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Abstract

Emerging viral zoonoses are a significant global health concern, brought into
sharp focus in recent times by the emergence of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and the subsequent global pandemic.
Other emerging and re-emerging zoonotic viruses also continue to present
significant threats to public health, including Crimean-Congo haemorrhagic
fever virus (CCHFV), a tick-borne virus that can cause severe disease and high
case fatality rates in people, but with a complex ecology that remains poorly
understood in many areas of the world, particularly in Africa. Serological
tools are vital for understanding emerging zoonotic viruses both at a
population- and individual-level. Population-level surveillance of animal and
human populations can shed light on patterns of viral circulation and aid in
identification of risk factors associated with infection, while individual-level
serological investigations help to characterise the immune response to
infection, providing insights into the nature of protective immunity, possible

vaccine targets and improving methods of disease detection.

The initial focus of this thesis was the development of a diagnostic enzyme-
linked immunosorbent assay (ELISA) for detection of CCHFV, and its
subsequent use to explore the epidemiology of the virus in livestock and
people in northern Tanzania. However, the start of the coronavirus disease 19
(COVID-19) pandemic part way through this research resulted in an additional
set of research questions relating to SARS-CoV-2 diagnostic assay performance
and epidemiology during the first wave of the pandemic in Glasgow, UK. This
thesis therefore explores diagnostics assay development and epidemiology of
CCHFV and SARS-CoV-2. Firstly, an indirect ELISA for detection of anti-CCHFV
antibodies in livestock was developed and optimised. It showed good
potential for use as an in-house assay for detection of CCHFV exposure in
animals. Secondly, the performance of two indirect ELISA assays against the
S1 subunit of the SARS-CoV-2 spike protein (51) and the receptor binding
domain (RBD) was investigated, establishing a cut-off value for interpretation
of these assays, determining sensitivity and specificity, and exploring
measures of assay precision. Both assays showed good ability to distinguish

between positive or negative serum samples for anti-SARS-CoV-2 IgG



antibodies. These ELISAs were then used to investigate levels of SARS-CoV-2
exposure in a patient population in Glasgow during the first wave of the
COVID-19 pandemic, demonstrating that overall seroprevalence remained low
throughout this period. Additionally, ELISA responses were compared against
levels of neutralising antibodies (NAbs), measured using HIV(SARS-CoV-2)
pseudotype virus neutralisation assays (PVNAs), demonstrating heterogeneity
in IgG and NAb responses, and highlighting an association between disease

severity and higher levels of IgG and neutralising antibodies.

The epidemiology of CCHFV in northern Tanzania was explored through
analysis of a large cross-sectional study of livestock and people in linked
households, using a commercially produced species-independent ELISA. This
study demonstrated for the first time that CCHFV is circulating in northern
Tanzania. High levels of exposure were found in cattle (n = 1530/3098,
49.4%), goats (n = 823/2475, 33.3%), and sheep (n = 582/2124, 27.4%) across
the region, and an overall seroprevalence of 15.1% (n = 53/351) was observed
in people, despite an absence of confirmed clinical disease in the country
(Temur et al., 2021). Substantial heterogeneities were observed in levels of
exposure between study sites for both livestock and people, indicating that
local context is important for determining exposure to CCHFV. However,
patterns of village-level exposure varied between people and livestock,
possibly suggesting different drivers of exposure. Risk factors associated with
CCHFYV seropositivity were also investigated in livestock, and demonstrated
that increasing age, and extensive, pastoral agro-ecological settings were
associated with higher levels of exposure. Additionally, a novel association

was identified between pig keeping and higher exposure in cattle.

The work presented in this thesis demonstrates the application of serological
methods for investigation of two important emerging and re-emerging
zoonotic viruses, SARS-CoV-2 and CCHFV. This research adds substantially to
our knowledge of CCHFV epidemiology in northern Tanzania, demonstrating
high levels of exposure to the virus in livestock populations and highlighting
its potential as a public health concern in the country, while the work on

SARS-CoV-2 provided important information on population-level immunity and



the nature of the immune response during the early phases of the global

pandemic.
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1 Introduction

1.1 Emerging viral zoonoses

Zoonotic pathogens are those which can be transmitted from animals to
people, either directly or via a suitable vector species, resulting in disease in
human hosts. Zoonoses are one of the most important causes of human
infectious disease, with an estimated 60% of all human pathogens originating
in animals (Taylor et al., 2001). These include ancient pathogens such as
rabies virus or brucella species (Fooks et al., 2017, Moreno, 2014), which
continue to cause substantial disease globally, but of increasing concern are
newly emerging and re-emerging zoonotic pathogens, which have the
potential to cause severe and widespread public health emergencies (Sikkema

and Koopmans, 2021).

Spill-over events, whereby a virus is able to switch to a new host species are
common in viral evolution but most of these events end in dead-end hosts or
limited transmission chains (Longdon et al., 2014). However, recent decades
have seen an increase in the incidence of novel disease outbreaks originating
in animals that have the potential for onwards human-to-human transmission
(Grubaugh et al., 2019, Jones et al., 2008). Viruses, especially RNA viruses,
are particularly important sources of emerging zoonoses, due to their high
genetic diversity and potential for rapid evolution, with up to 90% of RNA
viruses capable of infecting humans being of zoonotic origin (Woolhouse et
al., 2013). RNA viruses of zoonotic origin have been the cause of the most
notable global health emergencies of the last decade including H1N1
influenza virus, Ebola virus, Zika virus, and the three novel coronavirus
emergences, severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1),
Middle Eastern respiratory syndrome coronavirus (MERS-CoV), and most
recently severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (CDC,
2019, Reperant et al., 2016, Morens and Fauci, 2020). The emergence of such
viruses is a source of global concern for a several reasons, including the
potential for rapid spread of novel pathogens through naive populations
without existing immunity, and the amplification of that spread by

unprecedented local, regional and global interconnectedness, which can
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facilitate rapid transmission of pathogens over large areas (Suk et al., 2014).
Additionally, the public health consequences of emerging viruses may be

increased by a lack of specific therapeutics and vaccines in the early phases
of pathogen emergence, as well as by issues of poverty and poor health care

infrastructure when emergence occurs in low-income settings.

In addition to novel viruses, re-emergence of known zoonotic pathogens into
new populations and regions, or with increasing frequency, is also of
considerable global concern. Significant Ebola epidemics in west and central
Africa in the last decade demonstrated the huge public health impact of re-
emergence events (Kaner and Schaack, 2016, Delamou et al., 2017), and
other viral haemorrhagic fevers, such as Crimean-Congo haemorrhagic fever
virus (CCHFV), Lassa fever and Marburg virus disease, remain a particular
concern due to the potential severity of clinical disease, high case fatality
rates, and diagnostic challenges of diagnosing febrile illness (Pigott et al.,
2017). Zoonotic viruses that continue to circulate in animal and vector
populations, such as Crimean-Congo haemorrhagic fever virus (CCHFV), may
re-emerge into human populations at unpredictable intervals, with the
potential for significant public health consequences (Leblebicioglu et al.,
2016b). This may be of particular concern in sub-Saharan Africa and other
tropical regions of the world. Changing climate, higher biodiversity,
combined with increased human-wildlife interactions as well as habitat loss
and land-use changes may make spill-over events more likely in these areas
(Allen et al., 2017), while lack of surveillance infrastructure, under-resourced
health services, and poverty may make the impact of such outbreaks more

substantial in these communities.

1.2 Serological techniques for emerging viral zoonoses

Serological laboratory techniques are based on evaluation of components of
blood serum, usually targeting antibodies against or antigens from infecting
pathogens. By targeting different elements of the humoral immune system,
they can be used to diagnose current infections, for example through

detection of immunoglobulin M (IgM) antibodies, as well as to indicate past

infection status, through detection of immunoglobulin G (IgG). This ability to
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detect past infection constitutes a principal advantage of serological
approaches over molecular detection techniques such as reverse transcription
polymerase chain reaction (RT-PCR) or sequencing methods, which are
typically limited to detection of current infections. In addition, many
serological techniques require fewer resources and can produce results more
rapidly than molecular methods, making them suitable for rapid diagnostics
in clinical settings, as well as wider scale sero-surveillance, particularly in

low-income settings (Arnold et al., 2018).

Serology is vital for population-level surveillance of pathogens, enabling
investigation of trends and patterns in exposure, even where clinical disease
has not been diagnosed on an individual-level. However, serological
approaches are also essential for answering questions relating to individual
immune responses, such as characterisation of immunoglobulin and
neutralising antibody responses, duration and effectiveness of immunity, and
identification of vaccine targets or novel therapeutics (Lu et al., 2020,

Fernandez-Barat et al., 2020, Krammer and Simon, 2020).
1.2.1 Enzyme linked immunosorbent assays (ELISA)

Enzyme-linked immunosorbent assays, more commonly referred to as ELISAs,
are a type of solid phase immunoassay and are one of the most widely used
methods for detecting antigens, antibodies or other analytes in biological
samples, making use of the highly specific antigen-antibody binding reaction.
Although simple in principle, the ELISA is one of the most long-standing assays
available and has proven its worth in over four decades of serological
research (Engvall, 2010, Lequin, 2005). ELISAs remain the backbone of much
serological diagnosis for humans and animals, both in research and
commercial laboratories, due to their high specificity, simple principles, and
adaptability (Aydin, 2015).

Several types of ELISA are commonly used for serological assays, the
principals of which are shown in Figure 1.2.1 . Each has advantages and
disadvantages but all act on the principal of using a visually detectable

enzyme linked to a bound antigen/antibody complex to elicit a colour change
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when a suitable substrate is added. The indirect ELISA format, wherein
immobilised antigen is bound by the target antibody in serum, which is then
detected by a conjugated secondary antibody, is used in Chapters 2 and 3 of
this thesis. A commercially produced double-antigen sandwich ELISA (IDvet,
ID Screen® CCHF Double Antigen Multi-species ELISA, IDvet, Grabels, France),
which uses a secondary conjugated antigen instead of an antibody, was used

to test samples described in Chapter 4 and 5.

Substraie Primary antibody
from sample
Substrate
Q \ Substrate
Secondary (‘
(' Substrate antibody , L\ Unfixed
antigen / \

\ / \ \‘ Capture antibody ) \
Q

\| Antigen )] L J) A\ 74
Direct ELISA Indirect ELISA Sandwich ELISA Competition ELISA

Primary
antibody

Figure 1.2.1 Principals of four common ELISA types.

Direct ELISA: antigen of interest is immobilised to the well and detected by addition of a
conjugated primary antibody leading to a colour change. Indirect ELISA: Wells are coated with
antigen of interest, which is then bound by the addition of a primary antibody, usually from a
sample under investigation. This is then bound by addition of conjugated secondary antibody
leading to a colour change. Sandwich ELISA: A capture antibody is immobilised to the well,
which then binds the antigen of interest if present in the sample being tested. This antigen is
then bound by an unconjugated primary antibody, which in turn is bound by a conjugated
secondary antibody leading to a colour change. Competition ELISA: Sample of interest is
incubated with free antigen which binds to antibody in the sample if present. This complex is
then incubated with the bound antigen in the well and a primary antibody. After washing to
remove unbound antigen-antibody complexes a conjugated secondary antibody is added. Only
antibody not already bound to the free antigen can bind meaning the more antigen in the
sample, the less antibody available to bind to the fixed antigen, resulting in a reduced or absent
colour change. Can be direct or indirect (shown here) and adapted for antigen or antibody

detection. Created with Biorender.com
1.2.2 Pseudotype virus neutralisation assays

Alternatives to live-virus assays, instead using replication-defective virus
particles, are now widely used in virology to study mechanisms of viral entry,
evaluate potential anti-viral compounds, and investigate neutralising
antibody responses (King et al., 2016). Pseudotyped viruses (PVs) are

composed of the viral core of one virus, surrounded by a cell-derived
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membrane baring the external envelope proteins of a second virus. Genes
encoding the envelope proteins of the core virus are deleted, preventing the
PV from producing infectious virus. These genes can be replaced by marker
gene such as firefly luciferase (luc) to allow detection of viral entry (Logan et
al., 2016). Envelope proteins from the coating virus are not encoded by the
core virus but instead are derived from the cell membrane of transfected
cells during budding of the PV. The envelope proteins of the PV allow it to
enter cells and be neutralised by antibodies in the same way the infectious
virus would but without the risk of onwards replication. This allows
pseudotyped versions of highly pathogenic RNA viruses such as SARS-CoV-2
and Ebola virus to be investigated under biosafety containment level 2
conditions, enabling more rapid and accessible research into these pathogens
(Bentley et al., 2015, Steeds et al., 2020, Cantoni et al., 2021). In Chapter 3
of this thesis a neutralisation assay using a human immunodeficiency virus
(HIV)(SARS-CoV-2) pseudotype virus is employed to investigate neutralising

responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

1.2.3 Exposure, infection and seropositive: a note on

terminology

Exposure of an individual to a pathogen may result in infection, which
typically leads to production of an antibody response, although the type,
strength and duration of this response will vary depending on the type and
load of the infecting pathogen, as well as host immune characteristics.
Alternatively, exposure may occur but not result in infection, or its
subsequent consequences. Additionally, an infection may occur following
exposure but be rapidly cleared by physical barriers or the innate immune
response and so result in a low or undetectable antibody response. Exposure,
infection and seropositivity can therefore indicate subtly different
interactions between host and pathogen. However, the presence of
antibodies to a pathogen is usually evidence of exposure and infection with
that pathogen, although special cases such as maternally derived immunity
can complicate this picture. For the purposes of this thesis, ‘exposure’ and
‘infection’ will be treated as synonymous with ‘seropositive’, unless

otherwise stated.
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1.3 Thesis development: a note on changes of
direction resulting from the SARS-CoV-2 pandemic

The original goal of this thesis research was to fill knowledge gaps regarding
the presence and epidemiology of an important emerging tick-borne zoonosis,
Crimean-Congo haemorrhagic fever virus (CCHFV), in Tanzania. This
pathogen, discussed in detail below, is endemic in much of East Africa and is
a priority pathogen in the World Health Organisation’s research and
development framework due to its high case fatality rate in humans (WHO,
2022a). Despite this, evidence of its presence in Tanzania was extremely
limited, particularly in 2018 when research for this thesis commenced, and no
studies had investigated the epidemiology of the virus in animals or people in
the country. It was unclear whether the virus was actively circulating in
Tanzania, and if it was, what the patterns of exposure were amongst animals,
people and ticks. Additionally, at commencement of this research no
commercially produced serological diagnostic tests were available for the
detection of CCHFV antibodies in animals, although several assays were

available for human sera.

To begin to answer these questions it was planned to utilise an existing,
highly comprehensive set of serum samples from cattle, goats, sheep and
people in linked households in northern Tanzania in 2016 as part of the
Social, Economic and Environmental Drivers of Zoonoses project, hereafter
referred to as SEEDZ (part of Zoonoses and Emerging Livestock Systems (ZELS)
program, grant no: BB/L018926/1). The first challenge in pursuit of these
research aims was to establish a method to detect antibodies to CCHFV in
these samples and so initial laboratory work involved developing an ELISA to
detect anti-CCHFV antibodies, with the plan to use this assay to screen all
livestock samples to enable downstream epidemiological analysis of CCHFV
exposure in the study population. During work into the development of this
ELISA (described in Chapter 2) a commercially produced ELISA kit was
released by IDvet (IDvet, Grabels, France) and funding for use of this kit to
test all SEEDZ samples was provided through the Supporting Evidence Based
Interventions (SEBI) project, (University of Edinburgh - grant number R83537).
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This resulted in a change of direction away from using the in-house ELISA

towards using the commercial kit, in order to better compare across species.

Part way through the research for this thesis, however, the emergence of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) resulted in
unpredicted but unavoidable changes to research priorities, as it did for
infectious disease researchers around the world. The pandemic resulted in a
cessation of most routine laboratory work, including work on CCHFV for this
thesis, for several months, ultimately preventing some elements of the
planned thesis being completed. However, the events of 2020 also presented
an opportunity to use skills in diagnostic serology and epidemiology
developed during the first half of this thesis research to contribute to the
local pandemic response in Glasgow, UK, both in developing ELISAs to explore
population- and individual-level immune responses to SARS-CoV-2 and in
exploring the epidemiology of exposure to the virus in a local patient

population. The resulting work now forms Chapter 3 of this thesis.

This thesis, therefore, brings together substantial work on the epidemiology
of CCHFV in Tanzania, with a valuable study of SARS-CoV-2 immunology and
epidemiology in Scotland. Although different pathogens, with different
emergence histories and different research priorities, similar serological
techniques were used here to answer key epidemiological questions for both
viruses, highlighting the advantages of using serological techniques in

understand emerging viral zoonoses at the population level.
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1.4 Crimean-Congo haemorrhagic fever virus

CCHFV is often described as one of the most important and widespread
arboviruses in the world. It can cause a rapidly fatal disease in people and
has the potential for onwards human-to-human transmission. This epidemic
potential, as well as its widespread distribution, severity of clinical disease,
and lack of specific therapeutics or vaccine, have made CCHFV one of the
World Health Organisation’s priority pathogens for Research and Development
(R&D) (WHO, 2022a). Despite this, the epidemiology and ecology of the virus
in humans, asymptomatic animal hosts, and ticks is not fully understood,
particularly in low-resource settings such as in sub-Saharan Africa (SSA),
where the virus has the potential to pose a severe public health threat
(Temur et al., 2021).

