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Abstract

The impact of new emerging viruses on human and animal health, as well as on the
economy, has recently increased due to environmentaanaleconomic changes such

as global warmingland developmengnd ease of travel. These changes have led to the
emergence or remergence of viruses that can cross the species barrier and infect
humans. Thus, some zoonotic viruses such as the Cr@@ao haemorrhagic fever

virus (CCHFV) and Rift Valley fever virus (RVFV) have the potential to become major
public health threats. Indeed, CCHFV and RVFV are considered bydnkel Health
Organization to have epidemic potential and for which the necessanyermeasures do

not currently exist

Thus, this thesis, as part o f withinhtlee Evor k pac
financed MarQuer iSek ghocdtoiwosnk & MSCA) tr,a@medi ng net
to develop new diagnostic tools, both for pathogetection and serology studies, of

emerging viruses in case of an outbreak or in cases of the discovery of new viruses that

could emerge unexpectedly during the course of this project. In this last scenario, the
technologies and resources would be adaptdte new isolates, as it happened at the

end of 2019 with the discovery of severe acute respiratory syndrome coronavirus 2
(SARSCoV-2).

As a first approach for test development, CCHFV and RVFV, both belonging to the
Bunyaviraleorder, were the initialdcus of this work with the aim of addressing the gaps
identified in their diagnosis. For this purpose, some of the most immunogenic viral
antigens identified for each virus were expressed in different expression systems and were
used to produce detectionotacules: monoclonal antibodies by hybridoma technology
and norantibody moleculesAffimers) by phage display. These tools were further used

to develop several serological assays detecting antibodies against CCHFV and RVFV or
antigens of these viruses. e differential diagnosis of CCHFV, RVFV and other
related pathogens affecting ruminants, a multiplex assay for antibody detection was
developed. Finally, the discovery of SARR®V-2 at the end of 2019 created a high
demand for diagnostic tools. Aftatantification and production of immunogenic targets

of this virus, new serological diagnostic assays were developed.




The new diagnostic tooldescribed irthis thesis could be used in surveillance programs

and in epidemiological studies, to provide adetinderstanding of the immune response

to these viruses and to help in preventing the spread of some of these viruses, such as
CCHFV or RVFV, to countries that are currently free of thesthogensMoreover, the
knowledge acquired during the present woduld be applied and adapted to future
situations, in cases of infectious outbreaks in animals and humans that can emerge
unexpectedly, or caused by a yet undiscovered pathogen, as it has been illustrated by the
recent outbreak of SARSoV-2.
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Chapter 1 Introduction

1.1. Emerging zoonoticviruses

The existence of a disease agent smaller than bacteria was prad@92 by Dimitri
Ivanovsky with the description of the first virus, the tobacco mosaic virus, later confirmed
by Martinus Beijerinck in 18981,2). Viruses are obligate intracellular parasites that

require a host fatheir replication with the potential to cause infectious diseases.

Nowadays, hout 25% of the 57 million annubmandeaths worldwide can lztributed

to infectious diseasd8). Over the lastentury newly emergingathogenfiave beome

more and more frequentith an impacion bothhuman and animal healths aellas on

the economy4). iEmergingor r eemer gi ng di seaseso were f
Lederberg, Robert B. Shope, and Mary Wilson in 1987 as diseases that have been
discovered for the first timer diseases thdiad previously existed but havdéad an
increasing incidencer an increasingyeographicatistributionrange(5). Two surveys

listed over 1,400 human pathogdfs/) with around 60% of these defined as zoonotic
meaning that they are spread between animals and humans (sfaeaga, rabiesnd
smallpox viruseg, and 177 pathogensas energing or reemerging diseases. More
precisely, ot of those human pathogensnly around 15% are viruses; however,
disproportionally among the emerging or reemerging pathogehS%are viruses and

most of them are RNA viruses (37% of all egieg or reemerging pabgens)7). Sone
examples of emerginzoonoticviruses argZika virus which caused a largatbreak in

Brazil in 2014/20158), CrimeanCongo laemorrhagic fever virus (CCHFV) which is
expanding to Europe, following the expansion of its ve(@yror the recent emergence

of the s@ere acute respiratory syndrome coronavirus 2 (SARS-2), which has been
declared as a pandemic the World HealthOrganization (WHO)n March 2020(10).

Environmental and socieconomic changes such as global warming, host migratidn
globalization, have influenced the distribution of some infectious dis¢egpsel.1).
Human factorsuch asirbanization4,11) deforestationglobalizationand international
trade ofanimalsand products of animal origin, greatly influencése emergence of

viruses(12i 14). Deforestation hamcreasedxponentialy since the 20 century, which
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raises the contactsetween wild animals and huma(ikb). The ease of travelling and
especially air travelling, with overO0 million passenger per year, has led to the rapid
spread of numerous diseasdth as an example the rapid sprea@ARSCoV-2 in 2020
(16). Ecological factors such as climate changadifies the life cycle anthcreaseshe
geographical range of vectotbus impacting the distribution of vectborne diseases
(17). For example, a lorgg adult activity season was observed in thatétd Kingdom

for Culicoidesbiting midges (vector of the Bluetongueusr BTV) due to climate change
(18), theHyalomma marginaturtick (vector of CCHFV) is n@ found in Southwestern
Europe(19) and the first case of a locally acquired CCHFV caseneesntly found in
Spain in 201§20). A final factor is evolution, as RNA viruses, which constitute most of
the emerging or reemerging viruskaye a high mutation ra21). Somegroupsof RNA
viruses, such as thHeunyaviralesorder, have a segmented genome, which canttead
reassortment events when a cell is infected with two distinct viruses. Furthermore, genetic
recombinatioreventshavebeen shown tplay an important role for some RNA viruses
such as Coronavirus€22). All these factors lead to the emergence eemergence of

viruses that can css the species barrier and infect humans.
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Figure 1.1 Map of newly and reemerging viral disease.

Figure adapted from Marston et. al. Emerging Viral Diseases: Confronting Threats with New
Technologies. Science Translational Medicine. 2014;6(253).
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For these reasonshe WHO has been developing the Onealtte approach(23), a
multisectoral approach to achieve the optimal health between people, animals, plants, and
their shared environmei(Eigure 1.2). This approach has been focused on food safety,
zoonosisand antibiotic resistance as they not only concern one sector but need a
multisectoral approach between specialized agencies of tiredUsations (such as the
WHO, World Organization for Animal HealtlOffice International des EpizootiéSIE))

and Food and Agriculture Organization), experts, government officials and workers from
different sectors at local and global levels to tackke tisks at the humaanimat

ecosystem interface and promote a global response.

ENVIRONMENTAL

HEALTH
ONE
HEALTH
ANIMAL HUMAN
HEALTH HEALTH

Figure 1.2 The One Health approacldeveloped by the WHO
It is a multisectoral approach to achieve thimal health between people, animals, plants, and
their shared environment.

In addition to théOne Health approachs the total number of potential pathogeitsgh
andR&D resources are limitethe WHO has established a list of pathogens likelyeto
responsible oBevere outbreaks in the futuamd for which a deeper knowledge and
countermeasures are need@d developing this list, the overall aim is to ensure that the
R&D response to a panderrof public health concern is faster and more effective in order

to accelerate the R&D results and adapt to the scientific, logistical and social challenges
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specific to epidemic$24). This list, detailed below, includes the diseases that ll

relevant for this thesis and other pathogens

- CrimeanCongo leemorrhagic fever virus

- Rift Valley fever virus(RVFV)

- Highly pathogenic emerging coronaviruses relevant to humans (Middle East
respiratory syndromeelated coronavirus (MERG0V) and severe acute
respiratory syndrome f8RS))

- Other pathogensuch as

- Filoviruses (i.e. Zaire ebolaus and Marburg virys

- Lassa virus

- Nipah virus

- Zika virus

- Disease X, a pathogen currently unknown which has the potential to cause

a serious international epidemic

This altogether makemonoticemerging viruses a challenge to protect huarahanimal
health, and the consequences on theconomy as we have seen recently with the
outbreak of a previously unknowndisease SARSCoV-2, which was declareda
pandemic less than 4 montfrem its discovery. More researateedsto be done on

emerging viruses to avoid thind of situatiors in the future.

1.2.Bunyaviruses

The Bunyaviralesorder constitute®ver 380segmented negative stranded enveloped
RNA virusesdivided into twelve families(25), namely Arenaviridae Hantaviridae
Nairoviridag, ~ Peribunyaviridae  Phenuiviridag  Cruliviridae, = Fimoviridae
LeishbunyaviridagMypoviridag PhasmaviridagTospoviridaeandWupedeviridagwith

only the first five of these families containing humand animainfecting viruses. All
bunyavirales membeshare the following characteristics: spherical virus particléof

120 nm in diameter, which are enveloped by a lipid bilayer with glycoprotein surface
spikes; a negativeense or ambisense singkeanded RNAgenome in the form of
pseudecircular riboneleoprotein (RNP), RNA-nucleocapsid protein (N protein)

complexes that are associated with a ve#nsoded polymeras For he human and

4
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animatinfecting bunyavirales members classified wittiiantaviridag Nairoviridae,
PeribunyaviridaeandPhenuiviridaefamilies, the genome is divided into three segments
known asSmall (S), Medium (M) and Large (LFigure1.3), whereas members of the

Arenaviridaefamily possess just 2 segments (S and L)

The S segment of dlunyaviraleseencodes the N protethatencapsidatethe viral RNA

to form RNP compleas (26). The S segment can also encod®oastructuralprotein
called NS, whose primary role is to modulate the hosll antiviral response through
diverse innatemmunity pathway$27). The M segment encodegalyprotein precursor
thatis processedhto two structural glycoproteins,Nand G, and in some cases a Ron
structural potein (NSu). The Gn-Ge moieties form aeterodimethat performscritical
roles in mediating virus assembly, formation of the virus particle and attachment to new
target cells (driven by @ and fusion (driven by § (27). The L segment encodes the
RNA-dependent RNA polymerase (RAR{28) that is responsible for all viral RNA
synhetic eventsThe N protein and (Gc are thought to be the main immunogenic
proteins of these viruses as the N protein is highly expressed in infected cellg-&ad G
by decorating the surface of the virions are exposed to the immune systamtidodies

have been detected in infected animals and humans against these (26t&h)

N RdRp Gn-Gc

Figure 1.3 Bunyaviralesvirion structure.

Bunyavirusparticles are enveloped and generally spherical, with spikes comprisiii@G&n
heterodimers arranged in genus specific arrays on the membrane exterior. The bunyavirales
genome comprises three RNA segments (S, M and L) wrapped in the viral nucleocapsid (N)
protein in a circular conformation. Figure adapted frodalter CT, Barr JN. Recent advances

in the molecular and cellular biology of bunyaviruses. J Gen Virol. 2011;92(11):3467
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Membersof theBunyaviralesorder follow the same generalplication cyclestagegsee

Figure 1.4). For most bunyaviruses the receptors involved in the virus entry remain
unidentified.Forviruses of thé>hleboviruggenus (such &RVFV) it has beeshown that
DC-SIGN, a Gtype lectin expessed on the surface of dermal dendritics{&ICs), can
beused to infect dermal DG82). However, phleboviruses likely use other receptors as
they can infect cell lines not expressing4SESN. Regarding CCHFMhe cell receptor

has not been identified yet, but a plausible CCHFV receptor has been suggested by Xiao
et al. which have founda functional interaction between CCHF\ @nd human cell
surface nucleolin(33). Other buryaviruses such as New World hantaviruses including
Andes virus and Sin Nombre virus recognize the outermost extracellular repeat domain
of protocadherirl for their entry in endothelial cel{84). Bunyaviruses entehe cell by
endocytosis. For RVF\it has been shown that caveofediated endocytosis is the
primary endocytic pathway for a strain of RVFV (RVFV MR) in mammalian cell lines

and thatibonuclease kappa required for RVFV uptakie mammalian cell line€35,36)
CCHFV is endocytosed through a clathnmediated endocytosis mechanism and is
depen@nt on pH and cholester@7). After endocytosisthe endosomal membraheses

with the viral membrane

Following the fusiorevent the RNPs associated with the viral polymerase are released
into the cytoplasm where primary transcmptiis initiatedyielding viral mMRNAs This
primary transcription is primettependent using hostcell derived capped primers
cleaved by the endonucleat@main located in the L protein, using a proaeskeddcap
snatchin@ (28). Shortly after the onset of primary mRN#anscription, theviral
polymerase initiateRNA replication which is a primetindependent process resulting in

the synthesis of full-length positive sense complementasgpy of the input negative
senseRNA, which is cetranscriptionally encapsidated with N protein formamgRNP.

