata and Akgapinar, 2023).

1.3.3 Phlebotomine sandflies

Geographically, sandflies are present between 50 ° N and 40 ° S latitudes but absent in
New Zealand and the Pacific islands (Cecilio et al., 2022). In addition to phleboviruses,
phlebotomine sandflies are also responsible for the spread of Leishmania discussed in
Section 1.2.6 and Bartonella bacilliformis (Ready, 2013; Ayhan and Charrel, 2017). Of
the 900 sand fly species, less than one hundred can transmit Leishmania parasites, while
just nine species of sandflies transmit phleboviruses, including TOSV (Charrel et al.,
2005).

1.3.3.1 Taxonomy

Sandflies belong in the order Diptera, suborder Nematocera, family Psychodidae, and
subfamily Phlebotominae. Six primary sandfly genera are recognised, three of which
are found in the Old World (Phlebotomus, 13 subgenera; Sergentomyia, ten subgenera;
and Chinius, four species), and three of which are found in the New World (Lutzomyia
26 subgenera and groups; Brumptomyia, 24 species; and Warileya, six species)
(Akhoundi et al., 2016). Notably, the genera Lutzomyia and Phlebotomus and some
Sergentomyia (Remadi et al., 2023) are those that are anthropophilic and exhibit

competence to transmit pathogens (Cecilio et al., 2022).

1.3.3.1.1 TOSV and Phlebotomus sp.

Phlebotomus perniciosus and Ph. perfiliewi have been identified as vectors of TOSV
(Verani et al., 1988; Nicoletti et al., 1996). Although not yet documented, it is likely
that other related species such as Ph. sergenti, Ph. longicuspis, Ph. neglectus, Ph. tobbi,
Sergentomyia minuta etc. could also participate in TOSV transmission (Ergunay et al.,
2014; Es-Sette et al., 2015; Ayhan and Charrel, 2018).

The contributing factors for TOSV maintenance in nature are not well-known.
Interestingly, both male and female sandflies have been identified with TOSV infection.
As in other hematophagous insects, only females acquire blood meals; therefore,

infection in male sandflies suggests vertical and/or transovarial transmission (Coluzzi et
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al., 1988). Indeed, experimentally infected sandfly species, including Ph. perniciosus,
can transmit TOSV transovarially (Tesh and Modi, 1987; Ciufolini et al., 1989; Maroli
et al., 1993). In addition, transovarially infected female sandflies can transmit TOSV by
biting a susceptible vertebrate (Ciufolini et al., 1989). Experimental evidence further
suggests venereal infection in female sandflies, which might serve as an infection
amplifier in the absence of other reservoirs (Tesh et al., 1992). However, the presence of
vertebrate reservoirs is likely to be required for TOSV maintenance, as viral infection
rates in sandfly colonies not exposed to viremic vertebrates, steadily drop with each
succeeding generation of the colony (Tesh and Modi, 1987; Ciufolini et al., 1989;
Maroli et al., 1993; Bergren and Kading, 2018).

The capacity of TOSV to circulate horizontally among members of the same generation
has also been suggested based on work on the related phlebovirus Massilia virus
(MASYV) (Charrel et al., 2009; Jancarova et al., 2019). Interestingly, infected sandflies
could deposit virus particles on plants, which uninfected sandflies could then acquire
when feeding on nectar. This suggests that the virus deposited as they seek sugar meal

may be an effective route for virus spread (Laroche et al., 2023).

1.3.3.1.2 TOSV and Sergentomyia sp.

Sandflies belonging to the genus Sergentomyia feed on a wide range of animals
including reptiles, birds and a diverse array of mammals, occasionally including humans
(Charrel et al., 2006; Moncaz et al., 2014; Gonzalez et al., 2020; Pombi et al., 2020).
Some of these flies, including S. minuta, have been found positive for both human and
Leishmania DNA (Maia et al., 2015), and can transmit Leishmania to reptiles
(Akhoundi et al., 2016), and possibly to humans (Berdjane-Brouk et al., 2012; Campino
et al., 2013; Maia and Depaquit, 2016; Latrofa et al., 2018). Importantly, this species
may also transmit TOSV to vertebrates as they have been found harbouring TOSV RNA
(Charrel et al., 2006). Furthermore, the Phlebotomus vectored Chandipura virus
(CHPV) has also been detected in Sergentomyia sandflies from India. CHPV is a
member of Rhabdoviridae that can, like TOSV, cause encephalitis (Geevarghese et al.,
2005). Together, this suggests S. minuta may also be a competent for transmitting
phleboviruses, including TOSV (Ticha et al., 2023).

1.3.3.1.3 TOSV and Lutzomyia sp.

A pressing concern is the possibility that Lutzomyia sp. sandflies could transmit TOSV.

This New World sandfly genus is found across South, Central and North America and
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consists of over 400 species, including Lu. longipalpis (Diptera: Psychodidae:
Phlebotominae). This species is an important vector of several medically importance
pathogens, including Leishmania and potentially also arboviruses (Akhoundi et al.,
2016). Indeed, it is the main vector of L. infantum in the Americas that e.g., causes VL.
Lu. longipalpis has broad-range feeding habits and is to different habitats, including
rural and urban areas feeding on humans, pets, livestock, rodents, bats and opossums
(Dias et al., 2003; Afonso et al., 2012; Soares et al., 2014).

While laboratory-based infection of Lu. longipalpis with Phlebotomus-transmitted
Phlebovirus siciliaense and Phlebovirus napoliense is inefficient (Jennings and
Boorman, 1980), there is evidence to suggest competence as an arboviral vector. For
example, Punta Toro virus (PTV, also a phlebovirus) is transmitted by Lutzomyia
species in Panama (Tesh, R. B., Chaniotis, B. N., Peralta, P. H., & Johnson, 1974),
while the Candiru complex viruses (family Phenuiviridae) have been isolated from
Lutzomyia species, some of which cause febrile illness in humans (Palacios et al., 2011).
Viola phlebovirus, a putative new viral species and a novel Phlebotomus fever
serogroup member, was identified in Lu. longipalpis species in Brazil. The ability of
this new sandfly-derived virus to replicate within mammalian cell lines and express NSs
and NSm proteins suggests that the virus may be a novel arbovirus (De Carvalho et al.,
2018).

A Lu. Longipalpis cell line can be infected and replicate a wide range of arboviruses,
although PTV infection was in efficient (Tesh and Modi, 1983; Ferreira et al., 2018).
This is surprising as PTV has been isolated from both humans and sandflies and may
suggest the cell line may be derived from a cell type resistant to infection. Interestingly
replication of Phleboviruses in Lu. longipalpis is nonetheless possible as e.g., RVFV
can replicate following intrathoracic inoculation (albeit not via blood feeding) and be
transmitted to RVFV-susceptible mammalian hosts (Hoch et al., 1984). This is
intriguing considering the geographic separation of vector (Americas) with RVFV (Old
World) and their lack of co-evolution to date (Hoch et al., 1984).

To date, with the geographic range of Lu. longipalpis and TOSV not overlapping, it is

not surprising that there is no field evidence that this sandfly can be infected or transmit
TOSV to vertebrate hosts. There may also be sequence adaptions required by TOSV for
infection of Lutzomyia species for transmission to be sufficiently efficient. However, as

with the ZIKV outbreaks in the Americas, the increasing pace of globalisation and
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international travel will increase the risk of TOSV viremic individuals becoming
exposed to biting sandflies of the Americas (Peterson et al., 2017).

For this thesis, note that salivary factors from Lu. Longipalpis are used in chapter 4.

1.3.3.2 Effect of The Climate Emergency on Sandfly Distribution

Climate has multiple impacts on the dynamics and prevalence of arthropod-borne
infections. Invertebrate vectors, including sandflies, are ectothermic and changes to the
environment due to climate change can impact life cycle, movement, feeding activity
and survival (Caminade et al., 2019). Increasing temperatures can result in expansion of
geographic range of vectors and their ability to accomplish a higher number of life
cycles in a given summer. Not all changes that accompany the climate emergency are
beneficial and e.g., extreme weather events can be devastating on population numbers.
In addition, if the current endemic areas become overtly hot or dry for optimal survival,
their abundance can decrease consequently, as the presence of water is necessary for
larval stages (Volf and Volfova, 2011).

Historically, the increasing incidence of arthropod-borne diseases has been overlooked
(Rocklov and Dubrow, 2020). ZIKV, DENV and CHIKYV are good examples of
arboviruses transmitted by mosquitoes whose distribution has spread to over 130
countries (Kraemer et al., 2019). As climate change becomes more pronounced, it is
anticipated that, in addition to mosquitoes, other hematophagous insects like sandflies,
will also undergo geographical expansion. Many sandfly species have already been
established across the Mediterranean region. Models predicted that just a 1°C increase
could create optimal environmental conditions for certain sandfly species (P. mascittii,
P. neglectus) in Austria (Aspock et al., 2008). Subsequently, Ph. (Transphlebotomus)
mascittii, was newly documented in Austria and across the Western Europe (Naucke et
al., 2011), while Ph. mascittii has now been confirmed in central Europe, north of the
Alps, France, Switzerland, Belgium, and Germany (Poeppl et al., 2013). As such, the
TOSV vectors Ph. mascittii and Ph. perniciosus are now not only confined to Southern
Europe but also identified in Germany (Oerther, 2020), where autochthonous cases of
TOSV meningoencephalitis have been reported (Naucke et al., 2008; Dersch et al.,
2021). In addition, changes in Ph. ariasi, Ph. mascittii, Ph. neglectus, Ph. perfiliewi,
and Ph. perniciosus (Figure 1.11), distribution are being observed, with these species
spotted in northern regions and higher altitudes, a shift attributed to climate change. The
occurrence of imported TOSV infections in these locations poses a risk for potential

local outbreaks if the competent vector species become established, as observed with
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other diseases transmitted by vectors. In summary, TOSV could extend its activity to
new temperate regions where suitable vector species exist (Knechtli and Jenni, 1989;
Maroli et al., 2013; Liang et al., 2015; Ayhan et al., 2020).
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(European Centre for Disease Prevention and Control, 2023)

1.3.3.3 Sandfly Life Cycle

Sandflies are delicate, tiny insects (1.5-3.5 mm in length) with a hairy appearance and
large black eyes, but the rest of the parts are beige. Sandflies have the characteristic
form of hairy, vertical V-shaped wings when they are at rest or blood-feeding (Figure
1.12) (Lane and Crosskey, 2012).

Figure 1.11: Blood Fed Female Sandfly
(Photo © IRD — N. Rahola)

Sandflies’ life cycle begins with the egg (~300-400um). Female sandflies lay their eggs
in terrestrial environments characterised by abundant organic material, which serves as
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a nutrient for the larvae. Eggs take up to 20 days to hatch, followed by four larval
instars, which take up to 30 days, depending on species, temperature, and nutrient
availability, then pupae and finally mature form emerge, firstly males then females
(Figure 1.13) (Ready and Croset, 1980; Alkan et al., 2013). Sandflies exhibit egg and
larval dormancy as well as diapause, which can be influenced by environmental factors
such as temperature and photoperiod (Ready, 2013). Male pheromones lure females to
mating locations, with the timing of this mating varying among species and occurring
either before or after the blood meal (Hamilton, 2022).
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Figure 1.12: Sandfly’s Life Cycle Schematic Representation

The sand fly life cycle consists of four main stages: eggs (pink background), larvae with four
instars (green background), pupae (yellow background), and adults (blue background). The last
two stages include distinct morphological features (highlighted within the circles) that help
differentiate between genders. Key characteristics of each stage (or sub-stage) are noted
alongside the images and the average development duration for each stage (Cecilio et al., 2022).

While male and female sand flies both consume nectar, only the females require a blood
meal to reproduce. Female sandflies are not picky hematophagous insects, and their
feeding choices cover a wide variety of vertebrate hosts, including humans, livestock,
dogs, amphibians, and birds. (Charrel et al., 2005; Anaguano et al., 2015; Dincer et al.,
2015; Costa et al., 2021) Although some studies have suggested preferential feeding on
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certain species (Pérez-Cutillas et al., 2020), the consensus of the literature is that
sandflies prefer blood meals from which ever species is the most abundant, thus,
minimizing the need for substantial movement that is otherwise limited by their short
flight range. When taking a blood meal, pathogens are transmitted to a host (Kamhawi,
2000). Temperature, humidity, and airflow all have an impact on feeding activity.
Though biting during the day might happen indoors in darkened areas or among shaded
vegetation/trees, most species feed around sunset and night when the temperature drops,
and the humidity rises (Killick-Kendrick, 1999). Adult sandflies can be found in caves
and rock crevices, tree trunks or tree hollows, domestic animal enclosures, masonry
crevices, and other dark, humid locations such as basements and wells (Durden and
Mullen, 2018). Sandflies typically have a silent and short-range with a characteristic
short hopping flight, though their maximum dispersion rarely extends beyond one
kilometre (Killick-Kendrick et al., 1986). In specific regions, sandflies were observed to
have a natural lifespan of 2-3 weeks, while in nature or captivity were documented to
survive for up to 2 months (Lewis, 1971; Ready and Croset, 1980).

1.3.4 Vector Control Measures

In the absence of widely used drugs and vaccines for vector-borne diseases, vector
control is the sole available method of protecting against outbreaks of disease. For some
insects, various strategies have been employed to reduce vector populations,
encompassing insecticides and more innovative methods, like genetic modifications.
Understanding vector ecology and epidemiology and implementing environmental
management tailored to the ecology and behaviour of local vector species are crucial to
achieving these goals (Wilson et al., 2020).

1.3.4.1 Conventional Methods — insecticides.

Insecticides used for disease prevention started with the discovery of 1,1,1-Trichloro-
2,2'bis(p-chlorophenyl) ethane, commonly known as DDT, in the early 1940s. DDT's
initial large-scale application was post-World War Il when it was deployed to combat a
typhus outbreak transmitted by body lice in war-affected European populations
(Wheeler, 1946). DDT were then used widely in the eradication programs against
mosquito-borne malaria in Europe (Bruce-Chwatt and De Zulueta, 1980) and the US
(Andrews et al., 1950). Despite the successes achieved using DDT, it is highly
persistent in the human body and its environment and causes harmful effects on human
and animal health (Beard, 2006). Studies suggested that DDT had adverse impacts on
the reproductive tract e.g., in wild birds (Ratcliffe, 1970). In addition, a high level of
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DDT in the postpartum was related to the reduced lactation period (Gladen and Rogan,
1995). Together these led to a ban of the use of DDT in the US in the 1970s (Kutz et al.,
1977; Benelli et al., 2016). It should also be noted that malaria has since resurged in

incidence throughout much of the range in which DDT were used.

Insecticide remains the cornerstone of control efforts. These applications (e.g., larvicide
and aerial ULV) were also performed to control WNV spread into the US population
(Ruktanonchai et al., 2014; Nasci and Mutebi, 2019) and CHIKYV in southern Europe
(Venturi et al., 2017). Organophosphates like malathion, temephos, and pyrethroids
such as deltamethrin, permethrin and carbamates have been employed since the 1990s.
Pyrethroids have also been utilised for long-lasting insecticidal nets (LLINS), thermal
fogging, and indoor residual spraying (IRS) for two decades (Tangena et al., 2018).
However, the use of these chemicals has bioaccumulation risks, and insecticide
resistance is now today’s reality. Their broad activity against multiple species also
causes death of non-target insects. In phlebotomine sandflies (Ph. argentipes, the vector
of VL in India), resistance mutations were detected to DDT and pyrethroids (Gomes et
al., 2017).

Briefly, larvicides (e.g., temephos), pyrethroid-treated ITNs, insecticide-treated
materials for personal protection, spraying of residual insecticides (typically either
pyrethroids, carbamates, or organophosphates), insecticidal treatment of habitat or
animals (e.g., cattle), insecticide-treated traps and target, topical repellent [e.g., N,N-
diethyl-meta-toluamide (DEET)], and spatial repellent have been using as chemical
vector control (Wilson et al., 2020), and WHO encourage the rotation of insecticide use,

to limit emergence of resistant variants (Knapp et al., 2015).

Despite insecticides' proven benefits in combating vector-borne diseases, their
widespread use has raised concerns, underscoring the necessity for alternative

approaches to address this global challenge.

1.3.4.2 Innovative Approaches

Recently, environmentally friendly, gene-driven alternatives of vector control have been
developed. Biocontrol strategies, particularly for mosquito, include mosquitocides, the
plant-based ovicides and larvicides (Tu, 2011), Bti and entomopathogenic fungi
(Scholte et al., 2004; Lacey, 2007), and mosquito predators (e.g., larvivorous fish)
(Griffin and Knight, 2012).
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Additionally, the release of male mosquitoes infected with endosymbiotic bacteria
Wolbachia has become popular, novel strategy of vector control. Wolbachia naturally
infects more than 50% of the insect species worldwide (Hilgenboecker et al., 2008),
transmitted transovarially and reduce the fertility of the infected insect such as causing
unviable offspring (Shaw and Catteruccia, 2018). These features led to consider
candidate for the biological control of vector-borne viruses. Studies have illustrated that
Wolbachia-infected mosquitoes are no longer susceptible to DENV and CHIKYV based
on disrupting arboviral replication and transmission (Walker et al., 2011; van den Hurk
et al., 2012). Trials with Wolbachia positive mosquitoes demonstrated promise in
establishing naturally occurring populations of Ae. aegypti mosquitoes infected with the
bacteria (Hoffmann et al., 2011).

Genetic modifications of mosquitoes are also being studied. These includes the release
of sterile mosquitoes that generating lethal mutations in their progeny. This approach
decreases the ratio of fertile wild-type males to released infertile males, which
ultimately diminishes or eradicates new offspring as the sterile males mate with wild
females (Benelli et al., 2016). A similar approach has been used with Glossina austeni
tsetse flies from Unguja Island, Zanzibar (Vreysen et al., 2014). Mosquitoes have also
been genetically modified to transmit a dominant lethal transgene to their offspring,
resulting in their death during the larval stage. This approach, known as RIDL (Release
of Insects carrying Dominant Lethal transgenes), is presently deployed in the field to
combat Ae. aegypti mosquitoes (Harris et al., 2012).

1.4 IMMUNOLOGY

Immunology was established as a scientific field in the 1800s, but our comprehension of
immunity traces back much further. As early as the 5" century BC, the Athenian
historian Thucydides noted individuals who were resistant to a second infection of the
plague. He used the Latin words “immunitas” and “immunis,” which means “exempt”
in English (Holladay and Poole, 1979; Silverstein and Bialasiewicz, 1980). By the
1700s, in the Ottoman Empire, active applications known as “variolation” to confer
immunity to smallpox were undertaken widely (Boylston, 2012). This practice involves
transferring superficial skin wounds of material from smallpox pustules. Later, Edward
Jenner observed that cowpox or vaccinia exposure provided immunity to smallpox. He
demonstrated that individuals who were already exposed to these less pathogenic
disease materials two months prior to exposure, were protected from smallpox

inoculation, and used the term "vaccination™ to describe the procedure (Jenner, 1802).
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In the late 19th century, Robert Koch defined that specific microorganisms are the
causative agents of infectious diseases (Kaufmann and Winau, 2005), while Louis
Pasteur also developed vaccines for cholera in chickens and rabies (Smith, 2012). In
addition to these groundbreaking practices, the fundamentals of immunology were
defined with the discovery of cellular immune responses (e.g., macrophages) and the
concept of “humoral” immunity by Metchnikoff, Von Behring, and Kitasato (Kantha,
1991; Tauber, 1992).

Together, these have paved the way for advancing our understanding of immunology.

1.4.1 The Immune System Tissues

The immune system safeguards the host against various threats, including pathogens
(e.g., viruses), harmful substances (e.g., toxins), and tissue damage. For this purpose, it
is specialised as a biological system consisting of organs and tissues interconnected by a
large web of lymphatic vessels (Schultz and Grieder, 1987). These organs can broadly
be classified into three categories: the primary, secondary, and tertiary lymphoid organs.
During embryonic development, primary lymphoid organs such as the bone marrow and
thymus form, play a crucial role in generating lymphoid cells. The bone marrow is
where both innate immune cells and adaptive immune cells (T and B lymphocytes) are
generated, and the thymus is where T-cells mature from thymocytes produced in the

bone marrow (Boehm et al., 2012).

Secondary lymphoid organs constitute lymph nodes, spleen, Peyer's patches in the small
intestine, and mucosal membranes (e.g., in the bowel), and tonsils (Ruddle and Akirav,
2009). All have special zones for naive T and B lymphocytes. Secondary lymphoid
organs, such as lymph nodes, serve as the site for initiating primary immune responses
to antigen derived from peripheral tissues e.g., the skin. Lymph nodes are located along
lymphatic vessels and act as filters, gathering antigen and antigen-presenting cells from
non-lymphoid organs. In contrast, mucosal lymphoid organs like Peyer's patches and
tonsils acquire antigens directly through the mucosal epithelium, as they lack afferent
lymphatics (Randall et al., 2008). The spleen, which also lacks afferent lymphatic
vessels, directly surveys the bloodstream for pathogens such as virus. Here, the spleen
stores various immune system cells such as splenic dendritic (DC) subsets,
macrophages and monocytes, which can migrate into blood stream or clear pathogens
directly from the circulation (Lewis et al., 2019). Tonsils are barriers that stop

potentially harmful pathogens from entering the body via the mouth and nose (Perry and
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Whyte, 1998). The colon, an example of a mucous membrane associated with lymphoid
tissue, defends the body with its mucous wall, which hosts cells that e.g., express
protective IgA antibodies (Mowat and Agace, 2014).

Lastly, tertiary lymphoid organs are ectopic accumulations of immune cells, akin to
secondary lymphoid organs, which emerge in peripheral tissues outside of the lymphatic
system, triggered by persistent local inflammation, such as in patients with rheumatoid
arthritis (Shipman et al., 2017).

1.4.2 Innate Immunity: primary defence against pathogens.

Innate immunity encompasses the initial defence mechanisms deployed against
pathogens and constitutes the first line of protection (Medzhitov and Janeway, 2000).
From microscopic unicellular eukaryotes to all multicellular animals and plants, they all
possess an innate immune system (Buchmann, 2014; Ji et al., 2022). Hence, it is not
surprising that innate immune features such as antimicrobial peptides, phagocytosis,
complement, and Toll-like receptors, emerged approximately 700 million years ago. In
comparison, adaptive immunity, which is present only in more complex multi-cellular
animals, arose in jawed vertebrates (fish) around 450 million years ago (Buchmann,
2014). In addition to swiftly identifying and eradicating harmful foreign invaders,
innate immunity plays a crucial role in preserving the equilibrium of tissue function.
This includes detecting and facilitating the repair of damaged tissues, as well as
disposing of ageing or dying cells to uphold tissue integrity. Importantly, the innate
immune cells called antigen-presenting cells (APCs), such as DCs, process antigens to
be recognised by lymphocytes and thereby initiate adaptive immunity (Nussenzweig,
2011). However, innate immune responses have potential to cause tissue damage and on
their own have no capacity to generate immune memory to infection. (Yatim and
Lakkis, 2015). Dysfunctional activation of innate immune responses can also contribute

towards development of autoimmune diseases (Lang et al., 2007).

The first initial defence mechanism consists of anatomic (e.g., skin, oral mucosa,
respiratory epithelium, intestine) and chemical (e.g., antimicrobial proteins) barriers.
Anatomic barriers have epithelial tight junctions that establish cell-cell contact, which
provide mechanical protection against pathogen invasion. Epithelial surfaces also
secrete antimicrobial proteins (e.g., defensins, cathelicidins) and antimicrobial enzymes
(e.g., lysozyme, secretory phospholipase A in tears and saliva) (Medzhitov and

Janeway, 2000; Schleimer et al., 2007). If these defence mechanisms are insufficient to
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prevent breach of anatomical barriers, plasma components, including complement can
also limit infection. The complement system consists of over 50 plasma proteins which
are mainly generated by the liver and can be activated by three distinct pathways: the
classical, alternative, and lectin pathways. Binding of complement to pathogens can lead
to their lysis, opsonisation or phagocytosis, and the initiation of inflammatory responses
(Kemper et al., 2023). Specifically, complement activation can limit arbovirus
infections, as mice that lack complement receptors are more susceptible to WNV
infection, resulting in earlier viral dissemination to the CNS (Mehlhop and Diamond,
2006). In addition, NS1 protein in flaviviruses, including DENV, binds complement
proteins (C4, C1s) and attenuates classical and lectin pathway activation (Avirutnan et

al., 2010), underlying their importance in host immunity.

1.4.2.1 Pattern Recognition Receptors

In 1989, Charles Janeway Jr. proposed the presence of receptors expressed by innate
immune cells responsible for recognising pathogen encoded molecules, which are
known as pattern recognition receptors (PRRs) (Janeway, 1989). PRRs are present in
various subcellular compartments, including cellular and endosomal membranes, the
cytosol, and extracellularly in secreted forms circulating in the bloodstream and
interstitial fluid. Upon binding their ligands, PPRs activate inflammatory responses
required to eliminate infectious pathogens, clear out damaged cells and tissues, and
initiate the healing process. Additionally, PRR signalling triggers co-stimulatory signals
in DCs that permit them to activate adaptive immune cells, especially T lymphocytes.
These PRR ligands are referred to as Pathogen-Associated Molecular Patterns—
PAMPs, and Damage-Associated Molecular Patterns—DAMPSs. In this section, we will
explore the primary PRRs essential for the host to detect viral encoded molecules and
initiate antiviral responses (Medzhitov and Janeway, 1997; Amarante-Mendes et al.,
2018).

Toll like receptors

The anti-microbial function of the Toll protein was first found in Drosophila
melanogaster, where it is required for the fruit fly's antifungal response. Homologs of
Toll, called Toll-like receptors (TLRS), are also expressed in vertebrate cells, and
possess either anti-viral, bacterial, and fungal activity (Takeuchi and Akira, 2010).
Humans have 10 distinct TLRs which are located on the cell surface membrane (TLR1,
TLR2, TLR4, TLR5, TLR6 and TLR10) and in intracellularly (TLR3, TLR7, TLRS,
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TLRY, TLR11, TLR12 and TLR13) (Kawai and Akira, 2010). TLRs possess a
transmembrane protein with leucine-rich repeats (LRRS) responsible for their horseshoe
shape, facilitating the recognition of PAMPs. Additionally, they share a cytoplasmic tail
containing a Toll-IL-1 receptor (TIR) domain crucial for intracellular signalling (Kumar
etal., 2011). Although they have common structures, they have evolved to recognise
motifs expressed by diverse pathogens including bacterial lipopolysaccharide (TLR4)
(Qureshi et al., 1999), viral single stranded RNA (TLR7-TLR8), DNA with
unmethylated CpG (TLR9), and double-stranded RNA (either as genomes or replication
intermediaries in viruses) (TLR3) (Nazmi et al., 2014).

Once these diverse motifs bind their TLRs, they lead to the expression of inflammatory
cytokines, chemotactic molecules, antimicrobial peptides, and type I IFN, such as IFN-a
and IFN-B, which are potently anti-viral. Following ligand binding, TLRs recruit TIR
domain-containing adaptor proteins such as MyD88, TIRAP, TRIF and TRAM. Most
TLRs use only MyD88, or other adaptor proteins paired with MyD88, whilst TLR3
interacts only with TRIF. TLR signalling with MyD88 activates the transcription factor
NF«B and mitogen-activated protein kinases (MAPKS), which induces the expression of
pro-inflammatory cytokines. In addition, TLR-3 and TLR-7, TLR-8, and TLR-9
activate members of the IRF family, which are localised in the cytoplasm via TRIF and
MyD88, respectively. IRF family members IRF3 and IRF7 are key for activating

antiviral type I IFN expression.
RIG-I like receptor family

The RIG-I-like receptor family (RLRs) senses viral RNAs produced within a cell, found
in the cytoplasm, and includes RIG-I (retinoic acid-inducible gene 1), MDA-5
(melanoma differentiation-associated 5) and laboratory of genetics and physiology-2
(LGP-2). RIG-I1 and MDA-5 contain an RNA helicase-like domain, a C-terminal
regulatory domain (CTD) and two N-terminal caspase recruitment domains (CARDS).
LGP-2 also has similar helicase and CTD domains, but it lacks CARDs (Reikine et al.,
2014). RIG-I detects the unaltered 5'-triphosphate end of single-stranded RNA (ssSRNA)
viral genomes. The RNA transcripts of Flaviviruses, along with those of numerous other
ssRNA viruses, possess this unmodified 5'-triphosphate end, making them recognizable
by RIG-1 (Chow et al., 2018). In contrast, MDA-5 recognises double-stranded RNAs
(dsRNA). Although CARDs are absent in LPG2, LPG2 can detect dSRNA and may



70

regulate the activities of RIG-I1 and MDA-5 during viral RNA recognition (Kell and
Gale, 2015).

Upon binding, virus RNA alters the conformation of these receptors, allowing RIG-I
and MDA-5 to interact with the mitochondrial antiviral signalling protein (MAVS).
MAVS propagates signals by recruiting various TRAF family members, like TRAF3,
which leads to the activation of TBK1 and IRF3/IRF7, the expression of type I IFN, and
the activation of NFkB (Zhang et al., 2010).

Nucleotide oligomerization domain (NOD) like receptors

Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are innate
immune receptors found within the cytoplasm of epithelial and immune cells, capable of
recognizing various bacterial peptidoglycans such as y-glutamyl diaminopimelic acid
(IE-DAP) and lipopolysaccharides (LPS). Some NLRs stimulate NFkB to initiate
inflammatory responses like TLRs, whereas others initiate a separate pathway leading to
cell death and the generation of pro-inflammatory cytokines (Liu et al., 2017; Kelley et
al., 2019).

Cytosolic DNA sensors

Lastly, there are over ten innate sensors of cytoplasmic DNA, called Cytosolic DNA
sensors, that can lead to the production of type I interferon. Their discovery stemmed
from observations showing that cells lacking TLR9 could still generate type I IFN in
response to double-stranded DNA (dsDNA). A cytosolic sensor called cGAS binds to
dsDNA, initiating the production of cyclic GMP-AMP (cGAMP). cGAMP then binds to
and activates the stimulator of interferon genes (STING) dimer located on the
endoplasmic reticulum (ER) membrane. This STING homodimer recruits and activates
TBK1, which subsequently phosphorylates and activates IRF3, resulting in the
expression of type | IFN (Goubau et al., 2013; Paludan and Bowie, 2013).

1.4.2.2 Cells of Innate Immunity

Innate immune cells play a pivotal role in detecting PAMPs, executing effector
functions like phagocytosis, and aiding in activation of adaptive immune responses. The
leukocytes which form the innate immune system arise from pluripotent hematopoietic
stem cells in the bone marrow (Collin and Milne, 2016). However, some tissue-resident
macrophages and Langerhans cells derive from the embryonic yolk sac and the foetal

liver (Collin and Milne, 2016). Pluripotent cells divide to generate two types of stem
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cells. One, the common lymphoid progenitor, gives rise to the lymphoid lineage of
leukocytes including innate lymphoid cells (ILCs), natural killer (NK) cells, and T and
B lymphocytes. The other, the common myeloid progenitor, gives rise to the myeloid
lineage, which encompasses the remaining leukocytes, red blood cells (erythrocytes),
and megakaryocytes responsible for platelet production (Bernareggi et al., 2019).
Briefly, the key innate immune cells and their importance in arbovirus infection will be

discussed here.
Granulocytes (Polymorphonuclear leukocytes)

Granulocytes originate from granulocyte/macrophage progenitor cells and undergo
maturation within the bone marrow. Their numbers increase in response to immune
activation, prompting their migration to sites of infection or inflammation, but are short-
lived. Eosinophils, basophils, and neutrophils are characterised by the presence of dense
granules containing a variety of enzymes and toxic proteins within their cytoplasm, and
nuclei which have distinctive shapes. Eosinophil granule proteins (e.g., o defensin),
along with reactive oxygen species (ROS) and pro-inflammatory cytokines, are
deployed to target various pathogens, including helminths and bacteria respectively.
Eosinophils are also involved in allergic reactions (Gigon et al., 2023). Basophils, the
only histamine-containing circulating leukocyte, play a crucial role in hypersensitivity
reactions and primarily contribute to the defence against parasites (Schwartz et al.,
2016).

Neutrophils, the most abundant leukocyte, are pivotal cells in innate immune responses
that express cytokines and can engulf a diverse array of microorganisms via
phagocytosis, leading to their neutralisation within intracellular vesicles. This
destruction is facilitated by utilising degradative enzymes and other antimicrobial
substances stored within their cytoplasmic granules (Borregaard, 2010). Neutrophils are
generated in large numbers (1 to 2 x 10*! each day in humans) and are often stored in
the bone marrow before their release into the circulation following inflammatory cues.
Here, they are released quickly in significant numbers, facilitated by upregulation of the
chemotactic cytokine receptor CXCR2. These cells circulate in the bloodstream in a
dormant state. Following infection, mature neutrophils transmigrate from blood into
infected tissues (Eash et al., 2010; Borregaard, 2010), where they can carry out various
actions to combat pathogens, including phagocytosis, generation of neutrophil
extracellular traps (NETS), and the expression of chemotactic and inflammatory
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cytokines, which recruit additional neutrophils and other immune cells, such as

monocytes, dendritic cells and T cells, to the site of infection (Rosales, 2018).
Mast cells

Mast cells are hematopoietic myeloid cells that originate from the bone marrow. They
are long-lived tissue-resident cells. Mast cells typically do not circulate in their mature
form. Instead, they complete their differentiation and maturation locally, following the
migration of their precursors into specific vascularised tissues including the skin or
cavities (e.g., airways and gastrointestinal tract) where they will ultimately settle. Their
granules hold numerous inflammatory mediators, including histamine and various
proteases, which contribute to shielding internal surfaces from pathogens, including
parasitic worms and allergic reactions (Kawakami and Galli, 2002; Galli et al., 2005).
When multivalent antigen crosslinks with IgE bound to FceRI, it triggers the activation
of mast cells. Therefore, degranulation, pro-inflammatory lipid mediators, and the
synthesis and secretion of cytokines and chemokines result from FceRI-dependent cell

activation (Krystel-Whittemore et al., 2016).
Monocytes

Monocytes are mononuclear myeloid cells that develop from haematopoietic stem and
progenitor cells in the bone marrow under the control of the transcription factor PU.1
and circulate in the bloodstream, where they can be stimulated by multiple cytokines,
including the macrophage colony-stimulating factor (M-CSF) (lto et al., 2009). The
controlled release of inflammatory monocytes into the blood is regulated by expression
of the chemokine receptor CCR2 (Mitchell et al., 2014). Here, circulating TLR ligands
active bone marrow cells to express CCL2, which in turn binds to CCR2 on monocyte,
triggering their release into the bloodstream (Shi et al., 2011). In addition, a reservoir of
monocytes in the adult spleen serves as a quick response to injury or inflammation
(Swirski et al., 2009).

Two primary types of monocytes have been extensively studied in mice and humans:
classical (Ly6C" CD43— monocytes in mice, equivalent to CD14"CD16-monocytes in
humans) and non-classical (Ly6C'® CD43+ monocytes in mice, corresponding to CD14-
CD16" monocytes in humans) (Coillard and Segura, 2019; Wolf et al., 2019).
Intermediate monocytes (Ly6C'™ CD43+ monocytes in mice and CD14+ CD16+

monocytes in humans) have also been identified (Zhu et al., 2016; Villani et al., 2017;
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Hamers et al., 2019). Among these three subsets, classical monocytes constitute
approximately 85% of monocytes, the percentage of intermediate and non-classical
monocytes are ~5-10% (Coillard and Segura, 2019). Functional differences, such as
migration to tissues, between these subsets exist (Geissmann et al., 2003); classical
monocytes are rapidly be recruited to the inflammation site and give rise to
macrophages or monocyte-derived dendritic cells (moDCs) or remain as monocytes
with antigen-presenting abilities. These cells have diverse roles in controlling infection,
limiting inflammatory damage, and initiating tissue repair. In contrast, non-classical
monocytes are recruited to non-inflamed tissues through a process reliant on the
chemokine receptor CX3CR1. They are distinguished by their capacity to patrol the
resting vasculature, clear cellular debris, and facilitate endothelial repair under
homeostatic conditions. Intermediate monocytes also share characteristics similar to
classical and non-classical monocytes (Auffray et al., 2007; Yona et al., 2013; Wolf et
al., 2019).

Macrophages

Macrophages are larger phagocytic cells that are either recruited to tissues from the
blood precursors or can be already tissue resident. Recruited macrophages tend to be
derived from monocyte precursors that differentiate in situ. These cells execute several
immune and inflammatory process and tend to be short lived. In contrast, tissue-resident
macrophages reside in most tissues from birth, originating from the embryonic yolk sac
and foetal liver during development. Macrophages continue to replenish throughout life

through the differentiation of classical monocytes.

The diverse appearance and function of macrophages across different tissues have been
defined, exemplified by microglial cells, osteoclasts, Kupffer cells, and bronchoalveolar
macrophages under resting conditions (Ginhoux and Guilliams, 2016; Link et al., 2018).
Macrophages, proficient in phagocytosis, play a pivotal role in eliminating cellular
debris, apoptotic cells, and pathogens by degrading them within phagolysosomes.
Moreover, they interact collaboratively with other cells of the innate immune system,
such as neutrophils, innate lymphoid cells, and natural killer (NK) cells (Molgora et al.,
2018).

Macrophage activation can be triggered by PAMPs or DAMPs by pattern recognition
receptors (PRRs). Activated macrophages can be categorised into two groups: M1-like
macrophages and M2-like macrophages. M1 macrophages are typically activated
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following exposure to bacterial components, like lipopolysaccharide (LPS) and the Thl
cell cytokine interferon-gamma (IFN-gamma). M2 macrophages are typically induced
by Th2 T cell derived cytokines such as IL-4 and 1L-13 (Egawa et al., 2013). Despite
increasing evidence suggesting mixed and context-dependent macrophage phenotypes,
the fundamental classification of M1-like and M2-like macrophages persists (Edwards
et al., 2006; Martinez and Gordon, 2014). As this thesis does not directly address this
issue, further elaboration on macrophage differentiation will not be provided [reviewed
in detail in ref (Mosser and Edwards, 2008)].

Dendritic cells

Dendritic cells (DCs) are a heterogeneous population and constitute ‘professional’
antigen-presenting cells. They detect and capture antigens and present them on their cell
surface in the context of major histocompatibility complex (MHC) molecules. DC,
being heterogeneous in nature, can be categorised into various groups according to their
anatomical localization, developmental origin, and primary functions. They arise either
from embryonic progenitor cells, which produce resident dendritic cells including
Langerhans cells, or from specialised myeloid-derived hematopoietic stem cells termed
macrophage/DC progenitors, which generate conventional DC and plasmacytoid DC.
Alternatively, DC can arise from Ly6C" monocytes, which, upon migration into tissues,
differentiate into inflammatory DC also called monocyte-derived DCs (moDCs) (Hespel
and Moser, 2012). Both inflammatory and conventional DC exhibit common
characteristics including morphology, migratory properties, surface markers such as
CD11c, MHC II, and costimulatory molecules like CD80/86 and CD40, which facilitate
their ability to activate naive T cells (Hespel and Moser, 2012).