1.4.1 History

Cases of what is now known as Crimean-Congo haemorrhagic fever (CCHF)
were first identified in the Crimean Peninsula during 1944, when around 200
Soviet soldiers and numerous local farm workers developed an acute febrile
illness, typically accompanied by haemorrhage and shock, resulting in a
fatality rate of around 10% (Bente et al., 2013, Hoogstraal, 1979,
Grashchenkov, 1945). Cases were linked to tick bites and the syndrome was
named ‘Crimean haemorrhagic fever’ (CHF). Attempts to isolate the
causative agent of the infection were hampered by a lack of success in
culturing, but the development of suckling mice models to cultivate the virus
enabled it to be isolated for the first time in 1967 (Bente et al., 2013). This
breakthrough also enabled production of associated antigens and antibodies,
which led to an increase in research into the seroprevalence of the virus and
transmission in nature (Bente et al., 2013, Whitehouse, 2004, Spengler et al.,
2016b). In 1956, a virus causing similar symptoms was isolated from what is
now the Democratic Republic of Congo (DRC) and named ‘Congo virus’
(Simpson et al., 1967, Woodall et al., 1967). In 1969 it was shown that this
virus was identical to the Drosdov strain of CHF virus isolated through the
early suckling mouse model work (Casals, 1969) and this recognition
eventually led to a change in nomenclature resulting in its current name of

Crimean-Congo haemorrhagic fever virus (CCHFV). Although only officially
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recognised in the twentieth century, historical reports of disease and modern
techniques investigating the most recent common ancestor of the virus
suggest it has a much more ancient origin and has likely been circulating in
central Eurasia for centuries, causing sporadic disease in humans (Carroll et
al., 2010, Ergonul, 2006, Bente et al., 2013, Whitehouse, 2004).

1.4.2 Virology and classification

CCHFV is a negative sense single stranded RNA virus with a tri-segmented
genome, of around 19kb, divided into small (S), medium (M) and large (L)
segments (Spiropoulou and Bente, 2021). The genome is encapsidated in
nucleoprotein (NP) (encoded by the S segment) and includes an RNA
dependant RNA polymerase (encoded by the L segment) for initiation of
transcription and replication (Bente et al., 2013). The virion’s lipid envelope
is coated in external glycoproteins, Gn and Gc, which are encoded by the M
segment and enable virion binding to host cell receptors (Zivcec et al., 2016)

(Figure 1.4.1).

Nucleoprotein (NP)
RNA-dependant RNA

Gchoproteln(Gc C& C‘ Y ? ? polymerase
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* S segment

~90-100nm

Figure 1.4.1 Schematic representation of CCHFV virion.
Adapted from Bente et al. 2013 and Zivcec et al. 2016. Created with BioRender.com.

CCHFYV is a member of the genus Orthonairovirus, part of the Nairovirus

family of the order Bunyavirales, which also encompasses other important
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viral genera including Orthobunyaviruses, Hantaviruses and Phleboviruses
(Adams et al., 2017). Like other nairoviruses it is distinguished from the rest
of the Bunyavirus order by the notably long length of its L segment.
Orthonarioviruses are further divided into at least seven serogroups including
the CCHFV group, which includes CCHFV and Hazara virus (HAZV), and the
Nairobi sheep disease virus group which includes Nairobi sheep disease virus
(NSDV) and Dugbe virus (DUGV) (Whitehouse, 2004, Walker et al., 2016).
HAZV is not known to cause disease in humans or animals and has been
proposed as a model for studying CCHFV infection and antiviral development
outside of biosafety level 4 laboratories (Monteil et al., 2020, Dowall et al.,
2012a, Flusin et al., 2011, Begum et al., 1970). NSDV is primarily a pathogen
of small ruminants but can also rarely infect humans, while DUGV can cause a
mild febrile illness in people (Krasteva et al., 2020, Burt et al., 1996). Both
are found in Eastern Africa, but their impact and epidemiology are poorly
understood (Krasteva et al., 2020, David-West et al., 1975, Johnson et al.,
1980).

Unusually for an arbovirus, CCHFV is one of the most genetically diverse
viruses in the world (Deyde et al., 2006). Phylogenetic analysis has grouped
the virus into at least six clades based on S segment sequence analysis: | West
Africa; Il Democratic Republic of Congo (DRC); IIl South Africa and West
Africa; IV Asia and the Middle East; V Europe and Turkey; and VI Greece
(Carroll et al., 2010, Deyde et al., 2006). These clades are further subdivided
into different local variants. High genetic diversity likely reflects a long
history of co-evolution with ticks and their hosts species (Honig et al., 2004,
Xia et al., 2016), but geographic mixing of clades also contributes, with
genetically and geographically diverse variants emerging in far-distant
regions, possibly as a result of long-distance translocation of infected tick by
migratory birds and transboundary livestock movements (Bente et al., 2013,
Leblebicioglu et al., 2014, Hewson et al., 2004). Very recently, viruses in the
Greece clade (clade VI), which consists of those closely related to the CCHFV
isolate known as AP-92, have been reclassified as a distinct virus, now known
as Aigai virus (AIGV). It has been proposed that this virus be defined as a

separate species of Orthonairovirus, Orthonairovirus parahaemorrhagiae,
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with all other clades of CCHFV being designated Orthonairovirus

haemorrhagiae (Marklewitz et al., 2020, Papa et al., 2022).

1.4.3 Viral transmission and maintenance

In nature, CCHFV is maintained in tick-to-tick and tick-vertebrate-tick cycles,
involving both small and large mammalian hosts (Figure 1.4.2). Ticks are both
the vector and reservoir of the virus, with mammalian hosts likely acting
principally as amplification hosts (Randolph and Rogers, 2007). The role of
ticks as vectors for CCHFV, first identified in early research into viral
outbreaks, has been confirmed by studies of both naturally infected ticks and
in experimental studies (Gargili et al., 2017), while identification of
vertebrate hosts has principally been through serological studies, due to
challenges in identifying active infection in non-human hosts as a result of
transient, typically asymptomatic, viraemia (Spengler et al., 2016a, Spengler
et al., 2016b).
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Routes of transmission of CCHFV between typical two-host Hyalomma spp., mammalian hosts

and humans. Arrows indicate direction of viral transmission, major vertebrate hosts and tick life
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stages are reported in black, known routes of transmission are reported in orange text, and a

theoretical route of transmission is reported in grey text. Ticks. Created with BioRender.com.

Competent tick vectors are defined as those in which the virus can
successfully replicate and pass by trans-stadial transmission from larval to
nymph to adult stages, and via vertical trans-ovarial transmission from adult
females to their eggs (Figure 1.4.2) (Shepherd et al., 1991, Dohm et al.,
1996, Gordon et al., 1993, Bente et al., 2013, Spengler and Estrada-Pena,
2018). Sexual transmission can also occur between males and female ticks at
mating (Gonzalez et al., 1992) and horizontal transmission can occur between
ticks feeding in close proximity on the same host, via exchange of infected
saliva (Shepherd et al., 1989a, Nuttall and Labuda, 2003, Nuttall and Labuda,
2004).

Unlike other nairoviruses, which tend to be specific to a single tick genus
(Bente et al., 2013), CCHFV can be transmitted by more than one tick genus
(Spengler and Estrada-Pena, 2018, Gargili et al., 2017). Global correlation
between recorded CCHFYV circulation and Hyalomma spp ranges, as well as
vector competency studies indicate that Hyalomma species are the dominant
vector globally, but experimental studies have demonstrated that certain
Rhipacephalus and Amblyomma spp. can also be competent vectors (Gargili
et al., 2017, Spengler and Estrada-Pena, 2018). The relative importance of
different vector species is likely to vary by geographic region and local
conditions. In areas such as sub-Saharan Africa (SSA) where the most common
vector species, Hyalomma marginatum, is not present, it remains unclear
which vector species are the most important (Spengler and Estrada-Pena,
2018, Gargili et al., 2017).

Infection of mammalian hosts occurs when an infected tick bites to feed,
leading to viral replication in tissues and entry into the blood stream. The
feeding tick may remain on the host for several days or weeks increasing the
likelihood that transmission will occur. If infection results in a suitably high
level of host viraemia naive ticks may also become infected through feeding
during this viraemic phase, demonstrating the amplifying role animal species

can play in viral maintenance. Different mammalian hosts appear to have
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different susceptibility to infection, and tick species may also differ in the
level of viraemia required for a successful infection (Shepherd et al., 1991,
Shepherd et al., 1989a), but the role played by different mammalian species

in viral maintenance is poorly understood.

No studies have investigated whether direct animal-to-animal transmission is
possible via exposure to viraemic tissues or blood, for example during fighting
or parturition, but given that animal-to-human, and human-to-human
transmission is known to occur it may be theoretically possible. This
hypothesis is further supported by evidence from a recent paper using
machine-learning to predict reservoir hosts of RNA virus. Machine learning
models used in this work consistently identified CCHFV as falling outside the
arthropod vector group, suggesting a possible under-recognised role for direct
transmission of the virus (Babayan et al., 2018), although further biological

work would be needed to investigate this possible transmission route.

Transmission to humans is usually via the bite of an infected tick or through
contact with tissues or bodily fluids of a viraemic animal. Several cases of
human disease have been directly linked to animal contact, such as
butchering a goat or handling tissue from slaughtered cattle (Nabeth et al.,
2004, Chinikar et al., 2010, Mustafa et al., 2011), and risk factor studies
investigating associations between human cases and seroprevalence have
found increased risk associated with animal contact, butchery and abattoir
work (Adham et al., 2021, Mustafa et al., 2011, Kadanali et al., 2009, Lwande
et al., 2012, Sargianou et al., 2013). Transmission to humans from animals
and ticks is usually sporadic, resulting in isolated cases or small localised

outbreaks.

Another important, though less common, route of human infection is via
human-to-human transmission through exposure to blood or bodily fluids from
a viraemic patient, needlestick injuries, or aerosol-generating procedures
(Pshenichnaya and Nenadskaya, 2015, Leblebicioglu et al., 2016c). Most cases
of human-to-human transmission occur in a nosocomial setting, with
community transmission rare (Tsergouli et al., 2020, Nabeth et al., 2004).

Health care workers are most at risk of contracting disease but do not appear
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to develop symptomatic infections via this route if appropriate barrier
techniques are used (Ergonul et al., 2007). Aerosol routes of transmission are
of particular concern as aerosol-generating procedures such as intubation
may be performed in the initial phase of the disease when symptoms appear
like influenza or other respiratory infections and prior to the implementation
of isolation of barrier nursing required to prevent CCHFV transmission
(Pshenichnaya and Nenadskaya, 2015, Conger et al., 2015). This fact
highlights the importance of patient and clinician awareness of CCHFV as a
differential diagnosis and the need for readily available diagnostic tests for

rapid diagnosis.
1.4.4 Disease in humans and animals

Clinical cases of CCHF in people can be severe and fatal, but it is estimated
that up to 90% infections remain asymptomatic or sub-clinical (Bodur et al.,
2012). Where infections do progress to clinical disease, symptom onset
typically occurs between 1 and 13 days post-exposure, although this may vary
with the route of transmission. The most rapid onset is likely to occur
following tick bites, with slightly slower onset following exposure to blood or
tissues from infected animals or people (Swanepoel et al., 1987). Clinical
manifestation of CCHF typically falls into three phases. Firstly, a pre-
haemorrhagic phase occurs in the first week after symptom onset,
characterised by fever, malaise, myalgia, headaches and other non-specific
signs (Ergonul, 2006, Spiropoulou and Bente, 2021). This may be followed by
an acute haemorrhagic phase lasting 2-5 days, with bleeding from various
sites and often including splenic and hepatic changes (Fillatre et al., 2019). In
fatal cases, death typically occurs 5-14 days after the onset of symptoms
(Cevik et al., 2008). If the patient recovers there follows a, sometimes
prolonged, period of convalescence where symptoms such as generalised
weakness, tachycardia and shortness of breath may continue for up to a year

(Spiropoulou and Bente, 2021).

Infections in mammalian hosts, both wild and domestic, are typically
considered to be asymptomatic, although research is limited (Spengler et al.,

2016b). In livestock species, a small number of studies have been undertaken
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to evaluate the outcome of CCHFV infection following experimental infection
with the virus. In general, these studies support the idea that common
livestock species develop a viraemia that lasts around 5-7 days, but no
clinical signs following infection (Zarubinsky et al., 1976, Smirnova, 1979,
Wilson et al., 1991). However, one study in cattle (Causey et al., 1970) and
two studies in sheep (Gonzalez et al., 1998, Shepherd et al., 1989b) found
evidence of mild clinical signs, including a transient fever, dullness and
inappetence, in experimentally infected animals suggesting that mild clinical

signs may sometimes result from infection.
1.4.5 Serological responses to CCHFV

The high levels of diversity observed in the CCHFV genome do not appear to
be replicated in its antigenicity, with little apparent difference observed in
serological responses to different clades of the virus (Whitehouse, 2004,
Tignor et al., 1980). Neutralising antibodies (NAbs) are raised against the
external glycoproteins Gn and Gc during infection (Fels et al., 2021) and are
typically detectable around 10 days after the onset of clinical signs, while
non-neutralising immunoglobulins are raised both against these proteins and
principally against the abundant nucleoprotein (N protein) (Karaaslan et al.,
2021, Ergunay et al., 2014). In people, both IgM and I1gG antibodies are
usually detectable from between 5 and 7 days after the onset of clinical
signs, peaking at around 2-3 weeks (Spiropoulou and Bente, 2021). IgM levels
remain detectable up to around 4 months, while IgG levels typically remain
detectable for at least 3 to 5 years post infection (Spiropoulou and Bente,
2021, Shepherd et al., 1989c¢). In fatal cases antibody levels are often low or
undetectable (Shepherd et al., 1989b).

In livestock, evidence of antibody kinetics and duration of immunity is
limited. However, the small humber of experimental studies available suggest
that IgM levels become elevated 3-7 days following infection and remain
detectable for up to three months (Gonzalez et al., 1998). IgG responses
become detectable around 24 hours after IgM and may last for 15 months or
more (Gonzalez et al., 1998, Wilson et al., 1991). Further evidence of

duration of antibody response in livestock has not been investigated
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experimentally, but epidemiological studies consistently show increasing
seroprevalence with increasing age in livestock, a pattern which is suggestive
of a fully immunising infection, producing livelong immunity (Adam et al.,
2013b, Balinandi et al., 2021a, Schulz et al., 2021). Epidemiological evidence
also supports the possibility of re-infection in livestock, with a longitudinal
study undertaken in Senegal finding that seropositive animals infested with
ticks had higher antibody levels compared to those without, a pattern that

may suggest re-infection (Zeller et al., 1997).

Antibody responses raised against CCHFV have the potential to cross-react
with other related orthonairoviruses, although the degree to which this
occurs is not fully characterised. Evidence for substantial cross-reactivity
between CCHFV and the most important related orthonairoviruses, Nairobi
sheep disease virus (NSDV) and Dugbe virus (DUGV), is limited but some
studies have found evidence of low levels of cross-reactivity between DUGV
or NSDV and CCHFV (Davies et al., 1978, Casals and Tignor, 1980, Ward et al.,
1992). However, detection of cross-reactivity is frequently dependant on the
testing method, with techniques such as immunofluorescence and
hemagglutination-inhibition assays identifying cross-reactivity where ELISAs
or neutralisation assays have not (Hartlaub et al., 2021a, Hartlaub et al.,
2021b, Davies et al., 1978). Large scale testing of serum samples against
potentially cross-reactive orthonairoviruses using ELISA techniques have
revealed very low levels of cross-reactivity between CCHFV and NSDV or
DUGV (Burt et al., 1996, Grech-Angelini et al., 2020). This suggests that
modern, widely used serological techniques such as ELISAs are unlikely to be
hindered by substantial cross-reactivity, although further research is required

to clarify these antigenic relationships.
1.4.6 Detection of CCHFYV infection

Due to the severity of human infection, potential for onwards human-to-
human transmission, and lack of effective prophylaxis and treatments, CCHFV
is classified as an Advisory Committee on Dangerous Pathogens (ACDP)Hazard
Group 4 agent, requiring all direct work with infectious virus to be carried
out in containment level-4 (CL4) laboratory conditions (HSE, 2021). Although
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live virus assays have generated much of the current knowledge of CCHFV
virology, this biosafety level means that work with live virus is not practical
in the majority of laboratories, so molecular and serological approaches are

vital both for diagnostic and research purposes.

In the acute phase of viral infection, reverse transcription polymerase chain
reaction (RT-PCR) can be used to detect viral RNA in serum and bodily fluids
from patients (Mazzola and Kelly-Cirino, 2019). However, the high genetic
variability observed between different clades of CCHFV can reduce the
sensitivity of molecular detection methods (Gruber et al., 2019). This can be
addressed through combined use of molecular and serological tests to
improve diagnostic sensitivity (Mertens et al., 2013, Fernandez-Garcia et al.,
2014, Drosten et al., 2003), as the broad antigenic similarity between CCHFV
clade means serological assays as less sensitive to genetic variation.
Additionally, in recent years primers sets and multiplex RT-PCR assays have
been developed that allow for detection of all viral clades (Atkinson et al.,
2012a, Sas et al., 2018b). However, for clinical diagnostics, viral shedding
declines around 7-10 days post-infection, often making molecular detection
difficult after this (Fillatre et al., 2019). Clinical signs in this first phase of
infection are typically those common to other febrile illnesses, so CCHF may

not be suspected until it is too late to detect by molecular means.

Serological methods to detect antibodies against CCHFV, either in
combination with RT-PCR or alone, are therefore highly important for
individual-level diagnostics, as well as being vital for population-level sero-
surveillance. Reliable and well-characterised tools for serological detection
of CCHFV exist and have been used extensively in clinical and research
settings (Vanhomwegen et al., 2012). Several ELISA and immunofluorescent
assay (IFA) kits are available commercially to detect IgM and IgG in human
patient samples (Emmerich et al., 2021) and some of these have been
successfully adapted to detect animal immunoglobulins in research settings
(Mertens et al., 2015, Schuster et al., 2016b). Additionally, many laboratories
have developed in-house ELISAs for detection of anti-CCHFV antibodies in
both human and animal sera (Burt et al., 1993, Dowall et al., 2012b, Mertens

et al., 2015). Most serological assays target the abundant nuclear (N) protein,
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which results in a strong immune response in humans and animals (Papa et
al., 2015). For population surveillance and addressing questions around the
ecology of CCHFV in natural hosts, species-independent ELISAs are needed,
and several assays have been developed in recent years that allow antibody
detection in multiple species through the use of competition or sandwich
ELISA formats (Schuster et al., 2016a, Sas et al., 2018a, Shrivastava et al.,
2021).