This copy is known as the argenome and isised as a templateom which to copy
further negative sense viral RNVRNAS). These VRNAs areubsequently used for
further transcription (secondary transcription) or are assembled into virions, destined for
release | t i s t hought t hat bunyaviruses est ab|
Bunyamwera virus by Fontanet al by recruiting cell orgarkes around the Golgi
complextoabuild v i r a lwhereuhb \é@ral @plication and morphogenesis takes place
(38,39)
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The maturation of CCHF\glycoprotein precursaiGPC)is complex and diffent than

of other bunyaviruses. The maturation of CCHFV GPC produces the strynteihs

Gn and G, several secreted natructural glycoproteins (GP38, GP85 and GP160) and
the nonstructural M protein (N&) (Figure 1.5) (40,41) The GPC hasraN-terminal
signal peptide to direct its synthesis to the secretory path@faye cleavage of this signal
peptide (42). The GPCis synthetized in the endoplasmic reticulum (ER) where N
glycosylation occus and the signal peptide is removed. The G®thought to be co
translationally cleaved by signal peptidase and intramembrane cleaving protease leading
to generation of th&y precursor (Prefg formed bythe mucinlike domain (MLD),
GP38 and &, the G precursor (Preg, and the N&. (41). Then, PreGandPreG are
transported to the Golgi complex where the MLD is extensivegly©osylated, Pre

is cleavedby subtilisin kexin isozymé/sitel protease (SKL/S1P) proteasat the
RRLL motif which resukin Gy and the Nterminal product&P85/GP160 formed by the
MLD and GP3§40,43) These Nterminal products GP85/GP160 are further cleaved by
a furinlike proteasein the trans-Golgi network (TGN) at a conserved RSKR motif
releasing MLD and thglycoproteinGP38(40). The role these nestructural protais,
hasnot yet been elucidated, but it was shown that GP38 is highly secreted by infected
cells and a monoclonal antibo@iynAb) targeting this protein could protect mice from a
lethal challenge and its crystal stture has recently been solygdovidinga 3D template

for exploration of GP38 functio(81,44) Prex is cleaved at a RKPL motif potentially
recognized by a SKI/S1kke protease, however the exact proteasponsible for the

cleavage evens still unknown.

The RVFV M segment possesses Brammemethioninecodonsnear the beginning of the
open reading frameORF (45). The matiration of RVFV GPC produces the structural
proteins & and G and two norstructural proteins of 78 kDa (N3) and of 14 kDa
(NSw2) (46,47) The glycoproteins produced depend on the methionine used for the
translation (Figure 1.6). When translation starts from the first methionine,mllS
(containing the G precursor and @ andGc are produced@48). Translation initiating at

the second methionine yields N& Gy and G (48). A glycoprotein precursor that is-co
translationdly cleaved intoGy and G is produced when the translation initiates at the
fourth and fifth methioning€49). Gy contains a Golgi localization signal ang é1d G
transit from the ER to #1Golgi(50).
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Figure 1.4 Representation of the replication cycle of Nairoviruses (Bunyavirales).

(1) Viral attachment; (2) endocytosisediated entry of the virion; (3) cell membrane fusion with
the virion; (4) primary transcription; (5) translation; (6) replication; (7) virassembly; (8)
budding and egress. Figure adapted from ICTV (https://talk.ictvonline.org/ictv
reports/ictv_online_report/negativ@enserna-viruses/w/nairoviridae).
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Figure 1.5 Representation of CCHFV GPC doams with their processing and the resulting
proteins.

(A) Signal peptidefifst domain in yelloy; mucinlike (purple), GP38(orange) Gn (turquoise)
NSm(pink), and Gdgreen)domains areepresentedPotential transmembrane domains (yellow)
and signal peptidase cleavage sites are indicated by black arrows. DefinetideyiSKI1/S1P

and SKI1/S1Rlike cleavage sites are illustrated by inverted triangles. (B) The first proteolytic
products after th synthesis of th&éPC results irPreGn (140 kDa), NSm (15 kDa) and PreGc
(85 kDa). SKI1/S1P and PreGc converta8 will then cleave (indicated by arrows) PreGn and
PreGc. (C) The activity of SKI/S1P and the PreGc convertase generatesomstructural
mucinlike GP38 protein of either 160 or 85 kDa, and the structural glycoproteins Gn (37 kDa)
and Gc (75 kDa). (D) The muelike GP38 is further cleaved (arrow) by a fuflike protease.

(E) Furin-like enzyme cleavage results in production of a GP38oghptein (38 kDa) and a
mucintlike protein of unknown mass (? kD&jgure adapted from Bergeron & al Crimean
Congo hemorrhagic fever virus glycoprotein processing by the endoproteadéS3Rlis critical

for virus infectivity. J Virol. 2007;81(23):231-13276.
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Figure 1.6 Representation of RVFV GPC domains with their processing and the resulting
proteins.

The translation products are shown starting from the different methionine (1, 2 and 4/5). The

different predicted glycosylaticni t es ar e shown by the AYO0O symbol
to be utilizedl. The three protein products N N2, Gn and Gc are represented in red, purple,

blue and green, respectively. The domains in orange shqwebieted transmembrane domains.

Figure adapted from de Boer, S. M. (2013). Rift Valley fever virus Glycoproteins, Key to Entry

and Control.

The virus assemblis driven by the accumulation ofn&5c heterodimers in the Golgi
with the tails of the heteroatiers interacting with the N proteins of the RNPs, bringing
one locationthe major structurgbroteins of the virus particl@7). Most bunyaviruses
bud into the Golgapparatug38), however, RVFV buds from the plasma membrane in
primary liver cells, meaning that the asseynbbuld be celtype dependen{27).
Infectious particles are finally releakiom the infected cell by exocytosis.

10



Chapter lintroduction

Viruses of theBunyaviralesorderinfect a wide range of animals as well as humans
sometimescausing serious diseasénfectionin these mammalian hosts mediated by
vectors, and formembers of theNairoviridae, Peribunyaviridaeand Phenuiviridae
families, these vectors are exclusivdlying arthropod. In contrast, mmbers bthe
ArenaviridaeandHantaviridaefamilies arespread by rodents and possibly by smodent

insectivores.

Recently, there has been a growing interest in several virusesBiitlyaviralesorder,
which can cause in humans and animals-specific febrile illness, encephalitis, and
haemorrhagidever, and many species are teratogenic in infected gestating livgstbck
Moreover some of these viruses have a growing importance becdube ongoing
spread of their vectors, notably CCHRMhich is transmitted by thyalommaspecies

of hardbodiedtick, and theAedes Culexand Anophelespecies omosquitoes, which
are important vectors for RVFWhe habitats oflathese vectors arghanging with time,
and areencroaching upomore Northely regions of Europe, possibly due to changes in
global climate(9). CCHFV and RVFWiruses are zoonit virusesand thus they are a
real threat that must not be neglected as the consequenttes adsociatediseases
CrimeanCongo haemorrhagic fever (CCHF) aRit Valley fever (RVF)are dramatic,
both for human and animal healfinally, to emphasizeven more their relevance, both
CCHF and RVF are included in the OIE list of notifiable terrestrial and aquatic animal
disease$52).

1.2.1.Crimean-Congo hamorrhagic fever virus

The CCHF is a tickborne zoonotic disease caused by CCHFV, belonging to the
Orthonairovirusgenus in théNairoviridae family.

The disease waliscovered in the Crimean peninsula where it caused an outbreak in 1944
in Soviet troops, with 200 soldeinfected around 10%of which died (53). This virus

was then found to beerologicallyidentical to a virus discovered in the Belgian Congo

in 1956 and called the Congarus (54). CCHF is the most important and widespread
tick-borne viral disease of humanBiqure 1.7) and is the most widespread arboviral

pathogen after the dengue vir(s5).
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I

¢ ) . ISD‘ North latitude: Limit for geographic distribution of genus Hyalomma licksl

| Hyalomma ticks vector presence
[ CCHF virological or serological evidence and vector presence

| 5-49 CCHF cases reported per year

80 1600 2.200 Kiometers - 50 and more CCHF cases reported per year

Figure 1.7 Geographic distribution of CrimearCongo haemorrhagic fever and its vector
(Hyalomma ticks).

Figure adapted from the World Health Organizatiorfhttps://www.who.int/health
topics/crimearcongehaemorrhagiefever/)

CCHFV is the most genetically diverse of the arboviruses, with nucleotide sequence
differences among isolates ranging from 20% for the @rakgment to 31% for the M
segment(53). It causes sporadic cases or outbreaks of severe illness across a huge
geographic area based on the distributioklygdlommaticks, the predominant vector of

the virus(56). Its range covers a huge geographic area from western China to the Middle
East andSouthEasternEurope and throughout most of Africa and more recently was
found in Spain(53,57) CCHFV is maintainedhrough transstadial, transovarial and
venereal transmission in several species of ixodid (hard) {&®sas shownn Figure

1.8.
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Figure 1.8 Life cycle of Hyalomma tickgblue arrows)and the transmission of CCHFV to
animals and humans (red arrows).

After hatching, larvae feed on small mammals or birds for their first blood meal (hematophagy),
followed by molting (asterix). The nymphs continue to feed on small animals and drop off their
host and molt into adults. Adults feed on large mammals and mate.dgedgi@males drop off

and find a suitable location for ovipositing. Virus transmission between ticks throtfglediog

is represented by dashed arrows abdtween ticks and animallsy solid red arrows. Figure
adapted fromBente DA et al. Crimea@ongo henorrhagic fever: History, epidemiology,
pathogenesis, clinical syndrome and genetic diversity. Antiviral Res. 2013;100{B9159

Hyalommaticks infest a wide spectrum of different wildlife species (e.g. deer and hares)
and freeranging livestock animal®.g. goat, cattle, and sheep). Hard ticks are the natural
reservoir of CCHFV and they remain infected throughout their lifetime. Humans are only
ideeandd 0 host s(53) meaning futhenaturalspreaceither does not occur

or is unlikely In addition to tick exposure, CCHF can also result from contact with the
body fluid of infected animalgr humansandnosocomiahumanto-human transmission

is often associated with outbreaks, resulting in the infection of health care W&&grs
Finally, they are some concerns that climate change and warmer climates in central and
northern Europe might permit the expansion of the geographic range oéihfietis by
migratory birds or the international livestock trade, and #gwmansion of th&€ CHFV
geographic distributiofb3).

The disease is asymptomatic in infected animals but can develop into severe illness in
humans, with castatality rates ranging between-210% (59).

The susceptibility to CCHFV is often spec@spendent, but CCHFV can infect a broad
range of mammals inatling sheep, lambs, goats, cattle, calves, horses, dogs and camels.
Birds are not susceptible to CCHFV infection, with an exception for ostriches which can
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be infected by CCHF\(60). It has been shown that CCHFV occurs most frequently in
larger mammals than smaller mammals, because these are the preferred hosts of adult
Hyalommaticks (61). As animals do not develop clinical signs, CCHFV infections have

no effect on the economic burden regarding livestock animal production.

However, for humansnfection outcome is differenthe incubation period is typically

3i 7 days, with suden onset of myalgia, headache, and fever that can develop into a
severe haemorrhagic syndror@3). In severe cases of CCHF in humans, there is a
deregulation and an excessive release of cytokines that are combined with endothelial
activation. This cascade leads to an increase in the vascular permeability, vasodilatation,
multiple organ failure, shock and death. It has been shown that this virus can also impair
the innate immune system and delay the adaptive immune response leading to an
uncontrolled viral replication and spread of the virus throughout the {&#)y Until
recently, theonly animal model to manifest tliksease was the newborn mo(8g), but

more recently some knoaut mice modelg(64,65)and a norhuman primate model

(cynomolgusmacaque modehave been usg@6).