Conventional DC (cDC) display high mobility, participating in diverse tasks such as
patrolling barrier tissues for pathogens. Following acquisition of antigen, these cells
relocate from peripheral tissues to lymph nodes to support either immune tolerance (in
absence of PRR signalling) or activation of T cells (in presence of PRR signalling). So
called ‘immature’ ¢cDCs that have yet to encounter a PAMP, demonstrate adept
phagocytic capabilities, which diminish upon encountering pathogens and subsequent
maturation. Once matured, cDCs present processed antigens from pathogens on MHC I
molecules, migrate to the T-cell zones in lymphoid organs, and secrete cytokines such

as IL-12. This enables the exposure of naive T lymphocytes to antigens carried by cDCs
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and DC-derived cytokines, which can result in the activation of T cells (Sichien et al.,
2017).

Plasmacytoid DC (pDC) are not efficient antigen presentation to T cells. Instead, they
can rapidly express abundant quantities of type I IFN upon detecting viral RNA via
TLRY7. Initially situated in the bone marrow, pDCs migrate to peripheral tissues in
response to chemotactic signals that activate CCR2 (Cella et al., 1999; Coccia et al.,
2004).

Inflammatory DCs have been described during pathogenic inflammations, including
cutaneous Leishmania major infection, fungal infections, pulmonary influenza
infection, and rheumatoid arthritis and have modulatory functions by producing
inflammatory cytokines and presenting antigens to CD4+ T cells (Segura and
Amigorena, 2013; Liu et al., 2021).

Innate lymphoid cells

Innate lymphoid cells (ILCs) are a type of lymphocyte that lacks antigen-specific
receptors found on T cells and B cells. They develop in the bone marrow from the same
common lymphocyte progenitor (CLP) that gives rise to B and T cells. The innate
lymphoid subgroup consists of NK cells, ILC1, ILC2, ILC3 and LTi cells (Eberl et al.,
2015). ILC1s, ILC2s, and ILC3s exhibit functional similarities to CD4+ T helper (Th)1,
Th2, and Th17 cells, respectively, while natural killer (NK) cells perform functions akin
to CD8+ cytotoxic T cells. ILC1s and Th1l cells respond to intracellular pathogens like
viruses and tumors; ILC2s and Th2 cells react to large extracellular parasites and
allergens; and ILC3s and Th17 cells combat extracellular microbes such as bacteria and
fungi (Vivier et al., 2018). ILCs will not be discussed in further detail due to their
absence of relevance in this thesis.

1.4.2.3 Innate Immune Response to Arthropod-borne Infection

Immune responses to arbovirus infections are quickly activated and have evolved to
robustly control levels of virus in tissues and blood. Consequently, most infections
result in a short course of illnesses (e.g., acute fever) and are self-limiting e.g., as
compared to immune responses to Herpes viruses that are lifelong. Innate immune
responses, such as the early generation of neutralising antibodies and the type |
interferon (IFN) responses have an important role in controlling these infections in the

first few days of infection (Elong Ngono and Shresta, 2018).
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The study found that blood cells from TOSV-infected patients released significantly
more IFN-a in response to TLR3 stimulation with the poly(A) agonist compared to
healthy controls. In addition, the CSF of the patients who suffer from meningitis or
meningoencephalitis associated with TOSV included a high IFN-a level. Together these
suggest an involvement of TLR3 in the antiviral response to TOSV (Varani et al.,
2015).

Many arboviruses have evolved viral mechanisms to antagonise IFN responses,
including ZIKV and TOSV (Gori-Savellini et al., 2013; Grant et al., 2016a). Type |
interferon signalling is inhibited by the NS5 viral protein of ZIKV, which cause the
degradation of STAT2 (JAK- STAT pathways in humans), an IFN-regulated
transcriptional activator (Grant et al., 2016a). Moreover, TOSV can antagonise the IFN
system by its non-structural protein (NSs) (Savellini et al., 2011; Gori-Savellini et al.,
2013).

Neutrophils can play important roles in response to vector-borne infections by
arboviruses or parasites. For instance, once a mosquito bites and exerts its saliva into
the skin inoculation site, the recruitment of neutrophils rapidly occurs. Following this
phenomenon, the influx of other immune cells to the site of infection is triggered, and
these newly recruited immune cells become targets of virus infections, including for
SFV, DENV, and BUNV. Experimental depletion of neutrophils reduced host
inflammatory response to bites and led to a better clinical outcome in virus infections
(Pingen et al., 2016; Schmid et al., 2016). Additionally, it has been shown that
neutrophils are susceptible to WNV infection and become infected. It has been
suggested that WNV-infected neutrophils may transport the virus into the central
nervous system (CNS), potentially contributing to neurological diseases like
encephalitis (Paul et al., 2017). In Leishmania infection, once a sandfly deposits its
saliva into the skin, it triggers a rapid influx of neutrophils. These neutrophils can be
infected by Leishmania parasites and exacerbate the infection in a mammalian host,

serving as a “Trojan horse” reservoir for parasite infection (Peters et al., 2008).

The role of monocytes in arbovirus infections can vary with each virus infection. For
instance, studies suggested that monocytes/macrophages are susceptible to CHIKV and
cause persistent infection, particularly in joints (arthralgia), which is related to
continuously releasing their inflammatory cytokines from infected these cells (Dupuis-
Maguiraga et al., 2012). Likewise, monocytes have been shown to be susceptible to
infection by both DENV and ZIKV (Durbin et al., 2008; Michlmayr et al., 2017). This
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was further demonstrated by infecting mice that lack the chemokine receptor CCR2.
These mice lack skin and circulatory monocytes and were protected from mosquito bite
enhancement (detail discussed in section 1.6.1.1) of SFV (Pingen et al., 2016).
However, monocytes have been suggested to protect against worse infection outcomes,
like CHIKV and Ross River virus (RRV); in mice defective in the circulating
monocytes model, the blood and tissues had higher viral loads of these viruses (Haist et
al., 2017). The same controversial study results have been shown for WNV infection
(Terry et al., 2015). These conflicting results underscore additional research's need to
elucidate whether monocytes predominantly exert a protective or detrimental effect

during arbovirus infections.

Resident macrophages in the skin are strategically positioned near the initial site of viral
entry, enabling rapid detection of invading pathogens through a variety of PRRs and
initiation of antiviral responses. However, research indicates that macrophages are
primary targets for infection by most mosquito-borne viruses and may serve to replicate
arbovirus in the skin (Pingen et al., 2016). Contribution of macrophages to the
pathogenesis of DENV has been suggested. Macrophages are one of the main targets for
DENYV infection, with C-type lectin domain family 5, member A (CLEC5A), serving as
the main receptor on macrophage surfaces for DENV. Following dissemination from
the skin, macrophages within both lymphoid and nonlymphoid tissues act as primary
reservoirs for DENV (Khanam et al., 2022). In addition, macrophage-secreted TNF-a
has been shown to cause endothelial cell damage in DENV infection (Zist et al., 2014).
Macrophages responses may also enhance JEV pathogenesis in the CNS. Here, the
CLECS5A receptor on macrophages binds JEV, causing excessive cytokine expression
(e.g., TNF-a, IL-1, IL-6), CXCL10, and other macrophage-derived chemokines. This
phenomenon helps permeabilise the blood brain barrier and allow JEV to pass more

easily into the brain and infect neurons (Yadav et al., 2022).

Skin DC express IFN following infection at mosquito bites (Bryden et al., 2020). These
cells have important roles in immune responses to arboviruses infection, because they
are some of the first cells to encounter virus and activate adaptive immune responses
(Albornoz et al., 2016). Interestingly, many viruses have evolved to infect DC, such as
TOSV, which infects DCs using the DC-SIGN receptor (Lozach et al., 2011).
Furthermore, cDCs have demonstrated high susceptibility to infection by various
arboviruses, including RRV, EEEV, VEE, CHIKV, and DENV (Marovich et al., 2001;
Schilte et al., 2010). It has been suggested that infected cDCs may migrate to lymphoid
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organs, and in doing so help with virus dissemination from the skin bite site. However,
it should be noted that cell free virus can also disseminate efficiently from skin to lymph
node via the lymphatics without requirement for cell migration (lannacone et al., 2010).
Interestingly, DCs infected with DENV cannot trigger efficient antiviral responses and
are compromised in their ability to activate T-cells. This implies that some arboviruses
have evolved mechanisms to suppress DCs' immune functions (Salazar et al., 2014;
Santos Souza et al., 2016).

1.4.3 Adaptive Immunity

The innate immune system offers essential mechanisms for promptly detecting and
eradicating pathogens, while adaptive immunity response is slow but has evolved to
provide a more comprehensive recognition of antigens. Adaptive immunity contains a
carefully regulated interaction among antigen-presenting cells and T and B
lymphocytes, enabling pathogen-specific immune responses, developing immunologic
memory which responds more effectively to restimulation, and maintaining host
immune homeostasis. This section will discuss the fundamental mechanisms of the
adaptive immune response, its primary cell types, and the significance of the adaptive

immune response in arbovirus infections.

1.4.3.1 Cells of Adaptive Immunity

T-cells and B-cells derived from the common lymphoid precursor in the bone marrow
(Kondo, 2010). The cells of the adaptive immune system encompass T lymphocytes,
which undergo maturation in the thymus, and B lymphocytes, which develop in the
bone marrow and play a vital role in humoral immunity by producing antibodies.
Lymphocytes exhibit high mobility; following development in the primary lymphoid
organs (thymus and bone marrow), they migrate to secondary lymphoid organs
including the lymph nodes and the spleen, which capture circulating antigens from

lymph and blood, respectively (Bonilla and Oettgen, 2010).
T-cells

T cell progenitors migrate from the bone marrow to the thymus. Within the thymus, T
cells undergo a series of developmental processes including commitment to the T cell
lineage under control of Notch signalling, rearrangement of the classical o/ T-cell
receptor (TCR), positive and negative selection, and differentiation into specific
lineages. After TCR recombination, T cells undergo positive selection, whereby those

with receptors capable of recognizing self-MHC molecules survive, while T cells
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lacking this ability undergo apoptosis. Around 95% of developing T cells are eliminated
via this selection. In the subsequent phase of T-cell development, termed negative
selection, the thymocytes possessing a strong affinity for MHC/self-peptide complexes
are eliminated through apoptosis. Next, developing T cells differentiate into two
lineages based on their TCR: CD4+ and CD8+ cells. CD4+ T cells are selected on MHC
class Il molecules, whereas CD8+ cells are selected with MHC class I. Following
maturation as antigen-naive cells, both lineages migrate into the circulation (Zufiga-
Pfltcker, 2004).

1.4.3.1.1 CD4+ T Cells

Most T cells in the human body are CD4+ T cells. They play a crucial role in defending
against infectious diseases but can also contribute to the development of allergies and
autoimmune conditions. CD4+ T cells are commonly known as "helper” T cells (Tw)
because their main function is to deliver cytokine signals to other effector cells and to
assist in promoting high-affinity antibody production by plasma B cells (see section
below) (Chopp et al., 2023). CD4+ T cells are activated when their TCR recognises a
particular peptide displayed on MHC-I1 expressed by antigen-presenting cells (APCs).
After recognition, naive CD4+ T cells undergo differentiation, influenced by factors
such as the intensity of the TCR signal, the cytokine microenvironment, and
transcription factor expression. T cell subsets include Thl, Th2, Th9, Th17, Th22, T
follicular helper (Tfh), and several types of Tregs (Li et al., 2014; Hirahara and
Nakayama, 2016). Naive CD4+ T cells become Tw1cells under the instructive influence
of interleukin-12 (IL-12) and IFNy, and secrete pro-inflammatory cytokines (e.g., [FNy,
IL-2 and TNFa) which are responsible for cell-mediated immunity. Interestingly, Th1 T
cells are the primary producers of IFNy, e.g., accounting for roughly 50% of all detected
IFNy during acute CHIKV infections in mice (Teo et al., 2013). Th2 cells develop via
activation with IL-4 and IL-10, and then express IL-4, IL-5, IL-6, IL-10, and 1L-13.
They play a role in response to extracellular immunity (e.g., anti-parasitic) and mediate
mast and eosinophil cell-related allergy. Regulatory T-cells (Tregs), an anti-
inflammatory CD4+ population, secrete inhibitory cytokines IL-10, IL-35, and TGF-p.
These cytokines regulate inflammatory CD4+ T cells and thereby maintain immune
balance and facilitate tissue repair. There is evidence of Tregs' involvement in CHIKV
and ZIKV pathogenesis (Guerra-Gomes et al., 2021; Gois et al., 2022). Finally, Th17
cells develop in the presence of IL-6, TGF-B, IL-23 and, IL-1p and secrete the IL-17

pro-inflammatory cytokine. Th17 cells protect the host from bacterial and fungal
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infections on mucosal surfaces but is also associated several inflammatory diseases
(e.g., psoriasis and rheumatoid arthritis), and CHIKV and RRV- induced arthritis
(Mostafavi et al., 2022a; Liu et al., 2022; Gomez-Bris et al., 2023). Each subset
stimulates an immune response against a distinct group of pathogens by activating cells
such as CD8+ T cells, NK cells, B cells (Chopp et al., 2023).

1.4.3.1.2 CD8+ T Cells

Naive CD8+ T cells activate upon recognizing specific peptides displayed by MHC
class I on APCs in peripheral lymphatic organs. Co-stimulatory signals and cytokines
from APCs or CD4+ T cells can also shape CD8+ T cell differentiation into cytotoxic
T-cells (CTL). CTLs contain perforin granules and granzymes, which when released
into target (e.g., infected) cells triggers infected cells' death via lysosomes and
apoptosis. Moreover, they produce cytokines (e.g., [IFNy and TNFa) that increase
cytotoxicity and stimulate macrophages (Mittriicker et al., 2014; Hay and Slansky,
2022). CD8+ T cells are vital for efficiently controlling CCHFV infection, by likely
producing antiviral cytokines and killing the infected cells. (Rao et al., 2023) showed
that mice lacking IFNy (Ifny—/—) and mice depleted of CD8+ T cells had higher viral
loads and worsened pathogenesis. Conversely, the cytotoxic effect of CD8+ T cells can
be harmful in the later stages of arboviral pathogenesis. For example, CD8+ T cell
activity is responsible for killing SFV-infected oligodendrocytes in the CNS, which

results in demyelination (Amor et al., 1996).

1.4.3.1.3y3 T cells

Lastly, yo T cells constitute a minor subset of T cells, comprising approximately 5-15%
of T cells in the peripheral blood and less than 5% in the tissues (e.g., dermis, spleen)
but important. They recognise antigens independently of MHC. The potential role of y5
T cells has been suggested in several arbovirus infections. For instance, these cells can
act as an initial source of IFN-y during dengue virus infection and enhance host immune

responses by eliminating virus-infected cells (Chen et al., 2022).
B-cells

B cells derive from hematopoietic precursor cells (HSC) in the bone marrow (BM). Due
to the rearrangement of the H-chain (V, D, J) and L-chain (V, J) gene segments
encoding the B-cell receptor (BCR), broadly three developmental stages (pro-B, pre-B,
and immature B cells) are undertaken in the BM. The goals of B cell development are;

generating a diverse antigen receptor which allow them to recognise over 5 x 102
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different antigens; altering or eliminating self-reactive B-cells/B-cell receptors (Pieper
etal., 2013).

After expression of IgM in immature B cells, they migrate from the bone marrow to
secondary lymphoid organs (e.g., spleen), where they progress through specific
transitional stages known as T1 and T2, ultimately maturing into long-lasting mature
follicular (FO) or marginal zone (MZ) B cells. Naive B cells can encounter antigens
either though their B cell receptor (BCR) or through, B cell-Trn cell interaction occurs.
BCR activation and T cell help induces naive B cells to proliferate and differentiate into
two primary cell types: memory B cell or long living plasma cells (Akkaya et al., 2020).
The cues supplied by activated CD4+ T cells also facilitate immunoglobulin class
switching in B cells from IgM and IgD to other isotypes like 1gG, IgA, and IgE, which
can occur along with somatic hypermutation to diversify their antigen binding repertoire
(Stavnezer et al., 2008; Steele, 2009). This leads to expression of high-affinity antigen-
binding antibodies. Antibodies protects the host by neutralising pathogens, marking
them for phagocytosis (opsonization), and providing a framework for activating the

complement system (classical complement pathway).

B cells and their antibodies exhibit a dual role in the immune response to arbovirus
infections, as they can either provide protection or exacerbate pathogenesis. For
instance, research indicates that antibodies like IgM and IgG produced in reaction to
SFV in mice conferred protective effects (Amor et al., 1996). On the other hand,
antibody-dependent enhancement (ADE) can occur for some arboviruses, when non-
neutralising antibodies enhance the entry of a virus into target cells via interactions with
Fcy receptors on immune cells. For example, during a secondary DENV infection,
DENV-antibody complexes attach to Fcy receptors on cells like macrophages, aiding
viral entry and replication. Elevated viral levels of DENV due to ADE prompt the
generation of inflammatory mediators and increase vascular permeability. This
phenomenon raises concern in vaccine development, particularly for viruses like DENV
and ZIKV, where ADE has been observed (Bardina et al., 2017; Elong Ngono and
Shresta, 2018).

1.4.4 Cytokines and Chemokines in Innate and Adaptive Immunity

A “cytokine” refers to a protein secreted by immune cells that influences the activity of
nearby cells with compatible receptors. Cytokines, generated by both immune and non-

immune cells (e.g., fibroblasts and endothelial cells), exert their effects through
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autocrine, paracrine, or endocrine signalling by binding to specific receptors on target
cells, eliciting diverse responses. They are classified into various groups based on their
structure and functions (Zhang and An, 2007).

Chemokines, a distinct subset of secreted cytokines, serve as chemoattractant, recruiting
leukocytes expressing correct chemokine receptors into chemokine expressing tissues.
Chemokines also play a role in organizing distribution of different cell types within
lymphoid tissues into specific areas, where specialised immune responses occur e.g., T
and B cell zones in lymph nodes. Here, key cytokines and chemokines involved in both
innate and adaptive immune responses will be briefly discussed, with special attention

to the type I interferon family, which pivotal in innate antiviral immunity.

1.4.4.1 IL-1 Family

Interleukin 1 (IL-1) family, consisting of proinflammatory cytokines primarily linked to
innate immune responses, and includes IL-1a, IL-1p, IL-1 receptor antagonist (IL-
1RA), IL-18, and IL-33. During infection or inflammation, epithelial cells, monocytes,
neutrophils, macrophages, hepatocytes, and tissue resident macrophages primarily
express IL-1a and IL-1f, which are pro-inflammatory and upregulate acute phase
response proteins in the liver (Lopez-Castejon and Brough, 2011). They also trigger the
secretion of additional cytokines such as IL-6 and TNF and can contribute to the

induction of Th17 adaptive immune responses (Chung et al., 2009).

1.4.4.2 Common y Chain (yc) Family

The cytokines IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 belong to a family that shares the
common cytokine receptor y chain (yc) (Spolski et al., 2017). The yc family cytokines
collectively regulate various aspects of lymphocyte development, growth,
differentiation, and survival, with clinical relevance extending to allergic and
autoimmune diseases, cancer, and immunodeficiency. CD4+ and CD8+ T cells
predominantly produce IL-2 when their T-cell receptors are stimulated (Liao et al.,
2013). IL-2 promotes the activation and proliferation of T helper (Th)1, Th2, and Th9
cells (Lin and Leonard, 2018). IL-4 serves as a potent cytokine for Th2 responses, plays
a role against extracellular parasite infections, and contributes to allergic reactions by
signalling B cells to undergo class switching to produce IgE immunoglobulins (Paul,
2015). IL-7 plays a pivotal role in the development and maintenance of T-cells, while
IL-9 supports mast cell proliferation. Furthermore, IL-15 is essential for the formation
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and persistence of NK cells, and 1L-21 facilitates the transformation of B-cells into
plasma cells, impacting immunoglobulin production (Spolski et al., 2017).

1.4.4.3 Common 3 Chain family

Cytokines that engage with a receptor containing the cytokine-specific o chain and the
common [} chain are categorised as the common 3 chain family. This group includes IL-
3, IL-5, and GM-CSF, which primarily regulate the differentiation and function of
myeloid cells, particularly in allergic responses. Specifically, IL-3 and GM-CSF
contribute to development of immune cells including macrophages, mast cells, and
polymorphonuclear cells, while IL-5, originating from T-cells, stimulates B-cell growth

and maturation (Shearer et al., 2003).

1.4.4.4 Tumor Necrosis Factor Superfamily

The tumor necrosis factor superfamily (TNFSF) encompasses more than 20 cytokines
and nearly 30 cytokine receptors, which together orchestrate signalling pathways crucial
for immune regulation, cell growth, differentiation, and apoptosis. Among these, TNFa,
primarily produced by macrophages and T-cells, is the most extensively studied. TNFa
exists in soluble or membrane-bound forms and interacts with TNF receptors TNFR1
and TNFR2. While TNFR1 is present on leukocytes and stromal cells, TNFR2 is found
on B-cells and T-cells. Upon TNFa binding, these receptors initiate signalling cascades
that activate NFkB or induce apoptosis. Excessive TNFa expression in the blood is the
primary mediator of endothelial permeabilisation that leads to organ failure during
sepsis (Sedy et al., 2015; Song and Buchwald, 2015).

1.4.4.5 Interferons

Interferons (IFNSs) are cytokines best known for their antiviral properties, but also are
potent cell growth regulators and immunomodulatory activity. IFNs are divided into
three families: type I, I, and 111. Type I IFNs contain multiple subtypes (Katze et al.,
2002), but IFN-a and IFN-p are the primary interests of this thesis. Type II IFN only has
IFN-y (Alspach et al., 2019), and the Type Il IFN family, also known as IFN-A, has
IFN-AL, -A2, -A3, -A4, and is mainly generated by infected cells located in mucosal
tissues, such as respiratory tract epithelial cells (Ye et al., 2019). IFN-o and IFN-f are
produced by various cell types, while IFN-y is specifically synthesised by select
immune cells such as natural killer (NK) cells, CD4+ T helper 1 (Th1) cells, and CD8+
cytotoxic T cells (Katze et al., 2002).
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Type | IFN is primarily produced by cells that sense viral PAMPs, with additional
significant expression from plasmacytoid dendritic cells (pDCs), which make abundant
type | interferons (IFN-a and IFN-B). Interestingly, pDCs typically trigger IFN
production without being infected following TLR7 activation (Swiecki and Colonna,
2015).

Type | Interferons

The type I IFN family includes IFNa, IFNB, IFN9, IFNg, IFNC, IFNk, IFNv, IFNt and
IFN®, and some of them show diversity in mammals, and are key players in the
Immune response against viruses (Pestka et al., 2004). IFN-a and IFN-f bind to
common cell-surface receptors, IFN-aR 1/ IFN-aR2 [also known as the IFN-o/3

(IFNAR) receptor] expressed on most differentiated cells (Dalskov et al., 2023).

IFN induction in response to viral recognition involves three main pathways, each
mediated by specific adaptor proteins (STING, MAVS, and either TRIF or MyD88) that
connect pattern recognition receptors (PRR) to downstream signalling components.
These pathways converge to activate the kinase TBK1, which phosphorylates
transcription factors IRF3 and IRF7 (Dalskov et al., 2023). These pathways also activate
NF-kB (Honda et al., 2006).
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Figure 1.13: The Type I IFN Signalling Pathway

Upon binding type I IFNs to the IFNAR receptor, composed of two subunits, IFNAR1 and
IFNAR2, JAK1 and TYK?2 kinases are activated, which phosphorylate STAT1 and STAT2.
These phosphorylated STAT proteins dimerize (STAT1-STAT2) and form a complex with
IRF9, creating the ISGF3 complex. The ISGF3 complex translocates to the nucleus, where it
binds to interferon-stimulated response elements (ISRESs) in the promoter regions of interferon-
stimulated genes (1SGs). Phosphorylated STAT1 can also dimerize with another phosphorylated
STAT1 molecule, forming a STAT1-STAT1 homodimer. This homodimer translocates into the
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nucleus, binding to Gamma-Activated Sequence (GAS) elements in the promoter regions of
specific genes. Created with BioRender.com

Following their expression, type | IFNs initiate antiviral responses by binding to a
shared IFNAR receptor. This binding activates the JAK1-STAT pathway, prompting the
formation of the ISGF3 complex comprising STAT1-STAT2 dimers and IRF9. ISGF3
then binds to interferon-stimulated response elements (ISRESs) in the nucleus, leading to
the transcriptional activation of various interferon-stimulated genes (1SGs) (Figure 1.14)
(Ilvashkiv and Donlin, 2014; McNab et al., 2015).

Nearly all viruses, including arboviruses, have evolved diverse pathways to disrupt the
IFN pathway (discussed in the 1.4.2.3 section). These include IFN induction/expression
inhibition, intercepting receptor binding of IFNs through viral decoy IFN receptors,
disrupting intracellular IFN signalling, and reducing 1SG expression levels (Katze et al.,
2002). It is known that IFNo/p receptor knockout mice, along with IFN-y receptor
knockouts, fail to generate an effective antiviral response (Kamijo et al., 1993). For
example, SFV infection of IFNAR knockout mice did not survive long after 24 hours

post-infection, unlike in wild type mice (Hwang et al., 1995).
Type Il Interferons

IFN-y has roles in innate and adaptive immune responses against viruses, bacteria, and
tumors, its dysfunction is evident in promoting some immunopathology. IFN-y
expression primarily occurs in differentiated T lymphocytes and natural killer (NK)
cells, ultimately resulting in the development of a polarised immune response consisting
of T helper (Th)1 CD4+ T cells and CD8+ cytolytic T cells. IFN-y upregulates multiple
IFN sensitive genes in many cell types and e.g., activates macrophages to become

highly anti-microbial.
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Figure 1.14: The Type II IFN Signalling Pathway

The sole type 1l IFN, known as IFN-y, interacts with the cell-surface receptor called the IFNGR.
Upon binding IFN-y to the receptor, JAK1 and TYK2 kinases are activated and promote the
formation of STAT1-STAT1 homodimers, which translocate to the nucleus and bind to
Gamma-Activated Sequence (GAS) elements located in the promoters of specific interferon-
stimulated genes (ISGs), thereby initiating their transcription. Created with BioRender.com

IFN-y binds the receptor IFNGR contains chains [FN-yR1/ IFN-yR2 and activates
JAK1, JAK2, STAT1, STATS3, and STAT5 (Figure 1.15). IFN-y exhibits diverse
functions such as promoting macrophage maturation and phagocytosis, boosting
expression of antigen presentation via MHC | and MHC Il molecules, inducing
apoptosis in infected cells, activating NK cells, facilitating class switch B cell
immunoglobulins from IgM to IgG and IgE, and promoting the differentiation of CD4+
T-cells into Thl cells (Pestka et al., 2004; Alspach et al., 2019). IFN-y or IFN-y receptor
knockout mice suffered from elevated viral loads in peripheral tissues early in WNV
infection, resulting in rapid dissemination to the CNS and early mortality (Shrestha et
al., 2006).

Type Il Interferons

The type III interferon family includes IFNA1, IFNA2, IFNA3, and IFNA4 and share
common heterodimeric receptor complex: IFN-AR1/ IL-10R2. When IFN-A binds to its
receptor, it triggers the upregulation of similar antiviral interferon-stimulated genes
(1SGs) as Type | IFNs (Figure 1.16) while inhibiting the proliferation of epithelial and
glioblastoma cells (Kotenko and Durbin, 2017). Importantly, the type 111 IFN system
has evolved as the frontline defence at mucosal barriers, which are the initial targets of
many invasive pathogens. For example, intestinal epithelial cells (IECs) depend on the

IFN-A-based autocrine system for antiviral protection. Intraepithelial T lymphocytes
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(IELs), in constant contact with the epithelial layer, also secrete both type I and type 111
IFNs upon antigen stimulation (Swamy et al., 2015).
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Figure 1.15: The Type III IFN Signalling Pathway

Type 111 IFNs bind to a receptor complex made up of the IFN-AR1 and the IL-10Rp. The
receptor binding activates the JAK1 and Tyk2 kinases, which phosphorylate STAT1 and
STAT2—the phosphorylated STAT1 and STAT2 heterodimers complex with IRF9 to produce
the ISGF3 transcription factor. The ISGF3 transcription factor binds to ISREs and promotes the
expression of 1SGs. Phosphorylated STAT1 can also dimerize with another phosphorylated
STAT1 molecule, forming a STAT1-STAT1 homodimer. This homodimer translocates into the
nucleus, binding to Gamma-Activated Sequence (GAS) elements in the promoter regions of
specific genes. Created with BioRender.com

1.4.4.6 Interferon-Stimulated Genes

The IFN response to pathogens leads to the transcription of hundreds of IFN-stimulated
genes (ISGs). IFN families trigger a distinct but partially overlapping group of 1SGs.
Furthermore, certain ISGs (e.g., viperin) can be directly activated by viral infections
even without IFN production, being regulated directly by factors like IFN regulatory
factors (IRF1, IRF3, IRF7), NFxB, or IL-1 signalling (Sarkar and Sen, 2004; Platanitis
and Decker, 2018). After the initial discovery of the first ISGs two decades ago, a meta-
analysis of ISG transcriptomes identified approximately 450 genes that were
consistently activated by type | IFNs in various cell types from different mammalian
species (Schoggins et al., 2011). It is now believed that the total number of ISGs may be
even greater. In terms of effector functions, ISGs exert antiviral effects through several
means: they directly disrupt viral replication (e.g., viperin), halt cellular metabolism that
may otherwise aid viral replication (e.g., antiviral ISG IFITM3 inhibits viral entry),

block protein synthesis, lower the threshold for apoptosis, increase the expression of
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antigen presenting class | MHC molecules, and enhance leukocyte migration by
upregulating chemokines; thereby boosting the likelihood of clearance by CD8+ T-cells
(Schoggins, 2019). For example, IFITM proteins enhance the trafficking of these
vesicles containing viruses to lysosomes, effectively blocking productive entry (Spence
etal., 2019).

Several ISGs are studied in this thesis and the following text summarises their function.
RSAD2/viperin

Radical-SAM-domain-containing-2 (RSAD2) encodes viperin, an endoplasmic
reticulum-associated, IFN-induced protein with broad antiviral activity across various
mammalian species, as well as in fish, birds, and reptiles. RSAD2 can act at multiple
stages of the virus life cycle including transcription, replication, assembly and release,
and its function also includes a chain terminator during virus RNA synthesis
(replication) in infected cells (Helbig and Beard, 2014; Rivera-Serrano et al., 2020). In
terms of RSAD?2’s role in arbovirus infections, for instance, a longitudinal
transcriptional study conducted on peripheral blood mononuclear cells (PBMCs) from
individuals infected with CHIKV unveiled the role of RSAD2 in combating infection.
Notably, RSAD2 showed significant induction in monocytes, the primary cellular target
of CHIKV in the bloodstream. Additionally, rsad2 knock-out mice exhibited elevated
virus titres and more pronounced joint inflammation than those with normal rsad2
expression (Teng et al., 2012). RSAD2’s enzymatic function, along with protein kinase
R (PKR), was also shown to be required for BUNV infection inhibition in a mouse
model (Carlton-Smith and Elliott, 2012).

ISG15

ISG15, a 15-kDa ubiquitin-like protein (UBL), is known as a potent and swiftly
upregulated interferon-stimulated gene (ISG) in response to pathogen invasion. ISG15
can conjugate with other proteins through an enzymatic cascade reaction, which is
called ISGylation and has been discovered to be crucial in the innate immune responses
triggered by type I IFN, playing a vital role in defending host cells against pathogens
including RNA viruses (Skaug and Chen, 2010). Pathogen activated immune cells,
including monocytes and lymphocytes express 1ISG15. Once inside the cell, ISG15 can
interact with proteins involved in innate immune signalling pathways, activating e.g.,
IRF3, STAT1, JAKZ; or inhibiting e.g., RIG-I; thus, modulating the expression of IFN.
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Moreover, extracellular secreted ISG15 can bind to the LFA1 receptor on cell surfaces,
stimulating the secretion of IFNy from NK cells and T cells, as well as promoting NK
cell proliferation and DC maturation (Zhang et al., 2021). Research into neonatal mice
lacking ISG15 showed a rise in susceptibility to fatal CHIKV infection. However, mice
deficient in the ISG15 E1 enzyme, which prevents conjugation, exhibited a viral load
similar to wild-type mice. However, isg15-/- mice exhibited notably higher levels of
pro-inflammatory cytokines and chemokines, leading to a reduced survival rate
(Werneke et al., 2011). Counterintuitively, an in vitro study suggested that ISG15
actually promotes ZIKV replication in a ISGylation-dependent manner, and in its
absence (isg15-/- cells) significantly reduced the ZIKV RNA level in A549 cells (Wang
et al., 2020).

IFIT

Following pathogen invasion, host innate immune responses activate IFN-induced
protein with tetratricopeptide repeats (IFIT) genes. The IFIT gene has counterparts in
various mammalian species, such as birds, fish, and amphibians (Diamond and Farzan,
2013). The IFIT family, comprising IFIT1, IFIT2, IFIT3 in both humans and mice, and
IFIT5 in humans, employs diverse antiviral mechanisms. Following binding to virus
RNA, translation is inhibited. IFIT binding helps identifying viral RNAs without 2°-O
methylation, and also with detecting viral RNAs that possess 5’-triphosphates (e.g.,
RVFV) (Pichlmair et al., 2011; Schoggins, 2014). IFIT proteins, found in the
cytoplasm, mediate their function while lacking enzymatic activity. Notably, WNV has
developed a 2°-O methylation of its RNA's 5’ cap to escape IFIT responses. When
WNV is engineered to lack this methylation, it becomes more vulnerable to IFIT
effects, hindering viral replication and mitigating CNS pathology; however, infectivity
is restored in IFIT1-deficient macrophages (Daffis et al., 2010). In vitro studies
conducted on A549 cells have demonstrated the significance of IFIT1 in limiting the
translation of both ZIKV and DENV proteins (Frumence et al., 2016).

1.4.4.7 Chemokines

Chemokines constitute a group of compact, highly conserved proteins that play crucial
roles in chemotaxis, haematopoiesis, and angiogenesis. They function by binding with
cell surface G-Protein Coupled Receptors (GPCRs). Four classes of chemokines exist,
distinguished by the positions of conserved cysteine residues: CC chemokines, CXC
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chemokines, XC chemokines, and CX3C chemokines (Miller and Mayo, 2017).

However, this thesis excludes discussion of the latter two chemotactic cytokines.

CC chemokines, comprising 28 members from CCL1 to CCL28, predominantly
stimulate migration of leukocytes including monocytes, basophils, eosinophils, T-
lymphocytes, and NK cells during inflammation and infection (Murphy et al., 2000).
Generally, chemokines including CCL2, CCL3, CCL4, CCL5, CCL11, and CCL13 are
categorised as inflammatory. For example, CCL2 is known for its chemotactic effect on
monocytes, which it sends to the inflammation site via forming a chemokine/receptor
complex (CCL2/CCR2) signalling (O’Connor et al., 2015). This thesis predominantly

investigated at expressions of CCL2.

In contrast, CCL18, CCL19, CCL21, CCL25, and CCL27 are considered homeostatic.
These homeostatic chemokines help orchestrate immune system function at rest e.g.,
enabling continuous recirculation of T cells between blood and lymph nodes. CCL1,
CCL17, CCL20, and CCL22 have dual functions, serving both inflammatory and
homeostatic roles (Le et al., 2004).

Currently, 17 members of CXC chemokines (CXCL1-CXCL17) have been defined.
Similar to CC chemokines, CXC-class chemokines have also been classified into
inflammatory (e.g., CXCL2), homeostatic (e.g., CXCL12), and dual-function
chemokines (e.g., CXCL10) (Bendall, 2005). Importantly, cells such as macrophages
express CXCL1 and CXCL2, which play a crucial role in recruiting neutrophils to the
site of inflammation. Neutrophils are particularly responsive to these chemokines
because they express receptors CXCR1 and CXCR2, which can bind to not only
CXCL1 and CXCL2 but also other related chemokines like CXCL5, CXCL6, CXCL7,
and CXCLS8. As a result, recruited neutrophils support and amplify the immune
response at the site of inflammation (Palomino and Marti, 2015). CXCL9 (monokine
induced by gamma-I1FN), CXCL10 (IFN-induced protein-10) are particularly involved
in Th1 CD4 and CD8 T cell recruitment and can be expressed by both type | and type Il
IFN in numerous cell types, including fibroblasts. These chemokines function by
binding to the CXCR3 receptor.

Chemokines can mediate influx of leukocytes into the CNS and cerebrospinal fluid
(CSF) across the blood-brain barrier (BBB) in meningitis and meningoencephalitis. A
study indicated that serum CXCL10 concentrations were significantly increased in the
acute phase of Tick-borne encephalitis (TBE) compared to the control group patients
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(Groom and Luster, 2011; Koper et al., 2018). In addition, CXCL10 is expressed by
murine-cultured astrocytes and microglia and may have a role for both physiological
and pathological processes in the CNS (Li et al., 2006). In a mouse model of SFV
encephalitis, the influx of immune cells contributed to lethal encephalitis during the
infection. Blocking CCR2 and CXCR3 receptors could reverse this pathogenic effect
(Michlmayr et al., 2014). This thesis primarily examined the expressions of CXCL2 and
CXCL10.

1.5 DERMAL BIOLOGY

1.5.1 Structure

The largest organ, the skin, provides a dual defence system, offering a physical barrier
against external injuries and an immunological barrier against pathogens. Furthermore,
it functions as a sensory organ capable of detecting stimuli such as temperature
fluctuations and tactile sensations. Additionally, it plays a role in maintaining proper
hydration levels and shielding against ultraviolet radiation and environmental toxins (Di
Meglio et al., 2011).

The skin is comprised of three main layers: the epidermis, the dermis, and subcutaneous
fat tissue (hypodermis) (Figure 1.17). The epidermis is composed of five layers: the
stratum corneum (the outermost layer), responsible for providing the protective barrier
between the inner and the external environment, stratum lucideum, stratum granulosum,
stratum spinosum, and stratum basale (Bird et al., 2018). The epidermis contains
keratinocytes (more than 90% of all epidermal cells) and resident dendritic cells, known

as Langerhans cells (Nestle et al., 2009).

The dermis has collagen fibres that provide strength and elasticity structure of the skin
and is categorised into upper papillary and lower reticular sub-layers. Although the
reticular dermis includes hair follicles, sebaceous glands, and sweat glands, both dermis
layers harbour fibroblasts, adipocytes, immune cells like dermal dendritic cells (DDCs),
afy T cells, yo T cells, natural killer (NK) cells, B cells, mast cells, and macrophages,
alongside nerve endings and blood vessels (Di Meglio et al., 2011; Nguyen and Soulika,
2019). In the context of arbovirus infection, the dermis, with its extensive network of
superficial blood vessels, becomes a prime target for hematophagous arthropods seeking
a blood meal, making it the primary site of virus deposition during infection (Briant et
al., 2014).
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Lastly, the hypodermis comprises fibroblasts and adipocytes. Adipose tissue in the skin
stores energy through fatty acids and serves as an endocrine organ crucial for regulating
glucose and lipid levels (Driskell et al., 2014). It releases various mediators, including
growth factors, adipokines, and cytokines, and houses numerous immune cells (Cildir et
al., 2013). Moreover, subcutaneous fat acts as insulation for the body, as fat is a poor

conductor of heat (Nguyen and Soulika, 2019).
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Figure 1.16: The Skin Structure with Its Three Layers and Cells

The skin comprises three distinct layers, each containing various cells and structures. The
epidermis is the outermost layer, housing keratinocytes, melanocytes, and Langerhans cells. The
dermis beneath the epidermis contains resident and migratory immune cells, connective tissue,
hair follicles, blood vessels, lymphatic vessels, and sweat glands. The hypodermis is the deepest
layer, consisting primarily of fat and connective tissue. Created with BioRender.com

1.5.1 Cells of the Dermal Compartment

One of the initial key stages in arbovirus infection involves the deposition of the virus
by hematophagous insects (e.g., sandflies and mosquitoes) during feeding. The virus is
mostly deposited in the dermis of the skin as the insects probe to locate a capillary or
create a blood pool to initiate feeding. However, there is a lack of understanding
regarding what occurs during the during the initial stages following the deposition of
arboviruses (such as TOSV) in the skin. This includes the identification of the initial
target cells of infection, as well as the involvement of local and migratory immune cells

and fibroblasts in the cutaneous immune response. In this section, the main cellular
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components of the epidermis and dermis and their influence on arbovirus infections will

be elucidated.