1.4.7 Global distribution

CCHFV has one of the widest geographical distributions of any arbovirus, and
molecular or serological evidence of the virus has been detected in more than
30 countries to date (Mild et al., 2010). The virus appears to be endemic in
much of south-eastern Europe, the Middle-East, central Asia, the Indian sub-
continent and Sub-Saharan Africa, and only remains undetected in the
Americas, Australia, and north-western Europe (Messina et al., 2015,
Shahhosseini et al., 2021). It has not been detected further north than 47°
North latitude, which is also the northern boundary of Hyalomma tick range
(Esser et al., 2019, Fernandez-Garcia et al., 2014), although several travel-
associated cases have been reported in northern European countries beyond
this boundary, including the UK (Atkinson et al., 2012b, Leblebicioglu et al.,
2016a, Lumley et al., 2014). Most of the early-identified endemic regions
were found around the Crimean and Black sea region of Eurasia, but in recent
decades new foci of human infections have emerged, with multiple cases now
reported annually in countries including Turkey, Iran and Pakistan
(Shahhosseini et al., 2021, Spengler et al., 2019). Sporadic and small-scale
outbreaks also occur outside these regions, including Uganda, Mauritania,
India, and China (Balinandi et al., 2021b, Nabeth et al., 2004, Mourya et al.,
2012, Yadav et al., 2014, Sun et al., 2009, Shahhosseini et al., 2021).

Increasing case numbers and instances of detection of CCHFV have
contributed to concerns over emergence of the virus into new geographical
areas and re-emergence of higher case number in endemic areas
(Leblebicioglu et al., 2015, Spengler et al., 2019). The complex ecology of

CCHFYV, involving multiple vector and mammalian hosts, in combination with
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changing climate and alterations in land-use patterns may result in changes
to the range of CCHFV and potential emergence of new human disease foci in
the coming decades (Gale et al., 2009, Estrada-Pena et al., 2012). Concerns
over the potential for emergence in southwestern Europe in particular have
elevated the profile of the virus on the international stage (Fanelli and
Buonavoglia, 2021, Monsalve Arteaga et al., 2021, Negredo et al., 2021,
Spengler and Bente, 2017) but re-emergence in resource poor settings such as
many regions of SSA, should be considered as important, and may have
greater public health impacts due to limited diagnostic capacity and less

robust public health systems (Temur et al., 2021).

1.4.8 CCHFYV in sub-Saharan Africa

Although considered endemic in much of SSA (WHO, 2017), knowledge of the
epidemiology, disease burden, distribution, and ecology of the virus on the
African continent is limited. However, as in Europe and Asia, case reports and
seroprevalence studies have increased in the last two decades, and nine SSA
countries have reported their first case of CCHF since 2000 (Temur et al.,
2021). These include several countries where evidence of the virus in ticks, or
serological evidence of exposure in animals had been previously reported. For
example, in Kenya, serological evidence of exposure in humans was first
observed in the 1980’s but the first recognised case occurred in 2000
(Johnson et al., 1983, Dunster et al., 2002). Since then, further evidence of
viral presence in ticks and serological exposure in people has been observed
and five further sporadic cases reported in the country (Lwande et al., 2012,
Sang et al., 2011, Nyataya et al., 2020). Similarly, evidence of serological
exposure in Sudan was reported in animals and people in the 1980s and the
virus found in ticks collected in the 1990’s, but the first recorded human case
in the country did not occur until 2008 (Hassanein et al., 1997, Aradaib et al.,
2011, Morrill et al., 1990, McCarthy et al., 1996). These patterns are not
dissimilar to those seen in other endemic regions, where virus circulation is
recorded prior to human infections, but they highlight the potential for
future outbreaks of CCHF across the continent. Several countries across SSA
have recorded 20 or more cases of CCHF, including Namibia, Nigeria, South

Africa, Sudan and Uganda, but ecological or epidemiological reasons for cases
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in these countries specifically are not immediately apparent (Temur et al.,
2021). ldentification of cases in these countries may reflect better diagnostic
capacity and awareness of the virus, rather than an intrinsically higher risk of

disease in these areas.
1.4.9 CCHFV in Tanzania

Tanzania is considered endemic for CCHFV based on the known presence of
competent vector species and a limited body of evidence supporting livestock
and human exposure in the country (WHO, 2017). Evidence of livestock
exposure is limited to a single study carried out at the East Africa Virus
Research Institute (Entebbe) in 1974-5 and reported in Hoogstraal’s
comprehensive review of CCHFV in 1979 (Hoogstraal, 1979). This study tested
1048 cattle sera from four regions of central and northern Tanzania using an
agar-gel diffusion precipitin (AGDP) test. Overall seroprevalence was 9.0%,
ranging from 0.6% in the Northern province study sites (Longido, Monduli and
Tengeru) to 16.3% in the Lake Victoria coastal region. In the decades since
this study was reported no further investigations into animal exposure to

CCHFYV in Tanzania have been published.

Evidence of exposure in humans is even more limited, and no clinical cases of
CCHF have been reported within Tanzania. The only evidence consistent with
human transmission in the country was a clinical case reported in Zambia in
January 1986. A 26-year-old male traveller became sick several days after
leaving Tanzania where he reported being bitten by immature ticks while
walking in the Kigoma area in the west of the country. He was treated in
South Africa and recovered (Swanepoel et al., 1987). Serological evidence of
exposure in humans is also limited, with no studies having investigated this at
the start of this thesis research. Very recently, a small study was published
which investigated seroprevalence and risk factors for a selection of zoonotic
viral haemorrhagic fevers in Tanzania and found evidence of IgG antibodies to
CCHFV in six of 500 healthy participants across eight districts of central and

south-eastern Tanzania (Rugarabamu et al., 2021).
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No evidence is available regarding infections in ticks from Tanzania but of the
28 species of tick found in the country six are confirmed to be competent
vectors of CCHFV, as well as other species for which evidence of vector
competency has not been demonstrated but that have been found to be
exposed to the virus (Walker et al., 2003, Gargili et al., 2017). Competent
vector species whose range include northern Tanzania are: Amblyomma
variegatum, Hyalomma rufipes, Hyalomma truncatum, Rhipicephalus

apendiculatus, Rhipicephalus evertsi and Rhipicephalus pulchellus.

The lack of research into CCHFV in Tanzania reflects the wider picture of lack
of research into the virus across SSA (Temur et al., 2021) but does not reflect
the potential true distribution of the virus. A predictive risk mapping study,
using an ecological niche modelling approach, was carried out by Messina et
al. (2015) and used environmental and vector distribution data from areas
with good CCHF reporting to predict risk of CCHF cases across the globe. The
resulting risk map predicted areas of high probability for human CCHF cases
across the Sahel region of Africa, extending into East Africa, including
substantial areas of northern Tanzania (Messina et al., 2015). The limited
laboratory-confirmed evidence of CCHFV in Tanzania, in combination with
risk-mapping studies, confirms that the virus is present in Tanzania and that
more information on its distribution and circulation in animal hosts, humans
and ticks is needed to better characterise the risk of this potential public
health threat.
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Figure 1.4.3 Probability of CCHF occurance in Tanzania.

Probability of CCHF occurance in people in Tanzania as calculated by Messina et al. (2015).
Areas in purple are those most suitable for transmission and areas in green are those least

suitable. Study regions and villages investigated in this thesis are highlighted.
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1.5 Severe acute respiratory syndrome Coronavirus 2
(SARS-CoV-2)

Since its emergence in late 2019, COVID-19 and its causative agent SARS-CoV-
2, have become the most significant public health challenge of our time. As
of 37 March 2022 more than 400 million confirmed infections have been
recorded globally and more than 5.9 million deaths (WHO, 2022b). Given the
rapid pace and extraordinary volume of research undertaken by the scientific
community during this period a comprehensive review of the SARS-CoV-2
pandemic is beyond the scope of this thesis. Ongoing advances in knowledge
of SARS-CoV-2 will be discussed as they relate to the work presented in
Chapter 3, but research presented in this thesis will be framed in the context

of the first pandemic wave in Scotland between March and May 2020.
1.5.1 Emergence

In December 2019 a cluster of pneumonia cases of unknown cause were
identified by local health authorities in Wuhan, Hubei Province, China, and
were reported to the World health Organisation (WHO) on 315t December
(WHO, 2020a). In January 2020 the infectious agent was identified as a novel
coronavirus that showed high genetic similarity to, but was distinct from,
Sever acute respiratory syndrome coronavirus (now known as SARS-CoV-1) the
cause of the SARS epidemic in 2002 (Zhou et al., 2020). Cases in Wuhan
increased rapidly between December and January with sustained human-to-
human transmission demonstrated (Li et al., 2020a), and the first case
outside China was reported on 13t January (WHO, 2020a), although
retrospective analysis suggests cases outside China may have occurred before
this (Roberts et al., 2021). In February 2020 the novel coronavirus was
officially renamed SARS-CoV-2 and the disease caused by it designated as
Coronavirus disease 2019 (COVID-19) (WHO, 2020b). During February and
March 2020 SARS-CoV-2 infections spread rapidly both within and beyond
China, with community transmission established in much of Europe and north
America. On 11t March 2020 the WHO declared a global pandemic (Cucinotta
and Vanelli, 2020).
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1.5.2 SARS-CoV-2 in Scotland and the United Kingdom during

the first pandemic wave 2020

The first confirmed cases of COVID-19 in the UK were identified on 28t
January 2020 in an individual who had recently returned from Hubei province,
China to England and a close household contact who had not travelled (Lillie
et al., 2020). In Scotland, the first case of confirmed COVID-19 was reported
on 15t March 2020 in an individual who had recently travelled to northern
Italy, an area with high case numbers at the time (Hill et al., 2020).
Subsequent genomic evaluation of SARS-CoV-2 in Scotland during this period
indicated that community transmission rapidly became established in early
March, and that multiple introduction events contributed to the growing
epidemic (da Silva Filipe et al., 2021). Cases increased rapidly in both
Scotland and the rest of the UK during March, and a national lockdown was
implemented on 23 March 2020. Lockdown measures had the effect of
dramatically reducing person-to-person transmission through enforced
physical distancing and was effective at reducing case numbers,
hospitalisations, and deaths (Talic et al., 2021). Restrictions were eased from
the middle of May 2020 (IfG, 2021).

1.5.3 Virology and classification

Coronaviruses are a highly diverse family of viruses which infect a range of
species and can cause mild to severe disease (Su et al., 2016). Four genera
exist within the family - alpha, beta, gamma, and delta - with alpha and beta
coronaviruses most significant for humans and animals (Cui et al., 2019).
Coronaviruses have been recognised as a serious potential human health risk
since the occurrence of two major zoonotic spill-over events in the twenty-
first century, with SARS-CoV-1 emerging into human populations in 2002
(Zhong et al., 2003, Ksiazek et al., 2003) and Middle East respiratory
syndrome coronavirus (MERS-CoV) in 2012 (Coleman and Frieman, 2013). In
recognition of this threat, SARS-CoV-1, MERS-CoV, and novel human
coronaviruses were classified as priority pathogens for Research and
Development by the WHO in 2018 (WHO, 2022a). Prior to these recent
emergences, coronaviruses were not considered to be highly pathogenic in

humans, with most causing mild respiratory illness (Cui et al., 2019),
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although several alphacoronaviruses were the cause of significant disease in
other mammalian species including cats (Feline coronavirus (FeCoV)) and pigs
(swine acute diarrhoea syndrome coronavirus (SADS-CoV)) (Alluwaimi et al.,
2020, Turlewicz-Podbielska and Pomorska-Mol, 2021).

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA virus of the
genus Betacoronavirus, family Coronoviridae, subfamily Coronavirinae, and
order Nidovirales (ICTV, 2020). The virion is spherical, around 60-100nm in
diameter and its external surface studded with spike proteins (S). Membrane
proteins (M) and envelope proteins (E) are found between the S proteins and
the RNA genome is encapsidated by nucleocapsid protein (N) (Jin et al.,
2020b). The spike protein is homotrimeric, with the outward-facing bulbous
S1 segment including the receptor binding domain (RBD), and the stalk-like 52
segment embedded in the envelope membrane (Figure 1.5.1). The RBD of the
S1 subunit interacts with host Angiotensin-converting enzyme 2 (ACE2)

receptors to facilitate cell entry (Huang et al., 2020, Lan et al., 2020).
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Figure 1.5.1 Schematic of SARS-CoV-2 virion, with inset of the spike protein.

Created with BioRender.com
1.5.4 Serological response to SARS-CoV-2

Antibody responses to SARS-CoV-2 are predominantly raised against the spike
protein, principally against the S1 portion that includes the receptor binding
domain (RBD), and the nucleoprotein (N) (Pang et al., 2021, Batra et al.,
2021), but antibodies are also produced against other structural proteins M
and E (Bates et al., 2021, Ahmed et al., 2020) (Figure 1.5.1). Neutralising
responses appear to be raised principally against the spike protein but targets
include numerous epitopes, including those outside the receptor binding
domain (Chi et al., 2020, Wec et al., 2020, Voss et al., 2021). The kinetics of
antibody development varies with different antigen targets (Chen et al.,
2020b, Chvatal-Medina et al., 2021), as well as disease severity but patterns
relating to the development and duration of antibody responses are broadly
consistent across populations. Following infection with SARS-CoV-2, IgM

antibodies are detectable from around 2 weeks post infection, typically
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closely followed by IgG responses, which also become detectable around this
time (Post et al., 2020, Zhao et al., 2020, Lou et al., 2020, Ma et al., 2020).
IgM levels peak at 2 to 5 weeks post infection before declining to
undetectable levels between 6 and 8 weeks (Hou et al., 2020, Jin et al.,
2020a). 1gG responses typically peak between 3 and 7 weeks post symptom
onset and decline slowly over the course of several months (Yamayoshi et al.,
2021). Neutralising antibody (NAb) responses also develop early in infection
and peak at between 30 and 90 days post infection depending on the severity
of disease (Lau et al., 2021). Neutralising responses typically also decline
slowly over time (Seow et al., 2020, Crawford et al., 2021), although the
duration of NAb responses varies across individuals, declining rapidly in some

while persisting at high levels in others (Chia et al., 2021).
1.5.5 Serological diagnostics

During the early months of the pandemic knowledge of the humoral response
to SARS-CoV-2 was limited and serological tests were urgently required to
investigate this response at an individual and population level. Between
January and May 2020 several commercial tests were developed to detect
antibodies against SARS-CoV-2, as well as a multitude of in-house assays from
different laboratories around the world (Amanat et al., 2020, Krammer and
Simon, 2020, Stadlbauer et al., 2020, Zhong et al., 2020). Between January
and May 2020 several commercial tests were released on the UK market and
used by Public Health England (PHE), Public Health Scotland (PHS) and others
to begin evaluating test performance and exploring populations antibody
levels (PHE, 2020c, PHE, 2020a, PHE, 2020b). Commonly used tests were the
EUROIMMUN-ANti-SARS-CoV-2 ELISA [IgG] (Euroimmun, London, UK), the
Abbott Architect SARS-CoV-2 IgG (Abbott, Illinois, USA), and the DiaSorin
LIAISON® SARS-CoV-2 $1/S2 1gG (DiaSorin, Saluggia, Italy), which all utilised

solid phase immunoassay techniques to detect antibodies to SARS-CoV-2.

In addition to commercially produced assays, research groups and health
authorities also developed and utilised in-house assays during this period.
Development of these in-house assays was essential to enabling sero-

surveillance and immunological investigations to progress during the early
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pandemic, when commercial assays often had limited availability or were
unsuited to flexible investigations of immune responses. Many in-house assays
utilised an indirect ELISA format, which provided simple, specific, and cost-
effective quantification of antibody levels. Additionally, pseudotype virus
neutralisation assays were also rapidly developed which enabled
characterisation and quantification of neutralising responses to SARS-CoV-2
infections. As the pandemic has progressed serological investigations have
enabled characterisation of the level, type, and duration of immune response
to SARS-CoV-2, providing vital information about natural and vaccine-induced
antibody responses, including to the different variants (Chvatal-Medina et al.,
2021, Willett et al., 2022).
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1.6 Thesis objectives and structure

Emerging viral zoonoses present a global threat to public health both in the
form of novel, newly emerged viruses such as SARS-CoV-2, and more
established, widespread viruses such as CCHFV, which are re-emerging as a
significant risk to human health in both endemic and novel regions but remain
under-researched in many areas of the world. Serological methods such as
ELISA and PVNAs provide methods to detect past exposure to these viruses,
and to characterise the immune response to infection. With these facts in
mind, the over-arching goal of this thesis was therefore to develop and then
utilise serological methods to investigate the epidemiology of two important
emerging viral pathogens, firstly CCHFV, and additionally SARS-CoV-2, in

Tanzania and Scotland respectively.

Research carried out for this thesis was led by the author but also involved
work undertaken by other colleague and collaborators. For chapters relating
to CCHFV, the samples and metadata used were collected as part of the
Social economic and envirnonmental drivers of zoonoses (SEEDZ) project in
2016. As these samples were not collected for the specific purpose of this
PhD, several people in addition to the author were instrumental in this

research. Roles and contributions are summarised in Table 1.6.1.

Table 1.6.1 Contributions of researchers to the SEEDZ study
SEEDZ study

Activity Contributors
Study design W. de Glanville, S. Cleaveland, A.
Davies

Sample collection and shipment to W. de Glanville, K. Thomas, T.

UK Kibona, SEEDZ field teams
Household questionnaire data W. de Glanville, A. Davies, T.
collection Kibona, SEEDZ field teams
CCHFYV serological analyses E. C. Hughes

CCHFYV data analyses E. C. Hughes

During the pandemic response, work on SARS-CoV-2 was undertaken as part of

a team of virologists, immunologists, and epidemiological modellers. All work



54

reported in Chapter 3 was led by the author but was supported by the wider
MRC-University of Glasgow Centre for Virus Research (CVR) serology team.