Due to the lack of animal models, neither effective treatment nor vaccine has been
discovered against CCHFV. Ribavirin, a gaamme analog, is usually used to treat
patients infectedvith CCHFV with mixed result$67). More recently, another antiviral

drug, favipiravir, has been ugevitro andin vivowith promising result$68).

1.2.2. Rift Valley fever virus

The RVF is a mosquiteborne disease caused by tR¥FV, which belongs to the
Phlebovirusgenus included in thBhenuiviridaefamily. The virus was first discovered

in 1930, as the causative agent of an enzootic hispatithe Rift Valley of Keny469).

RVF is a zoonotic dease infecting both humans and livestock with a rityrtate of I

3% among humas (70). There is only one serotype recognized for this virus, but strains
exist of variable virulencér1).

RVFV is endemic in tropical regions of Southern and Eastern Africa but the geographic
range of the virus has grown significantly since its disgo¢eigure1.9). Its geographic

range now includes most of the countries in Africa and Madagascar and it emerged for

the first time outside Africa in th&rabian Peninsula in 200Q001(72), where it caused
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a large outbreak in livestock and humans. In recent years it hasi&eeted for the first

time in theComorosand o the French Island dflayotte(73).

EExvin, CDC/VSBP, 2016

Rift Valley Fever Distribution Map

== Countries reporting endemic disease and substantial outbreaks of
RVF

0 250 500 1,000 Miles
- Countries reporting few cases, periodic isolation of virus, or ]
serologic evidence of RVF infection N 1 T
[ RVF status unknown 0 375 750 1,500 Km

Figure 1.9 Geographic distribution oRift Valley fever.

Figure  adapted  from Centers for  Disease  Control and Prevention
(https:/lwww.cdc.gov/vhf/rvfloutbreaks/distributiorap.html).

The main vectors of RVFV are mosquitoégedes AnophelesCulex Eretmapodites
Mansonia etc.) but RVFV can infectlarge array of vectors includirticks, midges and

sand flies(14). The members of th€ulex and Aedesgereraare considered the main
vectors with the latter being the reservoir for this virus, as its transovarially infected eggs
withstand desiccain and larvae hatch when in contact with water. Moreover, once this
vector is infected with RVFV, it is infectious for the rest of its I&ecording to theDIE,

the transmission of the virus to animals can occur through wild fauna and various vectors
(Figurel.10). Transmission to humans, occur either through contact with bodily fluids of
infected animals, mosquito bites or infected meat and also by aerosols (contamination
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through droplets containing BV occurred in laboratory settings) and possibly by
consumption of raw milK74). Finally, there is an increas risk of dissemination of
RVFV to RVFfree countries, such as in Europe and in the USA, due to the broad range
of vectors present in RV(ffee regions, the international trade of live animals and the

influence of climate change on the vector halfitat76)
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humans.

RVFV is maintained in Aedes eggs through transovarial transmission. Heavy rains increase
mosquito populationswhich leads to viral amplification in ruminants and can then cause
outbreaks in both animal and human populatidrigure adapted from Wright D et al. Rift Valley
Fever: Biology and Epidemiology. Journal of General Virology. 2019;100(8)i1118.

Infection of RVFV causes high ratef abortions in pregnant domestic ruminants, and
high mortality rates among newborns, causing devastating socioeconomic(ififjdat
addition, numerous outbreaks have been reported in humans especiallycan akid
Middle Easeérn countries(78i 80). RVFV infection in humans primarily causes a self
limiting febrile illness; however, in someatients, infection results in blindness,
encephalitis or &&morrhagic fevewith a generally fatal outcom@1). The signs of
disease are nespecific, but an influenzbke disease in humans and a high number of

abortiors and deaths in young animals is indicative of RVF.
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According to the OIE, the serity of the disease varies according to the species. Some
species such as equids, dogs, cats and pigs exhibit low or invisible signs of infection. In
contrast, other species are moderately susceptible to RVF including cattle, goats and
humans, with mortéies below 10%. Other species such as sheep and calves are highly
susceptible with a mortality rate ranging between 20% and 70%. Finally, young animals
(lambs, puppies, kittens and human children) are extremely susceptible with a mortality
rate between 2@ and 100%74).

Currently, there are no commercial human vaccines to protect against, RMFsSbme
vaccines have been developed and are centially available for ruminants. The two
historic vaccines used in animals are based on the Smithburn RVFV strain. This strain is
a derivative of the Entebbe strain isolated in 1944 from a mosquito in Ugamndh was

passed in suckling mid82). This strain was further passed in mice and chicken eggs
before being used as a vaccine. This vaccine has a relatively low cost, induces a long
lasting immunity after one immunization, but as it is a live attenuated vaccine, it was
shown © lead to abortion or teratology of pregnant animals and has potential for
reversion, thus should ndie used in RVFMree countries(83i85)). A formalin
inactivated derivative of the Smithburn RVFV strain is also commercially available f
veterinary use. This vaccine is more expensive and needs regular boosts to maintain
immunity, which makes it less attractive in developing countries. Another vaccine, named
Clone 13 is licensed in South Africa for veterinary use. This clone is a ipaattahuated
mutant obtained from a plaguaerived clone that was isolated in the Central African
Republic froma patient infected with RVF\(86). This vaccine appears to be very
immunogenic and safe in sheep aadtle, and is starting to be widalged in Africa to

control RVFV(85). Finally, a human inactivated vaccine, 3&ED-200 was used in the

USA to protect laboratory and military staff, but it is not licensed and isamonercially
available(87). Many vaccines are being developed for humans and/or animals and in the

coming years new safe and effidieaccines should be availai{B8).

Just as for CCHFV, there are no effective treatments and the strategy to treat severe cases
with RVF is focused orsupportive care. Ribavirin which is used to treat a range of
haemorrhagic fevers and favipiravir which is used to treat a wide range of RNA viruses

have been tested using animaldels, with contrasted resu(&9).
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1.3. Severe acute respiratory syndrome coronavirus 2

In December 2019, a novel coronavirus of animal ofigliRS CoV-2, emerged in the

city of Wuhan, in China, with the ability for humao-human transmissiof10). SARS

CoV-2 (at first named 2018CoV) isa membeof the Coronaviridaefamily and has a

89% nucleotide similarity with the coronavirtesponsible for the SARS outbre@O).

A group ofcoronavirus related tBARSwereisolated from bats in Chin@®1) andthese
coronaviruses ar@art of the genudetacoromvirus one of the four genera (with
Alphacoronavirus  Deltacoronavirus and  Gammacoronaviryds of  the
Orthocoronavirinae subfamily. The Alphacoronavirusand Betacoronavirusgenera
regroup the seven human coronavirus (HCoV), which, before the outbrBARSICoV

in China in 2002/200®2), where thought to only cause mild disease, in humaafer&

this outbreak, only HCO0\229E @lphacoronavirus (93)) and HCoVOC43
(Betacoronavirus(94)) were known as humans pathogens, however, after the outbreak
of SARSCoV, more research was done on coronaviruses leading to the discovery of
HCoV-NL63 (Alphacoronavirus (95) and HCoVHKU1 (Betacoronavirus (96)).
However, theotherthree HCoV cause severe disease and had higher impacts in the last
two decades by provoking outbreaks: SAR8V in China in 2002/2003, MERSO0V in

the Middle East in 2012 and SARV-2 causing a pandemic in 2020. SARSV-2 is

highly similar to a bat canavirus (BatCoV RaTG13) with an overall genome sequence
identity of 96%(97) and to pangolin coronavirus with an overall genome sequence
identity ofD90% and nearly identical receptor bingidomains (RBD{98,99) This hints

that SARSCoV-2 probably originated in one of these animal hosts before being
transmitted to humans directly or through transmission to an intermediatelbwstiver,

a 96 and 90% identity between SAR®V-2 and a bat coronavirus or a pangolin
coronavirus isiot as high as observed 8ARSCoV and MERSCoV that had an animal
origin and their intermediate host. Indeed, SARS/ and MERSCoV had a genome
identity of 99.8% and 99.5% with the one found in thi&ely intermediate host, palm
civets (100) and dromedary came(401), respectively.These results have highlighted

the potential involvement of an intermediate host in the transmission of SARS to
humans, bwever this intermediate host has not been identified yet, also increasing the

risks of transmission of other potential SARSV-2-like viruses to humans.
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The associated disease, named COY#Xfor coronavirus disease 2019), spread rapidly

all over theworld, and was declared a pandemic by the WHO on March 11th, 2020.
Infection due to SARE0V-2 induces high rates of morbidity and radity as described

by the WHO(102) Most symptoms of COVIEL9 are flulike symptoms with symptoms
ranging from fever, associated with respiratory symptoms (such as cough, breathing
difficulties, chest distress), fatigue, myalgtgestive symptomsanosmia and ageusia
(103,104105) However, in some cases, for the elderly, or patients presenting
comorbidities (such hypertensi on),(l0&itar di ov as
can develop into a severe disease such as acute respiratory distress syndrome and require
intensive care unit admission and casutein death107) The case fatality rate and the
basic reproductive number {Rof SARSCoV-2 are difficult to estimate due to the
ongoing pandemic and the lack of data on the total number of people infected by SARS
CoV-2. Despite that, some studies have tried to predict these numbers and found a case
fatality rate around 0-3% and a BD2.5(108,109) One of the problems to control the
rapid spread of the virus is the number of asymptomatic esyprgtomatic carrierof

the virusthatcan urknowingly spread the virugl10,111) Thus, to control the spread of

the virus, the main preventive methods are hygiene measures together with social
distanéng. Moreover, to reduce the spread of the virus, countries have decreed travel
restrictions and partial or complete lockdoyguch as in China, Fran¢e08,112,113br

had an approach with massive testamgl isolation of confirmed cases and their contacts
(such as in South Korga14)or even without or with late measures (such as Brazil and
the USA(115)). Since the beginning of the pandemic, several drugs or biological products
have been approved lagencies such abe AmericanFood and Drug Administration
(FDA, granting Emergendyse Authorization, EUA) to treat COVHD9, including using
plasma from COVIB19 convalescent patients, drugs sucteagivimab andmdevimab,
remdesivir and bamlanivimab(116) However, these treatments haveostn mixed
clinical efficacyasa recent stug by the WHO ha shown that several drugs including
remdesivir, hydroxychloroquine, lopinavir, and interferon regintemklittle or no effect

(117). Moreover, early results fromthe Randomised, Embedded, Muléctorial,
Adaptive Platform Trial for Community-Acquired Pneumonia has shown that
administration of convalescent plasma was unlikely to be bengfldi@), when another
recent study has shown that administration of convalescent plasdweed the
progression of COVIEL9 in mildly ill patients(119). In addition to treatmentyaccines

have been rapidly developgdcently authorizetly regulatory agenciesmnd vaccination
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campaigns havenow started wddwide. Two of the three vaccines that are now
authorized (Moderna COVH29 Vaccine and PfizeBioNTech COVID19 Vaccine) are
RNA vaccines that have conferred over 94% protection against CQ¥i220,121)
The last vaccine authorizé@®xford-AstraZeneca COVIEL9 Vaccine)is a replication
deficient chimpanzee adenoviral vector ChAdOXx1 containing the SBRE2 S protein
that showed between 60 and 90% protection against CQ9I22) All thesesolutions
to fight the COVID19 pandemicould change the pattern of SARR®V-2, which could

become a seasonal coronavi(li23)

Members of th&€oronaviridaefamily are enveloped, single stranded RNA viryséath
largegenomes of arounB30 kh Their genome encodes four major structural proteins:
the spike (S) glycoprotein, the membrane (M) glycoprotein, the envelope (E) pratein an

the nucleocapsi(N) protein, as representedfigurel.11.

Nucleocapsid protein (N) Membrane

P glycoprotein (M)

P

7 -
a )

Envelope
protein (E) @~

Spike
protein (S

Figure 1.11 Coronavirus virion structure.

Coronavirus particles are enveloped and generally spherical, with spike (S) trimers on the viral
envelope. The membrane is formed of the membrane glycoprotein (M) and envelope protein (E).