1.5.1.1 Cells of the Epidermis

The epidermis protects the body from the outside world and senses pathogens through
keratinocytes and Langerhans cells. As mentioned above, the most abundant cell type of
the epidermis is the keratinocyte. Keratinocytes offer both structural integrity to the
epidermis via keratin intermediate filaments and innate immune sensing, principally
through TLR1-6 and TLR9. They are also involved in anti-bacterial and anti-viral
defence via the secretion of B-defensins and type | IFN, chemokines, respectively
(Miller, 2008). Studies with distinct arboviruses have shown cultured keratinocytes are
susceptible to virus infection. For instance, WNV, DENV and CHIKYV can infect these
cells (Limetal., 2011; Briant et al., 2014). The primary skin-resident immune cell is
Langerhans cells (LCs) in the epidermis layer. Langerhans cells possess PRRs,
including Toll-like receptors (TLRs) 1, 2, 3, 5, 6, 10, and C-type lectin receptors
(CLRs), which enable them to detect and react to injury and infections effectively
(Collin and Milne, 2016; Martin et al., 2022). LCs in humans express langerin (or
CD207), a type Il membrane-associated C-type lectin, at their cell surface and inside the
Birbeck granules (BGs) in their cytoplasm. Langerin plays a role in the capture and
degradation of viruses by LCs such as HIV-1 (Ribeiro et al., 2016). An in vitro study
showed that USUV led to productive infection in human LCs as target cells for the virus
by escaping langerin-induced restriction. USUV is an emerging arbovirus
phylogenetically close to WNV (Martin et al., 2022). These cells are also susceptible to
DENV infection (Wu et al., 2000; Cerny et al., 2014). Moreover, the epidermis harbours
a distinct population of foetal-derived yd T cells, express a conserved TCR, known as
dendritic epidermal T cells (DETCs). Upon binding to their specific antigen, DETCs
secrete IFN-y and IL-2, thereby inducing local inflammatory reactions and facilitating
leukocyte proliferation, differentiation, and activation (O’Brien and Born, 2015).
Whether any of these data has in vivo relevance for arthropod transmitted virus is not

clear.

1.5.1.2 Cells of the Dermis

The dermis comprises an extracellular matrix composing collagen and elastic fibres
synthesised by fibroblasts. This matrix acts as a scaffold for the migration of immune
cells and maintains the structural integrity of the dermis (Nguyen and Soulika, 2019).

Fibroblasts also have immunomodulatory function by responding to inflammatory
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signals via their PRRs and synthesising many pro-inflammatory cytokines and
chemokines (Bautista-Hernandez et al., 2017). CHIKYV antigens were observed in
fibroblasts of the deep dermis in the human and mouse skin, as well in fibroblasts
located beneath the synovial wall of the joint connective tissue. Together, the study
suggested that CHIKV primarily infects fibroblasts, which may also explain its
preference for joints, and skin connective tissues (Couderc et al., 2008). CHIKV
infection in fibroblasts is inhibited by IFNp (Schilte et al., 2010). Moreover, the
susceptibility of primary human dermal fibroblasts to DENV has suggested these skin

cells as a significant site for primary replication (Bustos-Arriaga et al., 2011).

CD11b+ DCs (conventional), Ly6C" blood monocyte-derived dendritic cells (moDCs),
and macrophages are also found in the dermis. CD11b+ DCs are involved in
phagocytosis and antigen presentation via MHC class 11 molecules. Following antigen
uptake, dendritic cells migrate to the lymph nodes (LNs), activating T cells and leading
to the production of pro-inflammatory cytokines. moDCs exhibit poor migration
function to LNs but can potentially activate T cells within the dermis. Dermal
macrophage populations are crucial in recognizing pathogens through PRRs and
mediate local immune responses by releasing proinflammatory cytokines and
chemokines, which recruit neutrophils to the site of infection or inflammation
(Tamoutounour et al., 2013). Dermal DCs and dermal macrophages are also primary
cell targets for DENV.

Mast cells can also be found within the dermis (discussed in section 1.4.2.2), which are
crucial for antimicrobial immunity and allergic responses. Lastly, the dermis also
includes y3 T cells, which produce IL-17 type and IL-22 cytokines—dermal I1L-17
production influences in promoting the development of inflammatory skin conditions

such as dermatitis and psoriasis (O’Brien and Born, 2015).

1.6 VECTOR SALIVA AND INFECTION

Arboviruses infect susceptible arthropod vectors through a process that involves a cycle
of transmission between vertebrate hosts and their vectors. Virus is transmitted to a new
vertebrate host when the vector feeds for a blood meal. This transmission occurs when
the vector inserts its mouthparts into the host's skin during which it deposits saliva. If
infected, saliva may contain virus in addition to numerous vectors expressed factors that

have potent biological effects on the skin (Lefteri et al., 2022).
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When arthropods probe for blood vessels in the skin, they encounter a host response
characterised by haemostasis, inflammation, and immunity (if bite experienced).
Arthropods inject saliva composed of diverse molecules that overcome this response to
facilitate successful blood feeding (Ribeiro and Francischetti, 2003). In general,
hematophagous arthropods possess at least one factor that possesses anti-clotting, anti-
platelet, and vasodilatory properties, which typically vary significantly at the sequence
level among species. For instance, the saliva of Aedes species mosquitoes contains
sialokinin, a vasodilatory tachykinin-like peptide, but the saliva of Anopheles species
mosquitoes does not possess this exact molecule, but instead expresses different factors
that have skin vasoconstricting function (Schneider and Higgs, 2008). Pathogens have
also evolved alongside their vectors to enhance transmission efficiency. For example,
Leishmania parasites (Titus and Ribeiro, 1988) effectively establish infections in
experimental settings when transmitted with sandfly saliva, and mosquito saliva
augments many genetically distinct arbovirus infections (e.g., SFV, BUNV, WNV)
(Styer et al., 2011; Pingen et al., 2016). These results suggested that pathogen
replication within the skin bite site marks a crucial phase of infection, before virus is

able to disseminate to the blood and peripheral tissues distal from the bite.

This section will briefly focus on the effect of mosquito and tick saliva on arbovirus
infections, as well as the composition of sandfly saliva and its effect on Leishmania

parasite infection.

1.6.1 Mosquito Saliva

The injection of the virus in mosquito bitten skin, or virus co-injected with mosquito
saliva, or salivary gland extract (SGE), compared to the inoculation of the virus alone
(in an experimental setting), significantly influences the severity of virus infection
(Pingen et al., 2016; Pingen et al., 2017). Dengue virus (DENV), West Nile virus
(WNV), Semliki Forest virus (SFV) and Bunyamwera virus (BUNV) infections have
been shown to be augmented by these mosquito-derived factors in a mammalian host
(Styer et al., 2011; Pingen et al., 2016). The specific mechanisms underlying this pan-

viral enhancement are still important research subjects.

Briefly, the vascular response against mosquito saliva can enhance viral infection and
dissemination, via sialokinin (SK)-dependent vascular leakage. Aedes mosquito saliva
contains SK, which rapidly increases the permeability of the blood vascular barrier.

When virus is co-inoculated with SK alone in the absence of saliva, SK leads to a rapid
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induction of oedema, and leukocyte influx. Infection of some of these leukocytes,
primarily monocytic cells and their progeny leads to increased virus RNA at the skin
inoculation site and enhanced dissemination to the blood, compared to the virus alone

group (Lefteri et al., 2022). This is discussed in more detail below in section 1.6.1.1.

Another hypothesis regarding mosquito saliva-dependent enhancement suggests that
mosquito saliva may assist virus infection by suppressing host immune responses at the
site of infection. For example, cultured human keratinocytes showed significantly
higher viral loads during early infection with DENV in the presence of Aedes aegypti
saliva than those infected with the virus alone, suggesting that the enhanced infection
was associated with expression levels of IFNs decreased by salivary gland extract
(SGE) (Surasombatpattana et al., 2012). However, this mechanism is unlikely to
account for virus enhancement by mosquito saliva, as studies have shown that mosquito
saliva enhances DENV and ZIKV infection even when type I IFN is absent (Michael J.
Conway et al., 2014a; Schmid et al., 2016; Lefteri et al., 2022). Furthermore, the
presence of mosquito bites enhanced cutaneous type | IFN (e.g., IFN-B) and ISG gene
expression, indicating that bites do not promote virus infection by suppressing the
cutaneous induction of IFNs (Pingen et al., 2016).

1.6.1.1 The Host Inflammatory Response to Mosquito Biting Modulates Host
Susceptibility to Arthropod-borne Infection

Mosquito bites and saliva induce inflammation, leading to the recruitment of immune
cells to the site of inoculation. In addition, various immune cells are susceptible to
arthropod-borne viruses discussed in 1.4.2.3 section. Previously, our group showed that
mosquito bites caused an influx of inflammatory neutrophils, likely driven in part by
neutrophil-attracting chemokines such as CXCL2 and promoted by IL-1p. Recruited
neutrophils were themselves pro-inflammatory and resistant to virus infection.
Recruited neutrophils expressed chemokines that in turn recruited monocytes, including
CCL2. This resulted in an influx of virus-susceptible monocytic cells. The recruited
monocytic cells become infected and replicated new virus. Moreover, when neutrophils
are depleted, and IL-1p expression is reduced, the local skin response to bites is
suppressed. This in turn reduced virus replication and spread within the host. Blocking
the migration of virus-susceptible monocytes into the skin bite site, as seen in ccr2 -/-
mice, also prevents the enhancement of virus infection by bites (Pingen et al., 2016).

Likewise, another independent study illustrated that mosquito SGE induces the
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recruitment of inflammatory neutrophils and monocytes, potentially leading to
increased DENV infection (Schmid et al., 2016).

1.6.2 Tick Saliva

Unlike mosquitoes, tick species feed on blood for extended periods ranging from hours
to days or even weeks. As a result, tick saliva has evolved to contain numerous secreted
proteins with functions that are not yet fully understood. Tick saliva comprises hundreds
or thousands of proteins, a mixture of peptides, and non-peptide molecules, that aid in
blood feeding by disrupting verterbrate hosts' haemostasis, inflammation, and

immunity. The saliva also contains water and ions from the host blood meal, which

regulates the tick's water balance and supports attachment (Nuttall, 2019a).

Importantly, ticks have developed a distinctive set of immunosuppressive factors, likely
as an adaptation to their prolonged attachment to mammalian skin and avoid detection
during blood taking (Déruaz et al., 2008; Nuttall, 2019b). For example, tick-derived
cytokine binders, evasin proteins, directly inhibit the expression of pro-inflammatory
cytokines (Hayward et al., 2017). These immunosuppressive effects seem to facilitate
the transmission of tick-borne diseases indirectly. Tick saliva blocks the antiviral effects
of IFN-B, leading to increased replication of tick-borne encephalitis virus (TBEV) in
dendritic cells (Lieskovska et al., 2015). Tick saliva also exacerbates the infection in the
host in terms of its role in the dissemination and pathogenesis of arboviruses, like
mosquitoes. A study showed that tick saliva co-inoculated with Powassan virus
(POWV), an encephalitic tick-borne flavivirus, also increases viral loads and alters the
course of disease in the in vivo mouse model compared to infected mice with POWV

alone (Hermance and Thangamani, 2015).



98

1.6.3 Sandfly Saliva

The salivary system of sandflies comprises two salivary glands, ducts, a pump, and a
channel. These glands are paired, hollow organs surrounded by a single layer of

epithelium (Figure 1.18). The glands may vary in size and shape depending on the
sandfly species (Adler and Theodor, 1926).

Figure 1.17: Dark-field Microscopy for Phlebotomus duboscqi Salivary Glands
From (Lestinova et al., 2017)

The saliva of sandflies consists of compounds with anti-haemostatic, vasoactive,
immunomodulatory, and anti-inflammatory properties that counteract the host's natural
defence mechanisms, and the makeup of the saliva may vary due to species, geographic
locations, and gender. However, the protein concentrations typically range from about
0.18 to 0.8pug per gland. When comparing blood-feeding female sandflies to non-blood-
feeding males, the levels of salivary proteins in P. duboscqi were nearly 30 times
greater in females than in males (\Volf et al., 2000), suggesting most of these factors are

associated with facilitating blood feeding.

This includes immunomodulatory effects of sandfly saliva. For example, some
Lutzomyia and Phlebotomus species' saliva has an inhibitory impact on the activation of
T cells, while promoting the expression of Th2-type cytokines (Soares et al., 1998;
Mbow et al., 1998). Lutzomyia longipalpis saliva is also inflammatory in mice, with a
rise in macrophage numbers to skin, and increased expression of the monocytic
chemokine CCL2, pro-inflammatory IL-6, CXCLS8, and IL-12p40 (Costa et al., 2004).
Saliva also has immune suppressant effects by stimulating the expression of I1L-10 in
DCs, while decreasing the expression of co-stimulatory molecules CD86 and also
MHC-I1 on the surface of these cells. This effect hampers the dendritic cells' capacity to
present antigens (Carregaro et al., 2008). L. longipalpis saliva itself is also chemotactic

for macrophages (Teixeira et al., 2005)
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1.6.3.1 Sandfly Saliva Composition

Protein groups found in certain Phlebotomus and Lutzomyia species include antigen 5-
related proteins, apyrases, odorant-binding proteins (including D7-related and PpSP15-
like proteins), yellow-related proteins (YRPS), silk-related proteins, and lufaxin-like
protein. However, most salivary components remain unidentified; thus, their specific

roles are still unknown.
Odorant binding protein-like families

The role of D7-related proteins, approximately 27 kDa in size, found in sandfly saliva is
not fully understood. However, similar proteins in mosquitoes are known to bind
biogenic amines or eicosanoids, acting as anticoagulants. PpSP15-like proteins, around
15 kDa, are specific to sandflies (Abdeladhim et al., 2012) and exhibit highly variable
amino acid sequences, potentially leading to diverse functions among different sandfly
species. In P. duboscqi, two SP15-like proteins (SP15a and SP15b) demonstrate a high
affinity for the negatively charged surface of polymers like polyphosphate, heparin, and
dextran sulphate. They compete with coagulation factor XI1 for binding sites and inhibit
coagulation (Abdeladhim et al., 2014; Lestinova et al., 2017).

Antigen-5 protein family

The Antigen-5 family of proteins is part of the cysteine-rich secretory proteins, a protein
family commonly found in the saliva of various blood-feeding insects. Our knowledge
of these proteins is limited to other hematophagous insects, such as the kissing bug
(Dipetalogaster, a genus of Triatominae) because the functions of Antigen-5 proteins in
sand fly saliva has not yet been fully understood. Salivary Antigen-5 proteins from
Dipetalogaster maxima hinder neutrophil oxidative burst and platelet aggregation
(Assumpcao et al., 2013; Abdeladhim et al., 2016).

Silk-related protein family

Silk-related proteins, also known as salivary proteins 32-like (SP32-like), were first
identified in the salivary glands of Phlebotomus papatasi and share similarities with the
silk protein of Nephila clavipes, a spider species (Valenzuela et al., 2001). This protein
family is unique to sandflies. Importantly, PpSP32, a member of this protein family
from P. papatasi saliva, stands out as the immunodominant antigen in people living
where cutaneous leishmaniasis is prevalent. Therefore, it can potentially be an important

tool for epidemiological studies and a biomarker for sandfly exposure, specifically for
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P. papatasi (Marzouki et al., 2012; Marzouki et al., 2015). Recently, a study
demonstrated that PpSP32 induces a strong immunomodulatory effect on monocytes
and THP-1-derived macrophages derived from peripheral mononuclear cells of healthy
individuals. In addition, this protein also has anti-inflammatory activity, such as

reducing oedema in the vivo model (Souissi et al., 2023).
Yellow family of proteins (YRPS)

Yellow-related proteins are numerous in sandfly salivary glands. There are various
recombinant YRPs depend on sandfly species such as LIM17, LJIM17 and rSP03B and
PpSP42 and PpSP44, from Lutzomyia longipalpis, Phlebotomus perniciosus,
Phlebotomus papatasi, respectively. Yellow-related proteins were characterised as the
binders of biogenic amines (e.g., serotonin, histamine) (Xu et al., 2011; Abdeladhim et
al., 2016). Moreover, sand fly salivary yellow proteins display antigenic characteristics,
being identified by serum antibodies from experimentally bitten mammals (e.g., mice)
and naturally exposed animals such as dogs and humans (Rohousova et al., 2012).
Lastly, yellow proteins are being explored for potential use in anti-Leishmania vector-
based vaccines. For instance, LIM17 from L. longipalpis induced leishmanicidal, kills
leishmania parasites, Th1 cytokines in immunised dogs, while LIM11 provided
protection to laboratory animals against both Le. major and Le. infantum infections
(Rohousova et al., 2012). Conversely, mice vaccinated with P. papatasi yellow-related
proteins PpSP42 or PpSP44 triggered Th2 cytokine responses and worsened Le. major
infection (Oliveira et al., 2008).

Apyrase

Apyrase is a universal enzyme that prevents blood coagulation by diverse
hematophagous animals, such as mosquitoes and sandflies. This saliva component
breaks down nucleotide triphosphates (ATP) and diphosphates (ADP) into a
monophosphate (AMP) and an inorganic phosphate (Pi). Consequently, it eliminates a
significant physiological trigger for platelet aggregation released from damaged tissues
and blood cells (Rohousova et al., 2012). Apyrases are categorised into three families:
the 5 -nucleotidase family, initially identified in the salivary glands of Aedes aegypti
(Champagne et al., 1995); the CD39 family nucleotidase; and the Cimex family, which
is present in the salivary glands of sandfly species like P. perniciosus and L. longipalpis
(Lestinova et al., 2017). In addition to their hydrolyzing function, apyrases in sand flies

also exhibit antigenic properties. Antibodies from dogs exposed either experimentally or
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naturally to P. perniciosus strongly reacted to recombinant PpeSP01 and PpeSP01B
apyrases (Vlkova et al., 2011).

Lufaxin-like protein

An anticoagulant named Lufaxin was identified initially in L. longipalpis and then in all
sandflies studied so far. Lufaxin is a potent inhibitor of the coagulation Factor Xa (FXa)
that leads to thrombin production and fibrin clot formation (Collin et al., 2012).

Another compound in sandfly saliva is hyaluronidase, which helps take a blood meal.
The hyaluronidase enzymes play a significant role in insects feeding on superficial
haemorrhagic pools like sandflies.

The mentioned salivary components are incomplete, but a more detailed description is
beyond the scope of this thesis and more comprehensive information can be found in
(Abdeladhim et al., 2014).

1.6.3.2 Sandfly Saliva and Leishmania Interactions

Leishmania are obligate intracellular protozoan parasites that are responsible for causing
leishmaniasis (discussed in 1.2.6 section). An infected sandfly probes the skin multiple
times to find vessels, causing a blood pool from which it feeds. During this process,
Leishmania parasites are deposited with saliva at the blood-feeding site. The impact of
sandfly saliva on the host's haemostatic and immune systems alters the site, leading to
rapid neutrophil infiltration, which facilitates the establishment of Leishmania infection,
as the parasites can temporarily survive within these cells. The neutrophils then
coordinate the recruitment of cutaneous monocyte-lineage immune cells, which are also

targets for the parasites. (Peters et al., 2008).

The immunomodulatory capacity of Lu. longipalpis sandfly gland homogenate was
demonstrated by enhancing the recruitment of leukocytes to the bite site when
inoculated with Leishmania chagasi. This modulation could potentially facilitate
disease worsening as both neutrophils and macrophages are susceptible to parasite
infection (Teixeira et al., 2005). Furthermore, in vitro studies demonstrated that when
exposed simultaneously to both Leishmania chagasi and sandfly salivary gland extract
(SGE), neutrophils released increased higher levels of CCL2, a chemokine that attracts

parasite-permissive macrophages (van Zandbergen et al., 2004; Prates et al., 2011).

Sandfly saliva substantially increase the host's susceptibility to infection by the

Leishmania parasite. Le. major, the causative agent of cutaneous leishmaniasis, co-
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inoculated with Lu. longipalpis SGE, caused a larger lesion size on the skin inoculation
area and a higher parasite burden in a murine infection model (Titus and Ribeiro, 1988).
Furthermore, another study employing Ph. papatasi SGE, a natural vector of Le. major,
showed similar outcomes. Infections in the presence of SGE led to earlier, and more
destructive dermal lesions (Figure 1.19) with higher parasite count, resulting in
unrecovered disease overall (Samuelson et al., 1991; Lima and Titus, 1996; Belkaid et
al., 1998; Rohousova and Volf, 2006). Interestingly, the enhancement of Leishmania
infection appears to be specific to sandfly saliva, as saliva from Anopheles aegypti,
Rhodnius prolixus, or Ixodes scapularis did not show similar effects on Le. major
infectivity in mice (Titus and Ribeiro, 1988).

BALB/c C57BL/6

Figure 1.18: Photomicrograph of BALB/c and C57BL/6 Ears

10 weeks after intradermal injection of 1,000 L. major metacyclic promastigotes alone (A) or
with salivary gland sonicate (SGS) (B). From (Belkaid et al., 1998)

Interestingly, repeated exposure to bites from uninfected sandflies or immunization with
specific salivary proteins, provides protection against Leishmania infection in hosts. As
a result, sandfly salivary antigens are being utilised to develop a vaccine against

leishmaniasis (Lestinova et al., 2017). However, this approach is not within the scope of

the thesis, and no more detailed information will be provided.

1.7 ANTIVIRALS, VACCINES AND TREATMENTS FOR ARTHROPOD-BORNE
INFECTIONS

Approximately one hundred antiviral drugs, whether as single agents or combinations,
have received approval, with more currently in various stages of development. For
example, broad-spectrum antivirals (e.g., ribavirin, favipiravir) has been using inhibit

the replication of many viruses such as coronaviruses, influenza, and flaviviruses
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(lanevski et al., 2022). However, as of the time of writing this thesis, no specific
antivirals have been approved for the treatment of any arbovirus infection. Moreover,
there have been limited developments in vaccines for these infections. In practice, the
standard clinical approach to treating numerous arboviral infections involves managing
secondary symptoms with fluids, anti-inflammatory drugs, antipyretics, and analgesics.
Additionally, in regions at risk, control measures targeting arthropod vectors are

implemented, as discussed in 1.3.4 section detail.

We can consider several reasons that make developing antivirals and vaccines targeting
arboviral disease difficult. These include the presence of an immense number of distinct
arboviruses, the spontaneous and unpredictable nature of arboviral outbreaks, the high
cost of developing new drugs and the time post infection when anti-virals might be

administered.

Experimental antiviral agents come in various molecular forms, such as small
molecules, peptides, neutralising antibodies, IFNs, CRISPR-Cas systems, si/ShRNA,
and other nucleic acid polymers (NAPSs) (lanevski et al., 2022). Indeed, anti-arboviral
drugs exert their effects through various mechanisms in mammalian cells, primarily
targeting viral proteins and/or host cell proteins to hinder viral propagation, RNA
synthesis, entry, attachment, and secretion (Dong and Dimopoulos, 2021). This thesis
will give a few examples of recent experimental antiviral studies on arbovirus
infections. Sofosbuvir, a clinically approved nucleotide analogue, has demonstrated
efficacy against DENV, ZIKV, YFV and CHIKV, with the latter shown both in vitro
and in vivo systems, in which use reduced arthralgia and severe acute infection (Ferreira
et al., 2019). Another antiviral is an approved drug in Japan against influenza T-705
(Favipiravir/Avigan) that also provides in vitro efficacy against a range of RNA
arboviruses such as CHIKV, SFV, SINV, WEEV, WNV and ZIKV (Furuta et al., 2009;
Franco et al., 2023). Ribavirin, a broad-spectrum antiviral that interferes with virus
replication, is the only therapeutic agent for CCHF treatment, administered either orally
or intravenously, recommended by the WHO (World Health Organization, 2022).
Finally, polyphenols and plant extracts have undergone thorough investigation due to
their potential as antiviral agents against arboviruses, showing encouraging outcomes in
studies (Goh et al., 2020). As an example of these antiviral natural compounds,
resveratrol, a polyphenol mainly present in red grapes, has potent anti-inflammatory
effects. A recent study demonstrated that resveratrol disrupted the activation of MyD88-

dependent NF-kB signalling in mouse skin mediated by AaNRP, a mosquito salivary
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protein. Dietary supplementation of this phytochemical limited the enhancement of
ZIKV infection by suppressing AaNRP-mediated skin neutrophil infiltration and the
consequent recruitment of monocytic cells (Wang et al., 2024; Keskek Turk et al.,
2024).

Developing safe and efficient vaccines for arthropod-borne viruses is a priority in public
health. However, the licensed vaccine presently accessible for these viruses is limited.
The live attenuated 17D vaccine, developed in the 1930s, remains the sole yellow fever
(YF) vaccine in use. While a single dose of the 17D vaccine provides protection to over
95% of recipients within 30 days of vaccination, YFV continues to pose public health
challenges in South America and sub-Saharan Africa. This is due to factors such as the
cost and time required for vaccine production, alongside issues related to public
awareness and education (Collins and Barrett, 2017). Moreover, four types of JEV
vaccines are available: inactivated mouse brain-derived JEV, Vero cell-produced
inactivated JEV, live-attenuated JEV, and live-attenuated chimeric YFV-17D/JEV

vaccines (Srivastava et al., 2023).

DENV, which causes many millions of infections annually, is a prominent candidate for
vaccine development. DENV presents four distinct serotypes in nature: DENV-1 to
DENV-4. Initial infection with one serotype provides enduring immunity against that
specific serotype and temporary immunity against the other three for approximately six
months. The sole approved dengue vaccine, Dengvaxia (CYD-TDV), has restrictions on
its use because of its limited effectiveness against DENV-1 and DENV-2 and the
potential to cause severe dengue infection in individuals who have not previously been

exposed to the virus (Lee et al., 2023).

Following the recent ZIKV outbreak, WHO announced a public health emergency and
urged the global research and development sector to focus on preventive and treatment
measures against the virus. Subsequently, numerous vaccine initiatives commenced,
with several advancing to phase I trials and animal model kinetic studies, showing
promising results (Abbink et al., 2018). Although many leading projects have been
cancelled due to economic reasons and a decline in ZIKV cases, the results of two
MRNA-based ZIKV vaccines (MRNA-1325 and mRNA-1893) phase 1 trials were
published latterly. According to this, the first-generation mRNA-1325 vaccine
demonstrated good tolerance levels but elicited weak ZIKV-specific neutralising
antibody (nAb) responses. In contrast, the updated mMRNA-1893 vaccine exhibited a

satisfactory safety profile. It prompted robust and long-lasting Zika virus-specific nAb
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and serum binding antibody (bAb) responses following two doses, irrespective of the

individuals’ baseline flavivirus serostatus (Essink et al., 2023).

1.8 THESIS AIMS

Although the arbovirus grouping of viruses, being not defined by phylogeny, consist of
genetically highly diverse viruses, their transmission all occurs by hematophagous (e.g.,
mosquito, tick, sandfly) bites. This is a common aspect of the transmission route that
includes the host inflammatory response to arthropod-derived factors that are deposited
during virus inoculation. Including our group's previous research, several studies that
investigated host responses to mosquito-derived factors have indicated that these factors
have an important influence on infection and disease, aiding virus replication, and
dissemination within the mammalian host. Mosquito bites and saliva led to enhanced
virus replication in many infections, including SFV, BUNV, CHIKV, RVFV, DENV,
WNV, and Cache valley virus (CVF) (Pingen et al., 2016; Pingen et al., 2017). The
enhancement mechanism is associated with saliva-drive leukocyte influx, some of
which become infected and replicate virus (Pingen et al., 2017). Besides mosquito-
derived factors, tick saliva co-inoculated with an encephalitic tick-borne flavivirus
(Powassan virus), also increases viral titre and worsens disease (Hermance and
Thangamani, 2015). Taken together, these studies show that various arthropod-derived

factors can enhance host susceptibility to infection with genetically diverse arboviruses.

Sandfly species and the capacity of their biting to influence host susceptibility to
pathogens has been well studied in the context of Leishmania parasites. Here, sandfly
bite/saliva/salivary gland extract elicits an immune response that enhances the
Leishmania infection due to the inflammatory nature of various saliva components
(Teixeira et al., 2005; Peters et al., 2008). Here, biting/saliva causes neutrophils and
macrophages to infiltrate rapidly and localise to site where parasites are deposited, and
become infected (Peters et al., 2008; Lestinova et al., 2017).

In summary, the saliva of sandflies plays a crucial role in aiding parasite establishment
within the host. Importantly, there have been no published studies investigating the
effects of sandfly saliva on virus infection, particularly at the skin inoculation site. Of
viruses transmitted by sandflies, one of them stands out due to its potential to cause
serious neurological disease, TOSV. Although TOSV was first isolated from sandflies
in Italy, in 1970s and it is an important cause of meningitis, and encephalitis, it remains

a neglected virus with limited published data. Importantly, no mouse models are
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available for investigating TOSV pathogenesis. Furthermore, few in vitro and in vivo
studies have examined the target cells of TOSV infection, especially in the cutaneous
site. Indeed, the cell tropism of bunyavirales in skin are poorly defined in general. The
influence of sandfly-derived factors on TOSV infection are also not known (Varani et
al., 2015; Cusi et al., 2016). For this reason, the interactions between the virus, vector
and the host are poorly understood.

In this thesis we hypothesised that inflammatory responses to sandfly bite and/or
salivary factors will enhance infection with TOSV, supported by more frequent
infection of inflammatory cells recruited to the skin and worsening clinical outcomes,

including CNS infectiousness, of the virus.
Therefore, the aims of this thesis are:

1. To establish a novel in vivo mouse model of TOSV infection that

incorporates sandfly bite and salivary components.

2. To investigate whether sandfly bite and salivary compounds can modulate
either TOSV infection, or SFV infection, a well-defined mouse model of

arbovirus infection.

3. To define the cellular tropism of TOSV in the skin and whether sandfly-

derived factors affect this tropism.

Together, the findings obtained by this thesis will be crucial for our understanding of
TOSV pathogenesis at the arthropod-vertebrate interface. In addition, a better
understanding of the mechanisms responsible for arboviral enhancement gives the

potential to identify new candidates for therapies that e.g., target arthropod saliva.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 PLASTICS

Tissue culture plastics including plates, flasks, and 15ml, 50ml centrifuge tubes for this
thesis, were purchased from Costar®/Corning®, USA. 1.5ml and 2ml microcentrifuge
tubes were purchased from Eppendorf (Eppendorf, UK). 96 and 384 well PCR plates
were purchased from Starlab (Starlab, UK). Filter pipette tips were purchased from
Starlab (Starlab, UK).

2.2 VIRUSES

Virus stocks of Semliki Forest Virus (SFV4) were generated from plasmids containing
the genomic sequence, kindly provided by Prof. Andres Merits, University of Tartu.
Previously, plasmids had been electroporated into Baby Hamster Kidney (BHK)-21
cells to generate infectious virus. Toscana virus (strain 1812) from Italy, a strain known
to infect mice, originally isolated from a patient in Italy, was kindly supplied Prof.
Maria Grazia Cusi, University of Siena (Grazia Cusi et al., 2005). Virus stocks of BHK-
21-derived TOSV and kidney epithelial cells originated from an African green monkey
(Vero)-derived TOSV were cultured in the respective cell lines for 24 hours. Afterwards,
the supernatant was collected and centrifuged at 1000xg to eliminate large cell debris,
and virus titers were determined by applying plaque assays on BHK-21 cells. The
genetically modified TOSV (strain 1500590, lineage A, obtained from an infected
patient, which is an NSs-deletant rTOSV expressing mCherry, a reporter gene
(ANSs:mCherry), was kindly provided by Prof. Alain Kohl at the University of Glasgow
(Alexander et al., 2020).

2.3 CELL CULTURE

BHK-21 cells were used to grow-up Toscana Virus (TOSV) stocks. Furthermore, these
cells were used for our plaque assays to titre the virus stock and to determine viral titres
in vivo derived sampled. In addition, Vero cells were also used to obtain Vero-derived
TOSV stock. The cells were kept at -195°C in the nitrogen tank for long-term storage
and, the stock cell lines can be rapidly thawed in a 37°C water bath and transferred to a
T75 (a surface area of 75 cm?) (Corning®, USA) tissue culture flask or a T175 (a
surface area of 175 cm?) (Corning®, USA) flask containing the media when required.
BHK-21 and Vero cells were cultured at 37°C with 5% CO> in Dulbecco's Modified
Eagle Medium (DMEM) (Gibco™, USA), supplemented with 50 ml (10%) Foetal
Bovine Serum (FBS) (Gibco™, USA), 100 units/ml Penicillin and 0.1% mg/ml
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Streptomycin (Gibco™ USA), 1% GlutaMAX (Gibco™, USA) and 1% Tryptose
Phosphate Broth (TPB) (Gibco™, USA).

2.3.1 Growing Primary Cell Cultures

For various experiments in this thesis, primary cells from C57BL/6 and ifnarl-/- mice

were generated in vitro.

2.3.1.1 Fibroblastic-like Cells

Skin from the back of C57BL/6 or ifnarl-/- mice was dissected and immediately
transferred into 500ul of complete DMEM (Gibco™, USA) supplemented with 10%
FBS (Gibco™, USA), 1% TPB (Gibco™, USA), 5 ml Pen/Strep (Gibco™, USA) and
Sml GlutaMAX (Gibco™, USA). The dissected skins should be kept on ice until the
digestion process begins. Tissues were transferred to a new sterile 1.5 ml
microcentrifuge tube with 1 ml of digestion media containing 0.9ml of Hanks balanced
saline solution (HBSS) (Sigma-Aldrich®, USA), 100ul Collagenase D (Roche®, USA)
at a concentration of 1mg/ml (skin and spleen only), 50ul of Dispase II (Roche®, USA)
at a concentration of 0.5mg/ml (skin), and 8ul of DNase I (Roche®, USA) at a
concentration of 0.1mg/ml. Next, skin was chopped finely to aid the digestion process.
Samples were incubated at 37°C for 50 minutes, shaking at 1100RPM on an Eppendorf
thermomixer F1.5 (Eppendorf, Germany). After incubation, 500ul of complete DMEM
1s added to each sample to supplement the cells. Next, each sample is transferred to a
new sterile 50ml centrifuge tube through a 70uM cell strainer (Greiner®, Austria), using
1000pl of complete DMEM to flush any remaining cells from the 1.5ml microcentrifuge
tube and a further 1000ul of complete DMEM to flush the cell strainer. Cells were
centrifuged at 300xg for 5 minutes at 4°C then re-suspended in DMEM twice to remove
excess digestion media. Cells were then placed into a T25 (a surface area of 25 cm?)
(Corning®, USA) tissue culture flask (corning, USA) pre-coated with 0.2% gelatine
(ScienCell™, USA) containing complete DMEM (Gibco™, USA), supplemented with
10% FBS (Gibco™, USA), 100 units/ml Penicillin and 0.1% mg/ml Streptomycin
(Gibco™ USA), 1% GlutaMAX (Gibco™, USA) and 1% TPB (Gibco™, USA). Cells
were maintained at 37°C 5% CO; for several passages until only fibroblast remained
alive. Such cells were previously validated as fibroblastic, based on morphology and

flow cytometry assessed expression (CD45- CD40+) (Bryden et al., 2020).
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2.3.1.2 M-CSF Macrophages

Removed skin from the back of wild-type C57BL/6 or ifnari-/- mice and made an
incision on either side of the spinal cord to cut out the femur. The femur was kept on ice
until processing. Bone marrow from the femur was extracted by flushing cells from the
femur using 26-gauge needle and complete DMEM (Gibco™, USA), supplemented
with 10% FBS (Gibco™, USA), 100 units/ml Penicillin and 0.1% mg/ml Streptomycin
(Gibco™ USA), 1% GlutaMAX (Gibco™, USA) and 1% TPB (Gibco™, USA). Cells
were dissociated by gently pipetting up and down with a Sml pipette. Next, cells were
centrifuged at 300xg for 5 minutes. Cells were then re-suspended gently in Red Blood
Cell Lysis Solution (10x) (Miltenyi, Germany) (prepared by mixing 500ul of the buffer
with 4.5ml of dH>O) to remove red blood cells then incubated on ice for 5 minutes.
Cells were then passed through a 40um cell strainer (Greiner®, Austria) before lysis
buffer was quenched with complete DMEM. The centrifuge process was repeated, and
the cells were re-suspended in complete DMEM and counted in a hemacytometer. The
desired number of cells was placed in relevant tissue culture flasks or plates. Cells were
cultured at 37°C at 5% COz in DMEM (Gibco™, USA) supplemented with 10% FBS
(Gibco™ USA), 1% Pen/Strep (Gibco™ USA), 1% Glutamax (Gibco™ USA), 0.1%
Gentamicin (Sigma-Aldrich® USA) and 10ng/ml M-CSF (PeproTech/Gibco™, USA).
After 3 days (on day 4), cells’ media was removed and replaced with fresh DMEM
(Gibco™, USA) containing 10ng/ml M-CSF (PeproTech/Gibco™, USA) to ensure the
concentration of M-CSF remains sufficient to support the monocytes differentiation into
macrophages, 10% FBS (Gibco™ USA), 1% Pen/Strep (Gibco™ USA), 1% Glutamax
(Gibco™ USA) and 0.1% Gentamicin (Sigma-Aldrich® USA). On day 7, macrophages

became ready to use.

2.3.1.3 Flt3-Ligand Dendritic Cells

Bone marrow was processed as in the M-CSF macrophages protocol to get a single-cell
suspension. The desired number of cells was placed with complete DMEM with 200
ng/ml FIt3L (PeproTech/Gibco™, USA) in relevant tissue culture flasks or plates and
these cells were in suspension form, not adherent. Cells were kept at 37°C with 5% CO:
for 6 days. On that day, fresh DMEM with 200 ng/ml FIt3-Ligand was then added to the
cells. On day 10, mature pDCs can be used.
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2.3.2 Infection of Fibroblast-Like Cells, M-CSF Macrophages, and FIt3-Ligand
Dendritic Cells In Vitro with TOSV +/- Sandfly Salivary Gland Extract (SGE)

Primary fibroblasts-like cells and M-CSF macrophages were detached using Trypsin-
EDTA (0.25%) (Gibco™, USA) and suspension form FIt3L DCs were taken, and
centrifuged at 300xg for 5 minutes. Fibroblasts-like cells were then placed in a 24-well
plate (500ul suspension of cells in each well) while M-CSF macrophages and FIt3L
DCs were put into a 96-well plate, incubated overnight. Before using SGE on cells, it
was UV-sterilised. In addition, TOSV stock was diluted in 0.75% PBSA [prepared with
Bovine Serum Albumin Fraction V (Roche®, USA) and PBS (-Ca/Mg) (Sigma-
Aldrich® USA)] to relevant MOIs. Tissue culture plate was gently agitated for 1 hour at
37°C 5% CO» with virus, then complete media added. Cells were then incubated for a
further 24 hours at 37°C 5% CO.. Media were collected and cell pellets/monolayers
lysed with 350ul Lysis buffer (Invitrogen™ PureLink™ RNA Mini Kit, USA) with
10ul B-mercaptoethanol (Gibco™, USA) per ml lysis. Lysates were transferred to
QIAshredder columns (QIAGEN, Germany) and spun at 12,000xg for 2 minutes. The

samples were stored at -80°C until RNA extraction.