Specific roles and contributions are set out in Table 1.6.2

Table 1.6.2 Contributions of researchers to concept development, implimentation and

execution of serology research into SARS-CoV-2 during 2020

Activity Concept Laboratory Data analysis
development analysis

Study concept P. Murcia, B.

and sample Willett, NHSGGC

collection team

Screening of B. Willett, P. E. Hughes, J. E. Hughes, J.

community sera | Murcia, NIBSC Haney, Y. Parr, B. | Amat

by ELISA assay team Willett, I. Herbert

Screening of B. Willett, N. N. Logan, U. E. Hughes, J.

community sera | Logan Arthur Amat

by PVNA

Evaluation of E. Hughes, B. E. Hughes, M. E. Hughes

ELISA assay Willett Manali, D. Cretu

performance

Bayesian state M. Viana M. Viana

space model

This thesis consists of four data chapters, overviews of which are outlined

below.
1.6.1 Chapter 2

Work for this chapter reports the adaptation of an existing in-house, indirect
ELISA against Rift Valley fever virus (RVFV) for the detection of antibodies
against CCHFV, and the subsequent optimisation of this assay for use in sheep
and goats. A set of 300 serum samples from livestock in northern Tanzania
were tested on both the in-house ELISA and a newly available commercial
ELISA kit for the detection of anti-CCHFV antibodies in animals, and results
demonstrated the presence of CCHFV antibodies in the country for the first

time in forty years.
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1.6.2 Chapter 3

This chapter reports work carried out during the first wave of the global
SARS-CoV-2 pandemic. The performance of two ELISAs, against the S1 subunit
and receptor binding domain (RBD) of SARS-CoV-2, was evaluated and cut-off
values determined using receiver operating characteristic (ROC) analyses.
These ELISAs were then used to investigate patterns of immunoglobulin G
(IgG) responses in a patient population in Glasgow, UK, including weekly
seroprevalence throughout the first wave and investigation of heterogeneities
in seroprevalence between different patient demographic groups.
Additionally, pseudotype virus neutralisation assays (PVNAs) were used to
evaluate the neutralising antibody response to SARS-CoV-2 exposure in the

same patient population.
1.6.3 Chapter 4

This chapter explors seroprevalence and patterns of exposure to CCHFV in
cattle, sheep, goats, and people in linked households in Arusha and Manyara
districts of northern Tanzania. Comparison was made of exposure levels
between species and mixed effects logistic regression models were used to
undertake a general contextual analysis to evaluate the influence of village
and household grouping on individual exposure risk, including patterns of

spatial autocorrelation in village-level log odds of exposure.
1.6.4 Chapter 5

This chapter built on the work reported in Chapter 4 to investigate individual -
, household- and village-level risk factors associated with CCHFV exposure in
cattle, sheep, and goats in the study population, through the addition of

fixed effects to mixed effects logistic regression models.
1.6.5 Summary

This thesis aimed to fill important gaps in our knowledge of CCHFV in
Tanzania, which prior to this research was extremely limited. CCHFV is a
serious public health concern given high potential fatality rates amongst

people and despite fatalities occurring on the continent, is severely under-
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researched across Africa. Changes to working practices and priorities as a
result of the emergence of SARS-CoV-2 and subsequent pandemic led to the
introduction of a second pathogen to this thesis research. As a result, an
additional goal of this thesis was to use similar techniques to those used to
explore CCHFV, to investigate diagnostic test performance and the

epidemiology of SARS-CoV-2 in Glasgow, UK.
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2 Development of an indirect ELISA for the

detection of CCHFV antibodies in livestock

2.1 Introduction
2.1.1 Background to assay development

At the beginning of research for this thesis no assay for the detection of
antibodies to Crimean-Congo haemorrhagic fever virus (CCHFV) in animal sera
was commercially available. Previous studies into seroprevalence in animals
had used a variety of techniques, either adapting versions of human ELISA
tests or through development of in-house assays (Burt et al., 1993, Sas et al.,
2018a, Schuster et al., 2016a). For this reason, in order to be able to
investigate exposure to CCHFV in Tanzanian livestock, an in-house ELISA was
developed to detect CCHFV antibodies in livestock sera. However, during the
initial phases of this research a commercial assay became available from
IDvet (ID Screen® CCHF Double Antigen Multi-species ELISA, IDvet, Grabels,
France). This assay was initially used to compare and inform the results of
the in-house assay and was not intended for further use due to financial
constraints. However, funding for the IDvet ID Screen® test kit was later
provided through the Supporting Evidence Based Interventions project
(University of Edinburgh, grant number R83537 CH) enabling all samples to be
tested using this commercial kit. To ensure continuity and facilitate
meaningful comparisons in the analysis all samples for epidemiological
investigations (see Chapters 4 and 5) were subsequently tested using this
commercially produced ELISA. However, the in-house test continues to have
value as an alternative method of identifying seropositive animals and so the

work into its development and optimisation is presented below.
2.1.2 Enzyme-linked immunosorbent assays (ELISAs)

Enzyme-linked immunosorbent assays (ELISAs) are a type of solid phase
immunoassay commonly used in infectious disease research to detect
antibodies to a specific pathogen in serum samples from animals or people.

ELISAs can take several forms but a simple and frequently used format is the
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indirect ELISA, which was used in the work presented below to detect anti-
CCHFYV antibodies. The structure of an indirect ELISA is outlined here and
visually represented in Figure 2.1.1Error! Reference source not found..
Initially, the antigen of interest is bound to the bottom of the wells of a 96-
well plate manufactured to have a high binding affinity for proteins. On
addition of serum, this fixed antigen is bound by its primary antibody, if
antibodies against the antigen are present in the serum sample. At this stage
a secondary antibody targeting the bound IgG and conjugated with an enzyme
such as alkaline phosphatase (ALP) or horseradish peroxidase (HRP), is added.
Finally, a suitable substrate is added which undergoes a colour change in the
presence of the conjugated enzyme. The optical density (OD) or absorbance

of this coloured product can then be read.
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Figure 2.1.1 Principals of indirect ELISA used to detect antibodies against Crimean
Congo haemorrhagic fever virus (CCHFV) antibodies.

Wells of a 96-well plate are first coated with antigen of interest (1), before being blocked with
the blocking buffer (2). Diluted serum is then added to the coated well (3) and if antibody is
present this binds to the fixed antigen (4). A secondary antibody conjugated with horseradish
peroxidase is then added and binds to the bound antigen-antibody complex (5). Finally, a
substrate (TMB) is added which undergoes a colour change in the presence of HRP. This

signal is then read as optical density. Created with BioRender.com.

Although antigen-antibody binding is highly specific, excess “noise” or
background OD can be detected in ELISA assays if non-specific binding is not
adequately blocked. Following fixation of the antigen to the polystyrene base
of the well, it is essential to perform a blocking step where-by areas of the
well not coated in antigen become coated with the blocking buffer. This
buffer is typically a solution of non-reactive protein which prevents non-
specific binding to anything other than the bound antigen but does not

obscure or alter the epitopes for antibody binding.

Optical density (OD) readings are usually interpreted either in relation to a

defined cut-off value, above which samples are considered positive and
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below negative, or in relation to a quantified control or series of controls
with known quantities of the antibody of interest present. This enables the
plotting of a standard curve from which tested sample OD values can be
compared. Alternatively, samples can be tested in serial dilution to calculate

an antibody titre for each sample.
2.1.3 ELISA optimisation

Factors most likely to affect ELISA performance include but are not limited
to, volume of antigen, sample dilution factor, concentration and type of
secondary antibody, blocking buffer, and duration and temperature of
incubation steps. Optimisation of the in-house CCHFV ELISA was undertaken
using an experimental design approach whereby factors likely to affect ELISA
performance were identified and then systematically investigated (Shaw et
al., 2015, Sitta Sittampalam et al., 1996). Key factors were identified and
initially screened one-factor-at-a-time (OFAT), followed by a factorial

approach whereby one or more factors were investigated together.
2.1.4 Chapter objectives

Work presented in this chapter had the following objectives:

1. Adapt an existing in-house ELISA against Rift Valley fever virus (RVFV)
to detect IgG antibodies against CCHFV in livestock

2. Screen samples from a suspected endemic region to identify strongly
and weakly reacting samples

3. Optimise the in-house CCHFV ELISA to maximise difference between
negative and positive samples and to minimise laboratory time and

resources
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2.2 General methods

The work presented in this chapter was undertaken in an iterative manner,
with each experiment building on the results of previous investigations.
Specific methods and results for each experiment are therefore presented
together to aid clarity. This general methods section outlines the steps taken
in the research for this chapter, as well as the protocols for the initial ELISA
assay, and the IDvet ID Screen® CCHFV ELISA assay.



2.2.1 Chapter workflow

The flow chart below shows the steps taken in the development and

optimisation of the in-house indirect ELISA described in this chapter.

Proof of ELISA principal

1. Confirm difference observable
between known positive and
negative samples

2. Select CCHFV NP volume

IDwet ID Screen® double
antigen sandwich ELISA
becomes available

Adaptation of RVFV ELISA to
CCHFV

Replace RVFV NP with CCHFW NP at
concentration selected above

Screen of 100 x cattle, sheep

v

and goat serum samples from S R ¥
g and goat serum samples from
o b 1. Testselectionof samples endemic region on IDvet
unoptimized in-house ELISA .
likely to have exposureto ELISA
CCHFV
2. ldentify likely positive and
negative samplesfor further
optimisation

Positive and negative samples
selected for ELISA
optimisation

Single factor optimisation
Conjugate concentration
Serum dilution

Serum incubationtime
Blocking agent

bl

Multiple factor optimisation

1. Blocking agent anddiluent

2. Blocking agent and
Incubationtemperature
Blocking agent and protein
volume

3. Proteinvolumeand blocking
time

4 Stop sclution, wavelength
{nm) andstability over time

Chequerboard analysis

Final optimised ELISA protocol

Figure 2.2.1 Flow diagram of steps taken in the research carried out for this chapter

Serum dilution and conjugate
concentration tested together

2.2.2 Protein production

CCHFV nucleoprotein (NP) of CCHF-Baghdad-12 strain (GenBank accession,
AJ538196) was obtained from Public Health England (PHE). Full production
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methods can be found in Dowall et al. (2012b). Briefly, CCHFV NP of the
above strain was expressed in a recombinant baculovirus vector (rBV).
Spodoptera frugiperda 21 (Sf21) cells were infected and incubated with a this
rBV and infected cells harvested 48h post-infection. Cells were lysed and 6x-
histidine-tagged recombinant CCHF nucleoprotein purified by immobilized
metal ion affinity chromatography (IMAC). Samples were also tested against
RVFV and Severe Fever with Thrombocytopenia syndrome virus (SFTSV)
nucleoproteins (NP) to confirm the specificity of the response. RVFV and
SFTSV NP used for proof of principal testing were produced at the University
of Glasgow by Dr. Ping Li using an Escherichia coli vector to express 6x-
histidine-tagged RVFV or SFTSV NP, which was then purified using IMAC
(Nyarobi, 2019).

2.2.3 Un-optimised indirect ELISA protocol

The initial ELISA protocol was based on a previous in-house ELISA developed
to detect RVFV antibodies (Nyarobi, 2019). Firstly, 96-well 2HB Immulon®
ELISA plates (ImmunoChemistry Technologies, LLC, Minnesota, USA) were
coated with 100ng/well CCHFV NP in 100ul/well coating buffer (100mM
sodium bicarbonate and 33mM sodium carbonate anhydrous pH 6.9) and
incubated overnight at 4°C. Following incubation, coating buffer was
removed, and plates washed five times with the wash buffer (Phosphate
buffered saline (PBS) containing 0.1% Tween-20 (PBST)). Next, 200ul/well
blocking buffer, made up of 1:10 casein (10x casein solution, Vector
laboratories inc. Burlingame, CA 94010) in PBS was added and plates
incubated at room temperature for one hour. Blocking buffer was removed
and plates washed five times as previously described. Serum samples were
diluted 1:400 in the dilution buffer (10% casein in PBST) and loaded into a 96-
well PCR plate prior to 100ul/well being added to the ELISA plate using a
multichannel pipette. Plates were incubated at room temperature for two
hours. Samples were tested either in triplicate or duplicate within-plate
repeats. Following washing, 100ul/well of the appropriate species secondary
antigen conjugated with horseradish peroxidase (anti-human, anti-goat, anti-
sheep and anti-cattle IgG (heavy and light chain) conjugate: Bethyl
Laboratories, Montgomery, USA) was diluted 1:1000 with dilution buffer
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before being added to the plates and incubated at room temperature for 1
hour. Following another washing step, 100ul/well tetramethylbenzidine
(TMB) substrate (Sigma-Aldrich) was added before incubation in the dark for
15 minutes. Finally, 50ul/well H2504 was added to each well to stop the

reaction and the OD value read at a wavelength of 420nm.

2.2.4 IDvet ID Screen® CCHF Double antigen multi-species
ELISA

The ID Screen® is a novel double antigen sandwich ELISA released by IDvet
(IDvet, Grabels, France) in 2018 and based on the assay developed by Sas et
al. (2018a). 96-well plates were supplied ready-coated with recombinant
purified CCHF NP antigen. All reagents were supplied as concentrated solutions
for dilution with distilled water, freeze dried for reconstitution with a supplied
buffer, or ready to use. All plates were run as per the test kit protocol. Samples
were prepared, in singlicate, in an empty 96-well PCR plate. 30ul sample was
diluted in 50pl dilution buffer. Supplied negative and positive controls were
also prepared in the same way but in duplicate. After dilution, controls and
samples were loaded onto the pre-coated ELISA plate using a multichannel
pipette and the plate was incubated for 45 minutes at room temperature.
Plates were next washed 5 times with a minimum of 300ul wash solution per
well, before adding 50ul of appropriately diluted conjugate to each well.
Plates were then covered and incubated for 30 minutes at room temperature.
After this, plates were again washed and 100ul of substrate solution added to
each well before incubation in the dark for 15 minutes at room temperature.
Finally, 100ul of stop solution was added to each well and optical density read
at 450nm.

Plates were validated if the mean of the positive control OD was greater than
0.350 and the ratio of the mean positive and negative control OD was greater
than 3. For interpretation, raw OD values were used to calculate the S/P%
(sample OD/positive control OD * 100), which was used to assign positive or
negative status. Samples with S/P% <30% were considered negative, while

those > 30% were positive.
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2.2.5 Statistical analysis

Statistical analysis and data visualisation was undertaken in Graphpad Prism,
version 8.4.0 (Prism). Most data were non-normally distributed so non-
parametric tests, Mann-Whitney tests and Kruskal-Wallis tests, were used to
compare two or more groups of OD values. The coefficient of variance (CV)
was calculated to compare the variation between sample repeats (Standard
deviation of OD/Mean OD*100). Comparison between IDvet ID Screen® OD
results and in-house OD results was undertaken using Pearson’s correlation

coefficient. Statistical significance was set at p value <0.05.
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2.3 Initial screen
2.3.1 Proof of principal

To confirm a response to CCHFV protein in an indirect ELISA format, six
human serum samples with known serological status was tested against the
nucleoprotein of three related bunyaviruses, CCHFV, RVFV and SFTSV, also
known as Dabie bandavirus (Kuhn et al., 2020), using the protocol described

above.

Serum from a confirmed case of CCHF, known to be positive for CCHFV
antibodies, was obtained from Public Health England (PHE) and used as a
positive control. Pooled serum from the measles UK negative reference sera
(WHO International Standard, 3rd International Standard for Anti-Measles,
NIBSC code: 97/648) was used as a negative control. It was assumed that the
contributing individuals to these pooled sera had not been exposed to CCHFV,
RVFV or SFTSV, as these are all absent from the UK. All serum samples were
tested against 50ng, 100ng and 200ng CCHFV NP, as well as 100ng RVFV NP
and 100ng SFTSV NP as controls. In the original RVFV ELISA 50ng/well of
protein was found to be optimal but 200ng of protein was included for the
initial attempt based on the use of 0.2ug of CCHFV protein used in previously
described in-house indirect ELISA’s (Maiga et al., 2017, Mertens et al., 2015).

Anti-human IgG conjugate was used.
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Figure 2.3.1 Proof of principal testing for an in-house indirect ELISA to detect antibodies
against CCHFV.

Samples known to be positive or negative for antibodies to CCHFV were tested against three
volumes of CCHFV nucleoprotein (50ng, 100ng and 200 ng) as well as 100ng RVFV

nucleoprotein and100ng SFTSV nucleoprotein as controls.

Results showed that the positive CCHFV serum resulted in higher OD values
against all concentrations of CCHFV N protein when compared to the negative
control. This confirmed that the ELISA could differentiate between positive
and negative samples. The relative difference in OD values between positive
and negative samples at different volumes of protein demonstrated that
altering assay parameters could enhance the differentiation ability of the
assay. No difference was observed in OD values for the positive and negative
CCHFV samples against the RVFV or SFTSV proteins, suggesting that

antibodies to CCHFV are not cross-reacting with these viral antigens.
2.3.2 Sample selection

Following this confirmatory step, a subset of samples from cattle, sheep, and
goats, were selected for use in exploring initial responses to CCHFV via the
unoptimized ELISA and the IDvet ID Screen® described above. One hundred
samples from each species were randomly selected from the Social, Economic
and Environmental Drivers of Zoonoses project (part of Zoonoses and
Emerging Livestock Systems program, funded through BBSRC, DfID, ESRC,
MRC, NERC and DSTL - grant no: BB/L018926/1), a large cross-sectional study
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of livestock conducted northern Tanzania in 2016. A full description of the

study and dataset can be found in Chapter 4.
2.3.3 Un-optimised ELISA screen

Initial screen samples were tested using the basic protocol described above.
All samples were first tested on the unoptimized in-house ELISA to identify
likely positive and negative samples which could then be used for further
optimisation. Wells were coated with 100ng/well CCHFV N protein, based on
the results of the proof of principal tests. Cattle and goat sera of New
Zealand (NZL) origin and sheep sera of UK origin were used as negative
controls. A positive control was not available at the time of testing so was

not included on these screening plates. All samples were tested in duplicate.