The coronavirus genome is wrapped in the viral nucleocapsid (Ngipriot a beadsn-a-string

type conformation. Figure adapted from Burrell@hl.Cor onavi ruses. | n: Fenne
Medical Virology. Fifth edition. p. 4346.
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The S protein of SARE0V-2 is a large class | fusion glycoproted1@0 kDa) which
forms trimerdhat are inserted withitle viral envelopgand which give the coronaviruses
their characteristic appearandgach monomer has 22 glycosylation sitgsich make
the trimer a highly glycosylatgarotein(124) This trimer recognizess cellular receptor
the human angiotensonverting enzyme 2 (hACE2), which is expressed on the surface
of cells of the lungsheart, kidneg, and intestines as well as other tisssigsh as nasal
and olfactory mucosand is involvedn the cell entry of the virud 25) The wide location
of hACEZ2 can explain the broad SAR®V-2 virus tropism anthe replication o06ARS
CoV-2 was demonstrated to take place in tissues of the upper respiratorflBaxt
hACEZ2is the sameellularreceptoras recognized bARSCoV to mediate cell entry
(127), although different to that used by MERS®V (128) The SARSCoV-2 S protein
contains the RBD, the regio®20 kDa) specifically involved in the binding to hACE2,
which had a stronger affinity for hACER than SARSCoV (129)

The M protein iashort transmembramglycoprotein with three transmembrane domains,
which is the most abundant glycoprotegirthe virion(130) It is involved in thesurvature

of the cellulaimembraneghat becomes the virion enveloged promotes virus assembly
(131)

The E protein is a short integral membrane prateatis foundin low quantities in the
virion (132) The role of the E protein has not been fidlycidatedbut it hasbeen
demonstrated that it is involved in virus assembly, membrane curvature and budding
process, but also has an ampioptotic function (demonstrated in SAR®V) and
inflammatory responsgl30,132)

The N protein D45 kDa) is the protein involved in the binding of the viral RNA in a
beadson-astring type conformation, in the package of encapsidated genome into viral
particlesand in virus partia releas€133,134) It contains an NMerminal domai and a
C-terminal domain, both involved ithe binding of the viral RNAL34).

As stated above, the attachment of SARS/-2 to the target cell is mediated by the
binding of the RBD in the S1 region of the S protein to the hACE2. SBR%2 uses

the transmembrane proteaserine 2 (TMPRSS2) for the S protein primiwwdich causes
cleavage of the S protein at two sitbst(veen th&1landS2regionsand at a second site

on the SZegion), and these conformational rearrangements allow S2 to drive the fusion

of the viral andcellular membraneg§l135) Following the fusion event, SARGoV-2
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genome is released in the host cell cytoplasm. Two polyproteins (ppla and pplab) are
produced from théranslation of ORFla and ORF1b of the genomic RNA, whafter
proteolytic cleavagdy Papaidike protease and 3{ikke proteasgproduces 16 noen
structural proteins (nspl6) (136) At the same time, SARSo0V-2 has been shown to
modify ER membranes to forwiral replication organelles including doubi@gembrane
vesicles, doublenembrane spherules and convoluted membranes, to create a protective
space for viral RNAsynthesis(137,138) Nspl has been shown to bind to the 40S
ribosomal subunit and stop host mRNA transla{ip89,140) when nsp216 form the

viral replication and transcription complex (RTChe synthesis of viral RN/ done by

the nspl2 RdRp with cofactors nsp7 and nép8l)and nspl4d tobMNf ai ns
exoribonuclease domain which is thought to have a proofreading activity during genome
replication(142). Genomic replication starts with the synthesiscopies of negative

sense genomic RNA, which can then be used as templates to produce -gesiize
genomic RNA.During the transcription of negathsense RNA, the RTC stops the
transcription when finding transcription regulatory sequences, creating af set
subgenomic negativeense RNAs, which can then be transcribed into subgenomic
MRNAs (136) The ORFs encoding the structural proteins (S, M, E and N proteins) are
translatedand S, M and E proteins translocate into the ER membranes and transit through
the ERto-Golgi intermediate compartment (ERGI)36). Accessory proteins are also
expressed from ORFs encoding accessory gdimesN protein which encapsidatethe
genomic RNA forming RNPs, bud to the ERGIC toteract with theother structural
proteins for virus assembly, creating virioR&ally, it has been shown th@&ARSCoV-

2 usedysosomal trafficking for egref443). These steps are summarizeérigurel.12.
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Figure 1.12 Representation of the replication cycle of SAR®V-2.

SARSCoV-2 bindsto humanangiotensinconverting enzyme BACE2 and uses transmembrane
protease serine 2TMPRSSR for spike priming angromote viral uptake and fusion at the
cellular membraneFollowing entry, thegenomic RNA iseleasel and ORFla and ORF1b are
translated into twopolyproteins ppla and pplalfhese ee co-translationally and post
translationally processed into the individual nrstmuctural proteins (nsps) that form the viral
replication and transcription complexCreation of vral replication organelles (double
membrane vesicles (DMVs), doubhembrae spherules (DMSs) and convoluted membranes
(CMs)) create a protective microenvironment for viral genomic RNA replication and
transcription of subgenomic mMRNAs (sg mMRNAs) comprising the characteristic nested set of
coronavirus mRNAs. Translated structupabteins translocate into endoplasmic reticulum (ER)
membranes and transit through the -ERGolgi intermediate compartment (ERGIC), where
interaction with Nencapsidated genomic RNA results in budding into the lumen of secretory

vesicular compartments. mally, virions use lysosomal trafficking for egresa.n , 3Nj pol yA
sequence; cap, 5 Nj c sstpanded RNA; ¢ ,tleaderesequedcs; RARR , RNA ou b | e
dependent RNA polymeragéigure adapted fror’V 6 k o v s k i P et al . Coronayv

replicatiort implications for SAR€0V-2. Nat Rev Microbiol. 2020
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1.4.Immune response to viral infection

To prevent tk entry of a virushumans have mangefencesthe first of which are
mechanical barriers such as the skin and mucous memlamathehemical barriers such

as the low pH of the digestive tract

Innate immunityis the first response araims to block or inhibit the initial infection, to
protect cells from infection or to eliminate virudected cellsand then initiate the
adaptivemmunity (144) Adaptive immunity takes longer to develop and can be divided
into two main responses: theellular immune responseand the humoral immune
responseThe cellular immuneresponsdor T-cell mediated)s dependenbn antigen
presenting cell$APCs) for their activationT cells(or T lymphocytes) are divided into
two subsets: CDST cells that kill the infected cell by a receptnduced apoptotic signal
and by retasing perforins and granzymesd CD4" T cells that activate the antibody
response through the secretion of défar cytokines and interaction with membrane
molecules(145). The humoral immuneresponsdor antibodymediated)is driven by B
cellsby recognition of a soluble antigen or antigen presented by AR@sB cellsthen,
with the help of CDAT cells, differentiate into plasma cells (antibegyoducing cells)
or memory B ceB. In case they do not receive help from the CD4cells, they

differentiate into plasmablasts (shtivied antibodyproducing cells)146).

Antibodies Ab), also called immunoglobuli(g) areglycoproteins used by the immune
system to bind and neutralize pathogens such as viruses and bacteria, blocking their entry
into new cells Antigens(Ag) ar e d e f i meletulearecogrizechby the antigen
bindi ng domai (147pThe sienat whiohtthie dntbdbdgnds on the antigen

is calledfepitop® and theregion on the antibodwhere the antigen binds called

i par afhe pieding between the antigen and the antibody iscowalent and is

driven by hydrogen bonds, ionic bonds, hydrophobic intenag and van der Waals
forces(148,149) Igs all have a Yike shape unit, which can be divided into two identical

light polypeptide chains and two identical heavy polypeptide chains. Fhie ¥hape

has two main effector regions, the antigending fragment (Fab) where the antibody
bindsto the antigen and the fragment crystallizable region (Fc) which interacts with the
Fc receptors on some cell surfaces. The heavy chain determines the five classes in which
the Igs are divided, IgG, IgM, IgA, IgE and IgD and their subclasses. The two main

classes of Igs involved in the immune response to a viral infection are IgG and IgM
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IgG are the mostbundantlass of antibodies present in the sera, making abeR0%©

of the plasma proteins andupto 75% ot he t ot al H1b0pdheysade ant i bo
produced by plasma cells during the adaptive immune response to bind to pathogens and
facilitate their removal. IgG typically appear around 14 days after an infection and remain
in the bloodstream for months, evennged hus, providing longasting immunity against
pathogens, by the formation of memory B cells which will enable a rapid production of
specific antibodies when a pathogen reinfects the lgistpossess two heavy cha(a®
kDaeach)and two light chain$25 kDa each) IgG has a classic antibody structure with

two light chains that have a constant)@nd variable region (y and two heavy chains

with one variable region (% and three constant regionsy(C C42 and G43) as shown

on Figure1.13. 1gG can further be divided into four subclasses (IgG1, IgG2, 1IgG3 and
IgG4) depending on their amino acid sequence, with the main differeairesfound at

the hinge regin and constant region domaifi$1) As these domains are implicated in

the binding of Fc recgprs and complement proteins, these subclasses have different
effector functions to triggemantibodydepenént cellular cytotoxicity (ADCC)and
activating the complement cascade. Finally, the subclasses are usually induced by
different antigens with IgG1 and Ig@iing inducedy protein antigens and 1gG2 and

IgG4 by polysaccharide agens(151)

Figure 1.13 Structure and function ofimmunoglobulin G.

The heavy chain@l) are represented in blue and the light chdiosin green V: variable region.
C: constant region. Figure adapted from Absolute Antibody
(https://absoluteantibody.com/antibedssources/antibodgverview/antibodysotypes
subtypes!/
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IgM makeup 10 % ofh e s e r u moé E50nigM arelbhe fdsit amtdodies expressed

by naive B cells and are responsible for the primary immune response to pathogens, thus,
they are indirect indicators of early stages ofiafiection. Theyhave a pentameric
structure (rarely hexameric) with fivé-like shape units linked together by disulfide

bonds at the constant region and association with a joining dfiguré1.14).

Figure 1.14 Structure of immunoglobulinM.

The five Ylike shape units are linked together by disulfide bonds at the constant region and
associated with a joining chain (J chain). The heavy chiihsre represented in bluar green

and the light chaingL) in yellow. V: variable region. C: constaregion. Figure adapted from
https://microbenotes.com/immunoglobutirigm-structureandfunctions.

There areotherclasses ofgs producedandtheir role andcharacteristics are summarized
in Tablel.1.

IgA are present on mucosal surfaces and in secretions (such as saliva, respiratory tract)
and theirrole is to protect mucosal surfaces from pathogens by direct neutralization or
binding to he pathogen to preversibinding to mucosal surfac€ss2) This type of Ig

is produced mainlgas a response tespiratory infections.

IgD are mostly present on the surface of B cells and are thought to recruit physiologically

autoreactive B cellE1l53)
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IgE are involhed in thedefenceagainst parasitic worms, buatre also involved in
hypersensitivity and adrgic reactiong154)

Table1.1 Summary of the main information about the different immunoglobulin classes.

Immunoglobulin class

lgG IgM IgA gD IgE
Heavy chain o) € U Y 0
Molecular 160 kDa_
weiaht 146 kDa 970 kDa (monomeric) 184 kDa | 188 kDa
9 385 kDa (dimeric)
Structuré L?O%
Valency 2 10 2or4 2 2
Serum 8-16 0-04 10-400
concentration] mg/mL 0.5-2 mg/mL 1-4 mg/mL mg/mL ng/mL
Half-life
(days) 21 10 6 3 2
Secondary Recruitment Protection
= . response| Primary response t Protection of of against
unction .
to pathogens mucosal surfaces | autoreactive worm
pathogens B cells parasites

®Figures adaptedrom Martin Brandli

Antibodies can also lead to viral lysis by activation of the complemgsonization or

by ADCC. The complement systemwhich is part of the innate immensystemcan be

activated in the classical pathway by IgG or IgM bound to an antigerieadd to

opsonization and phagocytosishemotaxisand lsis. (155) IgG coated to thecell

surfaces of infected cellare recognized by natural killer cells whi&il the target
infected cellin a processalled ADCC(156)
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Whenthe immune system reacts to a pathogeich as a viryghe virus will compete

with the innate immune system gomatentiallyproliferate.If the virus is able to proliferate

and infect cells,ie cytotoxic T lymphocytes will be activated and proliferate to stop the
infection. Naive B cells produce IgMsotype as the primaryAb-mediatedimmune
response to the viral infection, usuaByto 5 days posnfection (DPI) (Figure 1.15).