2.4 MICE

Wild type C57BL/6 mice were bred in the SBS facility at the University of Leeds.
Ifnar1-/- mice were purchased from the Jackson Laboratory and bred in-house at the
SBS at the University of Leeds. Mice were maintained at the SBS under specific
pathogen free conditions. All mice were between 4-12 weeks old at time of use and
were age and sex matched for experiments. All in vivo procedures were undertaken
following local ethical (AWERB) and Home Office (HO) approval (Personal License
183228479, Project Licences PP0258562).

2.4.1 In Vivo Model

This thesis utilised a well-established mouse model for SFV infection (Lefteri et al.,
2022). In addition, a unique mouse model for TOSV infection has been established here

and used.

2.4.1.1 Obtaining Sandfly Salivary Gland Extracts

Four-day-old female sandflies (non-blood-fed) from the cage using an aspirator and
were transferred into a small container placed on ice to immobilize them. Under a
dissecting microscope, use a glass slide with bottom lighting and add drops of

phosphate-buffered saline (PBS) onto the slide. Using tweezers, hold the sandfly by its



112

wings to prevent it from escaping during the dissection process if it wakes up. Carefully
remove the legs, then position the body near the edge of a PBS drop. Hold the sandfly
by the abdomen with tweezers and gently pull the head away from the body using a
hooked pin. The salivary glands will remain attached behind the head. Remove the
headless body from the slide. Next, carefully separate the salivary glands from the head
by placing a needle between the eyes or grasping the mouthparts with tweezers and
gently pulling. Ensure that no other tissues or hairs remain attached to the glands. The
glands were disrupted by sonication for 10 seconds, followed by centrifugation at
10,000xg for 2 minutes, after which the supernatant was collected (Giunchetti et al.,

2008; Bowles et al., 2015).

2.4.1.2 Sandfly Salivary Gland Extract and TOSV (strain 1812), TOSV Expressing
mCherry Fluorescent Protein and SFV Infection

Mice were anesthetised using isoflurane (Henry Schein®, UK) administered via
inhalation. 1ul of SFV4, TOSV (strain 1812), TOSV (ANSs:mCherry) in PBSA was
injected subcutaneously (s.c.) at certain concentration into the dorsal aspect of left foot
skin, with or without the equal volumes of sandfly salivary gland extract (SGE), which
was kindly supplied us by Prof. Petr Volf at Charles University in Prague. Injections
were carried out using custom-made point 4 style 33-gauge microneedles (Hamilton®,
Switzerland) and a 5ul volume glass 75 RN Hamilton syringe (Hamilton®,
Switzerland). Immediately following injections, mice were placed in their cages and

monitored carefully until they had regained consciousness.
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2.4.1.3 Sandfly Biting of Mice and TOSV (strain 1812) and TOSV Expressing mCherry
Fluorescent Protein Infection

Mice were anaesthetised with 0.1ml/10g of Sedator®/Ketavet via intraperitoneal (i.p.)
injection. The mice were placed in a specially prepared box that would protect their
entire bodies and allow them to breathe easily. Then, they were placed in the cage in a
way that only the dorsal side of left or right foot skin of their feet remained exposed.
Notably, the toes were covered with tape to prevent sandfly biting. At least two up to 4
sandflies were allowed to bite each foot. Sandflies were left to feed until fully engorged.
1ul of virus of either 10° PFU/ul TOSV (strain 1812) or 10° PFU/ul TOSV
(ANSs:mCherry) were then made subcutaneously accordingly directly at the bite site
using Hamilton® needles. Mice were then kept warm and monitored every hour until

recovery or injected with 0.1ml/10g of Revertor® reversal agent.

Figure 2.1: A specially designed box that ensures adequate airflow for mice during
blood feeding (left). Two female sandflies were taking blood on the upper foot skin
of a mouse (right).

2.4.1.4 Mosquito Biting of Mice and TOSV (strain 1812) Infection

Mice were anesthetised as above and placed on aluminium foil on top of the mosquito
cages in such a way as to only allow the dorsal aspect of left foot to be bitten (by no
more than 5 mosquitoes) until the insects were engorged. Particularly, the toes were
covered with tape to prevent mosquitoes biting. 1ul of TOSV (strain 1812) was then
injected subcutaneously, using Hamilton® microneedle, into the mosquito bitten area.
Mice were allowed to recover from the anaesthesia in a warm room (28°C) with access

to food and water and monitored every 30 minutes. In some cases, wild type C57BL/6
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mice were administered with the InVivoMab anti-mouse IFNAR-I, clone - MAR1-5A3
(2BScientific, UK) by subcutaneous administration (into the loose skin over the neck),

24 hours prior to infection.

2.4.2 Survival and Mice Monitoring

Ifnar1-/- mice infected with TOSV (strain 1812), a neurotropic virus in humans, were
monitored 4 times daily and weighed once a day for the entire duration of the
experiment. Mice exhibiting two or more of the symptoms listed in Table 2.1 were

promptly culled. All remaining mice were culled via Schedule 1 on days 15 or 21 post-

infection.
Moderate Severe
Loss of body weight of up to 20% Loss of body weight greater than 25%

Reduction in food and water consumption of up to | Reduction in food and water consumption of up to
40% less than normal for 72 hours 40% less than normal for 7 days or anorexia
(complete inappetence for 72 hours)

Staring coat-marked piloerection Marked piloerection accompanied with other signs

of dehydration including skin tenting

Subdued even when provoked. Limited peer Unresponsive to activity and provocation
interaction

Hunched intermittently Hunched persistently

Vocalisation if provoked Distressed — persistent vocalisation

Persistent oculo-nasal discharge Persistent and abundant oculo-nasal discharge
Intermittent abnormal breathing Laboured respiration

Intermittent tremors Persistent tremors

Intermittent convulsions Persistent convulsions

No self-mutilation Self-mutilation

Intermittent prostration (< 1 hour) Prolonged prostration (> 1 hour)

Table 2.1: Typical Signs in Mice Infected with a Neurotropic Virus and Their
Corresponding Severity Categories.

(Bryden et al., 2020)

2.4.3 Collection and Storage of Mice Tissue Samples

Mice were culled via the Schedule 1 Method (rising carbon dioxide inhalation). Tissues
taken depended on the experiment aims and included skin from the foot, popliteal
lymph node, spleen and brain. Blood samples were also collected from the lung cavity
following rupture of heart ventricles. Tissue samples were stored in 0.5ml RNAlater
(Sigma Aldrich®, USA) in 1.5ml tubes. However, spleen and brain samples were
halved and stored in 1 ml of RNAlater (Sigma Aldrich®, USA) to ensure thorough
permeabilization of the tissue by the RNAlater (Sigma Aldrich®, USA). All samples
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were stored at 4°C for the short term or at -80°C for the long term until RNA extraction.
Blood samples also were centrifuged (8000-10,000xg, 10 minutes), serum collected and

then stored at -80°C until use in plaque assays (unless stated otherwise).

2.5 PLAQUE ASSAYS

Plaque assays were performed to quantify titre of infectious virus in viral stocks and for
the quantification of viremia following virus infection of mice. The assays consist of
three main stages, which are cell preparation, infection with the virus stock or blood
serum samples, and read-out of plaque numbers. BHK-21 cells were exposed to 200ul
of sample containing virus to be quantified at an 80% confluency in a 12 well plate,
diluted in 0.75% PBSA (PBS with 0.75% bovine serum albumin), in duplicate.
Typically, each sample was diluted tenfold for several orders of magnitude, and each
dilution was titred for plaques. Diluted samples were added to each well and left for an
hour at 37°C, 5% CO2, swirling every 20 minutes to infect BHK-21 cells. Following
infection, 2ml of a 1:1 mixture of 2X MEM (Temin's modification) (Gibco™, USA)
supplemented with 5% foetal bovine serum (Gibco™, USA) and 2% Pen/Strep
(Gibco™, USA) and 1.2% Avicel (FMC Biopolymer, UK), which is a low-viscosity
overlay medium used in virus plaque assays, were then added to the cells. Cells were
incubated for either two days (SFV), or three days (TOSV) at 37°C with 5% COx.
Media was then removed, and cells were then fixed in 10% PFA (ThermoFisher, USA)
for an hour and dyed with 0.1% Toluidine Blue (Sigma-Aldrich®, USA) or 1% Crystal
Violet (Fluka™, Switzerland), which stains cellular matter, for at least 30 minutes.
Following staining, the bottom surface of a 12 well plate was washed in pressurised tap
water, then plaques were counted. PFU was calculated per ml using the following

equation:

PFU/ml = average number of plaques (in duplicate)-(Dilution Factor x Inoculation

Volume)

2.6 SERUM NEUTRALISATION ASSAY

The assay protocol has been designed to evaluate the efficacy of serum from infected
ifnarl-/- mice in neutralising TOSV. BHK-21 in 96-well plates (Figure 2.2) were
incubated overnight at 37°C in a 5% COz incubator. On the day of infection, serial
dilutions of the serum samples were made using 0.75% PBSA (PBS with 0.75% BSA)
in an empty plate on ice, lacking cells. The TOSV stock with 1000 PFU/ml was added

into all dilutions of serum and incubated at 37°C for 1 hour. During this process, if the
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serum contained antibodies against TOSV, they would bind to the virus. These mixtures
of virus/serum were then added to the cells in duplicate and incubated again for 1 hour
at 37°C, 5% CO,. Complete DMEM was then added, incubated and monitored for
cytopathic effect (CPE) over the next 1-3 days. After observing CPE, the supernatants
were removed, and 100 pl of 10% PFA (ThermoFisher, USA) was added to each well,
preserving their morphology and neutralising any remaining virus, and incubated at
least 30 minutes, removed, and 100 pul of 1% crystal violet dye (Fluka™, Switzerland)
added for at least 30 minutes, washed to remove excess dye. ImagelJ software (NIH) was
used to measure the integrated density (IntDen) for each well regarding the serum
dilution folds. The IntDen is the sum of pixel values in the selected area, corresponding
to the staining intensity. In this context, a lower integrated density would indicate a

higher number of plaques (more viral activity) and vice versa.
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Figure 2.2: The Neutralisation Assay 96-Well Plate Template

2.7 RNA EXTRACTION

RNA extraction protocols aim to isolate RNA from biological samples such as tissues
and cells. RNA extraction is a fundamental step in molecular biology, which allows
various analyses to be performed. In this thesis, the extracted RNA was used for gene
expression analysis and detection of viral RNA by Reverse Transcription and
Quantitative PCR (RT-qPCR). RNA extractions were carried out using the Invitrogen™
PureLink™ RNA Mini and Micro Kits for tissue and cell samples, respectively,

following the manufacturer’s protocol.

2.7.1 From Tissue Samples

Tissue samples in RNAlater solution (Sigma Aldrich®, USA) were transferred to 2ml
microcentrifuge tubes which contain 1ml TRIzol® reagent (QIAGEN, UK) and single
stainless-steel bead (QIAGEN, UK). A single stainless-steel bead was used for spleen,
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brain, or lymph node samples, whereas two beads were utilised for tougher skin
samples. Tissue samples were then homogenised by shaking at S0Hertz (Hz) for 10
minutes in a TissueLyser LT (QIAGEN, UK). 200ul of chloroform was added to each
sample, and the tubes were inverted 15 times to gently mix the solutions. The samples
were then centrifuged at 12,000xg for 15 minutes at 4°C, resulting in separation into
three phases: a lower phenol-chloroform phase, an interphase, and an upper aqueous
phase containing RNA. A volume of 400 ul from the upper aqueous phase containing
the RNA was transferred to a new 1.5ml RNase-free microcentrifuge tube along with an
equal volume of 70% ethanol. The samples were then vortexed for at least 10 seconds.
650ul of the mixture was placed into silica-based spin cartridges with collection tubes
and centrifuged at 12,000xg for 30 seconds at room temperature to bind RNA to the
column. Two wash steps were performed using wash buffer I and wash bufter II. For
each wash, either 350ul (for wash buffer I) or 500ul (for wash buffer II) was added to
the column, followed by centrifugation at 12,000xg for 30 seconds, and the flow-
through was discarded. Using the RNase-free DNase set (QIAGEN, UK), an on-column
DNA step was incorporated between the initial and subsequent washes with wash buffer
I. This step aimed to degrade any genomic DNA contamination, preventing SYBR
Green from binding. Each spin column received 80ul of DNase mixture, consisting of
10ul of DNase and 70ul of reaction buffer, and was then incubated at room temperature
for 15 minutes. Following the washes, the column underwent a 1-minute centrifugation
to ensure it was dry before RNA elution. RNA was eluted in RNase-free water, with
30ul added for lymph node samples, 60ul for skin samples, and 100ul for brain and
spleen samples. After incubating at room temperature for 1-2 minutes, centrifugation
was performed at 12,000xg for 2 minutes. The purified RNA was subsequently stored at
-80°C.

2.7.2 From Cells

The lysis buffer from Invitrogen™ PureLink™ RNA Micro Kit was mixed with 1% B-
mercaptoethanol (Gibco™, USA), and added to the cell samples. Cell lysate was
transferred to a QIAshredder column (QIAGEN, UK) and centrifuged at 12,000xg for 2
minutes to ensure complete lysis of cells. RNA extractions were conducted using on-
column purifications, following the same procedure as for tissue samples. However,
20uL of DNase master mix was added to each column in the relevant stage of the

protocol. In the final step, all cell samples RNA was eluted in 30ul of RNase-free water.
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2.7.3 Measurement of RNA Quality and Degradation

The RNA quantification and qualification were evaluated by nano-dropping 1pl of the
sample onto a NanoDrop ND-1000 Spectrophotometer (ThermoFisher, USA) blanked
with 1l of nuclease free water. The instrument measures the absorbance of the sample
at specific wavelengths. Good quality RNA samples typically have high concentrations,
indicating successful RNA extraction and minimal sample loss during processing. In
addition to RNA concentration, the NanoDrop can also provide information about the
purity of the RNA sample by measuring the absorbance ratio at 260/280 nm and
260/230. These ratios indicate the presence of contaminants such as proteins or phenol.
A ratio of ~2.0 is generally accepted as “pure” for RNA (Desjardins and Conklin, 2010;
Matlock, 2015).

2.8 COMPLEMENTARY (C)DNA SYNTHESIS

Acquired RNA was converted to cDNA using a High-Capacity RNA-to-cDNA Kit
(Applied Biosystems™, USA). The kit contained 20X Enzyme mix and 2X RT Buffer
Mix and was kept at -20°C when not used. For each reaction, 1ul of 20X RT Enzyme
Mix was combined with 10pul of 2X RT Buffer Mix in a 2ml microcentrifuge tube.
Additionally, 6l of RNase-free water was added to the enzyme-buffer mix per reaction
for skin samples, while 8ul of RNase-free water was added per reaction for spleen and
brain samples. Next, up to 2ug of total RNA in distinct volumes depending on the
sample per 20-pL reaction was used. The volume of RNA (9ul, 3ul, and 1pl, for lymph
node, skin, and spleen/brain, respectively) was placed in a 96-well plate; the enzyme-
buffer mix was then added to them, giving a final reaction volume of 20ul. After briefly
centrifuging the plate to remove bubbles, it was sealed with a StarSeal® aluminium foil
cover (StarLab, UK). Following, the plate was then transferred to the GeneAmp®
PCRsystem2700 (Applied Biosystems™, ThermoFisher, USA) PCR machine, where
the programme was ready: incubated at 37°C for 60 minutes, then stopped by heating to
95°C for 5 minutes and held at 4°C. After the RT reaction, the final cDNA was diluted 1
in 5 with nuclease-free water and became ready for use in real-time PCR applications or

long-term storage in a -20°C freezer.

2.9 REAL-TIME QUANTITATIVE PCR (RT-gPCR)

Quantitative Real-Time PCR (qPCR) was performed to measure the relative expression
of diverse transcripts throughout this thesis. A list of all primers targeting these

transcripts can be found in Table 2.2.
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This technique amplifies and simultaneously quantifies a targeted DNA molecule. It
combines the principles of traditional PCR with fluorescent probe (SYBR green used in
this thesis) technology to measure the accumulation of DNA products during the
amplification process in real time. By detecting fluorescence intensity in real time
during the PCR reaction, we can establish a relationship between the DNA
concentration in the PCR product and the fluorescence intensity. This relationship is
represented by the cycle threshold (Ct), which is the number of PCR cycles needed for
the fluorescence to surpass the background level. Essentially, a higher DNA
concentration results in reaching the cycle threshold more quickly, meaning fewer PCR

cycles are required.

2.9.1 Primer design

PCR primers for all genes of interest Table 2.2 were designed on the Primer3 software,

version 4.0 according to the following parameters:

To be between 18 and 23 base pair (bp) long

Melting temperatures (Tm) of primers are between 59.5°C * and 61°C
Primer GC% have between 40% and 60%

Ideally self-complementarity should be max 2.00**

Max 3' prime end self-complementarity should be 1.00

To be amplicons range from 60 — 150 base pairs

A O A

In the last five primer bases, more than two of G, C bases should be avoided to
the stable primer (two or below is better)

*Minimum Tm was lowered to 59°C if no primers were suggested by the software

**Maximum self-complementarity could be increased to 3 if no primers were suggested

by the software.

For each gene, two sets of primers were designed: one set for quantitative PCR and
another set to produce PCR products that were subsequently used to create standard
templates. Such standards enabled semi-quantitative qPCR to be undertaken. Primers
for standards were designed to amplify section where qPCR primers could bind. Primers
were purchased from Integrated DNA Technologies (IDT®, USA) and Sigma Aldrich®

(USA) and reconstituted to a final concentration of 0.1 nm/ul upon arrival.



Gene
Name
18S

Orientation

Forward
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Sequence

gactcaacacgggaaacctc

Product
size (bp)
124

NCBI Reference

NR_003278. 1

Reserve taaccagacaaatcgctccac
18S Forward cgtagttccgaccataaacga 443 NR_003278. 1
Standard Reserve acatctaagggcatcacagacc
TOSV Ns Forward gaaccagactttacgagccaac 102 X53794 .1
Reserve gccacctgagagcagacaa
TOSV Ns Forward ggttcaggccacaagaggt 519 X53794.1
Standard Reserve agcagtcaatccgtgctttt
SFV E1 Forward cgcatcaccttcttttgtg 173 DQ_189086
Reserve ccagaccacccgagatttt
SFV E1 Forward aagtgaagacagcaggtaaggtg 446 DQ_189086
Standard Reserve tatgagttgccccgagtttc
CXCL10 Forward tgccacgatgaaaaagaatg 182 NM_021274
Reserve aggggagtgatggagagagg
CXCL10 Forward atccctgcgagcctatcc 524 NM_021274
Standard Reserve aaacttagaactgacgagcctga
IFN-B Forward cacagccctctccatcaact 152 NM_010510
Reserve gcatcttctcegtcatctee
IFN-B8 Forward ggcttccatcatgaacaaca 399 NM_010510
Standard Reserve tcccacgtcaatctttecte
Rsad2 Forward tgaagcgtggcggaaagtat 73 NM_021384.4
Reserve tecttceccatctcagectca
Rsad2 Forward ctgtgcgctggaaggttttc 583 NM_021384.4
Standard Reserve cactggaccttgctcctctg
ISG15 Forward cgcagactgtagacacgctta 80 NM_015783.3
Reserve ctcgaagctcagcagaact
ISG15 Forward gtccgtgactaactccatgac 504 NM_015783.3
Standard Reserve tcccaaaagtcctccatace
CXCL2 Forward aagtttgccttgaccctgaa 129 NM_009140
Reserve tetetttggttcttccgttg
CXCL2 Forward cgcccagacagaagtcatag 484 NM_009140
Standard Reserve actcaccctctccccagaaa
IL-18 Forward cgctcagggtcacaagaaac 67 NM_008361.3
Reserve gaggcaaggaggaaaacaca
IL-1B Forward aaagtatgggctggactgtttc 410 NM_008361.3
standard Reserve atgtgctggtgcttcattca
TBP Forward tgctgttggtgattgttggt 99 NM_013684
Reserve aactggcttgtgtgggaaag
TBP Forward gagttgcttgctctgtgcetg 274 NM_013684
Standard Reserve atactgggaaggcggaatgt
CCL2 Forward ctcacctgctgctactcattca 153 NM_011333.3
Reserve ccattecttcttggggtca
Forward caccagcaccagccaact 519 NM_011333.3
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CCL2 Reserve gcatcacagtccgagtcaca
standard
TNF-a Forward caccaccatcaaggactcaa 96 NM_013693
Reserve gaggcaacctgaccactctc
TNF-a Forward tctgtgaagggaatgggtgt 420 NM_013693
Standard Reserve ggctggctetgtgaggaa
IL-6 Forward ttccatccagttgccttctt 171 NM_031168
Reserve atttccacgatttcccagag
IL-6 Forward tccagaaaccgctatgaagt 370 NM_031168
Standard Reserve ctccagaagaccagaggaaa

Table 2.2: Primer List. List of primers, primer orientation, sequences, product size
and NCBI reference for all qPCR primers used in this thesis.

(Pingen et al., 2016; Bryden et al., 2020)

2.9.2 Generating DNA Standards to Establish Standard Curves for Absolute
Quantitative qPCR

Generating DNA standards to establish standard curves for absolute quantitative gPCR
involves creating a series of known concentrations of DNA samples that will be used as
reference points in qPCR experiments. The standards employed were created by
performing a PCR reaction using a randomly selected sample known to possess the gene
of interest, along with primers explicitly designed for the target gene. 2l of cDNA
sample were mixed with 1pl each of the forward and the reverse primers as well as 25pl
of REDTaq® PCR Reaction Mix (ReadyMix™, Sigma-Aldrich®, USA) containing Taq
DNA polymerase, 99% pure DNTPs, reaction buffer, and an inert red dye in a 2X
concentrate, and 21l of Nuclease-free water. The mixture was then added to 0.2ml
PCR tube. A PCR reaction was then undertaken using the GeneAmp® PCRsystem2700
(Applied Biosystems™, ThermoFisher, USA) using the following programme:

3 minutes at 94°C
15 seconds at 94°C for denaturing of DNA
10 seconds at 60°C for annealing of primers — x40 cycles

50 seconds at 72°C for extension

7 minutes at 72°C -

Held at 4°C

A O
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The PCR product underwent electrophoresis on a 2% agarose gel containing ethidium
bromide, running at a voltage between 80 to 100V for 1 hour. The 50 bp DNA Ladder
(Invitrogen™, USA) served as a reference to determine the product's molecular weight
and the resulting bands were visualised using the ChemiDoc XRS+ gel imager (BioRad,
USA). Primers were purified only when distinct single bands appeared at the expected
molecular weight. In instances where no bands or multiple bands were observed, new

primers were designed, and the previous ones were discarded.

The PCR products were purified using QIAquick PCR Purification Kit (QIAGEN,
Germany). The QIAquick system employs an easy bind-wash-elute process. Five
volumes of Buffer PB were added to 1 volume of the PCR sample and then mixed. The
mixture was transferred to the spin cartridge containing a silica-based column and
centrifuged at 17,900xg for 30—60 seconds at room temperature. 750ul buffer PE
(contains ethanol) was then added before a second centrifugation. The flow-through was
discarded, and the QIAquick column was placed back into the same tube. The column
was then centrifuged for an additional 1 minute to dry. Purified PCR product was eluted
in 50ul of elution buffer containing 10 mM Tris-Cl. Lastly, the purified standards were
subsequently diluted 100-fold, labelled as 1072, and stored at -20°C until needed.

2.9.3 qPCR with SYBR Green

All RT-qPCR reactions in this thesis, were done using PerfeCTa SYBR® Green
FastMix (Quantabio, USA) for fluorescent labelling of DNA. SYBR Green I binds non-
specifically to double-stranded DNA (dsDNA). It shows minimal fluorescence when
free in solution, but its fluorescence significantly intensifies upon binding to dsDNA.
The benefits of using dsDNA-binding dyes include straightforward assay design
(requiring only two primers and no probe design), the capability to test multiple genes
rapidly without needing multiple probes, affordable (since probes are more costly), and
the ability to conduct melt-curve analysis to verify the specificity of the amplification

reaction (Navarro et al., 2015).

cDNA was diluted 1 in 5 in RNAse free water to prevent the RT buffer from interfering
with the PCR reaction, and reducing DNA concentration, which at higher levels can
inhibit Taq and thereby PCR efficiency. Subsequently, a master mix was prepared
consisting of cDNA, primers, RNAse free water, and PerfeCTa SYBR® Green FastMix
(Quantabio, USA). 5ul of SYBR Green I, 4ul of RNAse free water, and 0.15ul of

primer mix (forward + reverse) were mixed up for each sample. Of the master mix, 9ul



123

was then transferred to a 384 well plate. A triplicate technical replicate was made for
each sample. A standard curve was created by performing serial 10-fold dilutions of the
102 PCR standard. Moreover, a non-template control (NTC) containing RNAse free
water was included on the plate with the master mix. Once all samples were loaded into
the 384-well plate, it was briefly centrifuged at 400xg for 15-30 seconds to eliminate
any air bubbles. After centrifugation, the plate was sealed with clear Polyolefin StarSeal

(PCR) (StarLab, UK) and stored at 4°C in the dark until the reaction commenced.

The 384 well plate were run on QuantStudio™ 7 Flex Real-Time PCR System (Applied

Biosystems™, USA) and the protocol was composed of the following steps:

1. 95°C for 3 minutes

2. 95°C for 3 seconds x25-40 cycles

3. 60°C for 30 seconds

4. Disassociation and melt curve (records fluorescence between the final

temperature increase of 60°C to 95°C)

The Ct value was automatically computed by the QuantStudio software, identifying the
logarithmic phase of the PCR reaction. The threshold was determined at the cycle where
fluorescence surpassed background levels. Semi-absolute quantities of each sample
were determined based on their placement on the standard curve. The standard curve's
efficiency required close to 100%, as indicated by a coefficient R*2 > 0.998 and a slope
of 3.3 (indicating a doubling every PCR cycle). Melt curve analyses were performed to
assess PCR product specificity, with a single peak indicating one specific amplicon had

been generated.

2.9.4 Normalisation with Reference Genes

To address potential disparities in the absolute quantities of nucleic acid among
samples, normalization to a reference/housekeeping gene was performed. Samples can
show variations in nucleic acid quantities. This difference can result from variations in
tissue size and degradation of RNA/cDNA throughout the freeze-thaw cycle. Unless
specified otherwise, the 18S gene was mostly utilised as the housekeeping gene for RT-
gPCR data analysis in this thesis. Most other housekeeping genes have been shown to
be differentially expressed following virus infection and are not suitable (Pingen et al.,
2016). The 18S gene comprises ribosomal RNA (rRNA) from the 18S ribosomal
subunit. 18S exhibits stability and ubiquitous expression across all tissues during

arbovirus infections, including bunyaviral. The relative expression levels of the genes of
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interest were normalised by dividing the quantity of each gene by the quantity of 18S in
every sample. Finally, this result was multiplied by the arbitrary value of 1 x 10"7 to

obtain final values on an appropriate scale.

2.9.5 Analysis

Data analysis was carried out using Microsoft Excel by calculating the median quantity
of technical replicates and normalising values to the housekeeping gene, which was

similarly quantified using a standard curve.

2.10 FLUORESCENCE-ACTIVATED CELL SORTING (FACS)

The fluorescence-activated cell sorting (FACS) technique was frequently used to
investigate the response of skin cellular composition, either leukocytes or stromal,

during virus infection with or without sandfly factors.

2.10.1 List of Antibodies, Antibody Clones, Fluorophores

The antibodies (Table 2.3) in established different FACS panels were utilised to define

different cell populations in the skin depending on the aims of the experiments in this

thesis.
Antibody Clone Fluorophore Manufacturer
CD11b M1/70 APC BioLegend
MERTK (Mer) 2B10C42 APC-Cy7 BioLegend
Ly-6G 1A8 Brilliant Violet 421 BioLegend
Ly-6C HK1.4 PE BioLegend
MHC Il M5/114.15.2 APC BioLegend
CD11c N418 Pe-Cy7 BioLegend
Vimentin 280618 APC Biotechne
CD326 (Ep-CAM) G8.8 APC-Cy7 BioLegend
CD326 (Ep-CAM) G8.8 FITC BioLegend
CD31 390 PE BioLegend
CD31 390 Pacific Blue BioLegend
CD31 390 FITC BioLegend
CD90.2 (Thy1.2) 30-H12 PE/Cy5 BioLegend
CD90.2 (Thy1.2) 30-H12 Pacific Blue BioLegend
Podoplanin PMab-1 Alexa Fluor 647 BioLegend
CD140a (PDGFR-a) APA5 PE/Cy7 BioLegend
Ly-6A/E (Sca-1) W18174A PE BioLegend

Table 2.3: List of Antibodies, Antibody Clones, Fluorophores, and Manufacturer.
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2.10.2 Tissue Digestion

Collected skin samples were immediately transferred and submerged in 500l of
complete DMEM and kept on ice until tissue digestion. Skin samples were moved to a
new sterile 1.5ml microcentrifuge tube with 1ml of digestion solution containing 0.9ml
of Hanks balanced saline solution (HBSS) (Sigma-Aldrich®, USA), 100ul Collagenase
P (Roche®, USA) at a concentration of 1mg/ml), 50ul of Dispase II (Roche®/Sigma
Aldrich®, USA) at a concentration of 0.5mg/ml, and 8ul of DNase I (Roche®, USA) at
a concentration of 0.1mg/ml). Skin samples were then quickly chopped into small bits
using new sharp scissors. Following, samples were incubated at 37°C for 50 minutes,
shaking at I100RPM on an Eppendorf thermomixer F1.5 (Eppendorf, Germany). After
incubation, the samples were kept on ice, and 500ul of complete DMEM was added to
each sample to protect the viability of the cells. Next, each sample was transferred to a
new sterile 50ml tube through a 70pum cell strainer (Greiner®, Austria), using 1ml of
complete DMEM to flush any remaining cells from the 1.5ml tube and a further 1ml of
complete DMEM to flush the cell strainer. Cells were centrifuged at 300xg for 5
minutes at 4°C and re-suspended in an appropriate volume of DMEM, which was used

to plate equal numbers of cells per well in a 96 well round-bottom plate.

2.10.3 FACS Staining

Cells were divided in equal numbers into a 96 well round-bottom plate. 250ul of FACS
buffer (100ml PBS (-Ca/Mg), 500uL FBS, 400uL EDTA 0.5M) was added to each well
and centrifuged at 300xg for 5 minutes at 4°C. The plate was flicked up and down to
discard the supernatant. This stage was repeated one more time. The cells were re-
suspended in 50ul of Fc Receptors Block (BD Pharmingen™, USA) prepared with 2ul
Fc block reagent and 48ul FACS buffer per well and incubated on ice for 5 minutes.
Next, 50ul of the antibody mix containing 0.25ul of each antibody per sample was
added and incubated in the fridge in the dark for 45 minutes. At this stage, Anti-
Rat/Hamster Ig x/Negative control compensation beads (BD™ CompBeads, USA) were
also stained. This was done by adding 1 drop of positive beads and 1 drop of negative
beads to the corresponding wells in the plate, using the same volume and concentration
of antibody mixture as used for staining the cells. The beads do not need a fixation step;
therefore, after incubation, they were kept at 4°C in a dark condition until used. The
cells were washed two times with PBS, centrifuged, and the supernatant was discarded.
Next, the cells were re-suspended with 50ul of Live/Dead (L/D) cell stain conjugated
with Zombie UV (Biolegend®, USA) containing 1ul L/D dye and 49ul FACS buffer per
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sample and incubated at room temperature, in the dark, for 10 minutes. Each well was
then washed twice with FACS buffer, with cells pelleted at 300xg for 5 minutes at 4°C
and re-suspended in 250ul of FACS buffer to remove any remaining viability dye. In the
final step, the cells were fixed in 1001 of 4% paraformaldehyde for 30 minutes at room
temperature. They were then re-suspended in 250ul FACS buffer and stored at 4°C in

the dark until analysis.

The above protocol is for extracellular staining. However, some antibodies need to be
stained intracellularly. This thesis utilised the intracellular flow cytometry staining
protocol for the vimentin antibody. Differently, after the L/D staining, cells were re-
suspended in 100ul of Cytofix/Cytoperm solution (BD Cytofix/Cytoperm™, USA) for
fixation and permeabilization. The cells were then incubated at 4°C in the dark for 20
minutes. Pelleted cells were washed two times with 250ul of 1xBD Perm/Wash™
buffer (1:10 diluted with dH>0O). 50ul of vimentin antibody mix containing 0.25ul of the
antibody plus 49.75ul Perm/Wash™ buffer for each sample was added to the wells.
Next, cells were incubated at 4°C in the dark for 30 minutes and washed two times with
Perm/Wash™ buffer, then one time with FACS buffer. Finally, the cells were re-
suspended with 250ul FACS buffer and stored at 4°C in the dark until analysis.

2.10.4 FACS Analysis

The samples were run on the CytoFLEX LX Flow Cytometer (Beckman Coulter, USA),
and cell antigen expression data were acquired in FCS file format. All analyses were
undertaken either on CytExpert software (Beckman Coulter, USA), which was
instrument-provided or on FlowJo software (FlowJo LLC, USA). Data were analysed
relying on the principle of gating following data compensation. Gates and regions were
defined around cell populations with shared characteristics, typically including forward
scatter (FCS), side scatter (SSC), and marker expression (e.g., L/D dye-ve, CD45+ve),
to examine and quantify these specific populations. Detailed gate strategies related to

experiments will be given in the relative sections of Chapter 5.

2.11 MAGNETIC ACTIVATED CELL SORTING (MACS® Cell Separation)

Immunomagnetic cell separation relies on antibodies attached to magnetic beads. When
these beads are incubated with a cell suspension, they bind to cells that express the

specific epitope.

Harvested skin samples were processed using the digestion protocol (section 2.10.2),

and a single-cell suspension was acquired. Cells were kept cold, and pre-cooled
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solutions were used to prevent capping of antibodies on the cell surface and non-
specific cell labelling. The number of cells was determined using a haemocytometer.
Next, cells were centrifuged at 300xg for 10 minutes and the supernatant was aspirated.
Cell pellet was re-suspended in 90 pl of MACS buffer containing PBS (-Ca/Mg)
(Sigma-Aldrich® USA), 1% FBS (Gibco™ USA), and 2 mM EDTA (ChemCruz™
biochemicals) per 107 total cells. 10 uL of Anti-F4/80 MicroBeads UltraPure (Miltenyi
Biotec, Germany) was added per 107 total cells, mixed well, and incubated at 4°C in the
dark for 15 minutes. F4/80 belongs to the epidermal growth factor (EGF)-
transmembrane 7 (TM7) family and is regarded as one of the most specific cell surface
markers for identifying murine macrophages. Following, the cells were washed with of
MACS buffer, centrifuged, and re-suspended again with 500ul of the buffer. MS column
(Miltenyi Biotec, Germany) was placed in the magnetic field of a suitable MACS
Separator. The column was rinsed using 500 pl of MACS buffer. Next, the cell
suspension was applied to the column, and flow-through containing unlabelled cells was
collected. This process was repeated until the volume of cell suspension samples was
finished. The column was removed from the magnetic separator and placed in a sterile
collection tube. The magnetically labelled cells were immediately flushed out by firmly
pushing the syringe plunger into the column. The flow-through consisted of F4/80+
cells in the buffer.

2.12 DECALCIFICATION OF MICE BONE FOR H&E STAINING

Mice's feet were decalcified in an EDTA solution before paraffin embedding. The bone
was dissected from mice infected with TOSV alone, TOSV co-injected with sandfly
salivary extract or resting mice. The specimens were fixed with 4% paraformaldehyde
(PFA) for 48 hours. Following rinsing with dH2O to remove PFA residues, the tissues
were placed in a 1.5ml microcentrifuge tube containing 14% EDTA (ChemCruz™
biochemicals) and vortexed briefly. They were then incubated at 4°C. The EDTA
solution was changed every 2 days, and the stages were repeated for 10 days.
Decalcification was complete when the bone was soft and pliable. The decalcified bone
was rinsed three times with dH20O and placed in 70% ethanol prior to sending H&E

staining.

2.13 ENDOTOXIN ASSAY

The ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit (GenScript, USA) was
used to detect and measure endotoxins in sandfly salivary gland extract (SGE). The kit

reagents containing E. coli endotoxin standard, LAL powder, chromogenic substrate,
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and colour Stabiliser 1-2-3 were prepared according to the manufacturer’s instructions.
Sandfly SGE was diluted in appropriate volume of LAL reagent buffer. A series of
endotoxin standards were prepared (0.1, 0.25, 0.5, 1 EU/mL) by diluting the endotoxin
stock solution with endotoxin-free water. 100ul of each standard, sandfly SGE, and
LAL reagent water were dispensed into separate endotoxin-free vials. 100ul of
reconstituted LAL was added to each vial and mixed well by swirling gently. The vials
were incubated at 37°C for 8 minutes. Next, 100ul of reconstituted chromogenic
substrate was added to each vial to detect endotoxin levels by changing colour. The
substrate reacts with the endotoxin-activated LAL enzyme, resulting in a measurable
colorimetric signal proportional to the amount of endotoxin present in the sample. The
vials were then incubated at 37°C for 6 minutes. After, 500l of each reconstituted
colour stabiliser (1-2-3) was added to the vials and mixed well, respectively. 200ul of
the final solutions were transferred into a 96-well plate and read on a Cytation 5 reader
at the absorbance of 545nm within 5 hours. The results were analysed as per the
manufacturer’s instructions. Briefly, absorbance readings at 545nm (y-axis) were plotted
against the known endotoxin concentrations (x-axis) to create the standard curve. The
standard curve equation was used to convert the absorbance readings of the test samples

into endotoxin concentrations.

2.14 STATISTICAL ANALYSIS

All data was analysed utilizing GraphPad Prism software (Version 10, San Diego, CA,
USA). Due to the non-Gaussian distribution of the data, which is typical for in vivo
virus infection, non-parametric Kruskal-Wallis test with Dunn’s multiple comparison
test was used for comparisons between more than two groups whereas non-parametric
Mann-Whitney was performed for comparisons between two groups. Ordinary-ANOVA
was performed for comparisons between more than two groups of normally distributed
data. All plots have statistical significance indicated with *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns = not significant.
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CHAPTER 3: DEVELOPMENT AND USE OF MOUSE
AND CELL CULTURE MODELS TO ASSESS THE
ROLE OF SANDFLY SALIVA IN MODULATING
SUSCEPTIBILITY TO ARBOVIRUS INFECTION
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3.1 INTRODUCTION

Emerging and re-emerging infectious arthropod-borne viruses have a massive impact on
global health, as was discussed in Chapter 1, section 1.2. Indeed, Toscana virus (TOSV)
infection causes severe meningitis and encephalitis in humans, which is especially
concerning in much of the Mediterranean. The ongoing climate crisis is expanding the
geographic range in which the vector lives to more northern European countries.
Importantly, like most arboviruses, there is no specific therapeutic approach (e.g.,

antiviral, or vaccine) for TOSV.