2.3.4 IDvet ID Screen® CCHF Double antigen multi-species
ELISA

Following release of the ID Screen® CCHF Double Antigen Multi-species kit
(IDVet, Grabels, France), in 2018, the initial screen samples were also tested
using this kit for comparison with the in-house assay. Plates were run as per
the test kit protocol, described above, with each sample run in singlicate. The
true status of these samples could not be determined from the commercial
ELISA alone as it was not a true gold standard test. However, in the absence of
a gold standard diagnostic test, such as live virus neutralisation, and without
access to samples of known status (for example through experimental
infection), the ID Screen® was the best available test for determining antibody

status and so was used as a proxy for a gold standard.
2.3.5 Results

2.3.5.1 Comparison of unoptimized in-house ELISA and ID Screen results

Screening of the initial cattle, sheep and goat samples using the un-optimised
in-house ELISA demonstrated clear distinctions between samples with low and
high OD values. Following testing of these samples using the ID Screen® ELISA
it was possible to categorise these into likely-positives and likely-negatives.

OD values of samples obtained on the in-house test were categorised as
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positive or negative based on the results of the ID Screen®. Figure 2.3.2
shows that there was a significant difference between median OD values for
all three species, showing good distinction between positive sample OD
values and negative sample OD values for sheep and goats in particular, and

to a lesser extent for cattle.
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Figure 2.3.2 Comparison of IDvet ID Screen® CCHFV ELISA and an in-house CCHFV
ELISA antibodies in a) sheep, b) goats and c) cattle.
Samples were categorised as positive or negative based on the results of the IDvet ELISA.

Error bars show median and interquatrtile range.

Correlation between OD values from the in-house ELISA and ID Screen® were
significant for all species but were particularly well correlated in sheep (r =
0.90, 95% Cl 0.85-0.93, p=<0.0001) compared to goats (r=0.74, 95% Cl 0.63-
0.82, p=<0.0001), compared to cattle (r=0.69, 95% ClI 0.55-0.79, p=<0.0001)
Figure 2.3.3.
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Figure 2.3.3 Correlation between IDvet ID Screen® CCHFV ELISA OD values and in-
house CCHFV ELISA OD values for a) sheep, b) goats and c) cattle samples.

Pearson’s correlation coefficient (r) and 95% confidence intervals are shown.
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2.4 Optimisation of CCHFV Nucleoprotein ELISA for
sheep and goats

2.4.1 Aims

Results of the initial screen using the unoptimized ELISA suggested that there
was more overlap between negative and positive responses to CCHFV in cattle
compared to sheep and goats (Figure 2.3.2 and Figure 2.3.3). For this reason,
the latter two species were initially chosen as the focus of assay optimisation
and steps were taken to optimise the performance of the in-house assay. A
Design of Experiment (DOE) approach was taken in the optimisation of the
assay (Sitta Sittampalam et al., 1996, Shaw et al., 2015).

The aims of the optimization process were:

1. Minimise the OD values of negative controls (i.e. to reduce
background noise)

2. Maximise the ratio of positive OD to negative OD (PN ratio)

3. Minimise the use of resources and cost (e.g. the amount of CCHF
protein used)

4. Minimise the time taken to complete the ELISA
2.4.2 Sample selection

Eight goat samples and eight sheep samples were selected for further
optimisation of the assay. Three goat samples (GP1-GP3) and 4 sheep samples
(SP1-SP4), shown to be positive on the ID Screen® and also to have high OD
values on the unoptimized in-house ELISA, as well as four samples from each
species (goats, GN1-GN4; sheep, SN1-SN4) that were negative on the ID
Screen® with correspondingly low OD values on the in-house ELISA, were

selected as reference samples for further optimisation of the in-house assay (
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Table 2.4.1). As no cut-off values were available for the unoptimized ELISA,
high and low values were characterised as those in the top or bottom 20% of
initial screen samples tested, respectively. One inconclusive goat sample
(GW1), which was negative on the ID Screen® but had a high OD on the in-
house ELISA was also selected. No inconclusive sheep samples were
identified from the two ELISAs. Between two and four positive and negative
samples from each species were used in optimization experiments, depending

on the plate set up for each step.
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Table 2.4.1 Optical density values from unoptimized in-house ELISA , ID Screen® CCHF Double antigen multi-species ELISA and status of Tanzanian sheep

and goat samples used for optimisation.

Sample mean OD and positive and negative control mean OD are shown for each assay.

Species

Sheep

Goats

Sample code

SN1

SN2
SN3
SN4
SP1

SP2
SP3
SP4
GN1
GN2
GN3
GP1
GP2
GP3
GP4
GW1

In-house mean OD
(420nm)

0.28
0.25
0.29
0.24
2.37
2.29
2.31
2.55
0.18
0.52
0.43
2.03
2.34
1.92
2.16
1.98

In-house negative control
mean OD (420nm)

0.79
0.79
0.82
0.82
0.79
0.82
0.82
0.82
1.14
1.05
1.14
1.05
1.14
1.05
1.05
1.14

ID Screen OD
(450nm)

0.0432
0.0436
0.0443
0.0425
1.7414
1.61
1.8251
1.5793
0.0444
0.0607
0.048
1.5851
1.5186
1.7434
1.9521
0.0436

ID Screen positive
control OD (450nm)

0.58055
0.58055
0.58055
0.58055
0.58055
0.58055
0.58055
0.58055
0.7507
0.7507
0.7507
0.7507
0.7507
0.7507
0.7507
0.7507

ID Screen negative
control OD (450nm)

0.0453
0.0453
0.0453
0.0453
0.0453
0.0453
0.0453
0.0453
0.04435
0.04435
0.04435
0.04435
0.04435
0.04435
0.04435
0.04435

Sample

status
Negative
Negative
Negative
Negative
Positive
Positive
Positive
Positive
Negative
Negative
Negative
Positive
Positive
Positive
Positive

Inconclusive
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2.4.3 Screening tests

Factors were initially investigated one-factor-at-a-time (OFAT) and were
typically tested without in-plate repeats in order to minimise the amount of
protein used. Testing was carried out in an iterative fashion, altering the
protocol based on the results of the previous experiment. At this stage, some
factors, such as incubation temperature and protein volume, with two or
three levels, were tested against each other. Where results showed a
convincing preference for one combination of factors over another, no
further investigations were carried out. If results were inconclusive, or where
there was a plausible biological reason for interaction between factors,
further investigations were undertaken. A fractional factorial approach,
whereby the factors shown to be most influential on the outcome of the assay
in the screening tests or those with large impacts of assay cost or usability
were investigated further in combination with each other, was taken to
maximise the useful outputs from limited resources. A summary of factors

investigated and how they were tested can be found in Table 2.4.2



Table 2.4.2 Factors investigated during the optimisation of an in-house indirect ELISA against CCHFV nucleoprotein.

Levels of the factor investigated, the type of screening test used and a summary of the results are shown.

dilutions from
1:100 to 1:25600

screen;
chequerboard

analysis

Factor Levels Screening tests Results
Conjugate 8 levels - doubling | Single factor 1:8000 for goat sample and 1:4000 for sheep samples resulted in
dilutions from . . .
1:1000 to 1:128000 | SCreen; highest PN ratios
chequerboard
analysis
Serum 9 levels —doubling | Single factor 1:400 (original protocol) resulted in the highest PN ratio in both

species

Blocking agents

10% casein in PBS;
10% casein in PBST;
1%, 2%, and 4%
Bovine serum
albumin (BSA);
Commercial tris-
buffered gelatin
block (Roche)

Single factor
screen; also
investigated
against protein
volume, incubation
times and
incubation

temperature

10% casein in PBST performed consistently well across all blocking

tests with low negative OD values and high PN ratios.

74



Diluent

PBS;

10% casein in PBST;
1%, 2%, and 4%
Bovine serum
albumin (BSA);
Commercial tris-
buffered gelatin

Investigated in
conjunction with

blocking agent

10% casein in PBST as both blocking agent and diluent for all
stages of the assay consistently resulted in the lowest negative OD

values and highest PN ratios.

Protein volume ;)l)ooc:g(;Roche) Tested against 100ng protein gave consistently high PN ratios for both species and
~0ng blocking agent (4% | improved PN ratios compared to 50ng for sheep.
BSA and 10%
casein) and block
incubation time
(15 minutes and 1
hour)
Stop solution H2S04; Single factor No difference between stop solutions was observed at either
:gt ;E screen and wavelength (420nm or 450nm). HCL was more stable over time for

compared against

wavelength

both concentrations so was selected.

Wavelength

650nm (no stop
solution);
420nm;

450nm

Investigated with

stop solutions

450nm resulted in slightly higher negative OD values but much
higher PN ratios. This wavelength will be used to read the

optimised assay.
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Serum 2 hours; Single factor No difference was observed in mean OD values when serum was
incubation time 1 hour screening and incubated for 1 hour rather than 2 hours. Serum will be incubated
compared against | for 1 hour for the optimised protocol.
original and
updated conjugate
concentrations
Block incubation | 1 hour; Single factor Blocking well for 15 minutes compared to 1 hour led to no
time 1> minutes screening and difference in average OD values. Blocking will be carried out for 15
compared against | minutes in the optimised assay.
protein volume
Incubation Room temperature; | Investigated in Room temperature for all incubation steps led to lower negative
temperature 37°C conjunction with OD values and higher PN ratios. All steps will be carried out at

blocking agent.

room temperature in the optimised assay.
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2.4.4 Assessment of results

Low background noise, as represented by low negative sample OD values, and
the greatest distinction between positive and negative samples (signal to
noise ratio), as represented by high positive to negative (PN) ratios, were
prioritised when deciding which factor level or combination to take forward
for further investigation. PN ratios were calculated as the mean of the
positive samples divided by the mean of the negative samples for each
species in each experiment. Sample GW1 typically behaved as a positive
sample during optimisation but due to uncertainty surrounding its true status
it was excluded from the mean value and PN ratio calculations. Where the
difference between levels was qualitatively assessed as small, simplicity of
assay protocol was favoured. Final conditions were selected to give the
greatest distinction between positive and negative samples using minimal

resources to ensure time and cost-effectiveness.
2.4.5 Single factor evaluation

2.4.5.1 Conjugate concentration

Doubling dilutions of anti-goat I1gG conjugate and anti-sheep IgG conjugate
(Bethyl Laboratories, Montgomery, USA) were prepared, ranging in
concentration from 1:1000 to 1:128000. All selected samples were tested
against each concentration on a single plate using the original protocol
described above. OD values decreased with decreasing concentrations of
conjugate in all samples in a sigmoidal manner (Figure 2.4.1). Mean values of
positive and negative samples were used to calculate the PN ratio (Figure
2.4.2). PN ratios indicated that the conjugate concentration used in the
original protocol (1:1000 for both species) was not optimal for maximising the
distinction between positive and negative samples. The OD graphs (Figure
2.4.1) also showed high levels of background at this concentration. PN ratios
suggest that a concentration of 1:8000 for goats and 1:4000 for sheep provide
the greatest distinction between positive and negative samples. The large

difference in outcome across the dilution levels demonstrates that conjugate
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concentration is an important factor and so results from this factor were used

to inform subsequent optimisation steps.

Conjugate concentration
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= GW1
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Figure 2.4.1 OD values of goat (left) and sheep (right) serum samples tested using

doubling dilutions of conjugate

10+

P/N

Anti-goat conjugate concentration

P;N ratio

10+

2

N

Anti-sheep conjugate concentration

Figure 2.4.2 PN ratio of mean OD values of goat serum (left) and sheep serum (right)

samples tested using doubling dilutions of conjugate.

2.4.5.2 Serum dilution

Doubling dilutions of serum were prepared using 10% casein PBST as the

diluent in concentrations ranging from 1:100 to 1:25600. All parameters from

the original protocol were used apart from the conjugate concentration

which were updated based on the results of the conjugate plates (goat

conjugate 1:8000; Sheep conjugate 1:4000).

OD values increased with decreasing serum dilutions in a sigmoidal manner in

both species (Figure 2.4.3). PN ratios (Figure 2.4.4) indicated that the serum
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dilution used in the original protocol (1:400) was optimal for maximising the

PN ratio in both species.

GN1
GN2
GN3
GW1
GP1
GP2
GP3
GP4

SN1
SN2
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SN4
SP1
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SP4

OD (420nm)
(IR I 2 )
OD (420nm)

¢ ¢ 4t W

»
*

Goat serum dilution Sheep serum dilution

Figure 2.4.3 OD values of goat (left) and sheep (right) serum samples tested in doubling

dilutions.
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Figure 2.4.4 PN ratio of mean OD values of goat serum (left) and sheep serum (right)

samples tested using doubling dilutions of conjugate.
2.4.5.3 Serum incubation time

A comparison was made of the OD values for serum incubated on the plate for
2 hours, as per the original protocol, verses 1 hour. Samples were tested
using both the original (Goats 1:1000; Sheep 1:1000) and updated (goats
1:8000; sheep 1:4000) conjugate concentrations. Serum was diluted 1:400.
OD values resulting from serum incubation times of 1 hour compared to 2
hours were highly consistent using either the original or the updated
conjugate concentration (Figure 2.4.5). All samples had coefficients of

variance (CV) (SD/Mean*100) under 10% and no significant difference was
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found between the mean OD values in the different groups. Based on these

plates, the incubation time for further screening tests was changed to 1 hour.

a) b)
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0 1. GP3 04| O———p GP3
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01 — SP3 o 1. SP3
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Figure 2.4.5 Comparison of serum incubation time and conjugate concentration.
Comparisons of 1 hour verses 2 hour serum incubations for goat samples with a) 1:1000
conjugate and b) 1:8000 conjugate and sheep samples with c) 1:1000 conjugate and d) 1:8000

conjugate
2.4.5.4 Blocking agent

Six alternative blocking solutions were first tested using the original protocol,
but with conjugate concentration and time of serum incubation updated
according to the outcome of the previous steps (i.e. conjugate concentration:
goats 1:8000; sheep 1:4000 and serum incubation time 1 hour). The different
blocking solutions were used throughout the assays both as blocking solution
and as the diluent for serum and conjugate dilution. The only exception to
this was the 10% casein in PBS block, which was used as per the unoptimised
protocol with serum and conjugate diluted using 10% casein and PBST.

Blocking agents were chosen based on those used in previous in-house assays,
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other reported ELISAs and those produced commercially for this purpose
(Dowall et al., 2012b, Sas et al., 2018a). Blocking agents tested were: the
original blocking agent of 10% casein in PBS; 10% casein in PBS with Tween
0.05% (PBST); solutions of 1%, 2% and 4% bovine serum albumin (BSA) in PBST,
and a commercially produced Tris-buffered gelatin-based blocking agent
(Roche diagnostics GmbH, Roche Applied Science, 68298, Mannheim,
Germany). Background noise in OD values, which can be caused by poor
blocking of non-specific binding, is seen most clearly in negative control OD
values, so blocking effectiveness was assessed by comparison of negative

sample OD values, as well as the PN ratio.
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Figure 2.4.6 Comparison of different blocking agents in a) goat and b) sheep samples.
Six blocking solutions are compared: Roche ELISA block, bovine serum albumin (BSA) (PBST)
4%, BSA (PBST) 2%, BSA PBST) 1%, Casein: PBS 1:10, and Casein PBST 1:10.
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Figure 2.4.7 PN ratios for a) goat and b) sheep samples tested with different blocking

agents.
Six blocking solutions are compared: Roche ELISA block, bovine serum albumin (BSA) (PBST)

4%, BSA (PBST) 2%, BSA PBST) 1%, Casein: PBS 1:10, and Casein PBST 1:10.

The best performing blocking agent was 10% casein in PBST, which had the
lowest negative sample OD values and the highest PN ratio for both goats and

sheep (Figure 2.4.6 and Figure 2.4.7).
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To confirm this finding, this blocking agent as well as the best performing BSA
concentration (4%) were repeat tested over several days using two negative
and two positive samples from each species. The commercial block was also
repeated due to observed inconsistencies in opacity between batches, which
may have had an impact on the product’s performance. A new batch was
used for the repeat testing. Casein produced consistently lower mean
negative OD values, and higher PN ratios compared to both alternative
blocks, although the performance of the commercial blocking agent was
substantially worse than either the casein or BSA based blocks (Figure 2.4.8
and Figure 2.4.9). The casein block also results in smaller coefficient of
variation of repeated samples, suggesting that the use of this blocking agent

may also lead to more consistent and repeatable results.
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Figure 2.4.8 Comparison of three blocking agents.
Error bars show mean OD and standard deviation for negative goat and sheep samples.
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Figure 2.4.9 Comparison of PN ratios for three different blocking agents.

Error bars show SD of the mean.

Across all blocking experiments, casein-based blocks resulted in lower
negative sample OD values, compared to both BSA-based blocking agents and
the commercial gelatin-based block, as well as maximising PN ratios. In the
unoptimized protocol the blocking solution was 10% casein in PBS while the
diluent for serum and conjugate was 10% casein in PBST. Comparison of this
protocol with 10% casein in PBST used for all blocking and dilution steps
showed marginal improvement in both negative control OD and PN ratio. Ten

percent casein in PBST was therefore used for all further experiments. This
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combination also had the added practical advantage of increasing assay

simplicity by using the same solution for both blocking and dilution steps.
2.4.5.5 Conclusions from single factor evaluation

Following investigation of the above factors the following adjustments or
confirmations were made to the ELISA protocol:

1. Conjugate concentration was changed to a 1:8000 dilution for anti-
goat IgG (heavy and light chain) conjugate (Bethyl Laboratories,
Montgomery, USA) and to a 1:4000 dilution for anti-sheep 1gG
(heavy and light chain) conjugate (Bethyl Laboratories,
Montgomery, USA)

2. Serum dilution was maintained at 1:400 for both goat and sheep
ELISAs

3. Serum incubation time was reduced to 1 hour
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2.4.6 Multiple factor evaluation

2.4.6.1 Blocking agent and serum/conjugate diluent

To further investigate the benefit of using the 10% casein in PBST blocking
agent for all three stages (blocking, serum dilution and conjugate dilution),
comparisons were made between different combination of blocking agent and
PBST in the three stages. Both 10% casein in PBST and 4% BSA were
investigated as blocking agents in the following combinations: 1) blocking
agent used for all stages, 2) blocking agent used for block and serum dilution,
3) blocking agent used for blocking stage only, with PBST used for stages

where the blocking agent was not used.

a) b)
2.5 2.5
2.0 ° 2.0 ®
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< oA <o ° ° °
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0.5 . 0.5+ o
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0 O 1 I I 1 1 I 00 1 1 1 I 1 I
i i iii iv \ Vi i ii. iii iv \Y Vi
Block and diluent combination Block and diluent combination

Figure 2.4.10 Comparison of the use of blocking agent or PBST alone in three different
assay stages, blocking, serum dilution and conjugate dilution.