Then B cells are activated, proliferate and prodiggg specific to the virug7 to 10DPI),

to work with the T cells to eliminate the viral infection. Memory T and B cells are also
generagd during this infection and these are critical in a secondary encounter with the

pathogen to produce a rapiddaspecific secondary respor(4&7).

Virus

Analyte levels

IgM

Time from onset of infection (days)

Figure 1.15 Diagram of thevirusé and immunoglobulird §igM and IgG) levels aftera viral
infection.

Viremia begins B days posinfection reaching a peak at day 5 after infection. IgM
seroconversion occurs3days postnfection, emain in serum for 10 days and then drop, while
the 1gG appear 710 days posinfection and remain in the bloodstream for months, even years,
depending on the virus.

This combination of innate immune response and adaptive immune response usually
destroy all the virus and virusnfected cells and leads to the recovery of the infected
host. Howevermostviruses have developet broad variety obtrategies to resist or
escape these immune respongat most viruses expressing at least one protein product
with immune regulatory activities. Some viruses are so successful at immune evasion that
theycan cause chronic infections and per&is the lifetime of the hossuch asiuman

immunodeficiencyirus (HIV) (158).
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1.5. Diagnodics toolsfor detection of viral infection

The rapid and specific detection of a viral infection in a suspected host is crucial for the
identification of the pathogefor further treatmentand implementation of control
measures to prevent the spread of the infectious agent. Some viruses cause/elisti
clinical signs and symptormendcan clearly be identified, however most cause a wide
range of clinical signs and symptomvkich are often nosspecific, thus diagnostic tools

are of utmost importance to identify tegologicagent.

The diagnostic methods to detect a viral infection can be divided into two categories:
direct methodswhich directly detects the presence of virus particles, virus antigen or
viral nucleic acid in a given sampéarly days after the onset of symptorosindrect
methodswhich will detect the antibody response to a viral infectaiar in the course

of infection (Figure 1.16). Multiplex assaysarealso usdil diagnostic toolsto identify
severalpathogensor antibody response to differepathogenssimultaneously. These

methods are summarizedTablel1.2 below.

A Viral RNA

Viral Antigen

Analyte Levels

>

Days Since Onset of Symptoms

Figure 1.16 Diagram of the different targets of diagnostic methods to detect a viral infection.

Direct methods detect the presendevical RNA o antigens when indirect methods detect the
antibody response to the viral infection later in the course of infection.
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Table 1.2 Summary of the different diagnostic tools for the detection of viral infections and

their primary use.

Method Target Detection Tool Primary use
Whole virus | Virus isolation Virus dlscoyery .
Outbreak confirmation
Suspicious case
Surveillance
PCR Individual and group
Nucleic acid testing
detection Virus discovery
NGS Outbreak managemer
Surveillance
. . Metagenomics
Direct Virus ELISA (double .
- Screening
antibody ,
: Acute testing
sandwich
LFA (double POC
Antigen antibody Suspicious case
9 sandwich Acute testing
WB Protein mixture
HA Hemagglutinin
expressing viruses
IHC Confirmatory test
ELISA :
. Surveillance
(Indirect, .
e Screening
Competition, . ) :
Epidemiological
double :
. recognitior) studies
Antibody
. Immune LFA
Indirect :
response (Indirect,
Competition, POC
double
recognitior)
Neutralizing VNT Confirmatory test
Antibody DetectionnAbs
ELISA (double Differentiation
Virus Antigen antibody Suspicious case
sandwich Screening
Multiplex Differentiation
Immune . ELISA Surveillance
Antibody . )
response (Indirect) Screening
DIVA

PCR: polymerase chain reactiolGS: nextgeneration sequencindgELISA: enzyme
linked immunosorbent assayjFA: lateral flow assay WB. western blotting; HA:
haemagglutination assayHC: immunohistochemistyyNT: virus neutralization test
POC. point-of-care nAb: neutralizing antibodiesPIVA: differentiating infected from

vaccinated animals.
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1.5.1.Direct methods

1.5.1.1. Virus isolation

Virus isolationinvolves the amplification of infectious virus from appropriate clinical
specimesin living cells, which can be laboratory animals, embryonateidken eggs or
cultured cellg159) Virus isolation is a simple, reliable and widely used method for the
diagnosis of viralnfection butrequires days or weeks to obtain a result and canbanly
completed in specialized laboratory settinggh skilled technicians.Besides the
specimen uskfor directdetection and virus isolation is very importastapositive result
from the site of diseass of much greater diagnostic significance than those from other

sites

Cultures areinoculated with the specimen andcubated untilthe appearancef
cytopathiceffects (CPE)which can take from 24 hrs for viruses such as herpes simplex
virus, but usuallyake 5 to 10 days of incubati¢h60). The CPEcan be observed under
thelight microscope and many viruses can be identified through the characteristic CPE
they prowke in a susceptible cell linAs sme viruses do nahduce CPEin order to
confirm the identification of the causative viriirmmunostainingcan be performedrhe

cell culture is then fixed and stained by antibodies against viral antigieeledwith

horseradish peroxidase (HRP)flororescein isothiocyanat{@59)

Virus isolation in cell culture has been co
for decadesbut is now replaced by molecular diagnostics or serological aséemys.

isolation is no longer appropriate for routine dailgghosisas it is slow, timeconsuming,

requires techmial expertise and the difficulty to maintain cell cultures, despite being more
sensitive than rapid antigen detection tests and its ability to @debeotader spectrum of

viruseg(159) Virus isolation is now rinly used for virus discovergetection of variants

of well-recognized viruses that might be missed by molecular metiockenfirmation

of an outbreak161). The proliferation of a virus also differentiates between viable or
nonviable virus, which usually cannot be done by antidetection or molecular assays

(160)
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1.5.1.2. Nucleic acid detection

Methods based on the tdetion ofthe viral genome commonly known as molecular
methods are widely used for diagnosis of viral infectiofife first step to detectral

nucleic acid is to extragienetic materiadirom the sample.

Polymerase chain reactiRCR)consistf a rapid, sensitive and specific amplification
of DNA in vitro using athermostable DNApolymerase, deoxynucleotides of each base,
alongside gair ofshortoligonucleotideshat exhibit complementarity to separate strands
of atargetdoublestranctd DNA template(162) The PCRinvolvesrepeatedycling of

the sample througlthree incubation temeraturesthat allow steps ofdenaturation,
annealing and DNA synthes({®r elongatio. Between 30 and 50 cycledlow the
exponential incre&sn the quantity othetarget DNA(163) allowing theamplification
and thusdetection ofinitially very small quantities of DNAGenerally, the analysis of
the PCR products will be done by gel electrophoresis and then visiaalibg staining
with DNA dyes.

PCR fhas become the workhorse of molecular diagressiscan amplify minute quantities

of DNA to make it detectabl@husother mehhods have been derived from it such as the
nested PCR164) which uses two sets of primets increase theensitivity and the
specificity of the PCRor reakttime PCR(or quantitative PCR)n which theDNA is
amplified and there is simultaneousgjuantification of this amplificatioby emission of

a fluorescence signél65) Finally, the dscoveryin retroviruse®of reverse transcriptase
(RTase), an enzyme which uses RNA as a template to make complementary DNA
(cDNA), opened new fields of application of PCES6)asthe genomes dRNA viruses

can beanalysedy using RTase to reverse tranberihe RNA into cDNA followed by
subsequent amplification by conventio®CR methodgcalled RFPCR) All these
variatiors of the PCR method are widely used in diagnosis but this technology is
expensive and requirepecific guipment and skilled personn@67). That is why new
methods are being developed to amplify nucleic,atidh as PCR variants without heat
denaturation, transcriptieibpased amplification methods, lcopediated amplification
method (LAMP) ad strand displacement amplificati68) However, assays detecting

the viral genome are impacted by the genetic variation between different strains of a virus.
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Techniquesavealsobeen developeatdetermine a nucleic acid sequesaeh asex-

generamn quencing (NGS)whichallows the simultaneous sequencing of millions of

DNA fragments DNA fragments are amplified with microbeads by emulsion PCR

( Roche 454, Life Technol ogi e 9ldaseOR. usibg and |
primers attached to a solid swithhuleotde (I | | umi
incorporation detected byminescence signals or changes in electrical charge during the
sequencing169) NGS s usedin diagnosis to directlgequence the DNA of a pathogen

in a single run. NGS ialsoused in clinical microbiology fovirus discoveryputbreak

management, characterization and surveillanceabifiogens, molecular case finding,
metagenomics approaches on clinical samples, and the determination of the transmission

of zoonotic micreorganisms from animals to humagis70).

1.5.1.3. Antigen detection

The most commonly used technique to detect antigen in a sample is the dinkgahe
immunosorbent assay (ELISA). This technique allows to have the result available within
a few hours. Additionallylateral flow assays (LFA) can be used as a paiistare(POC)

rapid tess for Ag detection. In both cases, the quality of the specimen obtained is of
utmost importance in order for the test to work propentyg the sample should be
obtained during the acute phase of the viral infectanthe utility of thestechniques
depends on the presenceshbrtlived viral antigenswvith an abundancabove a specific

limit of detection Many specimens can be applied to these assays such as serum, plasma,

whole blood, urine, saliva and other body fluids.

1.5.1.3.1. Double antibody sandwichELISA

The ELISA is a solid phadeased assay that detects and/or quantifies a target antigen in
a heterogeneous mixture, by utilizing enzylim&ed antibodies an& chromogenic
reaction There are several types of ELIS#epending on th&arget analyte and the one

used for antigedetection $ thesandwich ELISA odouble antibody sandwich ELISA

In asandwich ELISAthe target antigeis captured by a pair of antibodiésigure1.17).
The capture Alis immobilized by adsorptioon thesolid phasetypically 96-well plates.
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Then, the sample containing the target antigen is added, followed by the detection of the
antigen ly the detection antibody that isither enzymelinked (direct format) or
unlabelled in which casea labelled secondaryantispeciesantibody will be needed

(indirectformaj).

The main advantage of this type of ELIS#\high specificity since signal detection
requires the binding of two antibodiaadthus acrude sample can be usas thetarget
antigenantibody complex is immobilized to the plaédipwing for theunbound mateal

to be washed off.

Qﬁ\h
S .

\ \ \

N

Figure 1.17 Steps involved in @ouble antibody sandwich ELISA

Left: the antigen is captured by the coatdal Middle:the enzyméinked detection Ab iadded
and recognizethe antigen. Right:he specificsubstrate isadded which will develop eolour.
The reaction is then stopped and read by a spectrophotoriigere adapted from R&D Systems
(https://www.rndsystems.cdresources/whas-an-elisaand-elisa-types).

The sandwich ELISA isnoresensitive and specifithan direct or indirect ELISAas a

pair of antibodies are used, but is limited by the characteristidtse set of antibodies.
Moreover, the target antigereeds to have at least twpitopes for the two antibodies to
bind. However, he same antibody can be usedath capture and detection antibodly

there is no competition for therrespondingepitope, such as when multiple identical
epitopes aravailable Otherwise the detectiomnd capturantibodyneed to belifferent.
Finally, these assays need extensive antibody optimization to find the best pair of

antibodies to detect an antigen.
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1.5.1.3.2. LFA for antigendetection

The principle ofLFA is that theanalyteof interest,in a liquid phase(by nature or
extraced from a solid sampjemoves by capillary action through a strip of polymeric
material wheret can interact with previously attachddtectionmoleculeshat provide

an unambiguoushromogeniaceadout(171)

LFAs are POC tools that can be used for antigen detection, having the additional
advantages in comparison with ELISAis a lowcost, fast, simple ass#tyatcan be used

for the immediate diagnosis of a disease at the point of care. Furthermore, they are
versatie and have a prolonged shelf life without refrigeration. Ttiney are very useful

as a cheap POC test when there are no or few laboratory settings; for exaeypée

very well adapted to developing countries the testdoes not require any sleld
personnel tdoe performed, do not need to be refrigerated and gives the results in a few
minutes. The main drawbacks of these assays are that they are only qualitative or semi
guantitative with some sensitivity limits compared to other immunoassays such as
ELISAs. Moreover, the matrix used can be challenging and the sample needs a pre
treatment if it is not a fluid_.FAs are mainly used for primary screening at®@Cand

the results need to be confirmed using an independent method.