There are few studies that have described TOSV replication cycle or pathogenesis in
either the vertebrate host or its invertebrate vector. In particular, there is little known
about the relationship between TOSYV, its vector, the cutaneous response to vector biting,
and how these responses may modulate host susceptibility to TOSV. For mosquito-
borne arboviruses, host response to mosquito saliva, deposited during blood feeding, is
a key factor responsible for enhancing infection and worsening pathogenesis (Pingen et
al., 2017). Interestingly, it is known that the salivary factors from sandfly vector of
Leishmania, a parasitic disease, can exacerbate the disease outcome (Titus and Ribeiro,
1988). Depositing saliva into the skin throughout blood meal is a common aspect of all
arthropod-borne viruses. As such this is a key aspect of infection, and a better
understanding the mechanism of salivary factors may help inform the design of novel

pan-therapeutic candidates that target arthropod saliva.

In this thesis, we hypothesise that TOSV in the presence of sandfly saliva gland extract
(SGE) can infect inflammatory cells recruited to the skin inoculation site by SGE,
resulting in enhance the TOSV infection. Previous work, studying the effect of mosquito
saliva on mosquito-borne virus infection, has demonstrated the requirement for an in
vivo model. This is because the effects of saliva on host susceptibility to virus is only
observable in animal models and not e.g., using in vitro models. Therefore, to undertake
experiments that can help test our hypothesis, it was required to firstly optimise a new
mouse model of TOSV infection and develop assays for quantitatively defining TOSV

quantities in biological samples.
Therefore, the aims of this chapter were:

1. To optimise plaque assays and a qPCR assay to define titre of TOSV and
the quantity of TOSV RNA in infected cells and mouse tissues.
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2. To develop TOSYV infection in the in vitro system.

3. As proof of principle, to determines whether sandfly SGE enhances SFV

infection, a well-established arbovirus mouse model.

4. To establish an in vivo mouse model for TOSYV to test our hypothesis.

3.2 OPTIMISATION BABY HAMSTER KIDNEY FIBROBLASTS (BHK)-21 CELLS
INFECTION WITH TOSV (strain 1812) AND TOSV EXPRESSING MCHERRY
FLUORESCENT PROTEIN FOR PLAQUE ASSAYS

TOSV (strain 1812) stocks were first generated by infecting BHK-21 cells in our
laboratory, using the original vial Prof. Maria Grazia Cusi, University of Siena,
provided. Next, a plaque assay protocol was optimised to define TOSV stock titre.
Firstly, BHK-21 cells were grown to 80% confluency and infected with different
dilutions of new TOSV stock in 24 well plates as described in the methods chapter. Of
note, we found that increasing the incubation period post infection from 48 hours to 72
hours increased the size of plaques and made them easier to count (Figure 3.1). The
same protocol was applied to TOSV- mCherry, provided by Prof. Alain Kohl at the

University of Glasgow.

This optimised plaque assay protocol was frequently used in this thesis to determine

TOSV titers in infected cells or blood serums.

Figure 3.1: Example of TOSV (strain 1812) and TOSV-mCherry
Plaque Assay Results
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3.3 ESTABLISHING NOVEL TOSV NSs AND N QUANTITATIVE PCR ASSAYS

Here, TOSV primers were designed for use in qPCR assays. These candidate primers
(Table 3.1) were designed utilizing the Primer3 software (see Chapter 2, section 2.8).
This assay is semi-absolute, with two sets of primers; one set that is used in the gPCR
assay itself, and another set of primers that only used infrequently to generate a larger

PCR amplicon that is used as a standard.

TOSV cDNA was made from TOSV infected BHK cell RNA and used to test all primers
for specificity using standard PCR. The PCR products were characterised by agarose gel
electrophoresis. TOSV NSs (A) primers was deemed suitable for gPCR, because the
primer combination generated a single, clear, and distinct band of the correct predicted
size (Figure 3.2). Subsequently, the TOSV NSs (A) standard primer generated PCR
product was purified and used to generate a standard curve for use in qPCR assay,
which enabled quantification of TOSV RNA (Figure 3.3A). TOSV NSs (A) primers
were then assessed for their ability to quantity a serial dilution of the TOSV PCR
standard, using qPCR. This was done to define specificity of the assay and its
quantitative dynamic range (Figure 3.3A, B). At the end of each amplification, a melt
curve analysis was also performed to confirm PCR specificity (Figure 3.3C). The results
show that the qPCR primers could define copy numbers over a broad range of starting
copy numbers, with good correlation (R? = 1) between copy number and Ct. Therefore,
due to specificity of TOSV NSs (A) primers to quantify TOSV NSs gene, these primers

were selected for determining TOSV RNA level in all subsequent experiments below.

Gene Name Orientation Sequence Product
size (bp)
TOSV N Forward tcatggctcttgggtaggtt 118
Reserve gtgtcagccgcatttgttc
TOSV N Forward cgatacttctcagcactcctcac 540
Standard Reserve caggggaaacaagccaga
TOSV NSs (A) Forward gaaccagactttacgagccaac 102
Reserve gccacctgagagcagacaa
TOSV NSs (A) Forward ggttcaggccacaagaggt 519
Standard Reserve agcagtcaatccgtgctttt
TOSV NSs (B) Forward aaggggacaagagggctaaa 116
Reserve ccaaaaggtggaaagagcag
TOSV NSs (B) Forward ggagtttcctgetgtgetg 713
Standard Reserve gccactttgtcactctcatgtc

Table 3.1: List of the TOSV Primers.
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Figure 3.2: The Gel Electrophoresis of the PCR Products Produced

Agarose gel electrophoresis of PCR products of TOSV primers. Lane 1: NSs (A); Lane 2: NSs
(A) standard; Lane 3: NSs (B); Lane 4: NSs (B) standard; Lane 5: N; Lane 6: N standard; M:

50bp DNA size marker.
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Figure 3.3: TOSV Ns (A) Primer and Standard of qPCR Result

(A) Standard curve with Ct and copy number of TOSV RNA, showing that different starting
quantities of TOSV standard could be accurately quantified.

(B) An example amplification plot of these standards, showing good reproducibility (for each
dilution n=3).

(C) At the end of each gPCR assay, each well is slowly heated and any loss of fluorescence that
is indicative of PCR products melting measured. This melt curve analysis plot shows that the
PCR product amplified during the gPCR assay represents one specific product, based on the
similarity in melting temperature.

3.4 TOSV INFECTION IN VITRO SYSTEMS

It is well-known that mosquito promotes arbovirus infection (Lefteri et al., 2022),
though the effect of sandfly saliva on virus infections remains unclear. To investigate
this, we firstly aimed to develop an in vitro model system. Such models are highly
manageable and reduce the need for animal use. Here, we employed cell types that
become infected and replicate other arboviruses in the skin, including macrophages,
dendritic cells, and dermal fibroblasts (Pingen et al., 2017). Using this model, we asked

whether sandfly SGE modulates infection in isolated cell cultures.

Initially, back skin and femur were removed from mice and the fibroblast-like cells,
macrophages and dendritic cells were prepared for infection, as explained in Section
2.3.1 in Chapter 2. Respective groups of cells were treated with sandfly SGE (1 pair
gland extract/ul) 20 minutes before infection with TOSV (strain 1812) with an MOI of
either 0.1 or 2 for fibroblast-like cells and 0.5 for macrophages and dendritic cells. The
cells were then collected at 24hpi and the quantity of TOSV RNA defined by qPCR.
Fibroblast-like cells pre-treated with sandfly SGE had a very modest, if significant
increase in TOSV RNA, compared to those cells infected with virus alone at MOI of 2
(Figure 3.4A). However, there was no significant difference at lower MOI (Figure

3.4A). The quantity of TOSV RNA in infected macrophages and DCs did not show a
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difference in either the presence or absence of sandfly SGE treatment with an MOI of

0.5 (Figure 3.4A).

Next, the experiment was repeated infecting skin fibroblast-like cells with an MOI of 2,

to ensure the previous results were reproducible in terms of sandfly SGE effect. This

was deemed particularly necessary as the observed difference in mean TOSV RNA

quantity was small. However, in this repeat we found that sandfly SGE inhibited TOSV

infection of the cells at MOI 2 (Figure 3.4B), which was opposite to the previous

experimental result (Figure 3.4A). Thus, our findings with sandfly SGE appears to

mirror previous observations using mosquito saliva and SFV infection, where the

addition of mosquito saliva in vitro failed to replicate the virus-enhanced infection

observed in vivo (Lefteri et al., 2022). This suggests that sandfly SGE, like mosquito

saliva, may require specific in vivo processes to modulate host susceptibility to viral

infection.
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Figure 3.4: Effect of Sandfly SGE on TOSV Infection of Fibroblast-like Cells,
M-CSF Macrophages, and Flt3-Ligand Dendritic Cells In Vitro System

(A, B) TOSV (strain 1812) infection with an MOI of either 0.1 or 2 for fibroblast-like cells
(n=5) and 0.5 for macrophages (n=4) and dendritic cells (n=6) on its own or following pre-
treatment with one pair of sandfly salivary gland per microliter per well for 20 minutes before
infection. (B) The graph illustrates the infection of skin fibroblast-like cells with an MOI of
either 0.1 or 2, either alone or after pre-treatment with one pair of sandflies salivary gland/pl per
well for 20 minutes before infection. Red dots represent the group with an MOI of 2 treated
with sandfly SGE.

The cells were collected 24hpi and TOSV RNA (Ns gene) copy number was determined by
gPCR assay. Data is presented as dot plots with each dot representing a separate biological
sample with a line at the population median. ns=not significant, significant *P < 0.05, **P <
0.01.

Additionally, we aimed to examine the impact of sandfly SGE on the expression of
inflammatory genes (cc/2, cxcl2), which are linked to host skin responses, as well as ifn-
B, a crucial interferon in the type I IFN system. Here, in our initial experiment, sandfly
SGE significantly downregulated the expressions of both cc/2 and cxc/2 at an MOI of
0.1 during TOSV infection (Figure 3.5A), suggesting SGE modulates cellular immune
response to TOSV infection. However, in the repeated experiment, fibroblast-like cells
pre-treated with sandfly SGE before MOI 0.1 of TOSV showed either no difference in
expression (for cc/2) or a slight significant upregulation of expression (for cxc/2)
compared to the virus-only group (Figure 3.5B). For ifn-$, in the first experiment, the
expression level of ifn-f showed no significant difference at either MOI 0.1 or MOI 2 of
TOSYV, regardless of the presence of sandfly SGE. However, in the repeated experiment,
ifn-p expression was modestly, if significantly, higher in the presence of sandfly SGE at
an MOI of 0.1 compared to the virus alone (Figure 3.5C).

Interestingly, for all samples with a MOI of 2, there was no difference in gene
expression between the two groups for any of the genes assessed. This is likely due to
the higher amount of virus infection and the inability of SGE to modulate this response

(Figure 3.5A, B, C).

Lastly, in TOSV-infected macrophages at an MOI of 0.5, sandfly SGE did not
significantly modulate cc/2 or ifn-f expression levels (Figure 3.5D, E). Similarly,
dendritic cells also did not significantly express ifin-f at an MOI of 0.5 in the presence
of sandfly SGE compared to its absence.

Together, this shows that sandfly SGE does not reproducibly alter the ability of

fibroblasts, macrophages or dendritic cells to become infected with TOSV. Neither does
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SGE reproducibly alter the gene expression of key immune genes in response to TOSV
infection. Those examples where statistical difference between control and SGE treated
cells were observed, demonstrated only marginal differences in mean gene expression
of either TOSV RNA or host cytokines. We propose that an in vivo model should be
developed to better assess whether SGE modulates host susceptibility to TOSV.
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Figure 3.5: Sandfly SGE on TOSV Infection of Primary Cell Cultures
Modulate the Induction of Genes Related to Immune System

(A)-(B) ccl2, cxcl2 expression on fibroblast-like cells (n=5) (C) the levels of ifn-p on fibroblast-
like cells (n=5) (D) ccl2 levels in macrophages (n=4) (E) the expression of ifn-p on
macrophages, dendritic cells (n=6). The cells were collected at 24hpi, and the gene copy
numbers were determined by gPCR assay. Data is presented as dot plots, representing a separate
biological sample with a line at the population median. Blue dots show infected skin fibroblast-
like cells with an MOI of 0.1 + sandfly SGE from the repeated experiment. ns=not significant,
significant, *P < 0.05, **P < 0.01.

3.5 SFV INFECTION OF MICE INCORPORATING SANDFLY SALIVARY GLAND
EXTRACT WITH INOCULUM

3.5.1 Sandfly Salivary Gland Extract Enhance Arbovirus Infection in SFV Mouse
Model

In this thesis, we wanted to preliminarily define whether SGE from sandflies has the
capacity to modulate host susceptibility to infection with other arboviruses. Therefore,
before investigating the relationship between TOSV and vector saliva, we chose to

assess whether sandfly SGE could influence the severity of infection with Semliki
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Forest virus (SFV), a well-characterised neurotropic arbovirus that replicates efficiently
in immunocompetent C57BL/6 mice. Infection of mice with SFV is enhanced if co-
injected with mosquito saliva, as already shown by previous group members (Pingen et
al., 2016). Here, wanted to determine whether sandfly SGE also modulated SFV
infection in mice. In doing so, we sought to define whether sandfly SGE has any ability

to modulate host susceptibility to infection with a model arbovirus.

Mice were culled at 24hpi because the quantity of SFV RNA and viremia peaks at this
time point (Pingen et al., 2016). There were significant differences between SFV alone
and SFV with sandfly SGE group in skin inoculation site and popliteal lymph nodes
samples (Figure 3.6A), with SFV RNA significantly higher in mice co-inoculated with
sandfly SGE. There was no significant difference in virus titres in blood serum between

SFV alone and SFV co-injected with SGE groups. (Figure 3.6B).
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Figure 3.6: Sandfly SGE enhance Arbovirus Infection in a SFV Mouse Model

C57BL/6 mice were infected with 10,000 PFU of SFV4 with or without sandfly salivary gland
extract. Tissues and blood samples were taken from mice at 24hpi. SFV RNA (E1 gene) copy
number was determined by qPCR. Infectious units in serum were determined by plague assay.
Plots show the median value + interquartile range. ns=not significant, significant *P < 0.05,
***P < (0.001.

(A) The graphs indicate that the quantity of viral RNA in the SFV-alone group and the sandfly
SGE-treated group in both skin and popliteal lymph nodes at 24 hours post-infection (n=8
mice).

(B) The graph shows PFU/mI of virus in blood serum samples belonging to SFV-alone and SFV
for the SGE group at 24hpi (n=8 mice).

To define whether this finding could be repeated, and because there was a trend in the
blood PFU quantities that suggested an increase for mice co-inoculated with SGE and

SFV, we undertook a second independent experiment to further assess whether sandfly
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SGE could modulate infection of mice with SFV. In the skin inoculation site, the
expression of TOSV RNA in the mice co-inoculated with sandfly SGE was 10-fold
higher compared to SFV alone group (Figure 3.7A). Moreover, there was a clear 10-fold
increase and a significant difference in the titre of blood virus for mice co-inoculated
with virus and SGE, compared to virus alone. (Figure 3.7B). Together, this suggests that

sandfly SGE can enhance arbovirus infection in the mammalian host.
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Figure 3.7: Sandfly SGE enhance Arbovirus Infection in a SFV Mouse Model

C57BL/6 mice were infected with 10,000 PFU of SFV4 with or without salivary gland extract.
Skin and blood samples were taken from mice at 24hpi. SFV RNA (E1 gene) copy number was
determined by gPCR. Infectious units in serum were determined by plaque assay. Plots show
the median value % interquartile range. significant ***P < 0.001.

(A) The graph shows quantities of virus RNA in the sandfly SGE group and the SFV-alone
group in the skin at 24hpi (n=8 mice).

(B) The graph demonstrates PFU/mI of virus in blood serum samples between SFV-alone and
SFV + sandfly SGE groups at 24hpi (n=8 mice).

3.5.2 Sandfly Salivary Gland Extract Enhances the Induction of Innate Immune Genes
to SFV

Mosquito saliva enhances arbovirus infection, likely by the modulation of early host
responses to virus, including innate immune responses (Pingen et al., 2016).
Consequently, we suggest that putative modulation of TOSV infection by arthropod
saliva could occur due to similar modulation of innate immune pathways. Because we
demonstrated above a significant difference increase in quantity of SFV when
inoculated with sandfly saliva, compared to injection with virus alone, in skin and

popliteal lymph node and blood serum (Figure 3.7)

To explore the potential impact of sandfly saliva on the induction of innate immune

response genes, we assessed gene transcript expression in the skin and the popliteal
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lymph node samples at 24hpi. As sandfly SGE enhanced SFV infection, we initially
hypothesised that this could be explained the ability of sandfly SGE to inhibit

expression of anti-viral type I IFNs.

Here, the expression of ifn-f5, one of the key interferons in the type I IFN system, was
low but there was a significant increase in ifn-f in the lymph node of mice inoculated
with SFV in the presence of sandfly SGE (Figure 3.8A). Type I IFNs potently induce
the expression of many anti-viral genes, known as IFN stimulated genes (ISG).
Interestingly, expression of ISGs in response to SFV were not significantly modulated
by presence of SGE in the skin (Figure 3.8B), although expression of isg/5 was
significantly higher in the draining lymph node in mice infected with SFV in presence
of sandfly SGE (Figure 3.8C). Overall, there was the increased induction of type I IFNs
by sandfly saliva during the arbovirus infection. This is the opposite of our hypothesis,
and preliminarily suggests sandfly SGE does not enhance virus infection through

suppression of IFN function.

We also assessed the expression of inflammatory genes that are associated with host
skin responses to arthropod biting and their saliva (Pingen et al., 2016). Cc/2, which
functions to recruit monocytes, and cxc/2 that functions to recruit neutrophils,
respectively into tissues, is upregulated following mosquito biting (Pingen et al., 2016).
Here, when compared to the virus alone group, the difference in expression of these two
chemokines in the skin was not significantly different when infected in presence of
sandfly SGE (Figure 3.8D). However, there was a statistically significant increase in
ccl2 and cxcl2 gene expression following infection in presence of sandfly SGE in the
lymph node (Figure 3.8E). Similarly in the LN, the expression of both i/-1f and il-6
(potent pro-inflammatory cytokines), were also significantly increased in the SFV-
sandfly saliva group, while the expression of i/-6 was also significantly increase in the
skin by sandfly SGE (Figure 3.8F). It is also noteworthy that several other innate
immune genes assessed here had a trend for increased expression in the skin when
infected with SFV in presence of SGE; however, these changes did not reach
statistically meaning difference (Figure 3.8B, D). Together, this suggests SGE induced a

more robust pro-inflammatory responses following SFV infection.
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Figure 3.8: Arbovirus Infection with Vector-Arthropod Saliva Modulate the
Induction of Innate Immune Genes

(A) ifn-g, (B)-(C) I1SGs (isg15 and rsad2) (D)-(E) Chemokines, (F) Pro-inflammatory genes, all
in the skin and lymph nodes (LN) samples taken from mice at 24hpi. Gene expression was
measured in these tissues by qPCR (n=8 mice). Plots show the median value * interquartile
range. ns=not significant, significant, *P < 0.05, **P < 0.01, ***P < 0.001.

3.5.3 Sandfly Salivary Gland Extract Enhance Infection of SFV Independently of The
Type I IFN Response

Because we had shown above that sandfly saliva did have some ability to alter host IFN
response to virus, we next wanted to determine more comprehensively whether the
enhancement of SFV infection is due to the suppression of Type I IFN responses, as
interferon responses are crucial during the first few hours of infection. Therefore,
ifnarl-/- mice (which lack all type I IFN signalling) were infected with 10,000 PFU of
SFV4 with or without sandfly SGE (1 pair gland extract/ul) subcutaneously into the
skin on the upper side of the left foot. The quantity of virus was compared between
mice subjected to virus injection in the presence and absence of sandfly SGE at 24
hours post-infection. Titration of the virus in the serum (Figure 3.9A) and quantification
of SFV RNA at the skin inoculation site and spleen revealed a significant increase in
virus quantity when the virus was injected with sandfly SGE, compared to when it was
injected alone without sandfly SGE. Although both groups showed high viral RNA
loads in the lymph nodes, there was no significant difference between them (Figure
3.9B). Moreover, the SFV RNA quantity was similar to the results of the SFV infection
in immunocompetent mice experiment. This further suggests that the mechanism behind

sandfly SGE viral enhancement, occurs independently of the host type I IFN response.
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Figure 3.9: Sandfly SGE Mediated Viral Enhancement Independent of Type I IFN
Response

Ifnarl-/- mice were infected with 10,000 PFU of SFV4 with or without sandfly SGE. Skin,
spleen, popliteal lymph node (PLN), and blood samples were taken from mice at 24hpi. SFV
RNA (E1 gene) copy number was determined by qPCR. Infectious units in serum were
determined by plaque assay. Plots show the median value * interquartile range. ns=not
significant, significant *p < 0.05, **p < 0.01.

(A) PFU/mlI of virus in blood serum samples at 24hpi (n=8 mice).

(B) The graphs show the quantity of virus RNA in skin, spleen and PLN at 24hpi in the groups
of SFV and SFV + sandfly SGE (n=8 mice).

In addition, we investigated the expression of inflammatory genes that are associated
with host skin responses to arthropod biting which are cc/2, cxcl2. Although ifnari-/-
mice, which lack the type I interferon receptor (IFNAR1), have a significantly impaired

immune response to viral infections, these mice can still respond to viral infections
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through other components of the immune system, such as cytokines, chemokines, and
other signalling pathways, albeit less effectively. Here, when compared to the virus-only
group, the expression of cxcl2 chemokine in the skin was significantly higher when
infected with sandfly SGE, although this was not the case for cc/2 (Figure 3.10A).
There was no statistically significant increase in cc/2 and cxc/2 gene expression in the
lymph node following infection with sandfly SGE (Figure 3.10B). Together this
suggests that SGE modulates host response to virus infection in skin. However, this may

not necessarily be a direct effect, as e.g. this may reflect higher virus titre in the skin.
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Figure 3.10: SFV Infection with Sandfly SGE Modulate the Induction of
Inflammatory Chemokines
(A) ccl2 (B) cxcl2. The skin and popliteal lymph nodes (PLN) samples taken from ifnarl-/-

mice at 24hpi. Gene expression was measured in these tissues by gPCR (n=8 mice). Plots show
the median value = interquartile range. ns=not significant, significant, *P < 0.05.
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3.6 ESTABLISHING A NOVEL TOSV ANIMAL MODEL

3.6.1 Optimisation of a Novel TOSV Infection Mouse Model That Can Incorporate
TOSV-Competent Vector Saliva

Here, we wanted to establish and use a new in vivo model of TOSV infection that
uniquely combines salivary components derived from the sandfly, its natural vector. We
attempted to optimise a protocol for infecting mice with TOSV. Initially, TOSV stocks
were grown in BHK -cells, a common mammalian cell line frequently used to generate
arbovirus stocks, in 20% (low) and 80% (high) BHK-21 cell confluency in T150 cm?
flasks. Then, the titre of TOSV produced by low and high confluency cultures were
quantified as 1 x 10® PFU and 4.5 x 10® PFU, respectively via plaque assay. We used the
high concertation stock (4.5 x 10® PFU of TOSV) in the experiments; this is relevant for
mouse studies that mimic natural transmission, as high concentration enables one to
inject very small volumes of virus into mice. This better mimics natural infection by
arthropod bites that typically deposit high titre/low volume inoculum into the skin
(Styer et al., 2007).

3.6.1.1 Optimising TOSV Dose and Sampling Times Following TOSV Infection in

Immunocompetent Mice

To ascertain whether the TOSV stock could infect immunocompetent mice, C57BL/6
mice were infected at three different doses: 1000, 10,000, and 100,000 PFU of BHK-
derived TOSV in the dorsal skin of the left foot. Unexpectedly, although TOSV RNA
could be detected at the inoculation site, the expression of viral RNA in tissues remote
from the inoculation site was low (Figure 3.11). Interestingly, mice could rapidly clear
virus replication, as levels of virus RNA decreased by 48hpi. From these data, it was
unclear whether the detected virus RNA represented a newly replicated virus or
measured residual virus inoculum. However, it suggested that mice receiving 100,000
PFU had a relatively higher viral load in skin inoculation site, lymph node and spleen
tissues at 24hpi (Figure 3.11). Nonetheless, these data showed reproducible evidence of
TOSV RNA at 24 hours. Thus, all remaining TOSV optimisation experiments in this
chapter assessed TOSV RNA expression at the 24-hour time point.
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Figure 3.11: First TOSV Infection Optimisation Experiment, Three Doses, Two-
Time Points

C57BL/6 mice were infected with either 1000, 10,000, or 100,000 PFU of TOSV (BHK cell-
derived). Tissues were taken from infected mouse at 24hpi and 48hpi. TOSV RNA (Ns gene)
copy number was determined by qPCR. Blood was also collected to assess quantity of
infectious units by plaque assay (no detectable plaque). Plots show the median value +
interquartile range. ns=not significant. The graphs show the quantity of viral RNA each for
tissues (skin, draining popliteal LN, and spleen) separately with 1000, 10,000, 100,000 PFU of
TOSV at 24hpi and 48hpi (n=2 mice).

3.6.1.2 Pre-treatment of mice with Anti-Mouse IFNAR-I Antibodies

Because quantity of TOSV was low and was rapidly cleared in immunocompetent mice,
we hypothesised that mouse type I IFN responses might have been preventing efficient
replication of TOSV. To determine whether type I interferon (IFN) responses play an
important role in controlling arbovirus infection, we pre-treated mice with anti-mouse
IFNAR-I antibodies to block IFN signalling. We hypothesised temporary
immunosuppression of IFN signalling might allow more robust replication of TOSV.
Notably, when compared to either the first optimisation experiment (Figure 3.11), or the
IFN-sufficient mice used here, the levels of viral RNA were higher in mice that received
IFNAR-blocking antibodies (Figure 3.12). Together, this suggests that the TOSV could
not successfully disseminate in vivo in immunocompetent mice. However, this result
suggests that utilizing anti-mouse IFNAR-I could be useful if further optimised.
Because mice receiving 10,000 PFU exhibited more reproducible levels of TOSV RNA,

this dose was chosen for further experiments reported below (Figure 3.12).
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Figure 3.12: Second TOSYV Infection Optimisation Experiment, Three Doses, One-
Time Point

C57BL/6 mice were either left resting or administered subcutaneously with 499.5 g of
InVivoMADb anti-mouse IFNAR-blocking antibody 24 hours prior to infection and then infected
with either 1000, 10,000, 100,000 PFU of TOSV (BHK cell-derived). Tissues were taken from
infected mouse at 24hpi and TOSV RNA (Ns gene) copy number determined by gPCR. Blood
was also collected to assess quantity of infectious units by plaque assay (no detectable plaque).
Plots show the median value + interquartile range. Dotted lines represent the assay’s limits of
detection based on gPCR values. ns=not significant. The graphs depict the quantity of TOSV
RNA in various tissues (draining popliteal lymph nodes, skin, and spleen) following infection
with 1000, 10,000, and 100,000 PFU of the virus at 24hpi (n=2 mice).

3.6.1.3 Combining A Higher Dose of Anti-Mouse IFNAR-I Antibodies and Pre-exposed
Mice to Arthropod Bites

Because quantity of TOSV was still quite low, even with IFNAR1 antibody blocking,
e.g., compared to e.g. following SFV infection, we next investigated two distinct
approaches for optimising infection of mice with TOSV. The first was to use higher
amounts of anti-mouse IFNAR-blocking antibody to determine whether, this enables
higher replication of virus in the mammalian host. The second approach was to
determine whether virus replication and dissemination could be further enhanced by
pre-exposing mice to an arthropod bite, in this case a mosquito bite at the inoculation
site. We decided to use mosquitoes as they were available, can be easily made to bite
mouse skin, and because mosquito biting is known to enhance infection of mice with
many genetically different arboviruses such as SFV and Bunyamwera virus (BUNV)

(Pingen et al., 2016).

The results showed that in draining popliteal LN and skin samples, the quantity of viral
RNA was somewhat higher in mice administered higher doses of the IFNAR-I blocking
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antibody compared to those given lower doses, those given higher doses combined with
mosquito bites, and I[FN-sufficient mice (Figure 3.13B). Therefore, we can say that
when the type I IFN response is suppressed, the virus is able to exhibit higher levels of
replication. In contrast, mice are exposed to biting mosquitoes did not exhibit any
notable effect increase in TOSV RNA quantities in inoculation site, LN and spleen,
suggesting that this is not a limiting factor that is preventing efficient infection of mice
with TOSV in wild type mice (Figure 3.13A). Importantly, in all experiments the virus
could not disseminate to the blood or the spleen. These results led us to hypothesise that
infecting mice that are genetically deficient in IFNAR expression might be a more
reliable approach for establishing in vivo TOSV infection (which we report below in

3.6.2).
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Figure 3.13: Third TOSV Infection Optimisation Experiment, One Dose, One-
Time Point

C57BL/6 mice treated with IFNAR-1 a day before infection were infected with 10,000 PFU of
TOSV subcutaneously on their own or following exposure to up to 5 mosquito bites. Tissues
were taken from infected mice at 24hpi. TOSV RNA (Ns gene) copy number was determined
by gPCR. Blood was also collected to assess quantity of infectious units by plaque assay (no
detectable plaque). Plots show the median value * interquartile range. Dotted line represents the
assay’s limits of detection based on qPCR values. ns=not significant.

(A) The graph demonstrates quantities of viral RNA in skin, draining popliteal lymph nodes
(LN) and spleen at 24hpi in two groups: one pre-treated with 999ug of an IFNAR-blocking
antibody and the other with 999ug of the IFNAR-blocking antibody followed by exposure to
mosquito bites (n=6 mice).

(B) The plot shows the quantity of TOSV Ns present in draining popliteal LN, Skin, and Spleen
in IFN-sufficient mice (n=2), 499.5ug anti-mouse IFNAR-I (n=2), and 999 g anti-mouse
IFNAR-I with or without mosquito bites at 24hpi (n=6 mice).
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3.6.1.4 Examining Different Cell Line-Derived TOSV Infections in Immunocompetent
Mice

Before investigating TOSV in ifnari-/- mice (below), we lastly wanted to assess
whether TOSV derived from different cell lines affects the virus infection on the IFN-
sufficient mice. Previous work that demonstrated infection of mice with TOSV, used
TOSYV that was derived from Vero cells (Grazia Cusi et al., 2005b). Moreover, it has
been shown that TOSV RNA was detected in lymph nodes and spleen at later post
infection time points when using Vero-derived TOSV (Grazia Cusi et al., 2005b).
However, we found that when mice were infected with TOSV derived from Vero cell,
the TOSV RNA quantity was lower in the skin, lymph nodes and spleen than that
following inoculation with BHK cell derived TOSV, as done in the previous
optimisation experiments (Figure 3.14). The results suggest that immunocompetent
mice eliminate the virus replication; therefore, BHK- or Vero- derived TOSV could not

disseminate in vivo sufficiently to initiate a viremia.
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Figure 3.14: Vero-derived TOSV Experiment

Tissues were taken from infected C57BL/6 mice at 48hpi and 72hpi. TOSV RNA (Ns gene)
copy number was determined by qPCR. Blood was also collected to assess quantity of
infectious units by plague assay (no detectable plague). Plot shows the median value +
interquartile range. ns = not significant. The plot shows the quantity of viral RNA present in
skin, draining popliteal LN and spleen 6000 PFU (Vero-derived TOSV) at 48hpi and 72hpi (n=2
mice).

3.6.2 Ifnari-/- Mouse Model for TOSV Infection

The literature only describes a mouse model for TOSV (strain 1812) that uses the
intracranial route to generate infection in newborn and adult BALB/c mouse brain

(Grazia Cusi et al., 2005; Gori Savellini et al., 2008). However, intracranial injection
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bypasses the natural replication strategy of arthropod-borne viruses, even for

neurotropic viruses such as SFV and TOSV.

In the absence of a mouse model for TOSV that incorporates the natural transmission
route, we above attempted to establish one using C57BL/6 mice. However, our
optimization experiments (discussed in Section 3.6) indicated that TOSV could not
effectively replicate in immunocompetent mice when injected subcutaneously into the
skin on the upper side of the foot. Injecting a high-titer, low-volume inoculum into the
skin better mimics sandfly bites under BSL2 laboratory conditions. In addition, our
previous optimisation experiments showed that when anti-mouse [IFNAR-I blocking
antibody used before TOSV infection, the quantity of viral RNA was higher than IFN-
sufficient mice (Figure 3.13). Although this increase was inefficient in disseminating
TOSYV infection in the bloodstream, it encouraged us to investigate the infection further

in ifnarl-/- mice that fully deficient in IFN signalling.

To establish this new in vivo model of TOSV infection (Figure 3.15) we injected
100,000 of PFU TOSV per pl into the dorsal foot skin of ifnari-/- mice under inhalation
anaesthesia. Thus, we raised the TOSV titre tenfold compared to the virus titre in the

optimization experiments above. Foot skin, spleen, lymph nodes and blood were taken

at 24hpi and 72hpi.

Blood
Spleen
Lymph Node
Foot skin

1l of TOSV

IFNAR1-/- mice

RNA extraction qPCR Plaque Assay
RT-PCR

Figure 3.15: In Vivo Model for TOSV Infection

A cartoon to summarise the infection of ifnarl null mice with TOSV.
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Here, TOSV RNA level was 10-fold significantly higher at 72hpi than at 24hpi in the
skin samples (Figure 3.16A), suggesting virus has replicated over time. This is different
to the above in vivo experiments in wild type mice, in which TOSV quantity fell over
time and did not reach such high quantities. Moreover, the viral RNA was also
significantly higher in the spleen at 72hpi (Figure 3.16A), indicative of systemic
dissemination of virus. Interestingly, the quantity of TOSV RNA was low in both lymph
nodes, popliteal (draining) and inguinal (non-draining), and there was no significant
difference between the two-time points (Figure 3.16B), suggesting that TOSV did not
replicate in lymph nodes. Plaque assays on blood serum were negative, suggesting that

the quantity of infectious virus in blood was still below the level of detection.
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Figure 3.16: TOSV Infection in Ifnarl-/-, One Dose, Two-Time Points

Ifnarl-/- mice were infected with 100,000 PFU of TOSV (BHK cell-derived). Tissues were
taken at 24hpi and 72hpi and TOSV RNA (Ns gene) copy number determined by gPCR. Blood
was also collected to assess quantity of infectious units by plaque assay (no detectable plaque).
Plots show the median value + interquartile range. ns=not significant, significant *P < 0.05,
****p < 0.0001.

(A) The graphs show TOSV Ns quantities in skin and spleen samples at 24hpi and 72hpi (n=5
mice).

(B) The graphs indicate the viral RNA quantities in popliteal and inguinal lymph nodes at 24hpi
and 72hpi (n=5 mice).
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To assess whether infection in these mice also resulted in increased immune gene
expression with increase in virus RNA quantity, we assayed ccl2 and cxcl2 expression.
The results showed that the expression of these chemokines was significantly higher at
72hpi compared to resting skin (Figure 3.17A). Notably, cxc/2 expression was more
upregulated at 72hpi than at 24hpi (Figure 3.17A). The quantity of isg/5, a prototypic
interferon-stimulated gene activated by viral sensing, was significantly elevated,
showing a 10-fold increase at the later time point (Figure 3.17B), presumably in
response to IFNAR1 independent signalling. Additionally, the pro-inflammatory gene il-
6 exhibited significant differences in expression between the time points (Figure 3.17B).
Together, these findings suggest that TOSV infection upregulates the expression of host

inflammatory genes.
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Figure 3.17: TOSYV infection in Ifnarl-/- Mice with Modulate the Induction of
Innate Immune Genes

(A) Chemokines, (B) isgl15, il-6. The skin samples taken from ifnarl-/- mice at 24hpi and 72hpi.
Resting skin samples were taken uninfected ifnarl-/- mice. Gene expression was measured in
these samples by gPCR (n=5 mice). Plots show the median value % interquartile range. ns=not
significant, significant, *P < 0.05, **P < 0.01.

3.7 SUMMARY AND CONCLUSIONS

In this chapter, we generated BHK-cell-derived TOSV (strain 1812) stocks, optimised
plaque assays to determine the titre of the wild-type and genetically modified TOSV,
and optimised a qPCR assay for TOSV RNA, to enable us to quantify the amount of
TOSV RNA in mouse tissues.
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We developed an in vitro model system for the study of sandfly SGE dependent TOSV
infection enhancement. However, utilising murine dermal fibroblasts, macrophages, and
dendritic cells we demonstrated that, in vitro, sandfly SGE does not enhance virus
infection reproducibly. In addition, there was no significant effect of sandfly SGE on the
susceptibility of macrophages and dendritic cells to TOSV. Furthermore, IFN response
and the inflammatory gene expression during TOSV infection with or without sandfly
SGE on those cells demonstrated variable results that were not parallel between
experiments. These findings suggest that if sandfly saliva can enhance arbovirus
infection, it may require an in vivo model, similar to the mechanism by which mosquito

saliva facilitates arbovirus enhancement (Lefteri et al., 2022).

In our hypothesis, we stated that sandfly SGE will be investigated in terms of its ability
to enhance TOSV infection. Before testing this aspect, we wanted to describe whether
sandfly SGE enhanced arbovirus infection in the mammalian host. In the light of a prior
study, that has noted the SFV infection enhancement by mosquito saliva (Pingen et al.,
2016), we decided to use SFV infection model. The findings showed that sandfly SGE
can enhance arbovirus infection in the mammalian host. Furthermore, we identified that
the mechanism by which sandfly SGE enhances SFV occurs independently of the host's
type I IFN response. These promising results encourage us to also define whether
sandfly SGE can enhance TOSV infection in mice, once we have established our in vivo

model.

This chapter also interrogated the induction of type I IFN response, and other genes
associated with the host response to virus infection, and whether this was altered if in
absence/presence of co-inoculated sandfly SGE. There was an upregulation of ifn-f and
ISGs following infection with SFV in the presence of sandfly SGE. We also explored
the expression of ccl2, cxcl2, il-6, il-1f, inflammatory genes that are associated with
host skin responses to arthropod biting (Pingen et al., 2016). In general, injection of
SGE induced enhanced upregulation of inflammatory genes to SFV infection, compared
to SFV alone. Together this suggests that sandfly saliva may enhance host susceptibility
to SFV infection through enhanced inflammatory responses, as previously shown for

mosquito saliva (Pingen et al., 2016).

To establish a novel TOSV animal model, we conducted several optimisation
experiments. In the first in vivo optimisation experiment, the expression of virus RNA

was low, although reproducible, but likely represented residual virus inoculum, as it was
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quickly cleared and did not disseminate to the spleen, which is distal from the skin

inoculation site.

Type I IFN responses are one of the most important anti-viral innate immune
mechanisms, and we hypothesised here that, the limitation of replication of TOSV in the
wild type mice may be due to the inability of TOSV to efficiently inhibit the IFN
response in mice, similar to ZIKV infection in mice (Gorman et al., 2018). In the second
experiment, we identified that when IFN signalling in mice is temporarily repressed
through administration of a blocking antibody, the expression of TOSV RNA showed an

increase in LN and skin compared to IFN-sufficient mice.