OD values of negative samples from a) goats and b) sheep resulting from the following
combination of blocking agent and diluent: i. 10% casein for all stages; ii. 10% casein used as
block and for serum diluent, PBST used as conjugate diluent; iii. 10% casein used as block,

PBST used for serum and conjugate diluent; iv. 4% BSA used for all stages; v. 4% BSA used
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as block and serum diluent, PBST used as conjugate diluent; vi. 4% BSA used as block, PBST

used as serum and conjugate diluent.
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Figure 2.4.11 Comparison of PN ratios for the use of blocking agent or PBST alone in
three different assay stages, blocking, serum dilution and conjugate dilution.

PN ratios for a) goat and b) sheep samples resulting from the following combination of blocking
agent and diluent: i. 10% casein for all stages; ii. 10% casein used as block and for serum
diluent, PBST used as conjugate diluent; iii. 10% casein used as block, PBST used for serum
and conjugate diluent; iv. 4% BSA used for all stages; v. 4% BSA used as block and serum
diluent, PBST used as conjugate diluent; vi. 4% BSA used as block, PBST used as serum and

conjugate diluent

Use of either 10% casein or 4% BSA blocking solution for all stages of the assay
resulted in significantly lower negative OD values and higher PN ratios
compared to use of PBST for one or both dilution steps (Figure 2.4.10 and
Figure 2.4.11). This demonstrated the benefit of using a blocking agent
throughout the assay. These finding indicate that blocking action is beneficial
during serum and conjugate incubation as well as for blocking background

activity in the ELISA plate wells.
2.4.6.2 Incubation temperature and blocking agent

Comparisons were made to assess the impact of temperature during blocking,
serum and conjugate incubation periods between room temperature (19.5°C)
and 37°C. For room temperature (RT) steps the assay was undertaken as in

the previous runs. For the 37°C level ELISA plates were placed in a humidified

incubator at 37°C and 5% CO; for 1 hour during block, serum and conjugate
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incubation steps. Comparisons of incubation temperature were carried out in

conjunction with blocking agent comparisons described above (2.4.5.4).
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Figure 2.4.12 Comparison of assay temperature and blocking agent.
Mean OD values (error bars show range) of negative samples from a) goats (GN1 and GN2)
and b) sheep (SN2 and SN4) resulting from incubation at RT or 37°C of various combinations of

blocking agents and diluents.

Negative OD values were consistently lower under RT conditions compared to
37°C (Figure 2.4.12). PN ratios were higher under RT conditions across all
blocking agent and serum diluent conditions (Figure 2.4.13). 10% casein in
PBST resulted in the best combination of low OD and high PN ratio under both

temperatures.
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Figure 2.4.13 Comparison of PN ratios for assay temperature and blocking agent.
PN ratios resulting from a) goat and b) sheep samples tested under two different temperature
and five different block and diluent conditions. Diluent solution is shown in brackets next to

blocking agent.

25% BSA with casein as a diluent produced similar OD values to 10% casein in
PBST used for both and would likely provide a similar assay performance.
However, 25% BSA solution was challenging to prepare due to the high
viscosity of BSA at high concentrations and the protocol required preparation
of different solutions for block and diluent, reducing the efficiency of the
protocol. Higher PN ratios for 25% BSA block with 10% casein in PBST as a
diluent compared to 25% casein with 4% BSA as a diluent suggests that some
of the improvement seen with 25% casein is attributable to the blocking

action of the casein diluent.
2.4.6.3 Protein amount and blocking agent

The original protocol used 100ng of CCHFV N protein per well based on the
preliminary confirmation plates (2.3.1). Plates were run to compare 10%
casein and 4% BSA, used as block and diluent, when used with two different

volumes of protein, 100ng and 50ng.
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Figure 2.4.14 Comparison of protein amount and blocking agent.
a-b) Comparison of OD values of negative a) goat (GN1 and GN2) and b) sheep (SN2 and

SN4) samples using 100ng of protein versus 50ng protein; c-d) Comparison of PN ratios for c)

goat and d) sheep samples using 100ng of protein versus 50ng protein. Block and diluent

agents were either 4% BSA or 10% casein for all graphs. Error bars show mean and range.

In confirmation of previous blocking agent and diluent comparisons, 10%

casein produced the lowest negative OD values and highest PN ratios for both

species at both protein volumes (Figure 2.4.14). In goats, 50ng protein

resulted in slightly lower OD values for negative samples but similar PN

ratios, suggesting 50ng of protein would be result in similar outcomes while

using less resource. In sheep, OD values with 50ng protein were lower but the

PN ratio was also reduced, suggesting 100ng protein would result in better

distinction between positive and negative samples.

90



91

2.4.6.4 Protein amount and blocking time

To further investigate the effect of protein volume and the blocking step on
assay outcome, further plates were run to compare protein volume against
the time of block incubation. All goat and sheep samples were run with in-
plate duplicates of 100ng and 50ng protein volumes. On one plate the
blocking step lasted for 1 hour as per the previous protocol, while in the
second plate the blocking agent was left on for 15 minutes prior to washing.

10% casein in PBST was used as blocking and diluent throughout.
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Figure 2.4.15 Comparison of protein amount and blocking time.

a-b) Mean OD values from in-plate duplicates of goat samples tested using 100ng or 50ng
protein with blocking solution (10% casein) incubated for a) 1 hour or b) 15 minutes; c) shows
PN ratios under the different conditions. d-e) Mean OD values from in-plate duplicates of sheep
samples tested using 100ng or 50ng protein with blocking solution (10% casein) incubated for

d) 1 hour or e) 15 minutes; f) shows PN ratios under the different conditions.

In goats (Figure 1.20: a-c), negative OD values were lower with 50ng protein
compared to 100ng and all samples had lower ODs after 1 hour of block
compared to 15 minutes. The PN ratios (excluding GW1) were broadly
consistent across all combinations, with 100ng protein blocked for 15 minutes
having a marginally higher value than the other combinations. The behaviour
of GW1 in Figure 1.20 a) and b) is notable. When tested using 100ng, with

either a 1 hour or 15 minute block, this inconclusive sample produces an OD
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values that was well in the range of the positive samples. However, when
tested using 50ng the sample OD is closer to the negative ODs. This sample
tested negative on the ID Screen® test but produced an OD consistent with
other positive samples on the first run of the in-house test now being
optimized. The difference in OD value in this sample suggests that 50ng might

produce a more sensitive result in goats.

In sheep (Figure 1.20: d-f), negative values were lower for both protein
volumes after 1 hour of blocking compared to 15 minutes and the PN ratio
was similar for both 1 hour and 15 minutes block with 100ng of protein. 100ng
of protein produced notably higher PN ratios compared to 50ng of protein.
From these plates, 100ng protein, used with either a 15 minute or a 1 hour

block improved assay performance compared to 50ng.

Establishing a protocol that is the same for all cross-species aspects (i.e. all
factors other than conjugate) will streamline assay performance as it would
allow both sheep and goat samples to be run on the same plate if required
and would allow plates to be pre-prepared. In sheep, the results indicate a
clear improvement of PN ratio with the higher volume of protein. Although
the above results suggest there may be some benefit to using a lower volume
of protein in goats, this potential marginal improvement in PN ratio and
negative OD values was not deemed sufficient to warrant a difference in
protocol between species. For this reason, 100ng protein was maintained in

the protocol.

OD values where not substantially different for samples blocked for 15
minutes compared to those blocked for one hour and in sheep the PN ratio
was improved with a shorted block time. For this reason, in addition to the
improved assay convenience of a shorter block time, block incubation was

adjusted to 15 minutes in further experiments unless otherwise stated.
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2.4.6.5 Stop solution, wavelength (nm) and stability over time

Slow TMB (3,3',5,5-Tetramethylbenzidine Liquid Substrate, Super Slow, for
ELISA, Sigma Aldrich, UK) was used in the unoptimized protocol and for the
optimised assay as per the manufacturer’s recommendation. Comparisons
were made between the original stop solution (H2SO4 1M) and two other stop
solutions compatible with TMB (HCL 1M and HCL 2M), as well as using no stop
solution but reading plates read at 650nm. Figure 2.4.16 shows that there
was little difference in OD values between HCL and H,SO4 stop solutions but
that reading plates at 650nm without stop solution led to a decrease in the

OD of the positive samples.
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Figure 2.4.16 Comparison of stop solutions.

Comparison of OD values for four stop solutions: H2SO4, HCL 1M, HCL 2M (100ul volume read
at 420nm) and no stop solution but plates read at 650nm. OD values for positive and negative
samples for a) goats (GN1, GN3, GP1 and GP4) and b) sheep (SN2, SN4, SP2 and SP4) are

shown by coloured points.

At this stage, reading the plate without stop solution was excluded from
further testing. Further comparisons were next made of the three stop
solutions, both over time and with different wavelengths. The same plates,
with four in-plate repeats of each stop solution, were read at both 420nm
and 450nm at 2 minutes following the addition of the stop solution (read 1)

and then at five-minute intervals (reads 2 and 3) (Figure 2.4.17).
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Figure 2.4.17 Comparison of stop solutions and read wavelengths over time.

a-b) Mean OD values of goat positive and negative samples (GN1, GN3, GP1 and GP4) read
three times, five minutes apart (R1, R2, R3), for each different stop solution. A) shows OD
values read at 420nm and b) shows those read at 450nm. C-d) Mean OD values of sheep

positive and negative samples (SN2, SN4, SP2 and SP4) read three times, five minutes apart
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(R1, R2, R3), for each different stop solution. ¢) shows OD values read at 420nm and d) shows

those read at 450nm.
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Figure 2.4.18 Comparison of PN ratios for stop solutions and wavelength.
a) goat (GN1, GN3, GP1 and GP4) and b) sheep samples (SN2, SN4, SP2 and SP4) read at
either 420nm or 450nm after the addition of different stop solutions: H2SO4, HCL 1M, HCL 2M.

Both concentrations of HCL produced stable OD values over time. In goats,
OD values for positive samples show a slight downwards trend when H2504 is
used, particularly at 450nm (Figure 2.4.17; b). Although plates will typically
be read at the same time for each assay, stability over time may be an
advantage if assay reading is disrupted for any reason, so HCL was selected
for future assays. No difference in OD values and only a marginal
improvement in PN ratio was observed with using the higher concentration of

HCL so a 1M solution was chosen for future use.

These experiments suggest that stop solution does not have a substantial
effect on outcome, so no further factorial tests related to stop solution were
needed. However, read wavelength (420nm verses 450nm) did result in a
substantially different OD values as shown by comparison of Figure 2.4.17
graphs a) and b), and c) and d). Both positive and negative mean OD values
were higher when read at 450nm but the increase in the positive OD is
relatively greater than the negative. This greater distinction between
positive and negative was confirmed by the PN ratios shown in Figure 2.4.18,
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where PN ratios were consistently higher at 450nm than 420nm. The read

wavelength was therefore changed to 450nm for future testing.
2.4.6.6 Conclusions from multiple factor evaluation

Following investigation of two or more factors simultaneously the following

adjustments or confirmations were made to the ELISA protocol:

1. Solution of 10% casein in PBST used throughout assay for both blocking
and dilution steps
Incubation steps performed at room temperature

2. 100ng CCHFV N protein used to coat wells for both sheep and goat
assays

3. Blocking step time reduced to 15 minutes

4. Stop solution was changed to 100ul HCL 1M

5. Wavelength at which plates were read changed to 450nm
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2.4.7 Serum dilution and conjugate concentration

chequerboard analysis

The greatest effect on OD values and PN ratios was seen in changes to the
concentrations of serum and conjugate. For this reason, following the
optimisation steps above, a final chequerboard analysis was undertaken to
confirm that the concentrations selected for serum and conjugate dilutions
remained optimal. One negative and one positive sample was selected for
each species (goats: GN3 and GP2, sheep: SN3 and SP2).

For each sample a chequerboard of 6 conjugate concentrations, ranging from
1:1000 to 1:32000 was tested against 6 serum dilution ranging from 1:100 to

1:3200 (Figure 2.4.19). PN ratios were calculated for each conjugate, serum

combination.
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Figure 2.4.19 Plate map for chequerboard comparison of conjugate and serum
concentrations.

Layout of 96 well ELISA plate, using one negative and one positive sample. Wells are shaded
according to the relative concentration of the two factors from most concentrated (dark yellow)

to least concentrated (white).

PN ratios from the chequerboard analyses showed that several combinations
of serum/conjugate dilutions resulted in similar performance. The
concentrations chosen on single factor analysis did not result in the highest
PN ratios but were only marginally lower than those with higher values, so
they were deemed appropriate to be retained in the assay. If they had been
substantially lower than other combinations following chequerboard analysis
re-testing of other factors in combination with the improved

serum/conjugate concentrations would be required.
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Figure 2.4.20 Heat maps of PN ratios for chequerboard analyses comparing conjugate
concentration and serum dilution.
a) sheep and b) goats. Red squares indicate serum/conjugate concentration selected during

the single factor analysis.
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2.4.8 Optimised ELISA protocol

Following the optimisation steps described above the optimised ELISA
protocol is given below, changes to the unoptimised protocol are shown in
bold.

Coating buffer: 100mM sodium bicarbonate and 33mM sodium carbonate
anhydrous pH 6.9

Washing buffer: Phosphate buffered saline (PBS) containing 0.1% Tween-20
(PBST)

Blocking buffer: 10x casein solution (Vector laboratories inc. Burlingame, CA
94010) diluted in PBST at a concentration of 1:10.

Dilution buffer: 10x casein solution (Vector laboratories inc. Burlingame, CA
94010) diluted in PBST at a concentration of 1:10

Stopping buffer: 1M solution of H,SO4

Protocol:

1. Coat each well of 96 well 2HB Immulon® ELISA plates
(ImmunoChemistry Technologies, LLC, Minnesota, USA) with
100ng/well CCHFV nucleoprotein in 100ul/well coating buffer and
incubate overnight at 4°C

2. Remove protein and coating buffer and wash plate 5 times using
washing buffer

3. Add 200ul blocking buffer to each well, cover and incubate at room
temp for 15 minutes

4. Remove blocking buffer and wash plate 5 times using washing buffer

5. Add 100ul/well of sera diluted 1:400 with dilution buffer in duplicate
to plate, cover and incubate for 1 hour at room temp

6. Remove serum and wash plates 5 times using washing buffer

7. Add 100ul/well diluted anti-goat 1gG or anti-sheep IgG conjugate
(Bethyl Laboratories, Montgomery, USA), cover and incubate at room
temp for 1 hour

a. Dilute anti-goat I1gG conjugate at 1:8000 in dilution buffer
b. Dilute anti-sheep IgG conjugate at 1:4000 in dilution buffer

8. Remove conjugate and wash 5 times using washing buffer
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9. Add 100ul/well neat tetramethylbenzidine (TMB) substrate (3,3',5,5'-
Tetramethylbenzidine Liquid Substrate, Super Slow, for ELISA, cover
and incubate in the dark for 15 minutes

10. Add 100pl/well of stop buffer (HCL 1M) to stop reaction

11.Read on plate reader at 450nm within 10 minutes of adding stop
buffer

100



101

2.5 Discussion

This chapter had three principal aims: to adapt an existing RVFV ELISA for use
in the detection of antibodies against CCHFV in livestock, to use this ELISA to
screen an initial subset of cattle, goat and sheep samples from Tanzania, and
to optimise this ELISA to reduce the absolute OD values of the negative
samples, improve distinction between low and high samples, and streamline
the laboratory process. Proof of principal testing, using samples with
confirmed IgG status to CCHFV, demonstrated that an existing in-house
indirect RVFV ELISA could be successfully adapted to detect antibodies to
CCHFYV by substituting RVFV NP with CCHFV NP. The initial screen of samples
collected in Tanzania confirmed that serum from all three species produced a
high response to CCHFV NP, and use of a newly available commercially
produced ELISA kit was able to categorise samples as positive or negative for
use in further optimisation. Finally, the in-house ELISA was systematically
optimised, leading to improved distinction between negative and positive

samples and a more efficient laboratory procedure.

The in-house indirect ELISA platform utilised here offers a simple but
effective means of measuring antibody responses and is highly flexible,
enabling the same platform to be adapted to different viruses, viral proteins,
species, and antibody types by changing the coating antigen or the secondary
antibody. This flexibility, as well as its comparatively low cost, are the
principal advantages of using an in-house system such as this compared to
commercial kits, which are typically designed for a single purpose and have a
high cost per plate. Adaptation of the unoptimised ELISA to detect antibodies
against CCHFV rather than RVFV was straightforward and offered reasonable
distinction between positive and negative samples even before optimisation.
Adapted versions of the in-house assay could quickly and easily be developed
to test for other antigenic components of the same virus (e.g. CCHFV
external glycoproteins Gn and Gc) to investigate the breadth of
immunological responses to infection, or to test for antibodies to closely

related viruses to investigate cross-reactivity.
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Cross reactions were not observed between CCHFV NP and RVFV antibodies in
the proof of principal test, but these viruses are antigenically remote and
therefore unlikely to show cross-reactivity. Previous studies have investigated
cross-reactivity between related orthonairoviruses both in the CCHF
serogroup, which includes CCHFV and Hazara virus (HAZV), and in the closely
related Nairobi sheep disease virus (NSDV) serogroup which includes NSDV and
Dugbe virus (DUGV). Several studies have investigated cross-reactivity
through screening against multiple nairovirus antigens and have found no
evidence of cross-reactivity between these viruses (Burt et al., 1996, Grech-
Angelini et al., 2020). However, a recent study did identify some evidence of
cross-reactivity between CCHFV and DUGV when samples were tested by
immunofluorescence and immunoblot assays, although no cross-reactivity
when tested by commercial CCHFV ELISA (Hartlaub et al., 2021a). This
suggests that different assays may have different specificities for identifying
antibodies to closely related viruses and highlights the need to fully explore

the potential for cross-reactivity in different assays.