As shown orfFigurel1.18, a LFA consists of ovelapping membranes and pads attached

on a card for better handlif@72) The sample is applied to the sample pad which can
absorbthe sample and release it at a steady rate into the conjugate release pad. It can
contain some salt buffers and surfactants or act as a filter (e.g. to re@@#to make

the sample suitable for the LFA detection system. The sample passes through the
conjugate release pad, which contains the recognition element conjugated to fluorescent
or colourednanoparticles (most commonly latex microspheres or colloidal gold). The
conjugated recognition element is dried onto the pad and when the sample flows through
it, specific interactions will happen between the sample and the recognition element and
will migrate along the strip to the membrane and the detection zone. The membrane is
porous with at least two immobilized lines of specific recognition elementdirshine

is the test line which is composed of antibodies or antigens. Their role is to capture the
analyte of interest in the sample, previously bound to the conjugated recognition element
in the conjugate release pad. The second line is the con&eltiich confirms the proper

flow of the sample through the strip in order to validate the assay. The result is read as a
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line that appears with different intensities and that can be measured by eye or by a reader.
An absorbent pad is attached at the enthefstrip to maintain the capillary force by
wicking the liquid at the end of the strip to maintain the flow and avoid backflow of the
liquid.

Conjugate Nitrocellulose Absorbent
Sample pad
pad membrane pad

! ¥

N Test Control

. ) line line
Flow direction

Figure 1.18 Compositionof a LFA strip.

As for theELISA, different LFA formats exist depending on the analyte to detect and on
the detection elements us&dhen antibodies are used as detection elemghr@sissay is
calleda lateral flow immunoassayor antigen detectigra double antibody sandwich
assy is performedin which the Ag to detectis captured by two complementary
antibodies, one conjugated to microspheres and the other immobilized at the test line
(Figure1.19A). In that casea positive result will be read by the presence of a test line
(Figurel.19B).
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Printed line of anti-target
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Figure 1.19 Technical basis of a duble antibody sandwichFA.

(A) Representation of a LFA and its mechanishe sample containing the analyte is added to
the sample padlhen, he sample migrates towards the conjugate and the conjugated antibodies
bind the target and migrate to the test likénally, the bound target is captured at the test line

by the immobilied antibodies. (B) Examples négative and positiveesults obtained with a
double antibody sandwidbFA. C: control line; T: test line.

Anocther technigughat candetect antigens immunoblotting(or westerrblotting, WB),
which use antibodies for the detection of target proteins in a praotexture inreducing
or nonreducing conditiong173) Immunoblotting is advantageous as it allows the
separation of a protein mix and the detection of different tgrigetst is alaboratory
based,time-consuming method and igsually less sensitive than othserological

techniques.
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Haemagglutinatiormssay is amssayused for the diagnosis of some enveloped viruses
expressig hemagglutinin (such as influenzarus) which can absorb red blood cells
(RBCs)and lead to théormation of a latticenstead oforecipitation of RBCs.

Immunohistochemistry (IHCusesantibodies to recognize antigens in a tissue section by
colorimetry (chromogenic IHC) or fluorochrom@mmunofluorescenceassay IFA)
(174) This techniqueallows analysis oinfectedwholecells in a tissue sample without
destructing the tissue architectusnd biopsies preserved in formaldehydean be
transported without cold chaandpreserved for years.

1.5.2.Indirect methods (serological assays)

Serology is applied for surveillance purposes and is a valuable tool for further
epidemiological investigations, for example, for determining the time point of agent
introduction into a certain populatioAntibodies appear soon aftan infection and
persist for upto several months or even yeaf®r most viral infections, the antibody
response is driven by IgM and Ig@ith IgM appearing a few days after the infection
(usually 35 days post infection with a rapid declirsg}dIgG appearing a few days later
(usually #10 days post infection, persisting for months or years). Thus, indirect methods
can be used to diagnose a current or recent infection by detectingaigMa past
infection by detecting IgG.

1.5.2.1. ELISA for antibody detection

Here the differenformatsof ELISA used in this thesis for tltketection of antibodiesre

described
- Indirect ELISA

In anindirect ELISA the target antibodies recogniae antigen or sample coated on the
solid phaseand his primary antibody is detected by a conjugated-spdicies antibody
(secondary antibodyJ.he chromogenic signal, corresponding to the binding of the target
antibody, iddetected by a spectrophotometer after the addition of a chromogenic substrate
(Figure1.20).
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Indirect ELISA ismainly used in diagnosis for the screening of large numbers of samples
from the same species, to detect an immune resporasgathogen. Thaain advantages

of indirect ELISA are their sensitivitgs a secondargntibodyis used to amplify the
signal and their flexibilityas different primary antibodies can be used with a single
labelledantispecies secondary antibodyowever, the use of a secondary antibody can

cause potential crosgsactivity.
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Figure 1.20 Stepsinvolved n an indirect ELISA

Left: the antigen or sample is immobilized onto the solid pHdsddle left: the farget antibody

is added andbinds to the antigenMiddle right: the primary antibody is recognized by a
conjugated antspecies antibodyRight: the specific substrate is added which will develop a
colour. The reaction is then stopped and read by a spectrophotar@gare adapted from R&D
Systems (https://www.rndsyste com/resources/whitan-elisaand-elisatypes).

- Competition ELISA

Competition ELISA, also known as inhibition or blocking ELISA is an assay in which
the quantification of the antigen or the antibadythrough its interference with an
expected signalll the formats of the previous described assays cadégted t@antigen

or antibody competition, depending on the target to quantify. An inhibition assay refers
to a competition assay where the sample is previously mixed with the antigen or the
antibaly used in the assay before being added to the coated wells. Competition ELISAS
are useful for the detection of small antigens and their advantages and limitations depend

on the format used.

Competition ELISAIs mostly used when only one antibody is available for the targeted
antigen or if the antigen doest have multiple epitopes in order to perform a sandwich

ELISA. Competition assays are also suitable in an indirect ELISA format to detect
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antibodies agast an antigen in different species. The main drawback of these assays is

the need foa reference assay to be developed before developing the competition assay.

- Double recognition ELISA

In adouble recognitiorELISA, also called double antigen sandwich ELI$iAe target
antibodyis captured between two antigens. In hgsaythe sameantigen is useds the
capture and detection molecule, using the principle that antibodies possess multiple
antigen binding regins (two for IgG, four for IgA and ten for IgM), allowing their
binding twice to the target antigeriThe capture antigen is coated onto the solid phase,
then the sample containing the target antibody is added, followed by the detection of the
antibody by lhe detection antigen that is enzyiimked. The addition of the chromogenic
substrate will develop eolourthat can be read byspectrophotometer. Thesteps are

represented ifigurel.21.

The main advantage of tideuble recognitioELISA is thatit can detect antibodies from
different species, as no secondary-apgcies antibody is usefldditionally, itis useful
when thee is no need to distinguish between the different subtypes of immunoglobulins,

and furthermore the absence of a secondary antibody reduces the risks-dartigiy.
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Figure 1.21 Steps involved in a double recognition ELISA.

Left: the antibody recognizg¢he immobilized antigen. Middle: the conjugated antigen binds to
the antibody. Right: the specific substrate is adaddch will develop aolour. The reaction is
then stopped ahread by a spectrophotometer.

1.5.2.2. LFA for antibody detection

In order to detect antibodies in a samp\eo formatsof LFA can beused a double
recognitionassay or an indirect assdut only the first has been used hdrest as in the

doublerecognitionELISA, in the double recognitiorLFA, the antigenis used as the
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captureand detection molecul@sconjugated to the microspheres and immobilized at
the test line. The antibodies in the sample will capture the microspbepggatedntigen

and then bind to the immobilizeg@intigenat the test line. This will indicate the presence
of antibodies in the sampitegardless athe antibody clasddA, IgE, IgG or IgM.

Other techniquet detect antibodiearevirus neutralizatiortest (VNT), whichis used

to quantify the neutralizing antibodies from a sanfplea specificvirus. It consists in
incubating a cell culture witthe serum sampl® be tested and check for inhibition of
viral replication. VNT does not detect all antibodies but only the ones blocking the viral
replication, named neutralizing antibodies. VNT is very sensitive and spewfitod
considered t he manyweitaldnfestibua distasesdafihouigha time

consuming method.

1.5.3.Multiplex assays

The primarydescribedise of microarrays was for sequenciePDNA-based microarrays
for NGS Nevertheless, protein microarrays have also a huge potentisérffologial
diagnosisas they can generate high quantities of diagnostically relevant information

simultaneously, from a single sample, in a few hours.

In 1990, R. Ekinstheorizedthat highly sensitive assays coub& developed using
microspotsof antibodieswhich could measuresimultaneously, darge number of
different substances1 a small volume of sample(175) However, one of the first
descriptions of the feasibility of such assegs in 1998, by Silzedtal. (176)

The firstformats of protein microaryato be developed weggdanar microarrag; which
usea planar solid phas¢éo immobilize microspot®f different capture moleculdg.g.
antibodies) These microarrays have the ability to measure multiple analyt@given
samplesimultaneously; this wasalled multiplexing The planamnalyticalmicroarrays
are highthroughput, highlysensitive have the possibility to be automatadd require
less sample and reagent volumes compared to other serological astags EilLISAs
andLFAs. However, they ave limitations such as thestow solid-phase kinetics, the
instability of the immobilized capture molecule and poor reproducibitich may limit
its application. Thus, anothéwrmat of thistechnology was developed, taspension

microarrayswhere the solid phasgenanoparticles.
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Suspensiormicroarrays use microspheres as their solid phase to immobilize capture
molecules Theseassays are also callbéadbased microarrayas the microspheres are

in suspension in a liquid phaSée assay igsuallyperformed immicrotiter plateswhich

are used to transport the beads in suspensimse beads are divided into recognizable
sets which allow the immobilization of distinct capture moleculdsus multiplexing is
performed by mixing different sets of beads in a single well. The-based microarrays
areanalysedyy a flow cytometry instrument @imilar instrumentswhich will, one-by-
one,recognize individual beads (e.g. through fluorescence, light scattering) and detect
the binding of the target molecule to the bdaifferent systems have been developed to
perform beadbased microarrays, as reviewedHisu et al. (177) The description here

will focuson thexMAP (Multi-Analyte Rofiling) Luminex technology, which is the most

establishedeadbased microarratechnology.

The set ol.uminex beads are internallgbelledwith different concentrations of twar
threefluorescent dyes and thcombination of twoor threedyes encode400 to500
different sets of bead&igurel.22A andFigurel.22B). The coupling of the proteins to
the beadss done through carbodiim&gdchemistry to covalently bind the microspheres
through their carboxyl groups, previously activated withl-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid¢EDC) and N-Hydroxysuccinimide(NHS), to the
amine of the coupling molecu({@78). Depending on the capture molecule immobilized

on the microspheres, different assay fosean be performed:

- If antibodies are immobilized, sandwich assays (direct or indioect)mpetition
assaysan be performed to deteuttigens or target molecules

- If antigens are immobilized, indirect assays can be performed to detect antibodies
(Figurel.23).
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Figure 1.22 xMAP microspheres

The microspheremclude two internal dyes where (A) a first excitation wavelength allows the
identification of each microsphefeom (B) 100 unique microsphere sets if the beads have two
dyes (or 500 unique microspheres sets if they have three dyes)A (§&&cond excit#on
wavelength allowshe observation of a separate fluorescent reporter moleailewing the
detection(D) of the analyte captured on the surface of the microsphere. Figures adapted from
Angeloni Set al. xXMAP Cookbook. 3rd ed. Luminex Corporation, editor. Luminex Corporation.
2016. p. 148

Detection Ab-Biotin

Antibodyin serum

Antigen (@
{ ‘ Bead J

Figure 1.23 Indirect format used in the multiplex assay

Themicrospheresire coated with specifiantigensthat are recognized by thargetantibodies

in the serum. A secondary antibg@yp) biotin-conjugated recognized the primary antibody. After
addition ofstreptavidinphycoerythrin (Stref?E), the binding can be detectegldreader.
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Nowadaysmagnetidbeads are more frequently used than-mamgnetic beadg heyare
easily washed by using a magnetic separatottlagidhanding is easieronly requiing
the use oB6-well microtiter platesin contrastnonmagnetic beads requdevashing by

the use obpinning or filter plates.