Next, we hypothesised that the limited TOSV replication observed above could also
reflect the absence of host response to arthropod bites. Indeed, arboviruses are not
inoculated into resting skin, but rather arthropod bites. Therefore, we wanted to seek
whether mosquito biting has an infection-enhancing effect on TOSV infection in mice
given the [FN-receptor blocking antibody. Mosquito bites enhance infection of mice by
at least two genetically distinct arboviruses (Pingen et al., 2016). However, here, it was
shown that mosquito biting was not sufficient to enable efficient TOSV infection in wild
type mice. Instead, it is more likely a reflection of inefficient IFN signalling blockage

by TOSV in mouse cells.

During optimisation studies, BHK-derived TOSV was used to infect the mice. However,
the replication success of the virus remained low in the mice, although the stock of
TOSV could infect the BHK-21 cell line successfully. Previous work that demonstrated
infection of mice with TOSV, used TOSV that was derived from Vero cells (Grazia Cusi
et al., 2005). Thus, as part of optimization experiments, here, Vero cells were infected
with TOSV to see if virus derived from this cell line was better able to infect mice.
Because previous work has suggested that TOSV infection may peak at later time points
(Grazia Cusi et al., 2005) that 24 hours in mice, we therefore assessed TOSV level at
48hpi and 72hpi. Here, irrespective of the cell line used to generate TOSV, the quantity
of virus expressions was again low and did not increase with time. None of the mice in
any experiments become viraemic. Together, we have identified that IFN-sufficient

mice do not allow replication of TOSV efficiently.

In the final part of this chapter, we developed a unique TOSV mouse model using
ifnar1-/- mice. These mice, homozygous for the ifnar/-null allele, lack a functional

type-I interferon receptor, leading to a diminished immune response and heightened
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susceptibility to viral infections. Here, we found that at 72 hours post-infection, we
detected high quantities of TOSV RNA in the skin and spleen tissues. This phenomenon
is also observed in other bunyavirus infections. For example, Rift Valley fever virus
(RVFV) was detected in tissues at 5 days post-infection (dpi) following intraperitoneal
or intradermal infection in wild-type mice (Le Coupanec et al., 2013). Similarly, in an
ifnar-/- mouse model of Crimean-Congo hemorrhagic fever (CCHFV), mice met
endpoint criteria 5—6 days after subcutaneous infection (Welch et al., 2019). Since the
72-hour post-infection time point yielded higher viral RNA levels and gene expression
in tissues, all subsequent infections were conducted at this time point unless otherwise
specified. However, we found low quantities of TOSV RNA in the lymph nodes. This is
quite different to most other arboviruses spread by either mosquitoes, ticks, or midges
where prominent LN infection is evident. This finding suggests that TOSV may not be
able to infect cells in the lymph node. Additionally, our results demonstrated that TOSV
can modulate the host inflammatory response by upregulating the expression of innate

immune genes.

In summary, we have now developed a new mouse model for TOSV infection which
can be used to assess the impact of sandfly saliva on host susceptibility to infection, as

reported in chapter 4.
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CHAPTER 4: DEFINING WHETHER SANDFLY
SALIVA MODULATES HOST SUSCEPTIBILITY TO
TOSV INFECTION
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4.1 INTRODUCTION

The factors predisposing the host to more severe arbovirus disease are poorly
understood, but they are most likely due to a combination of viral, host, and
environmental factors. One such host factor known to enhance infection with many
medically important arboviruses is the host inflammatory response to mosquito bites at
the cutaneous inoculation site (Michael J Conway et al., 2014; Pingen et al., 2017). Our
group and others have shown that inflammatory responses to mosquito bites
significantly enhance infection with Flaviviruses, e.g. DENV (McCracken et al., 2014;
Michael J. Conway et al., 2014; Schmid et al., 2016) and West Nile virus (Styer et al.,
2011c; Moser et al., 2016), Alphaviruses, e.g. Semliki Forest virus (SFV) (Pingen et al.,
2016), and Chikungunya virus (CHIKV) (Agarwal et al., 2016) and Bunyavirales
(Edwards et al., 1998; Pingen et al., 2016). In addition, our group have shown that
mosquito saliva enhances arbovirus infection in the absence of a mosquito bite (Lefteri
et al., 2022). Importantly for this thesis, sandfly salivary factors have been shown to

exaggerate at least one vector-borne disease, Leishmaniasis (Titus and Ribeiro, 1988).

In the previous chapter, it was demonstrated that sandfly saliva extract modulates SFV
infection in vivo. Therefore, in this chapter, we wanted to investigate whether sandfly
saliva extract and additionally a sandfly bite can enhance susceptibility to TOSV
infection in an animal model, newly established in the previous chapter. In addition, the
pathogenesis of TOSV in a murine model has been poorly studied. It is not known
whether sandfly bites and/or saliva are capable of enhancing sandfly-vectored virus

infection.

Finally, we wanted to determine whether non-sandfly encoded gene products (i.e.
microbiota) that are also pro-inflammatory, has an ability to modulate TOSV infection
in vivo. This is possible, as deposition of bacteria by sandflies can modulate outcome to
sandfly-vectored Leishmania infection (Dey et al., 2018). The microbiota in sandfly
saliva may play a role in activating immune responses to saliva. Consequently, these
immune responses to the microbiota could also indirectly modulate outcome to virus

infection.
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Thus, the aims of this chapter were:

1. To investigate whether sandfly salivary gland extract (SGE) and sandfly

bite enhances TOSYV infection.

2. To study the pathogenesis of TOSV infection in a mammalian host, and

whether this is modulated by inclusion SGE in the inoculum.

3. To define a potential role of salivary microbiota in modulating TOSV

infection in vivo.

4.2. SANDFLY SALIVARY GLAND EXTRACT ENHANCES TOSV INFECTION IN
MAMMALIAN HOST

To determine whether sandfly saliva modulates host susceptibility to TOSV infection,
we utilised our mouse model developed in chapter 3. Briefly, we injected 100,000 PFU
of TOSV per pl into the skin on the upper side of the left foot of ifnarl-/- mice under
inhalation anaesthesia, either in the presence or absence of sandfly salivary gland
extract (1 pair gland extract/pl) (Figure 4.1). The salivary gland extract (SGE) from
Phlebotomus perniciosus, the most important vector for TOSV, was kindly provided by
Prof. Petr Volf at Charles University in Prague. TOSV was first identified in Ph.
perniciosus, which is recognised as the primary vector of the virus (Charrel, 2012). Foot
skin, spleen, lymph nodes, and blood samples were collected 24 hours post-infection
(hpi) and 72hpi.

Tissue samples were then analysed via RT-gPCR for gene expression analysis of the
TOSV viral NS, a gene encoded by TOSV that we have previously established as a
good indicator of virus RNA quantities. Similarly, blood serum was analysed for

infectious virus titres via plague assays.
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Figure 4.1: In Vivo Model for TOSV Infection with Sandfly Salivary
Gland Extract

An illustration summarizing the infection process of ifnarl null mice with TOSV, with or
without the addition of sandfly salivary gland extract.

As a result, we showed that the quantity of TOSV RNA was significantly higher by 10-
fold in mice receiving SGE in the virus inoculum, compared to the virus alone group at
both time points (Figure 4.2A). In addition, TOSV RNA quantities were higher at the
later time point (72hpi), indicating virus had replicated over time (Figure 4.2A).
Similarly, the viral load in spleen was also significantly higher by 10-fold in the SGE
group, compared to the virus alone group at 72hpi (Figure 4.2B). However, the quantity
of viral RNA in inguinal lymph node (ILN) (Figure 4.2C) and spleen (Figure 4.2B)
samples in both groups at 24hpi was under the threshold of detection, suggesting virus
does not become systemically disseminated until after 24hpi. The quantity of TOSV
RNA was uniformly low in all lymph node samples. The addition of SGE in the
inoculum did not significantly increase replication in these lymphoid tissues at either
time points (Figure 4.2C). This result supports the suggestion that TOSV does not
replicate efficiently in lymph nodes, as was shown in Section 3.6.2, in Chapter 3. Blood
was also collected to define the number of infectious units (PFU) by plaque assay, and a
few plaques were detected at 72hpi in some mice that received the sandfly SGE (Figure

4.2D).
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Figure 4.2: Sandfly Salivary Gland Extract Enhance TOSYV Infection in a
Mammalian Host

Ifnarl-/- mice were infected with 100,000 PFU of TOSV with or without sandfly salivary gland
extract (SGE) (1 pair gland extract/ul). Tissues were taken at 24hpi and 72hpi, with TOSV RNA
(Ns gene) copy number determined by gPCR. Infectious units in serum were determined by
plaque assay. Plots show the median value * interquartile range. ns=not significant, significant
**p < 0.01, ***P < 0.001.

(A) The graph illustrates the quantity of TOSV Ns detected in the skin at 24 and 72hpi. Mice
were infected with either TOSV alone or TOSV in combination with sandfly SGE (n=5 mice).
(B) The graph shows the quantity of TOSV Ns in the spleen at 24 and 72hpi, comparing TOSV
alone and co-inoculation with sandfly SGE (n=5 mice).

(C) The graph depicts the quantity of viral RNA in the popliteal and inguinal lymph nodes in
TOSV alone and TOSV with sandfly SGE groups at 24 and 72hpi (n=5 mice).

(D) The graph presents PFU/ml of virus in blood serum samples belonging to TOSV-alone and
TOSV for the SGE group at 72hpi (n=5 mice).

We also investigated host immune gene expression in skin of these samples (Figure
4.3), to define whether SGE modulated their expression. Compared to the uninfected
mice skin samples, those infected with TOSV + sandfly SGE displayed a significant
increase in ccl2, cxcl2, and isgl5 genes at 24hpi and 72hpi. The transcript level of isg/5
showed a significant difference between the virus-only group and the sandfly SGE
group at 24hpi but not at 72hpi. //-6 expression was significantly higher in the sandfly
SGE group compared to the virus-only group at 72hpi, although this gene's transcription
level was below the detection threshold at 24hpi. Notably, the absolute copy numbers of
gene transcripts were around ten times higher at 72hpi than at 24hpi in both
experimental groups, indicating their expression was being driven by increase in virus

quantity/infection.
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Figure 4.3: Sandfly Salivary Gland Extract and TOSV Infection Combine to
Induce Gene Salivary Factor-Associated Gene Expression

The expression levels of Chemokines (ccl2, cxcl2), isgl5, il-6. These skin samples were the
same ones analysed above in Figure 4.2. Resting skin samples were taken from uninfected
ifnarl-/- mice. Gene expression was measured in these samples by qPCR (n=5 mice). Plots
show the median value * interquartile range. ns=not significant, significant *P < 0.05, **P <
0.01.

4.2.1 The Enhancement Effect of Sandfly SGE is Dose-Dependent

We wanted to assess the dose dependence of the saliva enhancement phenotype after
showing that sandfly SGE augmented TOSV infection in our in vivo model. For
instance, this phenomenon has been shown with mosquito salivary SGE in WNV
infection before (Moser et al., 2016). Here, we tested two doses of SGE by inoculating
mice skin on the upper side of the left foot with TOSV plus equivalent to 1 pair gland
extract and 3 pair glands extracts. The level of TOSV RNA at 72hpi was significantly
elevated in all groups in skin inoculation site and spleen that received SGE compared to
that in the control group (Figure 4.4). In addition, a dose response was observed. Mice
who received three times higher doses of SGE showed a 10-fold significant increase in
viral load in both tissues compared to those infected with equivalent to one pair of
glands (Figure 4.4). Together these data illustrated that SGE has a strong, dose-

dependent impact on TOSV replication enhancement.
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Figure 4.4: Sandfly SGE Enhances TOSYV Infection in a Dose-Dependent Manner

Ifnarl-/- mice were inoculated subcutaneously in mice skin on the upper side of the left foot
with either 100,000 PFU of TOSV alone or mixed with two different sandfly SGE doses (1-3
pair glands/ul). Skin and spleen samples were taken at 72hpi and TOSV RNA (Ns gene) copy
number determined by gPCR (n=6). Blood was also collected to assess quantity of infectious
units by plague assay, but no plaques were detected. Plots show the median value + interquartile
range. Significant *P < 0.05, **p < 0.01.

4.2.2 Pathogenesis of TOSV Infection in /fhari-/- Mice

TOSV is responsible for causing CNS disease including meningitis and encephalitis in
humans. TOSV infection is also associated with notable muscle pain (myalgia), along
with fever and headache. Additionally, asymptomatic infections and those without CNS

involvement have been reported and discussed in Section 1.2.5.2.2.4, in Chapter 1.

The pathogenesis of TOSV has previously been partially investigated using an
immunocompetent, four-week-old murine model infected intracerebrally (i.c.)
(unknown volume), and via subcutaneously (s.c.) with high volume (200ul of TOSV per
injection) (Grazia Cusi et al., 2005; Cusi et al., 2016). In the intracerebral model, the
mice fell ill, and all died within 10 days, whereas those infected through the

subcutaneous route showed no clinical or pathological symptoms.

4.2.2.1 TOSV Infection Causes Pathology and Clinical Signs in Ifnari-/- Mice, Which
Is Enhanced by Co-inoculation With Sandfly SGE

Adult ifnarl-/- mice were injected with TOSV into the skin as described above, with or
without the presence of Ph. pernicious sandfly SGE. Total inoculum volume was ~1-

2ul. Two separate pathogenesis experiments were conducted, in which mice were
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monitored for either two weeks or three weeks post-infection. Mice were monitored for
development of clinical signs and weighed daily until two weeks after infection. After
two weeks they were checked three times a day during the third week after infection, as

some mice at this stage developed neurological signs.

In the first experiment, at 7-8 days post-infection, mice co-inoculated with TOSV and
sandfly SGE (n=10) all developed inflamed and swollen hind foot joints, whereas only
two (2/10) in the TOSV-alone group exhibited the same signs (Figure 4.5). After
observing foot joint inflammation, one mouse belonging to the sandfly SGE group,
became partially paralysed and was culled at 9-day post-infection. Importantly, the joint
swelling lasted at least 4 days for mice that received SGE with TOSV. In contrast, for
those few mice that received TOSV alone and exhibited joint swelling; this quickly
resolved and was inapparent just one day later after initial observation. Interestingly, at
12-13 days post-infection, a small number of mice that had received SGE with TOSV,
and a fewer number of mice that had received TOSV alone, established atypical
neurological signs (e.g. hyperactivity). Together, the number of clinical signs suggested

a worse infection outcome if SGE was present in the inoculum (Figure 4.6A).
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Figure 4.5: Ifnarl-/- Mice Had Inflamed Hind Left Foot at 7 dpi

(A) Either TOSV-only or with sandfly SGE inoculated representative mice samples
demonstrating significant joint swelling of the inoculated feet, (B) an example of uninfected
control mice with non-inflamed foot joint

When we looked at the quantity of TOSV NS copies in the brain, skin inoculation site
and spleen samples at the end of two weeks post-infection, viral load was significantly
higher in the SGE group than the virus-alone group in brain samples (Figure 4.6B).
Furthermore, there was a statistically significant increase in virus quantities in mice that
had received SGE with TOSV in skin (inoculation site) and spleen (Figure 4.6B).
Therefore, TOSV disseminated to the brain from the skin inoculation route, and that this
was more efficient in mice receiving sandfly SGE. It should also be noted that quantities
of virus RNA in skin are much lower than those seen above at 24 and 72hpi, suggesting
the virus was cleared from peripheral tissues at this two-week timepoint. Furthermore,
there was a trend for less weight gain in infected mice that also received SGE (Figure
4.6C).
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Figure 4.6: Sandfly Salivary Gland Extract Causes More Severe Clinical Outcomes
of TOSV Infection in a Mammalian Host

Mice were inoculated as before with either 100,000 PFU of TOSV alone or mixed with sandfly
salivary gland extract (SGE) (1 pair gland extract/ul). Half brain, skin and spleen samples were
taken from infected ifnarl-/- mice at 15dpi and TOSV RNA (Ns gene) copy number determined
by gPCR (n=10 mice).

(A) The graph demonstrates the number of clinical signs during TOSV alone and TOSV +
sandfly SGE infection (n=10 mice). The two main clinical signs observed were joint swelling,
which peaked at day 8, while neurological signs were evident from day 14 onwards.

(B) The quantity of TOSV RNA in brain, skin, and spleen samples at 15dpi. Plots show the
median value * interquartile range. Significant *P < 0.05, **p < 0.01.

(C) The graph shows the weight change kinetics of TOSV-infected ifnarl-/- mice in the
presence or absence of sandfly SGE for two weeks of infection (n=10 mice).

Cytokines, chemokines, and interferon-stimulated genes are either expressed at low
levels or completely absent in the healthy CNS. In symptomatic SFV and WNV
infections, inflammatory cytokine, interferon response gene and importantly several
chemokines including ccl2, cxcl2, cxcl10 are upregulated in the brain (Michlmayr et al.,
2014). Thus, in our mouse model for TOSV infection, we aimed to also assess gene

expression in the brains of mice two weeks post infection and examine the effect of
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sandfly SGE on their transcription. We observed an upward trend in gene expression
levels in both the TOSV alone and SGE groups compared to the resting brain (Figure
4.7). Notably, ifn-g1 and some ISG expressions were higher in the sandfly SGE group,
compared to mice that received virus alone. The level of the inflammatory cytokine il-6
was also low in brain samples from both groups during TOSV infection. Notably,
cxcl10 (inducible by IFN) was the most upregulated chemokine, with significantly
higher levels of cxcl10 and ccl2, and an increased level of cxcl2 in the SGE group
compared to the virus alone group. Overall, sandfly SGE could contribute to a more
severe outcome of TOSV infection by expressing these critical chemokines in CNS
tissue. The chemokine-mediated influx of leukocytes into the brain is an essential key

factor in CNS disease caused by neurotropic arboviruses.

Brain

105=

104~

Absolute copies gene transcript/ 10’ 185

103

102

107

1004

10-1= Resting brain

mm TOSV alone

102+ mm TOSV + sandfly SGE

102

Figure 4.7: The Cytokine, Chemokine and Interferon Stimulated Genes
Response to TOSV Infection in The Presence/Absence of Sandfly SGE in The
Brains of Mice

The expression levels of Chemokines, rsad2, isg15, il-6 and ifn-g either TOSV alone or with
sandfly SGE or resting brain. The half brain samples taken from ifnar-/- mice at 15dpi. Resting
half brain samples were taken from uninfected ifnarl-/- mice. Gene expression was measured in
these samples by gPCR (n=10 mice). Plots show the median value * interquartile range. ns=not
significant, significant, *P < 0.05.

Because we noted an uptick in the number of clinical signs towards the end of the
second week (Figure 4.6A), we next asked whether these signs continue into the third
week of infection and sought to further validate the findings observed in the first two
weeks of infection. Here in this separate experiment, mice co-infected with SGE had a
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trend toward less weight gain (Figure 4.8B), which was consistent with their display of
other clinical signs of disease. As a side, only one mouse, (belonging to TOSV alone
group), experienced a 21% reduction in total weight and was culled before the
experiment concluded. Moreover, the same mouse suffered joint inflammation and then

left hindlimb paralysis at 10 days post-infection, which resolved one day later.

Importantly, approximately 5-6 days post-infection, all mice (n=8) in the sandfly SGE
group developed inflamed and swollen foot joints. In contrast, fewer mice in the TOSV
alone group showed symptoms like those in the SGE group. Although some mice
showed atypical neurological signs such as hyperactivity and repetitive paw movements
from 15dpi onwards, these symptoms were self-resolving a couple of days later. In
summary, when sandfly SGE was mixed with TOSV inoculum, a higher number of

clinical signs were observed, compared to mice in the virus-alone group (Figure 4.8A).

At the end of this experiment, at 21dpi, tissues were assessed for TOSV RNA quantity
by gPCR. The quantity of TOSV RNA in the brain and spleen was significantly higher
in the sandfly SGE group compared to the TOSV-alone group (Figure 4.8C). However,
the viral load in the brain was tenfold lower at 21dpi in the SGE group compared to
15dpi in the same group (Figure 4.6C), which could be explained by the self-resolving
neurological symptoms observed at 21dpi. Conversely, the viral RNA in the spleen
showed a significant increase compared to the first experiment's results, indicating a
potential systemic infection or inability to efficiently clear virus RNA from this tissue.
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Figure 4.8: The Number of Clinical Symptoms and The Quantity of TOSV RNA in
Brain and Spleen Samples at The Three Weeks Post-Infection

Mice were inoculated as before with either 100,000 PFU of TOSV alone or mixed with sandfly
salivary gland extract (SGE) (1 pair gland extract/ul). Half brain and spleen samples were taken
from infected ifnarl-/- mice at 21dpi and TOSV RNA (Ns gene) copy number determined by
gPCR (n=8).

(A) The graph demonstrates the number of clinical signs (n=8 mice).

(B) The graph shows the weight change kinetics of TOSV-infected ifnarl-/- mice in the
presence or absence of sandfly SGE for three weeks of infection (n=8 mice).

(C) The guantity of TOSV RNA in brain and spleen samples at infection of TOSV alone and
TOSV + sandfly SGE at 21dpi. Plot shows the median value + interquartile range. Significant
*P < 0.05, ***p<0.001.

We also assessed the chemokine expression, as in the first experiment. The findings
indicated a significant elevation in cxcl10 expression within the SGE groups of mouse
brain samples compared to those infected solely with TOSV (Figure 4.9). However, this
increase compared to resting tissue was notably lower, around 20-fold, compared to the
results from the first experiment. Furthermore, no significant variance was observed in

the levels of ccl2 and cxcl2 among the different groups in the brain.
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Figure 4.9: The Chemokine Response to TOSYV Infection in the Presence/Absence
of Sandfly SGE in the Brains of Mice

The expression levels of Chemokines (ccl2, cxcl2, cxcl10) either TOSV alone or with sandfly
SGE or resting brain. The half brain samples taken from ifnarl-/- mice at 21dpi. Resting half
brain samples were taken uninfected ifnarl-/- mice. Gene expression was measured in these
samples by gPCR (n=8 mice). Plot shows the median value + interquartile range. ns=not
significant, significant, *P < 0.05.

4.2.2.2 TOSV Infection Can Result in Acute Foot Joint and Muscle Inflammation,
Which Is Worsened by Inclusion of Sandfly SGE in Inoculum

TOSV infection manifests as a mild feverish condition, headaches, muscle pain, and
nausea in humans. More severe infections can cause neurological signs, including
meningitis and encephalitis (Papa, Mallias, et al., 2014). In addition, some case reports
also indicated arthralgia in the patients (Papa, Kesisidou, et al., 2015), although this is
not as common as following infection with some other bona fide arthritogenic
arboviruses, including Ross River virus (RRV) and Chikungunya virus (CHIKV). There
are several mouse models for investigating severe incapacitating arthralgia that occurs
with these infections (Morrison et al., 2006; Goupil et al., 2016; Mostafavi et al., 2022).
In CHIKV models, mice infected with the virus showed moderate to significant
swelling in the feet where they were inoculated. Histopathologic evaluation revealed
moderate mononuclear inflammation in the deep layers of the skin and subcutaneous
tissue, extensive necrosis and inflammation of muscle cells, as well as tendonitis and

synovitis (Goupil et al., 2016).

We found that TOSV infection of ifnarl-/- mice invariably resulted in swollen and
inflamed hind feet in mice receiving both TOSV and SGE, and only occasionally in
mice receiving TOSV alone. Importantly, this clinical sign was more severe and lasted

longer in mice receiving sandfly SGE than those receiving the virus alone (Figure 4.10).
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Foot-joint inflammation Control

Figure 4.10: Ifnarl-/- mice sacrificed at 7dpi

TOSV + sandfly SGE inoculated mouse demonstrating significant swelling of the feet (A),
TOSV alone infected mouse illustrating no swelling (B).

Therefore, we wanted to define the pathology of TOSV infection in mice. Firstly, it was
not clear whether virus had disseminated to the joint tissue itself, therefore we assessed
whether TOSV could be detected in joints at 7dpi, when swelling was most extensive,
by gPCR. The number of copies of TOSV NS in the skin and foot joint samples was
approximately ten times greater significantly in the sandfly SGE group compared to the
virus alone group (Figure 4.11A, B). The results suggested that the inflammation of the

foot joint may be associated with the enhanced quantity of virus in joint.
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Figure 4.11: Sandfly SGE Enhanced TOSV Replication in Skin and Foot Joint of
Mice at 7dpi

Mice were inoculated subcutaneously in the upper foot skin with either 100,000 PFU of TOSV
alone or mixed sandfly SGE (1 pair gland extract/ul). Skin and foot joint samples were collected
from infected ifnarl-/- mice at 7 days of post-infection (dpi) and TOSV RNA (Ns gene) copy
number determined by gPCR (n=5 mice). Plots show the median value + interquartile range.
Significant *P < 0.05, for skin (A) and foot joint (B).
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To characterise whether pro-inflammatory meditators, associated with other
inflammatory joint diseases, were expressed in TOSV infected joints, we assessed the
expression of chemokines/cytokines. Specific cytokines are linked to pro-joint
inflammation in diseases including rheumatoid arthritis, the blockade of which is used
in the clinic to treat joint inflammation. This includes tnf-a and il-6 cytokines, whose
joint expression here were significantly increased for mice receiving sandfly SGE with
TOSV (Figure 4.12A). Cxcl10 is a potent chemoattractant for immune cells, particularly
CD8 T cells and NK cells, both of which can contribute towards tissue damage (Liu et
al., 2011), was also upregulated in the foot joints of mice that received SGE compared
to the virus alone group (Figure 4.12A). Ccl2 and cxcl2, which recruit inflammatory
monocytes and neutrophil respectively to the affected area, were significantly elevated
in mice that received sandfly SGE (Figure 4.12A, B). As such, the underlying cause of
this pathological joint swelling could be due to direct damage from the virus infection,
virus replication in the joints, and/or the result of immune response induced by TOSV.
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Figure 4.12: Sandfly SGE Induce Inflammatory, Pro-inflammatory Cytokines,
Chemokines likely Associated with Foot Joint Inflammation

The expression levels of Chemokines and Cytokines either TOSV alone or with sandfly SGE.
The foot joint (A) and skin samples (B) were taken from ifnarl-/- mice at 7dpi. Gene expression
was measured in these samples by qPCR (n=5 mice). Plots show the median value +
interquartile range. Significant, *P < 0.05, **p < 0.01, ***p<0.001.

To help characterise TOSV-joint inflammation, we conducted a histopathologic
evaluation of TOSV infected mice feet. We collected skin and foot samples, including
joint tissues, from three groups: resting, infected with TOSV, and co-infected with
sandfly SGE (1 pair gland extract/pl). After fixing the skin samples with 4% PFA, we
processed the foot samples by decalcification, as previously described in Section 2.11 of

Chapter 2. All samples were then sent for H&E staining.
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For the skin that was adjacent to the inflamed joints, we observed significant infiltration
of inflammatory cells in the dermis of inflamed skin co-infected with TOSV and sandfly

SGE, as indicated by the presence of numerous monocytic-like and polymononuclear

cells (Figure 4.13C, F). This contrasted with skin of mice that received either no
inoculum (resting) (Figure 4.13A, D) or TOSV-alone (Figure 4.13B, E).

’ = . ) \ — . P Sl 'Q‘F’ ,.
Figure 4.13: Haematoxylin and Eosin (H&E) Staining of the Mouse Foot Skin
(A) Representative Haematoxylin and Eosin (H&E) staining of resting foot skin, (B) TOSV-
alone infected ifnarl-/- mice at 7dpi, (C) TOSV with sandfly SGE infected ifnarl-/- mice at
7dpi. Note that the lower dermis is enlarged with numerous inflammatory cells present, such
that the epidermis is only partially visible. Images (magnification, x2) are representative of two
mice per group. (D) H&E staining of resting foot skin, (E) TOSV-alone infected ifnarl-/- mice

at 7dpi, (F) TOSV with sandfly SGE infected ifnarl-/- mice at 7dpi. Images (magnification, x6)
are representative of two mice per group.
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Next, we investigated the histopathology of joint skeletal muscle associated with the
foot joint. In those mice with inflamed foot joints, TOSV caused gaps to appear in the
muscle tissue, indicating myofiber degeneration and/or oedema (Figure 4.14B).
Additionally, the presence of sandfly SGE in the original TOSV inoculum led to a more
substantial accumulation of inflammatory cells in the subcutaneous tissue, extending
into the muscular layer (Figure 4.14C), than observed with TOSV alone or in resting
foot joint samples (Figure 4.14B, A). In summary, TOSV causes an acute inflammatory
response in the foot proximal to the inoculation site. The presence of sandfly saliva
increases the efficiency of virus dissemination to foot tissue, resulting in more

exaggerated inflammatory response, increased leukocyte influx (Figure 4.15) and

muscle fibre damage.

) ' " » QAR T
Figure 4.14: Haematoxylin and Eosin (H&E) Staining of the Mouse Foot
(A) Representative Haematoxylin and Eosin (H&E) staining of longitudinal section of skeletal
muscle (uninfected), (B) representative skeletal muscle from TOSV-alone infected mice at 7dpi,

(C) representative skeletal muscle from mice infected with TOSV + sandfly SGE at 7dpi.
Images (magnification, x4) are representative of two mice per group.
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Figure 4.15: Sandfly Salivary Gland Extract Causes the Influx of Leukocytes into
Foot Tissue

Ifnarl-/- mice were left uninfected or infected with 100,000 PFU of TOSV, the inoculum of
which includes sandfly SGE. Foot joint tissues were digested at 7dpi after observing foot joint
inflammation and stained with CD45. The gating strategy defines the population of stromal cells
(CD45-) and leukocyte cells (CD45+) in uninfected Fluorescence Minus One (FMO) control
and inflamed foot joint tissue, respectively.

4.3 TOSV INDUCES NEUTRALISING ANTIBODY RESPONSES IN /FNAR-/-
MICE

After identifying an increase in TOSV RNA in spleen and brain samples at 21dpi, we
conducted a serum neutralization assay to assess potential serum protection against
TOSV and whether exposure to SGE in the mice influenced the generation of
neutralizing antibodies in the serum. Three weeks after infection, blood samples were
taken from mice either infected with TOSV or TOSV with sandfly SGE, and an assay
was performed and analysed as described in Section 2.6 of Chapter 2. We found that the
serum from mice infected with TOSV combined with sandfly SGE provided
significantly higher protection than the TOSV-only group at one specific dilution
(Figure 4.16A). However, this enhanced protection was not consistent across other
serum dilutions (Figure 4.16B). Overall, the serum from mice infected with TOSV
alone or with SGE showed similar levels of protection. This shows that mice
seroconvert and replicate this core aspect of TOSV infection in humans. Of note,
despite the host generating a similar protective virus-neutralising response in the serum,

the addition of sandfly SGE still caused worse disease (Figure 4.8).
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Figure 4.16: The Generation of Neutralising Antibodies to TOSV in Serum

1000 PFU of TOSV was pre-treated with serum collected from ifnarl-/- mice infected with
TOSV-only or with sandfly SGE at 3 weeks post-infection at dilutions ranging from 1:20 to
1:14580. One hour later, the cells were infected with these mixtures of virus/serum and
observed over the next few days. After observing cytopathic effects (CPE), the cells were
stained with crystal violet to identify live cells, indicating the percentage of cells protected by
the serum. The plates were then scanned and analysed using ImageJ to calculate the percentage
of viable cells, serving as a measure of the serum's protective capacity. All cell viability
measurements were normalised against background readings from uninfected cells. Plots show
the median value % interquartile range. Significant, *P < 0.05.

(A) The graph shows percentage of viable cells when treated with serum diluted 1:1620.

(B) The graph illustrates percentage of cell viability in a range of dilutions between 1:20 and
1:14580 according to TOSV alone and TOSV + sandfly SGE groups.

4.4 THE SALIVARY GLAND EXTRACT FROM THE LUTZOMYIA LONGIPALPIS
SANDFLY SPECIES CAN ALSO ENHANCE TOSV INFECTION

To complement these studies using SGE, we wanted to also assess TOSV infection
following inoculation at sandfly bites. For this, we decided to conduct in vivo bite

studies using a colony of the Lutzomyia longipalpis species. The colonies and sandfly
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salivary gland extract (SGE) were kindly supplied by Dr. Matthew Rogers at The
London School of Hygiene & Tropical Medicine. The rationale for this was because Lu.
longipalpis colonies, which are often raised in laboratories to bite mice, and are well-
adapted for this purpose. Unfortunately, Ph. perniciosus sandflies do not feed efficiently
on rodents in laboratory conditions (although will bite rabbits and humans). Indeed,
such colonies can require several generations to fully adapt to a different blood-feeding
source (Volf and Volfova, 2011).

Several studies demonstrated that, Lu. longipalpis bite/SGE augments the severity of
Leishmania infection in murine models (Theodos et al., 1991; Lestinova et al., 2017,
Teixeira et al., 2018). In addition, a putative, non-insect specific, new Phlebovirus
(Viola Phlebovirus) has been isolated from Lu. longipalpis recently (De Carvalho et al.,
2018). This suggested that this species can also be infected with viruses, and likely can
transmit them to vertebrate hosts. Although Lu. longipalpis is not a natural vector of
TOSV, mainly due to their geographic separation, with TOSV residing in the Old
world, and Lu. Longipalpis specific to the Americas, this sandfly species readily adapts
to new habitats. For example, its adaptation to the urban environment is intimately
linked to the emergence of visceral leishmaniasis in formerly unaffected locations
(Rego and Soares, 2021). Therefore, with increasingly globalisation and climate change,
there is a possibility that viruses such as TOSV, and this sandfly species, may co-exist

in the same environment in the future due to climate change.

Lastly, it has been shown that the saliva/bite of Lu. longipalpis sandflies can induce a
potent inflammatory response, including attracting macrophages to the bite site and
modulating their functions (Teixeira et al., 2005; Peters et al., 2008; Teixeira et al.,
2018). Thus, it serves as a useful tool for investigating our hypothesis that inflammatory
responses to sandfly salivary factors enhance infection with TOSV, supported by more
frequent infection of inflammatory cells recruited to the skin and worsening clinical

outcomes of the virus.

Therefore, we began our studies by initially examining whether SGE from Lu.
longipalpis was capable of enhancing TOSV infection in our mouse model. We found
that the quantity of viral RNA was significantly higher in the SGE group than the virus
alone group in the skin inoculation site and spleen at 72hpi (Figure 4.17A, B).
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Figure 4.17: Lutzomyia Longipalpis Sandfly Salivary Gland Extract Augment
TOSYV Infection in a Mammalian Host

Mice were inoculated subcutaneously in the left upper foot skin with either 100,000 PFU of
TOSV alone or mixed Lutzomyia Longipalpis sandfly salivary gland extract (SGE) (1 pair gland
extract/pl). (A) Skin and (B) spleen samples were taken from infected ifnarl-/- mice at 72hpi
and TOSV RNA (Ns gene) copy number determined by qPCR (n=6 mice). Blood was also
collected to assess quantity of infectious units by plaque assay, although no plagues were found.
Plots show the median value * interquartile range. Significant *P < 0.05.

4.5 SANDFLY BITE ENHANCES TOSV INFECTION IN A MAMMALIAN HOST

We have already shown that sandfly SGE enhances susceptibility to TOSV infection.
However, saliva/SGE injection via needle missed some aspects of natural biting.
Therefore, we next determined whether the presence of a sandfly bite at the inoculation
site modulated host susceptibility to TOSV (Figure 4.18) as described in Section 2.4.1.2
of Chapter 2.

Blood
Spleen
Foot skin

Apt of TOS), —_— IZW 7?
x ' “ =i

IFNAR1-/- mice

after sandfly fully
engorged

RNA extraction qPCR  Plagque Assay
RT-PCR

Figure 4.18: In Vivo Model for TOSV Infection with Sandfly Bite

A drawing to summarise the infection process of ifnarl null mice with TOSV, with or without
prior exposure to sandfly bites.
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Here, we investigated whether sandfly bites could enhance TOSV infection with the
same efficacy as sandfly SGE. Mice were bitten with sandflies (Lutzomyia longipalpis)
and then immediately 1l of TOSV inoculated into the same site (upper side of the left
foot). Interestingly, those mice receiving sandfly bites not only induced enhanced
infection compared to TOSV alone inoculated mice, but also exhibited an additional
enhancement effect compared to mice that received SGE with virus, as assessed
quantifying virus RNA in skin and spleen samples at 72hpi (Figure 4.19A). Here, the
quantity of TOSV RNA in the skin and spleen of the bite group was significantly higher
than in mice inoculated with TOSV plus SGE or the TOSV-alone. Crucially, we also
detected infectious virus at significantly higher quantities in the mice receiving sandfly
bites as determined by plagque analysis (Figure 4.19B). Indeed, all mice became viremic

if inoculated at sandfly bites, as compared to mice inoculated in resting skin.
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Figure 4.19: Sandfly Bite Enhance Severity of TOSV Infection in a Mammalian
Host

Mice were exposed to the bites of two to four Lutzomyia longipalpis species sandflies, on the
upper side of the left foot. Sandflies were left to feed until fully engorged. Immediately
afterwards, 1pl of virus was injected (100,000 PFU of TOSV) subcutaneously directly at the
bite site using a Hamilton needle. (A) Skin and spleen samples were taken from infected ifnarl-
/- mice at 72hpi and TOSV RNA (Ns gene) copy number determined by gPCR (n=6 mice), (B)
Virus titers in the blood serum at 72hpi were also quantified by plagque assay. Plots show the
median value + interquartile range. Significant *P < 0.05, **p < 0.01.

To help understand the mechanism by which sandfly bites enhance TOSV infection, we
next defined the impact of the presence of bites on cutaneous innate immune responses.
The expression of key innate immune genes was assayed in the skin of mice that were

either bitten by sandflies and then infected with the virus or infected with the virus
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without bites. At bite sites, il-6 and isg15 levels were significantly elevated compared to
the groups exposed to sandfly SGE+virus or to virus alone. Ccl2, monocytic
chemoattractive chemokine, was also upregulated significantly in the presence of bites.
Interestingly, a neutrophil-attracting chemokine, cxcl2, did not show significant
differences between the experiment groups (Figure 4.20). However, sandfly bites have
been shown to cause rapid and prolonged neutrophilic infiltration at the localised bite
sites, although this may be independent of CXCL2-CXCR2 axis signalling (Peters et al.,
2008; Guimaraes et al., 2017). Together, this suggests that there is increased
inflammatory gene expression with TOSV in bitten skin as compared to TOSV
infection alone. This may be a consequence of either biting directly, or because there is
enhanced quantities of TOSV.
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Figure 4.20: Sandfly Bite Causes Upregulation of Key Innate Immune Genes in
The Skin

The quantities of immune gene expression either in skin at rest or following TOSV infection
alone or in presence of sandfly SGE or with sandfly bites. The skin samples were taken from
ifnarl-/- mice at 72hpi. Gene expression was measured in these samples by gPCR (n=6 mice).
Plots show the median value * interquartile range. Dotted line represents the assay’s limits of
detection based on gPCR values. ns=not significant, significant *P < 0.05, **p < 0.01.

4.6 DEFINING THE POTENTIAL FOR MICROBIOTA TO EXPLAIN SALIVA-
INDUCED TOSV INFECTION

Although there is no clear information about whether sandfly saliva contains
microorganisms alongside pharmacologically active compounds that aid feeding, the

gut microbiota of sandflies has been studied several times to investigate the relationship
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between microorganisms in the gut and Leishmania parasite transmission. Leishmania
parasites develop solely within the gut lumen of the insect before being transmitted to a
suitable host during the insect's subsequent blood meal. Notably, although the midgut
microbiome is one of three or four major factors affecting Leishmania transmission,
there is no specific or stable midgut microbiome. It differs between sandfly species,
even colonies; most bacteria in the midgut are associated with contamination from the
environment (e.g., plants, animals) (Volf et al., 2002; Sant’Anna et al., 2012; Telleria et
al., 2018).