Without a commercially validated ELISA available at the time, the easy
adaptability of the indirect ELISA platform was of huge advantage in the early
stages of this investigation into CCHFV in Tanzania as it enabled a subset of
samples from the study area (see Chapter 4 for a full description) to be
tested rapidly and cheaply. This initial screen confirmed the presence of high
antibody responses to CCHFV NP in some animals, and so confirmed that
animals in this region were highly likely to have been exposed to the virus.
This was the first time for more than 30 years that serological evidence of

CCHFV presence in Tanzania was confirmed (Hoogstraal, 1979).

The release of the IDvet ID Screen® double antigen sandwich ELISA kit shortly
after the testing of the initial samples, further confirmed exposure to the
virus in Tanzanian livestock, as well as providing a comparison for the in-
house ELISA and a method of categorising samples as positives or negative.
Optimisation could have been performed without the confirmation of the

IDvet assay by using samples with consistently high and low OD values as
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controls, or using negative controls from non-endemic regions, but it
provided a useful method of corroborating the status of the screened
samples, as well as providing an early indication of prevalence in the sample
set which was not possible from the unoptimised ELISA without an

appropriate cut-off in place.

Correlation between unoptimised in-house ELISA OD values and those
produced from the IDvet kit was good, particularly for sheep, with the main
areas of difference seen in samples that were negative by the ID Screen® but
that had mid-range or higher OD values on the in-house ELISA. Assuming these
samples are “true negatives”, which is a reasonable assumption given the
IDvet kit’s reported 100% specificity (IDvet, 2018, Sas et al., 2018a), the
higher OD values of some samples with the in-house assay is likely due to high
background noise or non-specific binding. These issues should be reduced
through optimisation by selection for lower absolute negative control values,
improved blocking, and optimal secondary antibody concentration.
Unfortunately, given the unexpected restrictions to lab work imposed by the
COVID-19 pandemic, it was not possible to retest these initial samples on the
optimised ELISA to confirm this, but this would be a useful next step were the

in-house ELISA to be used for sample testing in the future.

Differences in the degree of correlation between in-house and IDvet OD
values for sheep, goats and cattle may suggest that the antigenic response to
CCHFV varies between species or that antibodies of the different species
react differently in the assay (Figure 2.3.3). The weaker correlation seen in
cattle samples may be a result of increased non-specific binding in this
species, as a subset of cattle antibodies have been shown to have an
ultralong loop in the third complementarity determining region (CDR) of the
heavy chain (Haakenson et al., 2018, Stanfield et al., 2018). This part of the
antigen binding region is much longer in cattle compared to humans and
other vertebrates and may allow binding to unusual antigenic targets (Wang
et al., 2013) In an ELISA setting this could result in enhanced non-specific

binding. The greater overlap between negative and positive samples in cattle
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may reflect these differences in antibody structure and suggests that an in-
house ELISA for cattle might be subject to lower sensitivity and specificity

compared to one for small ruminant samples.

Potential differences in immune response between species also contributed
to the decision to use samples of Tanzania origin to optimise the ELISA. For
positive controls, no known-positive livestock sera were available for testing
so other sources of samples was essential. For negative controls, samples
from non-endemic regions could have been used, and goat, sheep and cattle
serum from the UK and New Zealand were tested during the initial sample
screens. However, as the assay was intended for use on Tanzanian samples it
was felt that samples from this geographic origin would be more suitable as
optimisation controls because Tanzanian livestock would be the population
screened with the optimised assay. Livestock in non-endemic European
countries are likely to be different from those in East Africa, both in terms of
their genetics and their viral exposure history. In cattle, this may also extend
to species differences, with principally Bos taurus cattle in Europe and a
higher proportion of Bos indicus or Zebu cattle in Sub-Saharan Africa.
Variation in immune responses to ticks and other parasites in Bos taurus and
Bos indicus has been documented (Piper et al., 2009) and although
differences in antibody and B cell responses are less well documented they
may also occur and could influence the performance of tests developed using
Bos taurus samples (Barroso et al., 2020). Optimisation using non-endemic
animal sera therefore, particularly when originating from farmed populations
with low genetic diversity (Doekes et al., 2018, Ablondi et al., 2022), may
bias test performance in favour of European breeds, making an assay less

useful when testing animals from endemic regions.

The final protocol following optimisation was shorter and more streamlined
than the original protocol, making the assay quicker to run for many samples,
which was the original purpose of this assay. For many of the factors
investigated the difference in OD values and PN ratios between options was

relatively small and so the choice of protocol to take forward was often
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based on practicality more than quantitative improvement in assay
performance. For example, the differences between 1:2000, 1:4000 and
1:8000 dilutions of anti-sheep conjugate were small so any of these
concentrations would likely have been acceptable. The final chequerboard
analysis of serum and conjugate dilution showed that there were several
combinations that yielded similar PN ratios. Further chequerboard analyses
may enable finer optimisation of this process. For example, reducing the
amount of protein used would enable more plates to be completed, more
cost effectively, so further investigation of the interaction between protein
volume and serum/conjugate dilutions would be advisable if the assay was to

be used on a large scale.

Choice of blocking buffer was a particularly important factor in the
optimisation process, particularly considering the high OD values seen in
some of the negative samples tested in the initial screen. Casein-based
blocking buffers performed significantly better as a blocking agent, both in
terms of minimising negative control OD values and maximising PN ratio, than
either bovine serum albumin (BSA) which is commonly used in in-house ELISAs
or the gelatin-based commercial ELISA blocking agent tested (Roche
diagnostics, Mannheim, Germany). This is in keeping with other studies which
found casein solutions to be a highly effective blocking agents (Pratt and
Roser, 2014, Vogt et al., 1987). The poorer performance of gelatin is also
consistent with reports from elsewhere (Huber et al., 2009). Optimisation
experiments suggested that 15 minutes incubation with casein buffer was
enough to provide adequate blocking. However, later use of both in-house
and commercial ELISAs made it clear that, due to practical considerations,
most plates would end up being blocked for longer than this. Laboratory
workflow meant that plates were usually blocked while samples were diluted,
a process that typically took between 30 minutes and one hour depending on
the number of samples being tested. Although it was possible to put the block
on for 15 minutes only, a longer blocking time would be more practical. As
blocking should be saturating process, longer blocking times should not make

substantial differences to OD values and so the 15 minutes should be
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considered a minimum time. Blocking plates overnight, or bulk-blocking
plates and freezing and then thawing them before use, would further improve
assay usability, and should be explored for their effect on repeatability if this

assay was to be used on a larger scale.

The optimisation process had some limitations. Samples were typically tested
without within- or between plate-replicates due to limited antigen resources
at this stage of the project. Duplicate or triplicate within-plate repeats, as
well as repeated testing of key factor combinations on different plates would
enable confirmation of conclusions. Were this ELISA to be used to test
samples in the future, systematic analysis of repeatability and intermediate
precision would be needed to ensure the results were reproducible. Evidence
from factor investigations that did not affect assay performance, such as
serum incubation time, do suggest that samples tested on this assay had good
repeatability, but repeat testing of the same sample on the fully optimised

assay would be required to confirm this.

Although the indirect ELISA system has several advantages, it also has a
number of disadvantages over a commercially produced assays and other
ELISA formats, which contributed to the decision not to take forward the in-
house assay for the epidemiological components of this thesis. Although more
expensive, commercial ELISA kits are typically highly repeatable within
laboratories and reproducible between laboratories (i.e. have higher
precision) and typically have extremely low background reactivity. Higher
reproducibility across laboratories means that comparing results from
different studies is more reliable. For CCHFV, where there is large
geographical variation in animal seroprevalence (Spengler et al., 2016a),
reducing this test-related variability by use of the same assay across many
different studies would help to increase our understanding of global
epidemiology of the virus. Additionally, for animal and emerging virus
research, where multiple host species may be of interest, the in-house
indirect ELISA has the disadvantage of being species independent. For

common species of interest such as cattle, sheep and goats this is easily
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remedied by use of secondary antibodies specific to that species, but it could
pose a problem when investigating serological responses in less common
animals, such as many wildlife species, where secondary antibodies are not
readily available. For CCHFV, this may limit the usefulness of indirect ELISAs
if testing of small mammal or avian hosts, who can be exposed to the virus
through feeding of nymphal stages of infected ticks, were required. However,
development of species-independent competition or sandwich ELISAs, could

resolve this problem.
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3 SARS-CoV-2 sero-surveillance and
immunodynamics in a patient population in

Glasgow, Scotland

3.1 Introduction

Severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) infection in
people was first reported in Wuhan, China in December 2019 and the virus
has subsequently gone on to cause a global pandemic, constituting the most
significant public health challenge of recent times. The first UK case of
coronavirus disease 2019 (COVID-19) was confirmed in England on 28t
January 2020, and the first case confirmed in Scotland on 28t February 2020
(Hill et al., 2020, Lillie et al., 2020). Following a rapid rise in cases and
hospitalisations, the UK entered a national lockdown on 23" March 2020 and
remained under these guidelines until 28t May 2020 when restrictions began

to ease.

Serological surveillance is a key tool in emerging and endemic disease
epidemiology for determining rates of infection at a population scale, and
such approaches are particularly useful for a pathogen like SARS-CoV-2 where
asymptomatic and sub-clinical infections are common (Ma et al., 2021). Anti-
SARS-CoV-2 immunoglobulin G (IgG) antibodies are typically detectable 7-21
days after infection, so assays which can detect the presence of these
antibodies can be used to report past infection from this timescale and
beyond (Zhao et al., 2020, Post et al., 2020). This presents an advantage of
serological approaches over reverse transcription polymerase chain reaction
(RT-PCR) identification of current infections, in being able to detect past
infections. Additionally, serological testing can be readily used at a
population-wide level, enabling more accurate determination of key
epidemiological parameters such as case and infection fatality rates and the
data with which to parameterise epidemiological models of transmission and

interventions (Larremore et al., 2021, Metcalf et al., 2016).
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Various serological tools, both for quantifying antibodies at an individual
level and for population-level surveillance, were developed during the first
pandemic wave and have since become vital tools to understanding the
immune response and population spread of SARS-CoV-2, as well as developing
novel antibody-based treatments (Chvatal-Medina et al., 2021, Galipeau et
al., 2020). A commonly used assay for serosurveillance is the Enzyme-linked
immunosorbent assay (ELISA) which have been widely utilised throughout the
pandemic. Several commercial ELISA products were released during 2020
(Yassine et al., 2021, Meschi et al., 2020) but many studies also employed in-
house ELISA assays due to the flexible and cost-effective nature of the assay
format (Amanat et al., 2020, Zhong et al., 2020). An indirect enzyme-linked
immunosorbent assay (ELISA) format was commonly used for in-house assays,
typically utilising nucleoprotein, recombinant spike (S) protein, the S1
subunit of the S protein (S1), or the receptor-binding domain (RBD) as
antigens. Pseudotype virus neutralisation assays were also rapidly developed
in the early months of the pandemic and were used to provide insights into
the nature of the neutralising immune response. HIV(SARS-CoV-2)
pseudotype-based neutralisation assays were found to display a high
correlation with live virus-based assays (Hyseni et al., 2020) and so could

facilitate high-throughput screening outside of containment level 3.

Work for this chapter was undertaken during the first 9 months of the
pandemic as part of a team of virologists, immunologists and epidemiological
modellers. The paper resulting from this collaborative work can be found in
Appendix 1. The work reported in this chapter was led by the E. Hughes and
focuses on technical aspects of serological testing of human sera against
SARS-CoV-2 IgG and neutralising antibodies, as well as the use of this data in
characterising the progress of the pandemic and immune responses in a

patient population in Glasgow, UK.
3.1.1 Chapter aims

Work reported in this chapter focussed on the following aims:
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. Establish appropriate cut-off values for ELISAs against the S1 subunit
and RBD of SARS-CoV-2
. Estimate the sensitivity and specificity of these ELISAs

3. Investigate precision and reliability of these ELISAs

. Estimate levels of exposure and patterns of seroprevalence in a patient
population in Glasgow during the first wave of the COVID-19 pandemic
. Compare antibody (Ab) and neutralising antibody (NAb) responses in

the same patient population
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3.2 Methods
3.2.1 Serum sample origin and processing

Residual serum samples from patients undergoing routine biochemistry
testing in both primary and secondary care settings were obtained from NHS
Greater Glasgow and Clyde (NHSGGC). Primary care settings were principally
general practitioner (GP) practices, while samples from secondary care were
obtained from hospital settings. Between 500 and 1000 samples were
randomly selected each week from all routine blood samples collected in
NHSGGC and processed at the NHSGGC biorepository. Samples were
anonymised and given a unique ID number which was associated with
accompanying metadata including date of sampling, whether of primary or
secondary care origin, patient age and sex, and previous patient PCR testing
history. Approximately 500 samples collected per calendar week were
randomly selected and residual serum from these transferred to the MRC-
University of Glasgow Centre for Virus Research (CVR) where they were
stored at -20°C until required. Samples were heat inactivated in a water bath

at 56°C for 30 minutes before being stored at 4°c until testing.
3.2.2 Sample sets

3.2.2.1 Patient samples

For analysis of the first wave of SARS-CoV-2 infections in Glasgow, 7480
serum samples collected between 16t March 2020 and 24t May 2020 were
randomly selected for testing. In some cases, multiple samples were obtained
from the same patient, in which case only the first sample per calendar week
was used for further analysis. Samples from patients under the age of 18, and
those without a recorded care-type of origin, were excluded from further
analysis. This sample set was used to undertake a serial cross-sectional study

of SARS-CoV-2 seroprevalence in the NHSGGC patient population.
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3.2.2.2 PVNA samples

A subset of these samples, those collected between 24t March and 24t April,
were also tested using an HIV(Sars-CoV-2) pseudotype virus neutralisation
assay (PVNA) to determine levels of neutralising antibodies (NAb). Sample

dates and sample size were selected based on testing convenience.
3.2.2.3 Triplicate repeat samples

To assess assay precision, a random selection of 30 samples from the patient
population described above was chosen for repeat testing. Seventeen samples
had previously been identified as positive by either S1 or RBD ELISA and
thirteen as negative. Sample size was opportunistically determined by the
upper limit of samples that could be tested in triplicate on a 96-well ELISA

plate.
3.2.3 Ethics

Ethical approval for use of the samples was obtained from NHSGGC

Biorepository (application number 550).
3.2.4 Laboratory analyses

3.2.4.1 S1 and RBD protein production

S1 and RBD antigens were produced at The Francis Crick Institute, London, UK
as described by Ng et al. (2020). Briefly, SARS-CoV-2 S1 (SARS-CoV-2 spike
(UniProt ID: PODTC2) residues 1-530 (MFVFL...GPKKS)) and RBD (SARS-CoV-2
spike (UniProt ID: PODTC2) residues 319-541 (RVQPT...KCVNF)) constructs
were produced with C-terminal Twin-Strep-tags. Secretion of the RBD
construct was directed by a signal peptide from immunoglobulin kappa gene
product (METDTLLLWVLLLWVPGSTGD). Proteins were transiently expressed in
Expi293F cells grown in FreeStyle-293 medium (Thermo Fisher Scientific, UK).
Conditioned media containing secreted proteins were harvested at 3-4, and
6-8 days post-transfection. Streptactin XT (IBA LifeSciences) was used to
capture Twin-Strep-tagged proteins, which were then eluted and purified to

homogeneity by size exclusion chromatography through Superdex 200 (GE
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Healthcare). Purified SARS-CoV-2 antigens were concentrated to 1-5 mg/ml
by ultrafiltration. Aliquots were snap-frozen in liquid nitrogen prior to

storage at -800C.
3.2.4.2 ELISA protocol

In-house indirect ELISA assays, based on a protocol received from the
National Institute for Biological Standards and Control (NIBSC), were used to
test all samples for IgG antibodies to S1 subunit (S1) and receptor binding
domain (RBD) antigens of SARS-CoV-2 (Wuhan-Hu-1, GenBank: MN908947).
Firstly, 96 well plates (Immulon 2HB, Fisher Scientific, Loughborough, UK)
were coated over-night with purified S1 or RBD antigen at 50ng/well in
phosphate buffered saline (PBS). The next day, plates were washed three
times with the wash buffer made up of phosphate buffered saline (PBS)
containing 0.05% Tween-20 (all subsequent wash steps followed this same
protocol), before addition of 200ul per well of blocking buffer
(PBS/0.05%tween20 supplemented with 10% casein (Vector laboratories, c/o
2BScientific, Upper Heyford, UK). Plates were then incubated at room
temperature for one hour. Following a second wash step, 50ul sera diluted
1:100 in the blocking buffer, was added to each well. Sera was incubated for
one hour at room temperature before another wash step. Next, 50ul anti-
human IgG horseradish peroxidase-conjugated secondary antibody (Bethyl
laboratories, c/o Cambridge Bioscience, Cambridge, UK) was diluted to
1:3000 in the blocking buffer and added to each well. Plates were then
incubated for one hour before a final wash step. Following this, 50ul 3,3",5,5'-
tetramethylbenzidine (TMB) (Sigma-Aldrich/Merck, Dorset, UK) was added
and plates incubated at room temperature in the dark for 10 minutes, after
which the reaction was stopped by the addition of 50ul of 1M H2S04.
Absorbance was read immediately at 450 nm on a Labsystems Multiskan

Ascent plate reader.
3.2.4.3 Control samples

Duplicates of pooled positive and negative controls were included on each

plate. When this assay was first used, no sera of known status against SARS-
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CoV-2 was available due to difficulties accessing such samples early in the
pandemic response. To overcome this, one box of 100 samples was selected
from the patient serum collected from NHSGGC and sacrificed to make
controls. All samples were tested at least 3 times on the in-house S1 and RBD
ELISAs, as well as once on the Euroimmun-Anti-SARS-CoV-2 ELISA [IgG]
(Euroimmun, Lubeck, Germany). For negative controls, samples with the
lowest OD values on repeat ELISA for both proteins, as well as low negative
results on the Euroimmun ELISA were selected and pooled. For positive
controls, samples with the highest in-house ELISA OD results as well as high

positive results on the Euroimmun ELISA were selected and pooled.
3.2.4.4 Pseudotype virus neutralisation assay
3.2.4.4.1 Cell lines and pseudotype production