Theantigenantibody interaction that occuos thesurface of theoated beads is similar
to that ofan ELISA and becaus# the microscopic size and low density of these beads,

assay reactions exhibit virtually solutiphase kinetic§178).

For indirect assaysvhich were used in this thesthie sample to be testdéihds to the
antigens coupled to the beads. Than ani-species antibodyabelled with biotin
recognizes the primary antibodies and finaByep-PEis added which will be detected
by thereader Using the MAGPIX® System, each well amalysedsimilarly to aflow
cytometer: a wavelength excites the internal bead dyes to identifyreacdsphere and
another wavelength excites the reporteslecules captured by the begigure 1.22C
andFigurel.22D) (178) Using this method allows the detection of many diffetarget

analytes from a single sample.

Compared to the planar microarrays, the bHeagked microarrays have larger surface areas
than the planar microarrays, are more reproduaibtee flexible and more robugt77).
Moreover, the microspheres can be produced in {sacgi, can be stored after coating
with a molecule andre very flexible and customable as bead mixes can be prepared
depending on the needs of tbieent (179) As they have many advantages, the bead
based microarrays6 uwsealininiectias disaamednagementa n d
to detect the immune response or dirediyectthe pathoger§180) in immunology to
detect cytokine$l81), butalso in food industry to detestany allergens simultaneously
(182)and many commercial kits are now available for all these usdgever, thaise

of Luminexassays is limited by the necessity otader

1.6. Recombinant proteins

To developthe diagnosticanethodsdescribed above, two kinds rfagentsare needed:
antigens of the targeted viruses and capture molecules suattibsdiesand other

moleculedo recognizeheseantigens.
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Virus propagation and purification hasommonly been the main way to obtain viral
antigens in order to develop serological as$488) Nonetheless, this method is limited
due to the fact thahany clinicaly-relevantviruses cannot be cultur@chich hinders the
production of sufficientviruses for subsequenprotein purification In addition, such
approaches are also limited the difficulty of purifying un-tagged proteins and the risk

of cultivatinglarge quantities dfiazardous virusg484) Thus, being able to produce any
antigen of a viruswithout viral cultures, in order to use it in diagnostic assays was of

paramount importance.

This was achieved by Cohest al in 1973, with thein vitro constructionof DNA
plasmids(185) leading to the production of tHast recombinant protein i1978 by
Goeddel et al. in Escherichia coli using recombinant DNA technology186)
Recombinant DNA technology revolutionized the field of microbiola@pusingsimple
tools such asnzymes, veors and hostsaagene of interestan be cloned andtroducel

into a host. The host will then trandmiand translate the gene of interest ithe
correspondingprotein ufng its cellular machinery. Since the production of recombinant
insulin inE. col, the recombinant protein industry rapidly grew and over 170 recombinant
proteinsfrom hormones to growth factors and interleulkansnow available worldwide
for clinical useto treat diseasasf primary importanc€187) Recombinant proteins are
not only used for clinical purposes but@ler structura) in vitro andin vivo studies

development of diagnostics aptbduction ofmAbs.

Nowadays, four majoexpression systemare usedn research and industifpr the
production of recombinant proteinwith different advantages and disadvantages
depending on the nature of the protein to be exprg488) The factors to be considered
when electing an expression system smenmarized irfFigure1.24 such aghe intended
use of the recombinampirotein, postranslational modification@TM), the presence of
disuffide bonds, the yield and costs.
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Figure 1.24 Advantages and disadvantages of the main recombinant expression systems

Thesedepend onthe speed and cost of production, thetentialyield of recombinant protein
and the postranslational modifications (PTMhat canbe carry out.

The basic steps for recombinant protein expression are: identification of gene of interest,
clone it in an expression vector, transform it into the chosen host, induce the expression,

purify the protein and characterize it.

1.6.1.Bacterial expressionsystem

Bacterial expression systems were the first to be used for production of recombinant
proteins and are still one of the major systems used. The sgec@iis one of the most
commonly used hosts for recombinant protein expression for the fojawasons: it is
nonpathogenic, they replicate extremely fast under the right condition at a low cost, while
the expression level is high, which makes it an efficient and economical way for large

scale production. Its genome has been entirely sequendeitieugenetic backgrounds
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and metabolic pathways are well known. Additionally, bacteria are easily transformed.

These desirable characteristics make the expression procedueméagiick.

However, this higHevel of protein expression can lead to the expression of partially or
misfolded proteins, which will interact with each other and form insoluble aggregated
proteins called inclusion bodi€s89) These inclusion bodies require high concentration

of denaturant to be solubilized, which can impact the recombinaimrand then need

to be refolded in its native stat&90) However, these inclusion bodies can also protect
the recombinant protein from proteases and mainly contain the recombinant protein
which eases its purification. Moreover, thel@ryotic system has additional limitations,
such as the lack of many PTM that can be found in eukaryotes and the difficult formation
of disulfide bonds irkE. coli. Depending on the vector used, the recombinant proteins are
usually expressed in the cytopha, but can be targeted to the periplasm and even secreted
(191)

When selecting this system, the main factors to take into consideration are the plasmids
and the bacterial strain. There is a broad variety of plasmids that are used and they have
different combinations of replicons, promotegslection markers, multiple cloning sites

and fusion proteins, and their selection degeamithe recombinant protein to express.

1.6.1.1. pET expression system

Here, the pET expression system was adopted for expresssenarfilN proteins This
system is powdul, capable of expressing recombinant proteins at levels of up to 50% of
the total cell protein. The pET vectors carry the pBR&22which leads to a number of
copies of the plasmid between 15 and 20. To avoid plasmid loss and the growth of
untransforned bacteria, pET vectors contaiselection markeconferring an antiiotic

resistance (ampicillin or kanamycin).

Thepromoterused in the pET expression vectors is based on the latdoseromoter,

which is part of thdac operon, an inducible promatand the T7 RNA polymerase
promoter(192) Expression of the gene of interest is regulated by the T7 RNA polymerase
promoter, whth represents the binding site for T7 RNA polymerase, dad @erator.

The polymerase is provided by the host (in another plasmid or in its genome such as for

the BL21(DE3)E. colistrains) and its expression is controlled byl#wJV5 promoter.
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In theabsence of lactose, thac repressor (encoded lgc | gene included in thE. coli
genome and the pET vector) blocks the RNA polymerase by binding kactbperator
present before the T7 RNA polymerase gene and the target gene. However, in the
presence of the inducer allolactose (lactose isomer) i©ro p r o poyi- b
thiogalactopyranoside (IPTG), the inducer binds to lderepressor, preventing its
binding tothe operator and allowing the transcription by the RNA polymerase. However,
in presence of other carbon sources (e.g. glucose) there is a catabolite repression which
prevents efficient transcription from ttee operon. ThéacUV5, used in the pET vectaqrs

has a higher transcription of target genes thanlahepromoter and has a reduced
sensitivity to catabolite regulatiqd93). Figure1.25 summarizes the expression system
used with the pET vectors and BL21(DBE3)coli strains.

When IPTG is present, it causes lac repressor When IPTG is present, it causes |ac repressor
dissocation, and allows RNA polymerase to initiate dissocation, and allows T7 RNA polymerase to
T7 transcription

initiate target gene transcription

®
125t
vyo\\l“"a
& z
g uA Polymerase " oef Target geng
<\ lacO
T7 RNA Polymerase is \
only expressed if IPTG is
H present for induction - et Protein
Otherwise the lac repres- 8 TS
sor will remain bound to Target profein is only
i . lac repressor
fhe promoer expressed if IPTG is
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Otherwise the lac repres-
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lac repressor

lact gene(
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Figure 1.25 Regulationsystem involved in the pET vectors under the control of the lac operon
and the T7 promoter

Figure adapted from Gold Biotechnology, Inc. (https://www.goldbio.com/articles/artide=p
dive-into-iptg-induction)

In order to increase the solubility, fatte the purification or follow the production and
purification of the recombinant protein, amino acids can be added at dreéCNerminal
ends of the protein. They are calliedysand can beurification tags if their role is to

enable a rapid and &ffent purification of the recombinant protein, or solubilization tags
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if their role is to increase the solubility and proper folding of the recombinant protein or
both. Sequences can be added between the tags and the recombinant protein to
subsequently ghinate the tag by enzymatic or chemical cleavage. The tags are often
removed because they potentially can impact the recombinant protein folding, structure

and activity.

The pET28aSUMO vector used in experiments described in this thesis hasemmial
yeast small ubiquitilike modifier (SUMO) tag (smt3 frordaccharomyces cerevis)ae

to act as a fusion partner to the expressed protein of interest to increase itsysahbi
stability. Furthermore, thieis a polyhistidine (6xHis) tagtthe N-terminal of the SUMO

tag to allow the purification of the fusion protein by affinity chromatography. These tags
can be cleaved by SUMO ubiqutitke specific protease 1 (Ulp1d separate the tags
and the target protein.

1.6.1.2. Gateway system

To avoid the restriction enzyme cleavage strategies for each target and weetbfor

the cloning into the pET vectqrdifferent methods were developed to allow the easy
transfer of the genef interest into different vectors and different systems. These methods
include the ligatioindependent cloningl94) and sitespecific recombination methods
such as Gateway® Technolofh95)

The Gateway® Technology is based the sitespecific recombination properties of
bacteriophage lambd@d96) This method allows the transfer of DNA sequences into
various vectors and system for protein expression once it has been cloned into an entry
vector(197,198)Figurel.26).
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Figure 1.26 Representation of th&ateway system

This systemallows the easy cloning of a gene in different systems once it has been cloned into an
entry vector via sitspecific recombination Figure adapted from Invitrogen.
pPCRM8/GW/TOPO® TA Cloning® Kit. 2012i 34.

The entry vect oPi 9 CIRIEB¢ &GW/ Z-+4Dgnidine dvathargys ngl e 3
for TA Cloning and topoisomerase | is covalently bound to the v€r®9). These allow

an efficient ligation of the PCR product to the entry vector agdagolymerase used in

the PCR adds a single deoxyadenosine (A) toc
templatedependant terminal transferase activity. Moreovepoisomerase | from

vaccinia virus has a specific binding site on double stranded DNA and does so by cleaving

the phosphodiester backbone in one strand forming a covalent bond between the DNA

and the enzyme. This bond ihgdroxyeoltberPCR b1l e wh
product, releasing the topoisomerase | and efficiently cloning the PCR p(héayt

The lambdantegration into thée. colichromosome occurs by recombination mediated
by lambda and host enzymes. This recombination occurs througipsitdic attachment

sites @tt) catalysed by bacteriophage lambda integrase and excisionase protelihs and
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coli integration host factof200). This system isised to transfer the gene of interest in
the entry vector (flanked battL sites) to destination vectors (flanked &R sites) for

the expression of recombinant proteins.