Other factors affecting Leishmania transmission are sandfly saliva, promastigote
secretory gel (PSG) and other compounds synthesised by Leishmania in sandfly midgut.
It has been demonstrated that when sandfly gut microbes and saliva are egested into the
skin of a host, together they trigger the activation of the host's inflammasome. The
inflammasome, a multi-protein signalling platform of the innate immune system
comprising various sensors and receptors (Broz and Dixit, 2016; Chen et al., 2017),
subsequently promotes the expression of proinflammatory cytokines, such as il-14. This
cascade of events increases the recruitment of neutrophils to the bite site, which become
infected, and facilitates greater dissemination of the parasite within the host. These
findings indicate that the immune response initiated by the microbes unintentionally

supports the spread of the parasite (Dey et al., 2018).

Interestingly, the microbiome is regurgitated along with Leishmania parasites, as the
parasites damage the sandfly's stomodeal valve. Positioned at the junction between the
foregut and midgut, the stomodeal valve primarily ensures a ‘one-way’ flow of blood or
sugar meal during feeding and prevents the regurgitation of gut contents (Volf et al.,
2004). Thus, in non-Leishmania infected flies, such as ours, with properly working
stomodaeal valves, the regurgitation of the gut microbiome is unlikely. Although there
is a knowledge gap between sandfly salivary gland or saliva and microbiome presence
in them, a study of mosquito salivary glands revealed a diverse microbiota in glands,
likely injected into the skin during blood feeding (Sharma et al., 2014). Abiotic
mosquito saliva is also less inflammatory in skin, than microbiota sufficient mosquito
saliva (Lefteri et al., 2022).

In this section, we wanted to assess whether potential microbial components in sandfly
saliva effect on saliva-induced TOSV infection. There are no studies in the literature

investigating the influence of these components on the host's susceptibility to TOSV.
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4.6.1 LPS and PAM3CSK4 Enhance TOSV Infection in Mice

Here, pro-inflammatory bacterial agents and mimics were used to test whether
microbiota could play a role in the phenotype of enhancing TOSV infection. These were
LPS (lipopolysaccharide) and Pam3CSK4 (a synthetic lipopeptide that activates TLR2),
both of which induce cutaneous cxcl2 and il- 1 expression in a mouse model (Pingen et
al., 2016). Here, 1ul/ug of Pam3CSK4 and 1pul/pg of LPS were injected subcutaneously
into the left upper foot skin of mice. After 2 hours post-inoculation, 1ul of 100,000 PFU
TOSV was injected subcutaneously into the same inoculation area. The skin, foot joint,
spleen and serum were collected at 72hpi. Both of these bacterial compounds
substantially enhanced TOSV replication in the tissues of infected mice. Quantifying
viral RNA at the inoculation site, foot joint, and spleen revealed higher levels of viral
RNA in mice co-injected with the virus, LPS, and Pam3CSK4 compared to those
infected with the virus alone (Figure 4.21A, B, C). However, the viral titer in blood
serum did not show a significant increase in the LPS and Pam3CSK4 group compared
to the virus-only group (Figure 4.21D). Overall, this suggested that the infection-
promoting ability is not specific to sandfly bites/SGE and that it is possible to induce a

similar phenotype using solely microbial products.
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Figure 4.21: Pro-Inflammatory Agents Enhance TOSV Infection In Vivo

Ifnarl-/- mice were infected with TOSV on the dorsal side of their left foot, either with or
without the addition of Pam3CSK4 and LPS. The expression of the viral TOSV NS gene was
measured using qPCR in the skin (A), foot joint (B), and spleen (C) at 72hpi, (D) Infectious
units in serum were determined by plaque assay (n=6 mice). Plots show the median value +
interquartile range. ns=not significant, significant **p < 0.01.

4.6.1.1 Quantification of LPS in Sandfly Salivary Gland Extract

In the previous experiment (see Section 4.6.1), we found that LPS and Pam3CSK4 at
high concentrations could copy the enhancement phenotype. To determine whether this
could explain how sandfly SGE enhances TOSV infection, we wanted to assess the
endotoxin concentration in the SGE preps that had been used in our in vivo experiments.
Lipopolysaccharide (LPS) is a component of the outer membrane of Gram-negative
bacteria that is known for stimulating immune responses and is recognised by the Toll-
like receptor 4 (TLR4) complex (Rosadini and Kagan, 2017).
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Endotoxin concentration of sandfly salivary gland extract (SGE) was determined using
the ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit (GenScript, USA). The
assay was performed as per the manufacturer’s instructions (Section 2.13 in Chapter 2).
A standard curve of endotoxin concentrations between 0.6 EU/mL, 0.3 EU/mL and 0
EU/mL was generated to calculate final endotoxin concentration using the subsequent
equation of the line. The result of this indicating that the SGE contained a total of 0.2
EU/mL (Figure 4.22). One EU (Endotoxin Unit) is defined as approximately 0.1 to 0.2
ng endotoxin/mL of solution. Therefore, this suggests that a concentration of 0.2
EU/mL equates to an endotoxin concentration of 0.02 - 0.04 ng/ml of endotoxin.
Therefore, the quantity of endotoxin was substantially lower (1000/0.02 = 50 000-fold)
than we used in the previous experiment (Figure 4.21). Therefore, this suggested that
microbiota in sandfly saliva is not likely responsible for the enhancement of TOSV

infection.

Standard Curve for Quantification of Endotoxin in Chromogenic
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Figure 4.22: Standard Curve for Quantification of LPS in Sandfly Salivary Gland
Extract

The y-axis shows the absorbance output readout from the samples mixed with the colorimetric
reagent, and the x-axis demonstrates the endotoxin concentration. The sample's EU
concentration was calculated by using the equation of the line (y=2.7383x-0.1072), which was
generated through the line of best fit.

4.6.2 Pre-antibiotic-treated Sandflies Has Similar TOSV Enhancing Properties as

Bacteria Sufficient Flies

We discovered that LPS and Pam3CSK4 in high concentration can enhance TOSV
infection similarly to sandfly SGE, but their presence in SGE are unlikely to drive a
similar phenotype, being at such low concentration. Nevertheless, we decided to
generate abiotic sandflies, which were previously published as lacking microbiota
(Kelly et al., 2017) to investigate further whether salivary microbiota modulates TOSV
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infection levels in vivo. For this purpose, we used a similar antibiotic cocktail, Penicillin
500 U/ml, Streptomycin 500 pg/ml, Gentamicin sulphate 100 pg/ml, was incorporated
into the sugar meal (25% sucrose w/v), which was fed to sandflies in soaked cotton
wool pads and changed daily. Then, mice were anesthetised and exposed to 2 to 4
sandfly bites of either untreated or antibiotic treated Lu. longipalpis sandfly in the
dorsal side of their left foot, before being injected with 100,000 PFU of TOSV. Skin,
foot joint, spleen and blood were collected at 72hpi. The quantity of viral RNA at the
bite site, foot joint, and spleen demonstrated no significant difference between mice
exposed to antibiotic-treated or untreated sandfly bites (Figure 4.23). Likewise, no
difference in viral titers was observed in the serum between antibiotic-treated and
untreated sandfly bites (Figure 4.23D). This suggested that sandfly expressed salivary
factors, rather than bacteria, is the primary factor enhancing virus infection. This aligns
with findings from mosquito-borne viral diseases, in which mosquito microbiota does

not modulate susceptibility to arbovirus infection in mice (Lefteri et al., 2022).
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Figure 4.23: Salivary Microbiota Does Not Influence the Ability of Sandfly Bites
to Enhance Infection

To determine if salivary microbiota affects the modulation of TOSV infection in a mammalian
host, mice were subcutaneously inoculated on the upper side of their left foot with 100,000 PFU
of TOSV, either alone or in combination with 2-4 sandfly bites, which were either untreated or
pre-antibiotic treated. Antibiotics included a cocktail of penicillin, streptomycin and gentamicin
sulphate. The expression of the viral TOSV NS gene was measured using qPCR in the skin (A),
foot joint (B), and spleen (C) at 72hpi (n=6 mice). Infectious units in serum were determined by
plaque assay (D). Plots show the median value + interquartile range. ns=not significant,
significant *P < 0.05, **p < 0.01, ****p < 0.0001.

Furthermore, we wanted to examine whether depleting salivary microbiota affects the
upregulation of inflammatory genes in the skin and in the foot joint, which is an
important tissue for TOSV pathogenesis (section 4.2.2.2). The expression of selected
genes previously identified as upregulated by sandfly SGE (see Figure 4.3) was
compared to that in unbitten resting skin and the virus-only skin group using qPCR.



188

Data showed that bites from both untreated and antibiotic-treated sandflies significantly
upregulated the expression of il-6 and isg15 compared to resting skin and the virus-only
group. We found that there was no significant difference in expression levels of
cytokines when comparing mice receiving bites from Abx-treated and untreated
sandflies. However, whilst bites from untreated sandflies resulted in a significant
upregulation of ccl2, bites from antibiotic-treated sandflies did not significantly induce
ccl2 or cxcl2 (Figure 4.24A).
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Figure 4.24: Microbiota-Independent Upregulation of Inflammatory Genes in the
Skin and Foot Joint in Response to Sandfly Bites

The levels of ccl2, cxcl2, il-6, and isgl5 genes expression either in resting skin or TOSV alone
or with untreated sandfly bites or with antibiotic (Abx) treated sandfly bites. The skin (A) and
foot joint (B) samples were taken from ifnarl-/- mice at 72hpi. Gene expression was measured
in these samples by gPCR (n=6 mice). Plots show the median value * interquartile range.
ns=not significant, significant *P < 0.05, **p < 0.01, ***p<0.001.
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Similarly in the foot joint, there was no significant difference when comparing mice that
had received bites from Abx-treated and untreated bites. However, bites from sandflies
with intact microbiota significantly upregulated more cxcl2 in foot joints compared to
mice receiving virus alone, whereas joints in mice that received bites from antibiotic-
treated sandflies did not, despite the similar gene quantities in both bite groups (Figure
4.24B). However, in summary, the upregulation of inflammatory genes in response to

sandfly bite/SGE was independent of microbiota.

4.7 SUMMARY AND CONCLUSIONS

In this chapter, we developed our mouse model for TOSV infection adding sandfly SGE
in the inoculation. We aimed to investigate whether sandfly SGE enhance TOSV
infection in a mammalian host. As a result, we showed that sandfly SGE had ability to
increase host susceptibility to the infection at 24hpi and 72hpi. However, the results
suggested that the replication of TOSV in host tissues was higher and consistent at later
times. Therefore, we decided to examine the 72-hour post-infection time point for future
experiments. We also investigated whether sandfly SGE modulates the gene expression
in the cutaneous immune response to TOSV. Two key chemokines (ccl2, cxcl2), a pro-
inflammatory cytokine (il-6), and an interferon-stimulated gene (isg15) were
significantly upregulated by the presence of sandfly SGE in the inoculum compared to
resting skin of mice at 24hpi and at 72hpi. Although there was no significant increase
for the ccl2 and cxcl2 levels in the sandfly SGE group compared to mice that received
only the TOSV group, the plots showed an upward trend in these genes in the SGE
group than the virus-only group. In addition, we showed that the enhancement effect of
sandfly SGE was dose-dependent, resulting in a ten-fold higher increase in viral load in
the inoculation site and peripheral tissue once TOSV was inoculated with three times
more SGE. It is noteworthy that while TOSV was detectable in tissues distant from the
initial infection site, such as the spleen, plaque assays revealed only minimal levels of
infectious virus in the blood. This likely highlights the superior sensitivity of the g°PCR
assay, which is more effective at detecting viral RNA than the plaque assay is at
identifying infectious units.

In the previous chapter, we suggested that Phlebotomus perniciosus sandfly SGE has a
general pro-viral effect because it augments SFV infection, a genetically unrelated virus
to TOSV. Here, we wanted to determine whether the phenomenon of TOSV infection

enhancement by sandfly SGE is specific to the sandfly vector that naturally transmits
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the virus. To do this, we used Lu. longipalpis sandfly SGE, a potent vector of
Leishmania. The results suggested that TOSV infection could be enhanced by this

distinct blood-feeding sandfly, even if it is not a natural vector.

Next, we wanted to determine the effect of sandfly SGE on TOSV dissemination and
pathogenesis in our mouse model. The experiment concluded that inclusion of sandfly
SGE in the TOSV inoculum causes more severe outcomes of TOSV infection; mice
receiving sandfly SGE within the inoculum exhibited more inflamed foot joints and
atypical neurological signs at 15 days post-infection (dpi) and at 21dpi. As a neurotropic
virus in humans, we showed that TOSV could also cause CNS infection in animals.
Moreover, the mice infected with TOSV and sandfly SGE had a higher viral load in the
brain than those that received TOSV only. The foot joint inflammation by TOSV and
TOSV with sandfly SGE was also first described. Accordingly, it can be characterised
by a condition that begins on the 6dpi, worsens on the 7-8dpi, and then resolves on its
own. In foot joint tissues, the chemokines (ccl2, cxcl2, cxcl10) and the inflammatory
cytokines (tnf-a, il-6) were significantly upregulated by co-injected sandfly SGE. In
addition, despite the host generating a protective virus-neutralizing response to TOSV
infection with sandfly SGE in the serum, the presence of sandfly SGE nevertheless
exacerbated the disease. Histological evaluation of H&E-stained samples from inflamed
skin and inflamed foot joints revealed significant infiltration of inflammatory cells in
the dermis of TOSV co-infected with sandfly SGE, compared to the resting and TOSV-
alone groups. In inflamed foot joints, TOSV notably caused gaps to appear in muscle
tissue, suggestive of myofiber degeneration and/or oedema. Moreover, adding sandfly
SGE led to a greater aggregation of inflammatory cells in the subcutaneous tissue,

extending into the muscular layer, than TOSV alone in foot joint samples.

Following the discovery that inoculation sandfly SGE via needle enhances susceptibility
to TOSV infection in vivo, we wanted to assess the sandfly bites capacity on the virus
enhancement. The upper foot skin of mice was exposed to up to 4 sandfly bites and then
immediately infected with TOSV. Significant increases in TOSV RNA were observed

in the skin and spleen, as well as in its titer in the serum. This suggested that sandfly
bites enhance TOSV replication in a mammalian host. In addition, we showed increased

inflammatory responses to bites.

Lastly, we aimed to evaluate whether potential microbial components in sandfly saliva
influence saliva-induced TOSV infection. Firstly, we illustrated that pro-inflammatory

agent like LPS and Pam3CSK4 in high concentration could enhance TOSV infection in
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vivo. However, within a subsequent endotoxin analysis, the amount of LPS in the
sandfly SGE was determined to be 0.02-0.04 ng/ml, which is well below the amount
that we used LPS and Pam3CSK4 experiment. Although the high concentrations of LPS
and Pam3CSK4 copy the phenotype of sandfly saliva, they are unlikely to be the agents
responsible for enhancing infection in sandfly saliva. Next, based on the hypothesis that
microbiota in sandfly SGE could modulate TOSV infection in vivo by triggering
inappropriate immune responses that inadvertently enhance infection, we aimed to
determine if the salivary microbiota in sandfly saliva is responsible for the observed
virus-enhancing effect. The sandflies became abiotic using an antibiotic cocktail before
they were allowed to bite. As a result, we demonstrated for the first time that microbiota
in sandfly saliva does not influence virus infection in vivo. Both microbiota-depleted

and untreated sandfly bites enhanced infection to a similar extent.
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CHAPTER 5: DEFINING CUTANEOUS CELLULAR
TARGETS FOR TOSV AND WHETHER THIS IS
MODULATED BY SANDFLY SALIVARY GLAND
EXTRACT OR SANDFLY BITES
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5.1 INTRODUCTION

The focus of the Chapter is on the initial infection of a mammalian host by TOSV from
a cellular perspective. In addition, we examined the influence of sandfly SGE on cell
infection in mammalian skin, where infected arthropods introduce saliva and TOSV

during feeding.

Firstly, the resident and migratory cells in the epidermis and dermis encounter
arboviruses by infected arthropod bites. Therefore, the infection of the skin by
arboviruses is a critical phase of the disease progression. This is supported by a study
showing that 99% of WNV was deposited into the extracellular spaces in the cutaneous
compartment, rather than entering the bloodstream (Styer et al., 2007). Furthermore,
surgical removal of the inoculation site has successfully protected mice from infections
with the St. Louis encephalitis (SLE) (Turell et al., 1995) and the Rift Valley fever virus
(Spielman and Turell, 1992), underscoring the role of skin-derived viruses in the

subsequent development of the disease.

Various studies on mosquito-borne viruses have demonstrated that fibroblasts, dendritic
cells (DCs) and macrophages can be infected by virus in mice e.g., WNV, CHIKV and
DENV (Pingen et al., 2017). Collectively, this indicates that the infection of
hematopoietic cells, alongside cutaneous fibroblasts, plays a significant role in several
arbovirus infections. However, our knowledge about the cellular targets of TOSV, and
indeed most bunyavirales, is limited by few studies. An in vitro study showed that
TOSV could infect immature DCs derived from human PBMCs (Lozach et al., 2011). In
addition, HUVECs and moDCs were also susceptible to infection with TOSV in vitro
(Cusi et al., 2016). The same study detected no virus in circulating PBMCs generated
from mice infected with TOSV. However, TOSV-infected mouse endothelial cells were
defined by an immunofluorescence assay (Cusi et al., 2016). Here, in this thesis, we
showed that skin derived fibroblasts, M-CSF Macrophages, and Flt3-Ligand Dendritic
cells were susceptible to TOSV infection at a range of MOlIs in vitro (Section 3.4 of

Chapter 3).

Therefore, to better define early stage of TOSV infection in skin, the aim of this

chapter is to interrogate the cellular tropism of TOSV at skin inoculation sites.

We hypothesise that inflammatory responses to sandfly enhance infection with
TOSY, by more frequent infection of inflammatory cells that are recruited to the

skin by sandfly saliva. We have shown that sandfly SGE and bite increase host
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susceptibility to TOSV infection and worsen clinical outcomes. For mosquito-borne
disease — infection of leukocytes recruited by saliva helps explain the phenotype. Our
previous group member's data suggests that the host's inflammatory response to
mosquito saliva increases susceptibility to the virus by recruiting monocytic cells that
become infected and replicate the virus. Thus, this influx of monocytes provides new
cellular targets for infection (Pingen et al., 2016). Here, we suggested that a similar
early inflammatory response in the bite site to sandfly SGE/bite may boost replication
of TOSV. Sandfly bites induce a strong local inflammatory response using various
saliva components (Lestinova et al., 2017), in which neutrophils infiltrate rapidly and
localise to the bite site, followed by monocytes/macrophages recruitment (Teixeira et

al., 2005; Peters et al., 2008).

Thus, by defining cellular targets of TOSV infection we aim to define the mechanism

by which sandfly saliva enhances TOSYV infection susceptibility.

These aims and objectives were investigated using the Fluorescence-Activated Cell
Sorting (FACS) to sort live infected cells from mouse skin. This technique allowed us to
separate cells based on their surface marker expression and determine whether stromal
cells or leukocytes were being infected in vivo. Novel antibody panels and genetically

modified TOSV-mCherry were utilised.
5.2 ANTIBODY PANELS FOR FACS EXPERIMENT

5.2.1 Leukocytes

This thesis used two panels to dissect neutrophils, macrophages, and dendritic cells,

monocytes in skin, respectively.

PANEL 1
Antibody Fluorophore Marker for
CD45 30-F11 FITC common leukocyte antigen
CD11b M1/70 APC monocytes, macrophages
MERTK (Mer) 2B10C42 APC-Cy7 macrophages
Ly-6G 1A8 Brilliant Violet 421 neutrophils
TOSV n/a mCherry infected TOSV cells
Live/Dead dye n/a Ultraviolet cell viability

Table 5.1: List of Antibodies, Antibody Clones, Fluorophores for Panel 1.
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Flow cytometry analysis is founded on the principle of gating. To investigate and
quantify these specific populations, gates and regions are established around cell
populations that share common characteristics, such as forward scatter (FSC), side

scatter (SSC), and marker expression.
Therefore, the gating strategy of Panel 1 was as follows:

e FSC-H vs FSC-A plot to determine single cells

e Exclude Live/Dead dye + cells (these cells are debris)

e (CDA45+ (all leukocytes)

e (CDA45+Ly-6G+ or CD45+Ly-6G+CD11b+ (refers to neutrophils positive cells)
o (CD45+Ly-6G- (non-neutrophil leukocytes)

e (CDA45+Ly-6G-CD11b+MerTK+ (refers to macrophages positive cells)

e Defining mCherry+ refers to TOSV-infected cell populations

PANEL 2
Antibody Clone ‘ Fluorophore Marker for
CD45 30-F11 FITC common leukocyte antigen
Ly-6C HK1.4 PE monocytes
MHC-II M5/114.15.2 | APC antigen-presenting cells (APCs)
CD11c N418 PE-Cy7 dendritic cells (DCs)
TOSV n/a mCherry infected TOSV cells
Live/Dead dye n/a Ultraviolet cell viability

Table 5.2: List of Antibodies, Antibody Clones, Fluorophores for Panel 2.

Gating strategy was as follows for Panel 2:

e FSC-H vs FSC-A plot to determine single cells

e Exclude Live/Dead dye + cells (these cells are debris)

o (CDA45+ (all leukocytes)

e (CDA45+Ly-6C-CDI11c+MHC II+ (refers to activated DCs)

e CD45+Ly-6CMCD11c-MHC II- (refers to monocytes positive cells)
e Defining mCherry+ refers to TOSV-infected cell populations

5.2.2 Stromal Cells and Fibroblasts Subpopulations

Here, we wanted to investigate the susceptibility of non-leukocyte cells to TOSV and,

later, the effect of sandfly SGE on these cells in vivo systems.
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Therefore, two distinct panels were established to define skin-resident stromal cells and

fibroblast subpopulations.

STROMAL CELLS PANEL
Antibody Clone Fluorophore Marker for
CD45 30-F11 FITC common leukocyte antigen
Vimentin 280618 APC mesenchymal cells, including fibroblasts
CD31 390 PE pan-endothelial cells
CD326 (Ep-CAM) G8.8 APC-Cy7 epithelial cells, including keratinocytes
TOSV n/a mCherry infected TOSV cells
Live/Dead dye n/a Ultraviolet cell viability

Table 5.3: List of Antibodies, Antibody Clones, Fluorophores for Stromal Cells.

Gating strategy was as follows for stromal cells panel:

e FSC-H vs FSC-A plot to determine single cells

e Exclude Live/Dead dye + cells (these cells are debris)

o (CDA45- (leukocyte-specific CD4S5 that is not expressed on epithelial or stromal

cells)

e (CD45-Vimentin+ (refers to positive fibroblasts)
e (CD45-CD31+ (refers to positive endothelial cells)

e (CDA45-EpCAM+ (refers to positive epithelial cells)

FIBROBLAST SUBPOPULATIONS PANEL

Antibody Clone ‘ Fluorophore Marker for

CD45 30-F11 FITC common leukocyte antigen
CD31 390 FITC endothelial cells

CD326 (Ep-CAM) G8.8 FITC epithelial cells

CD90.2 (Thy1.2) 30-H12 Pacific Blue fibroblasts

Podoplanin PMab-1 Alexa Fluor 647 activated fibroblasts
CD140a (PDGFR-a) APA5 PE-Cy7 activated fibroblasts

Ly-6A/E (Sca-1)

W18174A PE

pluripotent mesenchymal

TOSV

n/a mCherry

infected TOSV cells

Live/Dead dye

n/a Ultraviolet

cell viability

Table 5.4: List of Antibodies, Antibody Clones, and Fluorophores for Fibroblast

Subpopulations.
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Because there are a number of ways for defining activated fibroblasts, we used the

following gating strategy to define fibroblast subpopulations:

e FSC-H vs FSC-A plot to determine single cells

e Exclude Live/Dead dye + cells (these cells are debris)

e (CDA45-CD31-EpCAM- (exclude leukocytes, endothelial and epithelial cells)
e (CD45-CD31-EpCAM-CD90.2+ (refers to fibroblasts)

e (CDA45-CD31-EpCAM-Podoplanin+ (refers to activated fibroblasts)

e (CD45-CD31-EpCAM-CD140a+ (refers to activated fibroblasts)

e (CDA45-CD31-EpCAM-Sca-1+ (refers to more primitive, pluripotent

mesenchymal cells, including those that differentiate into fibroblasts)

5.3 IN VIVO MODEL FOR TOSV EXPRESSING MCHERRY FLUORESCENT
PROTEIN

There is limited knowledge about which cells in the skin, especially those bitten by
hematophagous arthropods, are susceptible to infection by bunyavirales. Indeed, TOSV
infection on specific cells in the skin has not been studied. For this purpose, we wanted
to develop an in vivo murine model that would allow us to track live infected TOSV
cells from mouse skin. Prof. Alain Kohl kindly provided genetically modified TOSV
that express mCherry fluorescent protein in infected cells. The TOSV-mCherry strain
(1500590) and the TOSV strain (Pt SI-1812) are distinct, yet they belong to the same
lineage (Lineage A). However, even if they were not from the same lineage, this would
be likely inconsequential, as there is no evidence suggesting that genetic differences
between lineages (A, B, C) influence virulence or clinical symptoms (Ayhan and
Charrel, 2020). The recombinant TOSV was produced using reverse genetic systems,
which allowed the deletion of the NSs gene and replacement of it with a reporter gene,
mCherry (Alexander et al., 2020). Although the non-structural NSs protein of TOSV is
best known as a type I IFN antagonist, the absence does not affect cellular transcription
(Kalveram and Ikegami, 2013; Wuerth and Weber, 2016). Because we are using ifnarl -
/- mice, the lack of NSs is likely to not have much impact on TOSV fitness in vivo. It
has been suggested that the NSs protein could have a role in the tropism or propagation
of TOSYV, due to an increase in neuroinvasiveness in mice infected with the recombinant
RVFV MP-12 strain encoding TOSV NSs (rMP12-TOSNSs) (Indran et al., 2013).
However, these studies were done in IFN sufficient wild type mice, and the most likely

reason for these observations is the ability of NSs to modulate IFN function.



198

Firstly, we wanted to define whether TOSV-mCherry exhibits similar ability replicate
more efficiently in mice following infection with SGE, as compared to the wild type
TOSYV strain used in Chapters 3 and 4. Here, we infected ifnari-/- mice with 100,000
PFU of TOSV-mCherry in 1ul inoculum with or without sandfly SGE. The skin samples
were collected at 72hpi, and the quantity of TOSV N gene in the inoculation site was

investigated using qPCR (Figure 5.1).

Foot skin
_‘Os\l-mCherry =
@ |

IFNAR1-/- mice

RNA extraction qPCR
RT-PCR

Figure 5.1: In Vivo Model for TOSV-mCherry Infection in the Skin

Inoculation Site
A cartoon to summarise the infection of ifnarl null mice with TOSV-mCherry.

As a result, we showed that TOSV-mCherry could infect the mice when inoculated into
the upper foot skin with low volume inoculum. In addition, the quantity of virus RNA
was higher in sandfly SGE group than the virus alone group at 72hpi (Figure 5.2). This
suggested that the recombinant TOSV acts as wild-type TOSV in our mouse model.
However, likely due to the fitness cost of carrying extra protein, the rTOSV caused
around less 10-fold replication in the tissue compared to infection with wild-type TOSV

(Figure 4.2 in Chapter 4).
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Figure 5.2: Sandfly Salivary Gland Extract Enhances TOSV-mCherry Infection in
a Mammalian Host

Ifnarl-/- mice were infected with 100,000 PFU TOSV-mCherry with or without sandfly
salivary gland extract (SGE) (1 pair gland extract/ul). Skin samples were taken from infected
ifnarl-/- mice at 72hpi and TOSV RNA (N gene) copy number determined by qPCR (n=4
mice). Plots show the median value + interquartile range. Significant, *P < 0.05.

5.4 DEFINING CELLULAR TROPISM OF TOSV INFECTION

5.4.1 Detecting TOSV-mCherry in Infected BHK-21 Cells Using FACS

We aimed to determine if TOSV-mCherry-infected cells could be detected using flow
cytometry. To achieve this, BHK-21 cells were infected with 0.1 and 1 MOI of TOSV-
mCherry. Following an overnight infection, the cells were collected and subjected to a
FACS protocol. This included washing with FACS buffer to remove residual tissue
culture reagents and washing with PBS to create a protein-free environment before
staining the cells with a live/dead stain and fixing them with 4% PFA. Infected BHK-21
cells were identified by excluding live/dead stain-positive cells and gating on mCherry-

positive cells.

We demonstrated that TOSV-mCherry-infected BHK-21 cells can be identified using
FACS analysis (Figure 5.3), with a higher number of infected cells detected as the viral
titer increases (Figure 5.3C). Therefore, we chose to use BHK-21 cells infected with
TOSV-mCherry at an MOI of 1 as a marker for mCherry (required for single-stain

compensation when analysing multiple fluorophores).
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Figure 5.3: Detecting Infected BHK-21 Cells with TOSV-mCherry via FACS

BHK-21 cells were infected with TOSV-mCherry at MOls of 0.1 and 1 and analysed at 24hpi.
The cells were collected via trypsinization, centrifuged, and washed twice with FACS buffer
and PBS. They were then stained with a viability stain to exclude dead cells during FACS
analysis. Infected cells were identified by gating on the mCherry channel, with mCherry+ cells
appearing between ~10* and 106 on the y-axis of the FACS graphs. Panel (A) shows uninfected
cells, Panel (B) shows 3.15% mCherry+ cells at an MOI of 0.1, and Panel (C) shows 18.1%
mCherry+ cells at an MOI of 1. The y-axis represents the mCherry channel, and the x-axis
represents FSC-A. Data shows 1 of repeat experiment.

5.4.2 TOSV Infects Leukocytes and Non-leukocyte Cells In Vivo

After optimizing the detection of TOSV-mCherry-infected cells, we undertook a
preliminary experiment with a small number of mice to define whether leukocytes at
skin inoculation sites could be infected with TOSV in vivo. Mice were infected with
100,000 PFU of TOSV-mCherry. At 24-, 72-, and 96-hours post-infection (hpi), the skin
was digested and stained for CD45, a leukocyte surface marker. The location of gates in
FACS scatter plots was determined based on stained uninfected skin samples. The
parent percentage of TOSV+ leukocytes was lower at 24hpi compared to 72hpi (Figures
5.4A, B). Additionally, the parent rate was lower at 72hpi than at 96hpi (Figures 5.4B,
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C). The number of CD45+TOSV+ cells per live cell was higher at 96hpi compared to
24hpi and 72hpi (Figure 5.4D). The number of infected stromal cells was also higher at
96hpi compared to earlier time points (Figure 5.4E). These findings suggested that
TOSV can infect both leukocytes and non-leukocyte cells in the skin, with a higher

number of infections occurring at later time points.

In terms of CD45+ cells, their numbers were lower at 72hpi than at 24hpi, with a trend
for highest number at 96hpi (Figure 5.4F). Note these trends are not statistically
different, as the study was not powered to demonstrate differences in leukocyte number,

but rather show qualitatively which cell types are infected.
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Figure 5.4: TOSV Infects Leukocytes and Stromal Cells In Vivo

The skin of ifnarl-/- mice was either left as resting control or infected with 100,000 PFU
TOSV-mCherry. The skin samples were taken at 24hpi, 72hpi and 96hpi and stained with a
live/dead dye and common leukocyte marker, CD45, via applying FACS protocol. (A-B-C)
demonstrates gating strategies. The percentages on the gate in the graphs refer to the proportion
of cells within a specific gate relative to the number of cells in the parent gate (the gate
immediately preceding the current gate) (D-E) displays numbers of TOSV+CD45+ and
TOSV+CD45- cells in the skin as % of all live cells. (F) shows number of CD45+ cells in the
skin as % of all live cells. Presented as dot plots, representing a separate biological sample with
a line at the population median. ns=not significant.

5.4.2.1 Defining TOSV-Infected Leukocytes

Next, we wanted to define which leukocytes can be infected with TOSV-mCherry. 96
hours post-infection was selected for subsequent experiments, as it represented the time
point with the highest level of infection, unless otherwise specified. At 96hpi, the
infected skin of mice was digested to release single cells and divided in equal amounts
into two antibody panels for staining. In the first panel, the cells were stained for CDA45,
CD11b, MerTK, and Ly-6G; in the second panel, they were stained for CD45, Ly-6C,
MHC II, and CDl11c. Figure 5.5A illustrates the gating strategy used to identify specific
leukocyte populations, including neutrophils and macrophages. This analysis revealed
that neutrophils were not infected during TOSV infection, whereas macrophages were
susceptible to infection, as defined by their positivity for mCherry. Figure 5.5B details
the representative gating strategy for identifying infected dendritic cells (DCs) and
monocytes at the skin inoculation site. We found that both DCs and monocytes could be

infected, though at a lower frequency compared to macrophages.



CDA45B525-FITC-A
1wt o o7

10%

o

TOSY alone

203

CD45+(8.75%)

100

TOSY alone : LyBG+CD11h+
“‘ci
% ] TOSV+neutraphils(1.89%)
s
[i4 =
[
[T
% ]
53
E 3
D‘ B
5o
> E
S 3
o
2]
- 3
o:
i S s s S S B R B N N R B N Y B e §
i 100 200 [ili
7 FSC-A (e 10%
: tve calls P  TOoSvalone [ CD45+
LyBG+CD11 h+(neu1mphi|5\(1 %)
o
= 4
<« =
@
o 4
e 1
uy 4
Q
>
P
CD45-(87.52%) =]
I e s ] ]
200 300 e
FSC-A (x10% LLECHE N A TS 14 107
CD11b REBO-APC-A
TOSValone : LyBG-CDT1h+M.. wg_ TOSValons :Ly6G-COT1ke
o]
« % _|TOSY+macrophages(44.91%)
Z 3 h LyBG-CD11b+MerTi+(5.59%)
£, ]
I'b « o ]
273 g
& ] [rs ]
=
w o J 4
> = 3 ]
& 3 =]
= =
=y
T © ST
0 100 200 300 0 100 108 10 g
FSC-A (x10% MerTK R7T63-APCATS0-A



204

1w
7

B TOSV alone  :live cells e ————r——— TOSV alone :CD45+

CD45+(7.82%)

LyBC int(55.81%)

10 108

CD45B525-FITC-A
10*
Ly5C ¥585-PE-A
w'f 10t 1t 10t 10® 10 0

o1t o?

CD45-cells(90.57%) LyBC-(37 0§ %)

S =\
0 100 200 300 0 100 200 300
FSC-A (x10% FSC-A (x10%

. C—
TOSV alone  LyBC: TOSY alone - LyBC int

FEE r-‘?_g
2 ] - 1
-3 all DCs(29.73% ES
< ] - ]
I3 =
] — E|
1t 2%
O 3 ™ 3
E =3 Em‘?;
—e 7 = E
= ol - =
8+3 5%
- 7 o7 g
= =1
:LyE;C+CD11c-MHCH-‘C |5(52.26%)
o 1" T ™ T o
N 3 5 , T T T—T T \C Ty
o h]lSCIII;l?;DALUCA o LR AL WL
MHC || REE0-AP
TOSValone :allDCs TOSV alone :Ly6C+CD11¢-M
"o JTOSV+allDCs{14.23%) — "o JTOSV+monocytes(l 4 63%)
1% 1% ]
&~ &3
o 'S ]
w w 4
5t 5w
= £3
& s 3
o s, 1
>t h*
G- 573
= 2
) =3
L o e e o BN e e e e L o S S S B e e e e
0 100 200 300 1} 100 200 300
FSC-A (x10% FSC-A (x10%

Figure 5.5: TOSV Infects Macrophages, Monocytes and Dendritic Cells but not
Neutrophils in the Skin

The skin of ifnarl-/- mice was infected with 100,000 PFU TOSV-mCherry subcutaneously. The
skin samples were taken at 96hpi, and the FACS protocol was used to analyse the infected cells.
(A) representing the gating strategy for neutrophils and macrophages, (B) demonstrating the
gating strategy for DCs and monocytes. The percentages on the gate in the graphs refer to the
proportion of cells within a specific gate relative to the number of cells in the parent gate (the
gate immediately preceding the current gate). This was representative of six individual
experiments.

5.4.2.2 Defining TOSV-Infected Stromal Cells

We have already shown that skin fibroblasts are highly susceptible to TOSV in vitro
(Section 3.4 of Chapter 3). In addition, a previous study suggested that endothelial cells
could be infected with TOSV (Cusi et al., 2016). Therefore, we wanted to investigate
whether these stromal cells can be infected in the skin inoculation site. We designed a

primary FACS experiment that included staining for CD45, Vimentin, CD31, and
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EpCAM to define non-leukocytes, fibroblasts, endothelial cells, and epithelial cells,
respectively. In conclusion, while TOSV did not infect keratinocytes or endothelial

cells, it successfully infected fibroblasts in the skin (Figure 5.6).
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Figure 5.6: TOSV Infects Fibroblasts In Vivo

Ifnarl-/- mice were infected with 100,000 PFU of TOSV-mCherry. Skin samples were collected
at 96hpi and stained for certain non-leukocyte markers. The infected cells were analysed using
the FACS protocol. (A) illustrates gating of CD45+ (leukocytes) and CD45- cells. The CD45-
cells were then interrogated in B-D. (B) displays TOSV positivity in CD31+ (endothelial) and
CD31- cells, (C) shows TOSV+EpCAM+ cells (epithelial e.g., keratinocytes) and
TOSV+EpCAM-, and (D) depicts TOSV+Vimentin- and TOSV+Vimentin+ cells (fibroblasts).
The percentages on the gates in the graphs represent the proportion of cells within each specific
gate relative to the parent gate (the gate immediately preceding the current gate).
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5.5 DEFINING CELLULAR TROPISM OF TOSV INFECTION IN SANDFLY
SALIVARY GLAND EXTRACT (SGE) INOCULATED SKIN

In previous chapters of this thesis, we found that sandfly SGE enhances TOSV infection
in a mammalian host either by increasing viral load in tissues or worsening clinical
outcomes. Although our knowledge about the underlying mechanism of this phenotype
is limited, we hypothesise that inflammatory responses to sandfly bites/SGE
enhances infection with TOSYV, supported by more frequent infection of

inflammatory cells recruited to the skin.

Here, the mice's skin was either left resting or infected subcutaneously with 100,000
PFU of TOSV-mCherry or 100,000 PFU of TOSV-mCherry with sandfly SGE. At
96hpi, the samples were processed the same as previously. Cell numbers for each of the
populations in each condition for one representative experiment are shown in Table 5.5
and Figure 5.7. Together, this shows that inclusion of SGE in the inoculum caused an
increase in the number of leukocytes (CD45+ cells) and infected leukocytes (TOSV+
CD45+), with approximately 809 events per live cell, compared to the skin infected
with TOSV alone, which had about 417 events per live cell. The same phenomenon was
also valid in stromal cell infection showing with TOSV+CD45-; there were around 104

events per live cell in the TOSV alone, whereas approximately 322 events per cell in the

sandfly SGE.

CD45+ CDA45- TOSV+CD45+ TOSV+CDA45-
Mouse TOSYV alone 1234.37 8693.54 417.83 104.74
(1
Mouse | TOSV+sandfly 2620.03 7328.86 809.62 322.43
(2) SGE

Table 5.5: Cell counts of FACS sort.