HEK293, HEK293T, and 293-ACE2 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, UK) supplemented with 10% foetal
bovine serum (FBS), 2mM L-glutamine, 100ug/ml streptomycin and 100 IU/ml
penicillin (complete DMEM). HEK293T cells were transfected with the SARS-
CoV-2 (Wuhan-Hu-1 strain, GenBank MN908947) S gene expression vector
PcDNA6-S (N. Temperton, University of Kent, UK) in conjunction with pNL4-3-
Luc-E-R-luc (Connor et al., 1995) using polyethylenimine (PEI, Polysciences,
Warrington, USA). After 48 hours post-transfection HIV (SARS-CoV-2)-
containing supernatants were filtered to harvest pseudotypes, aliquoted and
frozen at -80°c for future use. Prior to use, each batch of pseudotype was
tested at doubling dilutions in order identify the dilution which gave
luciferase counts of 1x10° counts per second per 50pul pseudotype added in
each well. 293-ACE2 target cells were produced by stable transduction of
HEK293 cells with pSCRPSY-human ACE2 (hACE2) (Matt Turnbull & Suzannah
Rihn, MRC - University of Glasgow Centre for Virus Research). Selected 293-
ACE2 cells were maintained in complete DMEM supplemented with 2ug/ml

puromycin.
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3.2.4.4.2 Pseudotype virus neutralisation assays

Serum samples were screened for neutralising antibodies at a fixed dilution.
All samples were tested in duplicate, and a no-serum control included on
every plate. Samples were diluted 1:25 in complete DMEM and 25pul per well
plated onto white 96-well cell culture plates, before being incubated for 1
hour at 37°C and 5% CO2 with an equal volume of HIV(SARS-CoV-2)
pseudotype. Next, 50pl per well of 4x10° cells/ml 293-ACE2 cells were added
to make a final serum dilution of 1:50, and plates were incubated at 37°C
and 5% COz for a further 48-72 hours. Following this incubation, 75ul per well
of Steadylite Plus chemiluminescence substrate (Perkin Elmer, Beaconsfield,
UK) diluted 1:3 with distilled water was added. Luciferase activity was
measured using a Perkin Elmer EnSight multimode plate reader (Perkin
Elmer). Neutralising activity was assessed by calculating the percentage
reduction in luciferase activity compared to the no serum control. A
reduction in luciferase activity compared to the no-serum control of >90% was
considered positive for demonstration of neutralising activity of the serum

sample (Logan et al., 2016).
3.2.5 Statistical analyses

Data visualisation and statistical analyses were undertaken in R statistical
environment, version 3.6.1 (R Core Team, 2021) and in Graphpad Prism,
version 8.4.0 (Prism). Models were run using the lme4 package in R (Bates et

al., 2015). Statistical significance was set at p=<0.05.
3.2.5.1 ELISA cut-off selection

Cut-off values for S1 and RBD ELISAs were selected using receiver operating
characteristic (ROC) analysis. ROC analyses were performed using GraphPad
Prism (version 8.4.0). Cut-off points were explored for raw OD values read at
450nm, as well as for corrected OD values where the raw OD was adjusted in

relation to the negative control using the equation:
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(sample absorbance-negative control mean)

negative control mean

All tested OD values were also plotted as distribution plots to visually assess
the chosen cut-off values in relation to the two populations of samples,
negative and positive.

Positive and negative control samples were tested as per the ELISA protocol
above and used to produce ROC tables of sensitivity and specificity values for
multiple potential cut-off values, from which a cut-off was selected. ROC
curves were also produced by plotting the true positive rate (sensitivity)
against the false positive rate (1-specificity) and the area under the curve
(AUC) calculated. Negative control samples (n = 320), collected prior to the
emergence of SARS-CoV-2 in December 2019, were obtained from the
National Institute for Biological Standards and Control (NIBSC) and the
Scottish National Blood Transfusion Service (SNBTS). Positive control samples
(n = 128) were obtained from NIBSC and from a longitudinal study of health-
care workers being undertaken at the MRC-University of Glasgow Centre for
Virus Research. Positive samples were defined as those from patients with a
positive result by reverse-transcription polymerase chain reaction (RT-PCR),
or those who had recent clinical symptoms consistent with COVID-19, and
whose serum sample tested positive on all other serological platforms on
which it was tested (EUROIMMUN-ANti-SARS-CoV-2 ELISA [IgG] (Euroimmun,
London, UK), Abbott Architect SARS-CoV-2 IgG (Abbott, Illinois, USA), or
DiaSorin LIAISON® SARS-CoV-2 S1/52 IgG (DiaSorin, Saluggia, Italy)). Testing
of samples on other serological platforms was carried out by Public Health
Scotland (PHS).

3.2.5.2 Sensitivity and specificity assessment

Control samples were tested against both S1 and RBD antigens and individual
ROC analyses were undertaken for each. Cut-off values were chosen to
optimise for the specificity of each individual antigen test, while maintaining
a sensitivity above 90%. S1 and RBD results were then combined in parallel
(i.e. if a sample tested positive for either one or both antigens it was
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considered positive) and the overall sensitivity and specificity was

recalculated using the following equations:
Parallel sensitivity = 1- [(1-Seg;) x (1-Segpp)]

Parallel specificity = Sps; X Spgap

where Sest is the sensitivity of the S1 ELISA, Sergp is the sensitivity of the RBD
ELISA, Spss is the specificity of the S1 ELISA and Sprep is the specificity of the
RBD ELISA (Thrusfield and Christley, 2018).

To further explore sensitivity and specificity, positive control samples were
defined in different ways based on time since infection. Sensitivity (Se) and
specificity (Sp) were recalculated based on positive samples being defined as
those taken 14, 21, 28, 35 and 42 days post a positive RT-PCR test. Se and Sp

were calculated using standard formulae:

Sensitivity = _TP
TP + FN

Specificity = N
TN+FP

where TP = number of true positive samples testing positive on the assay, FN
= number of true positive samples testing negative on the assay, TN = True
negative samples testing negative on the assay and FP = true negative

samples testing positive on the assay.
3.2.5.3 Comparison of S1 and RBD responses

Comparison was made between antibody responses to S1 and RBD antigens
using the patient samples. Pearson’s correlation coefficient was used to
calculate the degree of correlation between responses to each antigen, and
paired t-tests were performed on log transformed data to compare the mean

log OD value for each protein.
3.2.5.4 Assay precision and agreement

To assess markers of assay precision, samples from the triplicate repeat
sample set were tested. Three different operators ran the same set of

117



118

samples three times on three different plates. All samples were tested on
each plate in triplicate. All other parameters were kept as consistent as

possible.

Assay precision can be measured as three distinct variables: repeatability,
intermediate precision, and reproducibility (Andreasson et al., 2015).
Repeatability is a measure of the variation observed between results for the
same sample when all parameters are kept constant and the time between
measurements is as short as possible. In this case, repeatability was
represented by the within-plate variability between the same sample tested
in triplicate wells on the same plate. Intermediate precision is a measure of
the variability observed for the same sample, tested in the same laboratory
but over a longer period (typically days or months) with other parameters
allowed to change. In this case, intermediate precision was assessed in two
ways: as the variability observed for the same sample tested by the same
operator on separate plates (within-operator variability), and as the
variability observed for the same sample tested by different operators across
all plates (total variability). Repeatability can also be thought of as within-
plate variability and intermediate precision as between-plate variability
arising from different sources. Reproducibility is a measure of the between-
laboratory variability, whereby the same sample is tested using the same

assay in different laboratories, and so was not assessed here.

Repeatability and intermediate precision of OD values were assessed by
calculating the mean and standard deviation of each set of replicates as well
as the coefficient of variation (CV), where ¢ is the standard deviation and p is

the mean of the sample repeats:

g

1

Cv =

An acceptable coefficient of variation for repeatability in ELISAs is often set
at <15%, although this does not specifically relate to assay interpretation so
may not be appropriate for all assays. CV values for intermediate precision

and reproducibility are often slightly higher and so 20% may be considered
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acceptable for these parameters. Here, within-plate and between-plate CV
values were calculated for each sample. The proportion of those with CV
values <15% for within-plate repeats, and the proportion with CV values <20%

for between-plate repeats were calculated.

To assess how consistently samples were classified as positive or negative,
Cohen’s kappa coefficient was calculated to investigate the agreement in
terms of assigned status (positive or negative based on the cut-off values)
between sample repeats. Samples were initially classified as negative or
positive based on the first time they were tested by ELISA. Following repeat
testing, all replicates of each sample were assighed a new status based on
the cut off values chosen in the ROC analysis. Number of samples which were
negative or positive on both tests, number of samples which were negative
and became positive, and number of samples which were positive and
became negative, were calculated for S1 and RBD assays, as well as the two
assays combined in parallel. The percentage agreement for positive and
negative samples and the Cohen’s Kappa coefficient of agreement were
calculated using data. All measures of agreement were calculated for both
OD values and corrected OD values. Cohen’s Kappa statistic and 95%
confidence intervals were calculated using the DescTools package in R
(Signorell, 2021).

3.2.5.5 Comparison of raw OD and corrected OD values

All data from the triplicate repeat sample set, as well as the main patient
samples, were analysed as raw OD values and as corrected OD values.
Adjusting OD values using the formula outlined above resulted in some
negative corrected OD values which meant that coefficient of variation was
not an appropriate method of assessing the variance of this metric. Change in
status was assessed through calculation of Cohen’s Kappa coefficient to
measure agreement between the status of the sample on repeated
measurement compared to its original designation as positive or negative.
Samples tested in triplicate were assigned a status based on the mean of

each plate’s triplicate repeat.

119



120

3.2.5.6 SARS-CoV-2 seroprevalence in a patient population in Glasgow

Unadjusted seroprevalence was calculated based on the humber of samples
positive by S1 or RBD ELISA divided by the number of samples tested from the
patient population described above. Seroprevalence was calculated for each
age group, patient sex, caretype and the week of sampling. Univariable
logistic regression models were used to evaluate the associations between
sero-status and patient sex, age group and care type using the unadjusted
data. In the published paper relating to this research seroprevalence values
were adjusted for test performance using a Bayesian State Space model
which is not described here. Model-adjusted seroprevalence values are
reported here but full methods can be found in Appendix 1 (Hughes et al.,
2021).

3.2.5.7 Comparison of PVNA and ELISA

To determine if exposure to SARS-CoV-2 was likely to elicit a protective
immune response, HIV(SARS-CoV-2) pseudotypes were used to measure levels
of neutralising anti-SARS-CoV-2 antibodies. Comparison was made between
IgG responses and percent neutralisation by plotting IgG antibody responses
measured by the ELISAs against the results of the single screen pseudotype
virus neutralisation assay (PVNA). To compare the magnitude of the two
responses in different patient types, comparison was made between ELISA
OD, and percent neutralisation, for patients from primary and secondary care
settings. Statistical comparison between the two groups was undertaken

using Mann-Whitney U tests.
3.2.5.8 Factors associated with neutralising antibody response

Multivariable logistic regression models were used to investigate associations
between the presence of neutralisation at a single dilution, and ELISA OD
values, care-type, age group and gender in ELISA positive samples (n=216). S1
and RBD responses were investigated separately because of high co-linearity

between the responses.
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3.3 Results
3.3.1 Cut-off selection

Cut-off values were chosen to maximise assay specificity whilst also retaining
high sensitivity. Cut-off values with similar Se and Sp were selected for raw
OD and corrected OD values. Final cut-off values and Se and Sp values for S1
and RBD are shown in Table 3.3.1.

Table 3.3.1 Final cut-off values for S1 and RBD ELISASs.

Cut-off values were selected by ROC analysis using either raw OD or corrected OD as the

outcome.
OD cut-off

Sens:/:1v1ty 95% C| Spec:/:mty 95% C|
S1 > 1.090 92.97 87.18 - 96.26 98.44 96.40 - 99.33
RBD | > 0.7471 95.31 90.15 - 97.83 98.75 96.83 - 99.51

Corrected OD cut-off

Sens:y:mty 95% C| Spec:/:mty 95% Cl
S1 7.761 92.97 87.18 - 96.26 98.44 96.40 - 99.33
RBD 6.063 95.31 90.15 - 97.83 98.75 96.83 - 99.51

ROC curves were plotted and showed very good overall performance of the
ELISA at distinguishing positive and negative samples, as demonstrated by the
high area under the curve (AUC) for both S1 and RBD and for both the raw OD

and corrected OD values (Figure 3.3.1).
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Figure 3.3.1 Receiver operator characteristic curves.
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ROC curves with area under the curve (AUC) and 95% confidence intervals for a) S1 OD
ELISA, b) S1 corrected OD ELISA, c) RBD OD ELISA and d) RBD corrected OD ELISA.

Control sample OD values were also plotted as density plots with the chosen
cut-off marked to visualise the distribution of the two sample populations in

relation to the cut-off value (Figure 3.3.2). Density plots show distinct
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populations of negative and positive samples.

a) b)
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Figure 3.3.2 Density plot of OD values for all patient samples.
Plots show samples tested on the a) S1 and b) RBD ELISA. Cut off values for each ELISA are
marked by the red dashed line. Sample densities are coloured by their status (red=negative,

green=positive) according to the results of both ELISA test combined in parallel.
3.3.2 Sensitivity and specificity analysis

Final sensitivity (Se) and specificity (Sp) values for the two ELISA tests
combined in parallel were Se = 95.31% (95% Cl 90.08-98.26) and Sp = 97.19%
(95% C1 94.73-98.71%). Assay specificity was consistent throughout, with 9 out
of 320 pre-December 2019 samples testing positive for either S1 or RBD.
However, assay sensitivity improved with time-since-infection, with 100%

sensitivity found for samples tested at least 42 days post infection).
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Table 3.3.2 Comparison of sensitivity and specificity for different times-since-infection.

Sensitivity, specificity and 95% confidence intervals for S1 and RBD ELISAs combined in parallel. Values are calculated according to different days-since-infection

(confirmed by RT-PCR).

Time since ELISA ELISA Total
True status Sensitivity 95% ClI Specificity 95% ClI
infection positive negative tested
All Positive 122 6 128 94.73-
95.31 90.08-98.26 97.19
Negative 9 311 320 98.71
>14 days Positive 88 4 92 94.73-
95.65 89.24-98.80 97.19
Negative 9 311 320 98.71
>21 days Positive 80 3 83 94.73-
96.39 89.80-99.25 97.19
Negative 9 311 320 98.71
> 28 days Positive 66 2 68 94.73-
97.06 89.78-99.64 97.19
Negative 9 311 320 98.71
> 35 days Positive 51 1 52 94.73-
98.08 89.74-99.95 97.19
Negative 9 311 320 98.71
> 42 days Positive 36 0 36 94.73-
100.00 90.26-100.00 97.19
Negative 9 311 320 98.71
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3.3.3 Comparison of S1 and RBD responses

Correlation between S1 and RBD responses was very high (r = 0.93, df=6633,
p= <0.001). S1 OD values tended to be higher than RBD values, as reflected in
the lower cut-off value for RBD as determined through the ROC analysis
(Table 3.3.1). However, there was no significant difference between the log
OD values for either protein (p = 0.209) (Figure 3.3.3.B). Although similar
proportions of samples were deemed negative against one antigen and
positive against the other, Figure 3.3.3.A shows that more samples negative

for RBD had high OD values against S1 (values greater than 2) than vice versa.

A ‘ B
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RBD optical Density (OD)
IS w

log optical density (OD)

2 3 s
S1 optical Density (OD) ELISA antigen

Figure 3.3.3 Comparison of ELISA optical density (OD) results against the S1 subunit
(S1) and the receptor binding domain (RBD) of the SARS-CoV-2 spike protein.

A) correlation between S1 and RBD OD values, cut-off values for each antigen are shown in
red-dashed lines; B) Box plot showing median and interquartile range of OD values for S1 and
RBD ELISAs.

Number and proportion of samples positive or negative against both S1 and
RBD antigens, and positive against only one antigen, as well as the proportion
agreement are shown in (Table 3.3.3). Proportion agreement of negative
samples was high for both S1 and RBD. The proportion agreement for positive
samples was higher for S1 (79.24) than for RBD (74.34%).
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Table 3.3.3 Comparison of S1 and RBD status.
Samples tested against S1 subunit (S1) and receptor binding domain (RBD) of the SARS-CoV-
2 spike protein, showing proportion agreement.

S1 negative S1 positive | Proportion
(%) (%) agreement (%)
RBD negative (%) 6065 (91.82) 88 (1.33) 98.57
RBD positive (%) 116 (1.75) 336 (5.09) 74.34
Proportion agreement | 98.12 79.24
(%)

3.3.4 Assay precision

3.3.4.1 Repeatability

To assess assay repeatability, the variation between within-plate replicates
was evaluated. Coefficient of variation of OD values for within-plate
replicates were calculated for every plate. Overall, for the S1 ELISA 75.0% of
samples had within-plate CV values of less than or equal to 15%. Of samples
categorised as negative (by either S1 or RBD) this value was 67.25% and for
positive samples 86.32%. The mean CV value for negative samples on the S1
ELISA was 15.6% and the median 10.4%, ranging from 5.62 to 110.0%, while
the mean CV for positive samples was 8.2%, the median was 3.26% and the
range was 3.14 to 58.7%.

For the RBD ELISA, 77.62% of all samples had within-plate CV values of <15%,
with 69.75% of negatives and 87.90% positives. The mean CV value for
negative samples was 14.5% (range 3.93-101.0%) and the median was 10.3,
while for positive samples the mean was 7.11%, the median was 3.26% and
the range was 6.48-46.9%. For both assays, relative variance, as represented
by CV, was generally higher for samples with lower mean OD values (Figure
3.3.4)
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Figure 3.3.4 Coefficient of variation (CV) and optical density (OD) values for within-plate

replicates tested on S1 and RBD ELISASs.

Samples originally classified as negative are shown in red and those originally classified as

positive are shown in green. Red dashed line shows 15% CV value.
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Figure 3.3.5 Optical density (OD) values for repeat tested samples o