Ifnarl-/- mice were either (1) injected with 100,000 PFU of TOSV-mCherry alone, (2) injected
with 100,000 PFU of TOSV-mCherry + sandfly SGE (1 pair gland extract/ul). At 96hpi, skin
was digested and stained for CD45. Table displays cell counts per live cells for 1 repeat of
experiment.
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Figure 5.7: Sandfly SGE Supports TOSV Infection Infecting Leukocytes and
Stromal Cells In Vivo

Ifnarl-/- mice were either (1) injected with 100,000 PFU of TOSV-mCherry alone, or (2)
injected with 100,000 PFU of TOSV-mCherry along with sandfly SGE (1 pair gland extract/pl).
At 96hpi, the skin was digested and stained for CD45. (A) represents the Fluorescence Minus
One (FMO) control that lacked infection with TOSV-mCherry, (B) shows the gating strategy
for CD45+TOSV+ and CD45-TOSV+ cells in the skin infected with TOSV only, and (C)
illustrates the gating strategy for CD45+TOSV+ and CD45-TOSV+ cells in the skin infected
with both TOSV and sandfly SGE. The data shown were generated from one optimisation
experiment that primarily aimed to validate the staining panel (n=1 mice).

5.5.1 Defining Stromal Cells Tropism of TOSV Infection in Sandfly Salivary SGE

Inoculated Skin

Next, we wanted to investigate which stromal cell types are getting infected with TOSV
and whether sandfly SGE has affected the virus tropism on them. We have already
found that TOSV-infected cells were negative for CD31 (endothelial cells) and EpCAM
(epithelial cell) markers while positive for Vimentin (fibroblasts). Therefore, we chose
to investigate a range of fibroblast markers, including Sca-1, CD90.2, CD140a, and
podoplanin, to explore the hypothesis that TOSV may replicate more efficiently in
immature/primitive fibroblast cells compared to fully differentiated ones. Sca-1 and

CD90.2 are particularly notable as markers of primitive fibroblasts, which are involved
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in tissue repair and wound healing. These markers suggest a less differentiated, more
regenerative state of the cells. While CD140a and podoplanin are associated with more
differentiated fibroblasts that also play key roles in the synthesis and remodelling of the

extracellular matrix.

Ifnarl-/- mice were infected with 5000 PFU of TOSV-mCherry with or without sandfly
SGE (1 pair gland extract/ul). The skin samples were collected at 72hpi and digested to
single cells. This time point was selected because the viral RNA load was higher in
infected tissues in vivo. The cells were stained for CD45, CD31, EpCAM, CD90.2,
Podoplanin, CD140a (PDGRF-a) and Sca-1 (Ly-6A/E). We gated out the leukocytes,
epithelial and endothelial cells (which we labelled lineage positive), enabling more

targeted assessment of fibroblast cell population (which we labelled lineage negative).

Firstly, before assessing number of infected cells, we wanted to assess whether total
number of each cell type was altered by inclusion of SGE. The number of CD90.2-,
CD140a-, and Podoplanin- cells was higher than those positive for these markers.
However, there were more Scal+ cells than Scal- cells (Figure 5.8). Importantly, the

frequency of these cell types did not change with the addition of sandfly SGE.
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Figure 5.8: The Number of Cells for Each Marker Does Not Change Significantly
in the Presence of Sandfly SGE

Showing the numbers of fibroblast subpopulations for each marker in the skin per all live cells
(n=6 mice). Plot shows the median value * interquartile range. ns=not significant
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To define whether these cell types exhibited different frequencies of mCherry positivity,
we undertook the following gating strategy. Here, we firstly removed
TOSV+CD45+CD31+EpCAM+ cells that are a heterogeneous population of leukocytes
(CD45+), endothelial cells (CD31+), and epithelial cells (EpCAM+), which are referred
to as lineage positive (Figure 5.9A). The remaining cell populations were then
interrogated for mCherry expression in gates that included several types of stromal and
mesenchymal cells; TOSV+CD90.2+, TOSV+CD140a+, TOSV+Podoplanin+, and
TOSV+Scal+ cells within the lineage-negative population gate (Figure 5.9B). The
placement of the gates was determined based on assessing fluorescence of uninfected

samples and FMO controls.
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Figure 5.9: Further Characterization of TOSV-Infected Mouse Dermal Fibroblast
Subpopulations

Displays an example of a gating strategy for detecting infected fibroblast subpopulations. (A)
Single-cell suspension from mouse skin was initially gated for TOSV+CD45-CD31-EpCAM-
cells, indicating the exclusion of immune, endothelial, and epithelial cells, (B) From this gate,
subpopulations were further identified as TOSV+CD90.2+, TOSV+CD140a+,
TOSV+Podoplanin+, and TOSV+Scal+ cells (n=6 mice). The data shown are derived from one
independent experimental run.

Using this gating strategy, we found that significantly more lineage-negative cells
(fibroblasts) were positive for TOSV, compared to lineage positive cells (leukocytes); in
both the TOSV alone and TOSV with sandfly SGE groups (Figure 5.10A). This shows
that fibroblasts were the most commonly infected cell type in skin, and was somewhat
unexpected as was somewhat different to the data in Figure 5.7. When we interrogated
the fibroblast specific markers, we found that TOSV only infected CD90.2+ and Scal+

fibroblasts irrespective of SGE inclusion in inoculum (Figure 5.10B, C). The virus was
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present in both Podoplanin+ and Podoplanin- fibroblasts (Figure 5.10D). Finally, TOSV
infected both CD140a+ and CD140a- cells, with a significantly higher infection rate in
CD140a+ cells (Figure 5.10E). Together shows that TOSV preferentially infects these

cell types compared to the marker negative cells.
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Figure 5.10: Fibroblast Subpopulations Are Getting Infected by TOSV In Different
Frequencies

5000 PFU of TOSV-mCherry, either with or without sandfly SGE (1 pair gland extract/ul), was
injected into the foot skin of ifnarl-/- mice. Skin samples were collected 72 hours post-infection
(hpi) and digested into single cells. The cells were then stained for CD45, CD31, EpCAM,
CD90.2, Podoplanin, CD140a (PDGFR-a), and Sca-1 (Ly-6A/E). (A) shows TOSV infected
linege ve+ and lineage ve- cells (B) TOSV+CD90.2 ve+ and TOSV+CD90.2 ve- cells, (C)
TOSV+Scal ve+ and TOSV+Scal ve- cells, (D) TOSV+Podoplanin ve+ and
TOSV+Podoplanin ve- cells, (E) TOSV+CD140a ve+ and TOSV+CD140a ve- cells in TOSV
alone and TOSV with sandfly SGE group (n=6 mice). Plots show the median value +
interquartile range. ns=not significant, significant *P < 0.05, **p < 0.01.



213

The above analyses define an infected cells using a binary +ve or -ve characterisation of
TOSV infection. To further help identify which fibroblast subtypes are permissive to
most efficient TOSV infection, and perhaps therefore support higher levels of viral
replication, we defined numbers of cells that had “high” mCherry expression, using
flow cytometry. High mCherry expression may indicate a higher viral load or more
active viral replication within these cells. Therefore, we identified mCherry™ cells for
each marker (Figure 5.11A). The number of mCherry" cells was similar among
fibroblast markers, but TOSV+ lineage+ cells (CD45+CD31+EpCAM+) exhibited
lower numbers of cells in the high expression gate, compared to fibroblasts. This
suggests that although leukocytes can become positive for mCherry, there are few of
these cells that exhibit high expression of mCherry. Additionally, we also assessed the
geometric mean fluorescence intensity (geomean FI) of each cell type. This analysis for
mCherry revealed that TOSV-positive cells have similar levels of mCherry intensity

(Figure 5.11B).
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Figure 5.11: TOSV-Positive Cells Exhibited Similar Levels of mCherry Intensity

(A) Graph illustrates which cell types have highest number of mCHerry™ cells, (B) Plot shows
which cells have highest MFI in the mCherry" gates (n=6 mice). Lineage ve+
(CD45+CD31+EpCAM+), Lineage ve- (CD45-CD31-EpCAM-).

Finally, when we then assessed what impact SGE might have on mCherry geomean FI
for all gates, we saw no significant effect, except a minor if statistically significant

difference in lineage positive cells (CD45+CD31+EpCAM+) (Figure 5.12).
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Figure 5.12: High Expression of mCherry in TOSV-Positive Cells

Plot shows which cell types have highest intensity of mCHerry™ cells in TOSV alone and co-
infected with sandfly SGE (n=6 mice). Lineage ve+ (CD45+CD31+EpCAMH+), Lineage ve-
(CD45-CD31-EpCAM-).

5.5.2 Determining the Capacity of TOSV-Infected Cells to Produce New Infectious
Virus

The above data indicate that both macrophages and fibroblasts can become infected
with TOSV, as defined by mCherry expression. Importantly, the mCherry only shows if
a cell is positive for this virus-encoded gene product. The macrophages could be
positive because they have phagocytosed virus-infected cells or debris. Thus, we wanted
to determine whether infection of cells at skin inoculation sites results in the release of
new infectious virus. To explore this, we isolated macrophages at 96hpi, magnetically
sorted cells based on the macrophage marker F4/80 on columns and quantified the
amount of infectious virus released after 24h and 48h in cell culture by plaque assay
(Figure 5.13A, B). In addition, the quantity of TOSV RNA at 48h post-isolation in the
fractions was also assessed (Figure 5.13C). We chose macrophages, as they exhibited
the highest frequency of TOSV infection in the skin among other leukocytes (Figure
5.5). Importantly we also controlled for cell number, placing exactly the same number

of cells for each cell type, into each well.

Interestingly, our findings indicate that the infected cells in the F4/80- fraction, which
our FACS data above shows are primarily composed of dermal fibroblasts, shows a

significantly higher propensity for replicating and releasing new infectious virus,
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compared to the F4/80+ enriched fraction (Figure 5.13A, B). Moreover, the viral RNA
quantity was higher in negative fraction than positive fraction cells (Figure 5.13C). This
suggested that, despite previous FACS data showing positivity for virus-encoded
mCherry in macrophages, they are inefficient at generating infectious virus. In addition,
despite the stromal cells having similar geometric mean mCherry fluorescence (Figure
5.11B), here we show that these cells, likely fibroblasts, have higher capacity to
generate more infectious virus than leukocytes on a per cell basis. Therefore, the
findings suggest that infected fibroblasts might contribute a key cellular target for
TOSYV in the skin, enabling efficient replication that drives pathogenesis in the

mammalian host.
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Figure 5.13: Macrophages and Dermal Fibroblasts Support Productive Infection
by TOSV

100,000 PFU TOSV with sandfly SGE (1 pair gland extract/ul) were injected into the skin of
ifnarl-/- mice. At 96hpi, the skin samples were digested to release cells, and F4/80+ cells
(macrophages) were sorted on magnetic cell separation columns, applying the MACS protocol
in Section 2.10 of Chapter 2. This generated a F4/80+ enriched fraction and a F4/80- fraction
(all other cells, that our above FACS analysis demonstrated were fibroblasts). (A-B) Infectious
virus released into tissue culture media by each cell fraction after 24 and 48 hours post isolation
in culture was quantified by plaque assay (n=4). (C) Both cell fractions were collected at 48h
and the TOSV NS gene copy numbers were determined by qPCR assay (n=4 mice). Plots show
the median value + interquartile range. Significant *p < 0.05.

5.6 DEFINING CELLULAR TROPISM OF TOSV INFECTION IN SANDFLY
BITTEN SKIN

In this thesis, it has been shown that in addition to SGE, sandfly bites also enhance
subsequent TOSV infection severity (Section 4.5 of Chapter 4). Here, we aimed to
investigate the cutaneous cellular tropism of TOSV infection at the skin-biting site. For

this purpose, mice were either infected with TOSV-mCherry alone or exposed to
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Lutzomyia longipalpis sandfly bites and then infected with 100,000 PFU of TOSV-
mCherry at the same site. At 96hpi, skin samples were digested and stained with
specific antibody panels, which allowed us to dissect the innate immune and stromal

cell populations in the skin. Detailed information on panels was explained in Section

5.2.

We showed that the innate immune response in the skin to sandfly bite and TOSV
infection was characterised by increased number of leukocytes (Figure 5.14). The
number of leukocytes at the bitten skin site was higher when infected with TOSV
(Figure 5.14B) than resting skin at 96hpi (Figure 5.14A). In addition, we found that the
number of leukocytes in the skin inoculation site were remarkably high later at 6dpi
(Figure 5.14D) compared to resting tissue (Figure 5.14C) and at 96hpi (Figure 5.14D).
When we assessed which cells were positive for mCherry, we found that vimentin
positive cells (fibroblasts) were the most frequently infected, although macrophages

were also positive for mCherry (Table 5.6).
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Figure 5.14: Sandfly Bite Causes the Influx of Leukocytes into the Skin
Inoculation Site

Ifnarl-/- mice were either left uninfected or exposed to Lutzomyia longipalpis sandfly bites and
then immediately infected with 100,000 PFU of TOSV-mCherry. Skin was digested at 96hpi
(A-B) and at 6dpi (C-D) and stained with CD45. (A-B-C-D) Gating strategy defining the
population of leukocyte cells (CD45+) and stromal cells (CD45-) in uninfected control (A-C)
and TOSV-infected bitten skin (B-D).



TOSV TOSV TOSV | TOSV | TOSV | TOSV

alone alone +bite +hbite +bite +bite

96hpi 96hpi 96hpi | 96hpi 6dpi 6dpi
TOSV+CD45+ 634.30 549.56 | 795.05 | 416.63 | 231.75 | 153.12
TOSV+CD45- 159.42 167.00 | 226.20 | 143.30 | 81.68 | 80.32
TOSV+Macrophages+ 9.66 20.35 7442 | 38.37 | 114.24 | 59.78
TOSV+Neutrophils+ 0 0 0 0 0 0
TOSV+Monocytes+ 1 1 9.71 91.63 0 0
TOSV+DCs+ 12.26 5.82 11.17 6.63 0 0
TOSV+EpCAM+ 0 0 0 0 4 6
TOSV+CD31+ 0 0 0 0 0 0
TOSV+Vimentin+ 105.23 157.55 | 255.90 | 109.45 | 37.56 | 42.50

Table 5.6: FACS Cell Counts for TOSV-Only and Sandfly-Bitten Skin.

Ifnarl-/- mice were either infected with 100,000 PFU of TOSV-mCherry alone or exposed to
biting Lutzomyia longipalpis sandflies prior to infection with 100,000 PFU of TOSV-mCherry.
At 96hpi and 6dpi, skin was digested and stained for macrophages, neutrophils, monocytes, DCs
and stromal cells. Table displays average cell counts for 1 repeat of experiment.

Although these experiments had an n=2 mice for each condition, there was trend for
increased frequency of TOSV+macrophages+ (CD45+ Ly6G-CD11b+MerTK+) at
96hpi and 6dpi and TOSV-+monocytes+ (CD45+Ly-6ChiCD11¢c-MHC I1-) at 96hpi after
exposure to sandfly biting. However, the frequency of DCs showed a similarity between
TOSV alone and within sandfly-bitten skin samples at 96hpi, but there were no infected
DCs at 6dpi. Similar to our findings with mice receiving SGE above, we found that
neutrophils (CD45+ Ly6G+CD11b+), epithelial cells (CD45-EpCAM+) and endothelial
cells (CD45-CD31+) did not get infected with TOSV in the skin, irrespective of whether
they also received a sandfly bite. Interestingly, the frequencies of TOSV+Vimentin+
cells were higher than those of any TOSV-positive leukocytes in TOSV alone skin and
the virus-infected bitten skin at 96hpi. In contrast, the number of mCherry-positive

macrophages was higher than that of the infected vimentin cells at 6dpi (Table 5.6).

5.7 INVESTIGATING TOSV CELL TROPISM IN INFECTED INFLAMED FOOT

In chapter 4, we identified that the presence of SGE in the inoculation caused frequent
development of foot limb inflammation (in Section 4.2.2.2). Here, we asked whether a
sandfly bite led to the same phenotype in the foot joints of TOSV-mCherry infected
mice. Ifnarl-/- mice skin were exposed two up to 4 sandflies bite then 100,000 PFU of
TOSV-mCherry was injected into the bitten part of the skin. At 6 days post-infection
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(dpi), inflamed foot joints were observed (Figure 5.15); the skin and foot joint samples

were then processed into single cells for FACS analysis.

Figure 5.15: Sandfly Bites Co-inoculated with Genetically Modified TOSV Cause
Foot Joint Inflammation by 6 days post infection

At least two to four Lutzomyia longipalpis sandflies were allowed to bite the upper left foot skin
until fully engorged. Subsequently, 100,000 PFU of TOSV-mCherry was injected
subcutaneously directly at the bite site. Skin and foot joint samples were collected from infected
ifnarl-/- mice six days post-infection.

In this section, we also wanted to investigate the infected cells of the foot joint caused
by TOSV with sandfly bites at 6dpi. In foot joint samples, the number of leukocytes
changed moderately in mice receiving a bite (Figure 5.16B) compared to resting foot

joint tissue (Figure 5.16A).
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Figure 5.16: Sandfly Bite Causes the Influx of Leukocytes into the Foot Joint
Tissue

Ifnarl-/- mice were either left uninfected or exposed to Lutzomyia longipalpis sandfly bites and
then immediately infected with 100,000 PFU of TOSV-mCherry. Foot joint tissues were
digested at 6dpi after observing foot joint inflammation and stained with CD45. (A-B) Gating
strategy defining the population of leukocyte cells (CD45+) and stromal cells (CD45-) in
uninfected control and TOSV-infected bitten skin, respectively.
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Like our findings above in skin, we found that inflamed foot joints did not contain
TOSV-infected neutrophils (Figure 5.17A). However, our analyses indicated that a large
frequency of macrophages were infected at 6dpi, when foot joint inflammation was the
most severe (Figure 5.17B). TOSV-infected fibroblasts and DC were present, (Figure
5.17C), but they were quite rare.
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Figure 5.17: Changes in Leukocytes and Stromal Cells Frequencies in Inflamed
Foot Joint at 6dpi

(A) Gating strategy used to define the population of TOSV+ neutrophils in foot joint compared
to the uninfected Fluorescence Minus One (FMO) control that lacked infection with TOSV-
mCherry, (B) illustrates TOSV+ macrophages/DCs in foot joint compared to the uninfected
FMO control, and (C) shows TOSV+ vimentin+ cells in foot joint compared to the uninfected
FMO control. Results belonged to 1 repeat of experiment (n=2 mice).
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5.8 SUMMARY AND CONCLUSIONS

In this chapter, we explored the cellular targets of TOSV in the skin and examined how
sandfly salivary gland extract or sandfly bites influence the cellular tropism of the virus.
Many arboviruses have the capacity to infect keratinocytes, fibroblasts, and immune
cells (mostly defined as by in vitro studies). Replication in these cells to high quantities
in the skin facilitates virus spread throughout the host for a number of mosquito-borne
viruses. However, we have limited knowledge as to whether TOSV shares a similar

cellular tropism in the skin.

Initially, based on studies of mosquito-borne viruses, we hypothesised that
inflammatory responses to sandfly saliva or their bites enhanced TOSV infection by
promoting infection of inflammatory cells recruited to the skin. To investigate this
hypothesis, we developed novel antibody panels for flow cytometry analysis.
Furthermore, we successfully infected ifnari-/- mice with genetically modified TOSV
expressing mCherry, allowing us to identify TOSV-infected cells in multiple FACS

experiments following optimization of our methods.

Our findings indicated that TOSV infects both leukocytes and stromal cells in the skin.
Interestingly, we observed no infection of neutrophils with TOSV alone or co-infected
with sandfly SGE or bites. While monocytes and dendritic cells (DCs) showed varying
levels of infection with TOSV alone or with sandfly SGE/bites, macrophages were the
primary leukocyte population infected by TOSV. Additionally, we found no infection of
endothelial or epithelial cells. However, TOSV was capable of infecting dermal
fibroblasts, as demonstrated by infection of vimentin+ cells, a marker classically
associated with fibroblasts (Rinkevich et al., 2015). Next, we wanted to investigate
which fibroblast subpopulations are permissive to TOSV infection and whether more
primitive fibroblasts exhibit differing susceptibilities. Notably, we found that TOSV
preferentially infected fibroblasts that were positive for CD90.2 and Scal, fibroblast
progenitor markers. In addition, CD140a ve+ cells were getting infected significantly
with TOSV. The typical markers of proliferating stromal cells (CD140 and Scal)
indicate those cells that have the potential to differentiate and tend to be present more
frequently during tissue repair. TOSV also infected Podoplanin ve+ and ve- cells.
Important to note that podoplanin is also on lymphatic endothelial cells, but we have
excluded these cells by using the lineage negative gate (CD45-CD31-EpCAM-), so we
are confident that podoplanin in these cells is indicative of activated fibroblasts.

Importantly, when we only assessed mCherry hi cells, the frequency of infected
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leukocytes was low, compared to fibroblasts. This suggested that fibroblasts more

efficiently replicate TOSV than leukocytes.

This inference was further supported by the MACS separation study, which examined
the quantity of infectious virus generated by the most frequently TOSV-infected
leukocyte (macrophages) and the non-macrophage fraction. This indicated that infected
macrophages have limited ability to produce new infectious virus compared to non-
macrophage fractions, which our flow data indicated were almost exclusively
fibroblasts. Therefore, we concluded fibroblasts generate more infectious virus. This
finding suggests that assessing intensity of fluorophore signal in flow cytometry, may

not be the best method for investigating TOSV cell tropism in mCherry-positive cells.

Regarding the effect of SGE on these cell types, we observed no difference in frequency
or geomean FI across all marker gates except for lineage-positive cells. However, these
cells represent a minority of the TOSV-infected cells present, suggesting minimal
impact on overall TOSV titers in the skin. Important to note that, some results suggested
that sandfly SGE increased frequency of TOSV infection in leukocytes and stromal cells
compared to infection with TOSV alone. However, subsequent experiments did not
replicate this finding, possibly due to selected incorrect time point and variations in

TOSV-mCherry replication kinetics.

We have two hypotheses to explain why the enhancement of TOSV infection is not
apparent in our flow data. The first is that each infected cell generates more virus in the
presence of sandfly SGE. Second, we also suggest that sandfly bites/or SGE trigger a
wound healing response, resulting in higher frequency of more primitive cells (e.g.,
Sca-1 +ve cells), which are more susceptible to TOSV infection. Certainly, our data
indicates TOSV preferentially infects those fibroblasts with more primitive/activated

markers.

Based on these new results we now hypothesise that SGE may cause a change in
fibroblast biology that inadvertently increases susceptibility to virus infection.
Furthermore, despite no significant difference between TOSV alone and TOSV with the
sandfly SGE group in FACS experiments that investigated mCherry positivity, we
suggest that each infected cell may generate more virus if also stimulated with

SGE. Further experimental evidence is required to justify this new hypothesis.

We also demonstrated that sandfly bites induce inflammation and enhance leukocyte

influx into the skin at inoculation sites compared to resting skin.
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Interestingly, a recently published study demonstrated that the mosquito-borne
bunyavirus La Crosse virus (LACV) targets muscle cells of the panniculus carnosus
(PC) in the skin (Schneider et al., 2024). In our model of foot skin, lacking a muscle
layer, TOSV infection was primarily observed in fibroblasts and macrophages. Although
we did not completely rule out a role for muscle cells in our FACS panels, this
discrepancy underscores the importance of understanding the specific cellular targets
and pathogenesis of different bunyaviruses in diverse tissue contexts. Additionally, it
should be noted that human skin lacks a muscle layer, making our findings more

pertinent for human disease models.
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CHAPTER 6: OVERALL DISCUSSION
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6.1 INTRODUCTION

The present thesis aimed to elucidate the interactions between the Toscana virus
(TOSV), its sandfly vector, and the mammalian host, focusing on the role of sandfly
salivary components in modulating viral infection and pathogenesis. Despite TOSV's
significance as a neuroinvasive pathogen causing meningitis and encephalitis, research
on its transmission dynamics and host-pathogen interactions has been limited. This
knowledge gap is particularly evident in the context of skin infection sites, where

arthropod-derived factors may play a crucial role.

Arboviruses, including TOSV, are almost exclusively transmitted through the bites of
hematophagous arthropods such as mosquitoes, ticks, and sandflies. These vectors
introduce not only the virus but also a complex mixture of salivary components that can
significantly influence host immune responses. Previous studies have shown that
mosquito-derived factors can enhance viral replication and dissemination by inducing
local inflammation and recruiting susceptible immune cells to the bite site (Pingen et al.,
2016). Similar mechanisms have been observed with tick-borne viruses, where tick

saliva exacerbates disease severity (Hermance and Thangamani, 2015).

Sandflies, as vectors of various pathogens, have been extensively studied in the context
of Leishmania parasites. Sandfly bites elicit strong local inflammatory responses,
characterised by the rapid infiltration of neutrophils followed by macrophages, creating
a favourable environment for parasite establishment (Peters et al., 2008). However, the
impact of sandfly saliva on viral transmission, particularly at the skin inoculation site,

remains unstudied.

This thesis aimed to increase our understanding of the relationship between TOSV and
its vector components. More specifically we were interested in investigating how
sandfly salivary components are responsible for the pathogenesis of TOSV on a
mammalian host. In addition, we tested whether these sandfly salivary factors play a
pan-proviral enhancement effect on genetically different arboviruses. It is important to
understand whether this is the case if we are to use this knowledge to develop a
treatment targeting multiple arbovirus infections. Finally, we looked at cellular tropism
of TOSV in the skin inoculation site. The early virus replication and dissemination in

the bite area are strongly related to outcome of the infection.
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Therefore, the overall aims of this thesis were:

1. To establish a unique TOSYV infection model that incorporate sandfly bite

and/or salivary components.

2. To investigate whether the ability of sandfly bite and salivary compounds

can modulate host susceptibility to arbovirus infection, primarily TOSV.

3. To define the cellular tropism of TOSYV in the skin and whether sandfly-

derived factors affect these phenomena.

6.2 AMOUSE MODEL FOR TOSV INFECTION WAS ESTABLISHED

Chapter 3 focused on optimizing several techniques to investigate TOSV infection at the
vector-host interface. We evaluated whether in vitro infection models could reliably test
our hypothesis. In addition, we tested whether sandfly salivary gland extract (SGE)
enhances arbovirus infection using a well-established mouse model (SFV). Importantly,
we also undertook crucial steps to establish a tractable animal model for TOSV

infection. Therefore, our main aims of this chapter were:

1. To optimise plaque and qPCR assays for determining infectious TOSV titres

and measuring TOSV RNA levels in infected cells and mouse tissues

2. To develop an in vitro system for TOSV infection of primary skin cell

cultures

3. To determine whether sandfly SGE modulates arbovirus infection in vivo

4. To establish an in vivo model for TOSYV infection

Initially, we optimised TOSV primers and standards for qPCR analysis, enabling precise
measurement of TOSV RNA in mouse tissues and infected cells. Additionally, we
advanced plaque assays to determine the titers of both wild-type and genetically
modified TOSV. These foundational optimizations were essential in ensuring the

accuracy and reliability of our experimental results.



228

We developed an in vitro model system to study the potential enhancement of TOSV
infection by sandfly SGE. Utilizing murine primary cell cultures for dermal fibroblasts,
macrophages, and dendritic cells, we demonstrated that, in vitro, sandfly SGE did not
consistently enhance TOSV infection in those cells. Additionally, the ifn-f, ccl2, and
cxcl2 expression during TOSV infection with or without sandfly SGE were variable and
inconsistent across experiments. These findings suggested that if sandfly saliva can
enhance arbovirus infection, it likely requires an in vivo system. This is similar to how
mosquito saliva only enhances arbovirus in in vivo models of arbovirus infection

(Lefteri et al., 2022).

To test whether sandfly SGE could enhance arbovirus infection, we firstly used Semliki
Forest virus (SFV) infection, as a well-established mouse model, in which infection is
enhanced in a mammalian host by mosquito saliva. The findings showed that sandfly
SGE could indeed enhance SFV infection in the mammalian host, and this enhancement
occurred independently of the host's type I IFN response. Furthermore, we showed
sandfly SGE modulates the induction of innate immune genes. Encouraged by these
results, we proceeded to investigate whether sandfly SGE could similarly enhance

TOSYV infection in mice.

Initial optimization experiments showed low but reproducible levels of TOSV RNA in
the skin, lymph nodes, and spleen. We hypothesised that the limitation of TOSV
replication in wild type mice might be due to an efficient activation of the type I [IFN
response. Indeed, when IFN signalling was temporarily repressed through
administration of a blocking antibody, TOSV RNA expression increased in the lymph
nodes and skin compared to IFN-sufficient mice. Interestingly, mosquito bites did not
enhance TOSV infection in wild type mice. Together this suggests that inefficient IFN
signalling antagonism by TOSV in mouse cells might be limiting TOSV replication.

Following an extensive search of the literature, we found only one published study
describing TOSV infection in mice. This had used TOSV derived from Vero cells for
mouse infection (Grazia Cusi et al., 2005), which suggested that the cell line from
which the virus is derived could influence its infectivity in mice. Therefore, we infected
mice with TOSV derived from Vero cells and assessed viral levels at 48- and 72-hours
post-infection. Although virus RNA was detectable in the skin, lymph nodes, and
spleen, the quantities were low, and none of the mice became viremic. These findings

indicated that IFN-sufficient mice do not support efficient TOSV replication.
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To overcome this challenge, we developed a TOSV mouse model using ifnari-/- mice,
which lack a functional type I interferon receptor. These genetically deficient mice
exhibited a pronounced and permanent lack of IFN signalling, allowing for higher levels
of TOSV replication. We infected the mice by subcutaneously injecting TOSV into skin
on the upper side of the foot, resembling natural arbovirus transmission (not the foot
pad). At 72 hours post-infection, high levels of TOSV RNA were detected in the skin
and spleen tissues, but not in the lymph nodes, suggesting that TOSV may not utilise
lymph node infection for dissemination. Although viral replication in lymph nodes is
commonly observed in Flaviviruses, a recent study has also indicated that La Crosse
Virus (LACV), a bunyavirus, does not primarily proliferate in lymph nodes (Schneider
et al., 2024). Additionally, TOSV modulated the host inflammatory response by

upregulating the expression of innate immune genes.

In conclusion, in Chapter 3, we successfully established an in vivo mouse model for
TOSV infection using ifnarl-/- mice, which is essential for studying TOSV
pathogenesis and the role of sandfly-derived factors in modulating viral infection. The
optimization of plaque assays, qPCR techniques provided a solid foundation for these
investigations. Our findings highlight the complexity of TOSV interactions with the
host immune system and underscore the importance of using appropriate animal models
to study viral pathogenesis. The establishment of this novel in vivo model represents a
significant advancement in TOSV research and provides a valuable tool for future

studies on arbovirus-vector-host interactions.

6.3 INCLUSION OF SANDFLY SALIVARY GLAND EXTRACT (SGE) OR
SANDFLY BITES WORSEN TOSV INFECTION IN A MAMMALIAN HOST

In this thesis, we sought to define whether mammalian host susceptibility to TOSV is
altered by host response to sandfly salivary factors. Chapter 4 of this thesis aimed to
elucidate the role of sandfly SGE and sandfly bites in enhancing TOSV infection, define
the pathogenesis of TOSV in a mammalian host, and explore the potential involvement
of microbiota in modulating saliva-induced TOSV infection. Therefore, our main aims

of this chapter were:

1. To examine whether sandfly SGE and bites enhance TOSYV infection in vivo.

2. To investigate the pathogenesis of TOSV infection in a mouse model.
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3. To explore the potential role of microbiota of saliva in contributing to

saliva-induced TOSYV infection in vivo.

We developed a mouse model for TOSV infection incorporating sandfly SGE in the
inoculum to investigate its impact on viral infection. Our findings revealed that sandfly
SGE from Phlebotomus pernicious and Lutzomyia longipalpis significantly increased
host susceptibility to TOSV infection. This enhancement effect was dose-dependent,
with higher amounts of SGE leading to a substantial increase in viral load at both the
inoculation site and peripheral tissues, with more viral RNA detected at later time
points. The same phenotype was observed with sandfly bites, even though the sandfly
species, Lu. longipalpis, used is not known as a natural vector of TOSV, with each
endemic area being geographically separate. This highlights the broad pro-viral effect of
sandfly saliva components and that they are not vector species specific. Also, sandfly
SGE injections or bites caused the upregulation of key inflammatory genes, including

cxcl2, ccl2, and il-6, at different levels in skin and foot joint samples.

We further investigated the impact of sandfly SGE on the dissemination and
pathogenesis of TOSV in our mouse model. We concluded that TOSV replicated and
disseminated to the foot joints and brain, with sandfly SGE exacerbating the infection
and leading to more severe outcomes. These included increased inflammation in the
foot joints and brain, and higher viral loads in the brain, indicating that TOSV can cause
CNS infection in mice, mirroring its neurotropic nature in humans. The inflammatory
response in the foot joints, characterised by significant upregulation of chemokines and
cytokines, was more pronounced with the inclusion of sandfly SGE. The
histopathological evaluation also demonstrated this enhanced inflammatory response,
showing accumulation of leukocytes in the dermis and among muscle fibres, along with

associated tissue damage.

The specific factors within sandfly SGE or bites that enhance viral infection remain
unknown. However, we do know that sandfly salivary components are numerous and
highly diverse, primarily aimed at facilitating blood meals from vertebrate hosts. While
it is possible that a single sandfly salivary factor, akin to sialokinin from Aedes
mosquitoes, could significantly enhance viral infection, our focus in this thesis was on
understanding the general nature of sandfly salivary components involved in this
enhancement. Previous research has shown that mosquito saliva can enhance viral

infection through sialokinin-dependent vascular leakage (Lefteri et al., 2022).
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Lastly, we assessed whether microbiota in sandfly saliva influenced TOSV infection.
High concentrations of the pro-inflammatory agents LPS and Pam3CSK4 enhanced
TOSYV infection, but the low levels of LPS found in SGE were insufficient to enhance
infection. By using an antibiotic cocktail to render sandflies abiotic, we demonstrated
that the microbiota in sandfly saliva did not significantly influence virus infection. Both

microbiota-depleted and untreated sandfly bites similarly enhanced TOSV infection.

Chapter 4 provided comprehensive insights into sandfly SGE, and bites enhance TOSV
infection in a mammalian host. The findings highlighted the critical role of sandfly-
derived factors in modulating viral infection and the host immune response, thereby
exacerbating disease outcomes. The broad pro-viral effect of sandfly saliva, irrespective
of the natural vector, and the absence of impact of salivary microbiota underscore the

complexity of vector-host-pathogen interactions.

6.4 TOSV ENCODED MCHERRY WAS DETECTED IN BOTH MACROPHAGES
AND PRIMITIVE/ACTIVATED FIBROBLASTS

Chapter 5 focused on identifying the cutaneous cellular targets of TOSV and examining
how sandfly SGE or sandfly bites might modulate these interactions. Our investigation
aimed to fill significant gaps in our understanding of the cellular tropism of TOSV

and the influence of vector-derived factors on viral infection dynamics.

Initially, we developed an animal model that incorporated infection with the genetically
modified TOSV expressing mCherry reporter gene. Thus, it allowed us to collect
infected skin cells. Next, we optimised FACS antibody panels, including various cell

surface and intracellular markers, to dissect TOSV-infected cell populations precisely.

Our research demonstrated that TOSV infects leukocytes and stromal cells in the skin
inoculation site. Notably, we found that neutrophils were not susceptible to TOSV
infection, regardless of the presence of sandfly SGE or bites. In contrast, macrophages
emerged as the primary leukocyte population infected by TOSV, with varying levels of
infection observed in monocytes and dendritic cells. Importantly, our data indicated that
endothelial and epithelial cells were not infected by TOSV; instead, dermal fibroblasts
were susceptible. Importantly, we discovered that infected fibroblasts produce new
infectious virus more efficiently than infected macrophages. This indicates that

fibroblasts play a role in TOSV replication and dissemination within the host.

Due to the inflammatory features of sandfly bites and sandfly SGE, we observed an

influx of leukocytes into the skin inoculation site compared to resting skin. Therefore,
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we found that some of them were also infected with TOSV. However, except for one
experiment result, we did not see a clear rise in the frequency of TOSV-infected
leukocytes or stromal cells in those mice receiving SGE, compared to TOSV alone

injection.

Our investigation into fibroblast subpopulations showed that TOSV almost exclusively
infects fibroblasts that are positive for CD90.2 and Scal, markers associated with
fibroblast progenitors. Cells that express these markers are known for their heightened
capacity for aiding tissue repair, wound healing, and tissue remodelling. We found that
the mCherry-positive cells were also positive for CD140a and podoplanin markers,
which are found in differentiated cells and have roles in the synthesis and remodelling
of the extracellular matrix. These findings suggest that TOSV targets primitive/activated

fibroblasts, which are more prevalent during tissue repair.

Indeed, these findings suggest that TOSV-associated clinical signs (swollen feet and
muscle pathology) match the observed viral cell tropism. Something similar is observed
with CHIKYV infection of ifnar-1 null mice. Here, CHIKV antigens were observed in
fibroblasts of the deep dermis in the human and mouse skin, as well as in fibroblasts
located beneath the synovial wall of the joint connective tissue. This study suggested
that CHIKV primarily targets fibroblasts, which may explain its preference for joints
and skin connective tissues (Couderc et al., 2008). TOSV also disseminated to the brain,
resulting in expression of inflammatory cytokines. Defining which cells TOSV infects

in neural tissue will aid our understanding of TOSV infection.

The main conclusion from Chapter 5 emphasises the critical role of fibroblasts in TOSV

replication and dissemination within vertebrate hosts.

6.5 CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis, we have demonstrated for the first time that sandfly SGE and sandfly bites
enhance arbovirus infection, including SFV, an alphavirus, and TOSV, a bunyavirale.
Our research has significantly advanced the understanding of the complex interactions
between TOSYV, its sandfly vector, and the mammalian host, with a particular focus on

the role of sandfly salivary components in modulating viral infection and pathogenesis.

By establishing robust in vivo models and optimizing key experimental techniques, we
have shown that sandfly SGE/bites exacerbates TOSV infection. This leads to more
severe disease outcomes, including increased inflammation and higher viral loads in the

skin inoculation site and the brain and foot joints. Additionally, our findings suggest that
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the enhancement effect of sandfly saliva is not specific to a particular vector species but

rather a general pro-viral phenomenon.

We have shown a critical role of dermal fibroblasts in TOSV replication that is key for
its dissemination. Regarding the sandfly SGE effect on the cutaneous cellular targets of
TOSYV, our flow cytometry analysis gave some important insights. Together this data
suggests that SGE and sandfly biting could re-model fibroblast biology so that there are
more primitive, a necessary step for wound healing to commence, but thereby also
putatively make them more efficient at replicating virus. However, further work is
required to determine exactly how sandfly SGE enhances susceptibility to TOSV
infection in these cells. One such future approach could include experiments in which
once isolates cells from mice infected with TOSV alone and co-infected with sandfly
SGE; then after normalising the cell numbers, we could culture them and determine
whether the cells infected with TOSV and sandfly SGE release more infectious virus on

a per-cell basis using plaque assay technique.

To conclude, I would argue that this research underscores the importance of considering
vector-derived factors in the study of arbovirus pathogenesis and highlights the potential

for targeting these interactions in developing novel therapeutic and vaccine strategies.
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