Here the SARSCoV-2 N proteinORF was aned into the Gateway entry vector
expression of the protein . coli. The gene was then transferred into the pDEST17
expression vector whicbontains an Nerminal 6xHis tagIn this system, # gene of
interest is regulated by the T7 RNA polymerase pronmanteithe E. coli strain BL21-

A | EE. colistrain) used for the expression of tBARS-CoV-2 N protein contains the
gene encoding T7 RNA polymerase under the control ohthBAD promoter(201)
This araBAD promoter is positively and negatively regulated by the product cirt@
gene(202) In the absence of-ArabinosearaC product forms a DNA loop before the
araBAD promoter, inhibiting the transcription of the T7 RNA polymergx@3). In the
presence of farabinosearaC product forms a complex with-arabinose, allowing the
transcription of the T7 RNA polymerade. presence of other carbon sources lisas
glucose) there is a catabolite repression which prevents efficient transcription from the
araBAD promaoter.

1.6.2.Yeast expression system

The yeast expression system another traditional expression system used for the
expression of recombinant proteilYgasts exhibit advantages of bacteria such as a short
doubling time, high density cultures, ease to handle and ease to genetically manipulate
and advantages of eukaryotes such as better foldingEvdRegarding the recombinant
protein expression, yeastsan be divided in two groups: nonethylotrophic and
methylotrophic hosts (204). The first yeast that was used for recombinant protein
expression in the 1980s wascerevisiae a nonmethylotrophic yast.S. cerevisiagvas

the firsteukaryote genom® becompletdy sequenced i1996(205) A wide range of
protein produced i%. cerevisia@re available on the market such as insulin, hepatitis B
surface antigen, urate oxidaseyafgons, granulocyte macrophage colony stimulating
factor, hirudin, and plateleterived growth fadr (206) However, the production of
recombinant proteins iB. cerevisiaés limited by its low yield, plasmid instability and
hypekrglycosylationof the recombinant prote{207). This hyperglycosylationis of high

mannose type, which different from humamlycosylation which can lead to lower
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activity and higher immunogenici{08,209) Thisledto the development of alternative

hosts, such as other namethylotrophic yeasts (e.&luyveromyces lactisr Yarrowia
lipolytica) or methylotrophic yeasts (e.®ichia pastorisor Hansenula plymorphg

(210) Methylotrophicyeasts are yeast that can use methasats only carbon source

and which were developed more recently in 1985 by Cetgd (211) Methylotrophic

yeasts are advantageous as they have the ability to grow at high cell densities and possess
very strong and tightly regulated promoters for the expressionethanol oxidizing
enzymes (e.g. alcohokidase)204). In thesgyeasts, for recombinant protein expression,

most of the promoters use the methanol utilization pathway promoters.

1.6.3.Insect cells/ Baculovirus expression system

Insect cells offer high levels of protein expression WXRM approaching that of
mammalian cells, ease of scalp, and simplified cell growth that can be readily adapted
to high-density suspension culture for largeale expressio(212) Most of thePTM
pathways present in mammalian systems also occur in insect redigfing ina
recombinant protein thas antigenically, immunogenically, and functionally similar to
the nativeone. The baculovirus expression systefBES) is a powerful and versatile
delivery and expressiagystentor producing high levels of recombinant protein in insect
cells. The Baculovridae is a family of large, doublestranded, circular DNA viruses
which infect insects. The best known baculovirus used for recombinant protein expression
is Autographa californicanulticapsid nucleopolyhedrovirus (AcMNPVJhe high level

of expression redned using this system is due to tiaive characteristiasf baculovirus
gene expressigand generally exploits one tvfo strong promotergivolved in very late

gene transcriptiomamelypolhandp10(213 217).

AcMNPV is used to infect insect celisesdelived from the fall armywornSpodoptera
frugiperdasuch asSf9or Sf21or from the cabbage loop@&richoplusia nisuch as High

Five (188) Moreover, the baculoviruses have a limited host range, thus are safe for
vertebrates, and insect cells are fairly easy to gmogto scaleup, can grow in serum

free media and argafe to useffee of human pathogen@18). Finally, this expression
system is very efficient to produce multiple proteins simultaneously in a single infection
and thus expressing virus like particles (VLPs) akhhave been used for vaccine
production(219)
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In contrast to the N rpteirs, the Gy ectodomain Gne) of CCHFV and RVFVand
CCHFV GP38 are podranslationally modified by glycosylation, and as bacterial
expression systems are unable to perform such processing, they are unsuitable for
glycoprotein oveiexpression. Insteadjsect cells paired with a baculovirus expression
vector are often the system of choice for heterologous glycoprotein expression, such as
the BES expression system used here, for which the production of recombinant proteins
is faster and often in higherglds than in mammalian cells.

Due to the large size of ACMNPV genome (around 134 kbp), the main challenge to
produce recombinant proteins in insect cells has been the insertion of the gene of interest
in AcMNPV. The first way of making recombinant bacutages was through
homologous recombinatiof214) However, due to the low frequency of homologous
recombination, this method was highly inefficient, with less than 0.1% of renantb
baculovirus generated, and tiroensuming due to sequential plaque purification to
separate the recombinant baculoviruses from parental baculo\(2a26¢<T his technique

was improved by using baculovirus DNA containing a unid@si36l site in the
polyhedrin locus and thus the DNA could be linearig2@l) As linearized parental
baculoviruses theoretically could not replicate, thethod greatly improved the

efficiency of recombinant baculovirus generation te200%.

Finally, Kitts and Possee developed BacPAK®6, a recombinant baculovirus DNA which
can achieve over 95% efficiency of recombinant baculovirus generg#t) This
BacPAK®G viral DNA was used in this thesis to produce recombinant proteins in insect
cells as it is a very convenient and efficient waptoduce recombinant baculoviruses.
This techniqgue is based on the linearized baculovirus DNA but in this baculovirus DNA
two additionalBsu36l sites have been introduced and the polyhedrin gene has been
replaced by théacZ gene Figurel.27). These two sites are situated in lgneZ gene and

in theorf1629gene Orf1629encodes P78/83, a viral Wiskdatdrich syndrome protein

like protein involved in nuclear actin assembly, eiaéfor progeny productio223)

The lack of a functionabrf1629in parental baculovirus DNA decreases the generation
of parental baculovirus, as, even if the digested palrf®MNA re-ligates, it cannot initiate
virus production. Homologous recombination with the transfer plasmids resttk629

and the recombinant baculoviruses can be selected from parental baculoviruses$ by blue
white screening, due to the presence ofdbg gene in the parental DNA. This technique

results in recombination efficiencies of close to 100224) The triple digested
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BacPAK6 and the transfer vector pAcSecG2T used have been modifieutcdins

Ingenasa to be adapted to the Gateway system.

Viral DNA BacPAK& Viral linearized DNA BacPAK6 Viral circular DNA
(not replicative) A (replicative)

3
3

Bsu361

Tue_l] 09

=
:6
m

Restriction sites of Bsu361

uQI009

The recombinant clone produce a white plaque
during the plaque assay

Figure 1.27 Generation of recombinant baculovirus by homologous recombination.

Recombinant baculoviruare generatedy homologous recombination between the linearized
triple-digested BacPAK®G viral DNA and the transfer vector containing the gene of interest. The
recambination yields a replicative recombinant baculovirus by restoring orf1629 essential for
progeny production that can be selected by bigte screeningThe polyhedrin promoter is
represented as a grey domain.

Once the recombinant baculovirus is getedtait can be used to infect insect cells for the
production of the target recombinant protein. The gene expression of baculoviruses is
divided into three successive pha&&kr) The first phase is the early phase, in which the
genes which have hebke promoters are transcribed by the host RNA polymerase |I.
The genegxpressed during this early phase are required for the late phase. The late phase
genes are transcribed from 6 to 2xuts post infection (Plafter the onset of viral DNA
replication, by the virugncoded transcriptional machingB16). Finally, the very late
genes are transcribed, 18 tohdursPI, under the control of two strong promotersh
andp10,encoding two major proteins (the polyhedron and the 10 kDa protein (P16)) non
essential for viral replication in insect cell cultu(@43,215)hat are transcribed at very

high levels(216). The BacPAK6 baculovirus DNA uses the promagpeth for the

expression of the gene of interest.
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1.6.4.Mammalian expression system

Themammalian expression systdrasanability for proper folding andPTM compared

to the systems previously describddhe main driver of the production of a recombinant
protein is a protein with neamative glycosylation active and well folded (e.g. for
therapeutic use), then it should be expressed in mammalian(22Hs However this
expression of recombinant proteins is timely and costly, which is the main drawbacks of
this system. There is also the potential for contamination of the mammalian cells with

mammalian viruses.

The two techniques that have been developed to prockamnbinant proteins in
mammalian cells are through the generation oftable cell lineexpressing the
recombinant protein or througtransient expressioifhegenerabn of a stable cell line
expressing the recombinant protein of intereshsists indesigning plasmidsvith the

gene of interestand a selection markerAfter linearization of theplasmids and
transfection oimammalian cellsthe plasmidsareligatedand a small number integrate

the host cell genome by nétomologousrecombination(226) This is a very timely
method as it can take minimuml@ months to produce the recombinant protein. The
other technique is faster as it is based on transient expression. With this technique, the
plasmid DNA are only used to transfect mammalian cells and the recombinant DNA is
not integrated to the host cgénome(227) This technique isasterthan the stable cell

line expression, as a recombinant protein can usually be producedeek?(228)
However, thenorrintegration of theecombinant DNA into the host genoteads tdoss

during cellular division or degration, thus stopping or reducing the recombinant protein
production. The advantages of the stable gene expression over the trageismt
expression, is that the first not require as much plasmid DNA as the secoedsiersto

scale up and once a cell line has been established it can be frozen for furi{229)se
Moreover, the production from a stable cell line can reach ®@pg/cellday (226),

when it only reaches up to 10 pg/cell/lday when using a tranexpméssion(230)

However the gap between the timelines of the two methods is tremendous

Finally, the integration can also be done ushgCRISPR/Cas9 genome editing system,
as recenit Leeet al were able to target the gene integration intesgecific loci in CHO
cells(231)
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1.6.5.Recombnant protein purification

The purification of recombinant proteins is @ssentiastep to obtain a pure recombinant
protein, separated from the unwanted tdesived proteins, while also allowing the
protein to be exchanged into the desired buffer. Anmthegr techniques, chromatography

is a very efficient technique for the purification of proteins. Proteins can be separated
based on their physicochemical properties such as size and shape, total charge,
hydrophobic groups present on the surface, and lgradipacity with the stationary phase
(232) In chromatography, the mobile (liquid) phase, a fluid carrying the protein mixture,
interacts with different affinities with a stationary (solid) phase. Depending on these
interactions, the molecules will traveldifferent velocities in the mobile phase, allowing

the separation of the molecules of the mixture at the end of the system. Chromatography
methods include those based on the state of the mobile phase (liquid or gas
chromatography), ioexchange chromatogphy, sizeexclusion chromatography and
affinity chromatographyAffinity chromatography andize exclusion chromatography
(SEC)have been used to purify the recombinant proteins produced, and thus are described

here in some detail.

1.6.5.1. Affinity chromatography

Affinity chromatography use the principle of specific binding interactions between the
analyte and a ligand. The ligand is albyicovalently bound to a solid matrix. The analyte
specifically interacts with the ligand when the other contaminants can be collected as the

nonbinding material

Immobilized Metal Affinity Chromatographig based on the affinity of metal ions (such
aszZn?*, Cw*, Ni%*, and C@") for the lone pair electrons of nitrogenntaining amino

side chains (such as Histidine). The stationary phase consists in a chelating ligand
covalently attached to a support (most commonly agarose beads). Iminodiacetic acid
nitrilotriacetic acid (NTA) can be used as chelating ligand and they entrap metal ions via

coordinate binding.
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Electron donor groups on tléstidine imidazole ring form coordination bonds with the
immobilized metal ions. Using this principlélistidinetagged His-tagged) proteins
(usually a polyhistidine tag of 6 orHistidine, called 6xHis or 8xHis) can be purified
from unwanted material as thtistidinetagged proteins will be retained by the metal
ions when the unwanted material can be washed dkigure 1.28). The metal ions
affinity for Histidine tags from stronger to weaker is?CWNi?, Zr** and C&*. TheHis-

tagged proteins can be eluted from the transition metal by decreasing the pH of the liquid
phase, causing the protonatiortb$tidines, disrupting their binding with the metal. His
tagged proteins can also be eluted from the metal by addition ofnirdazole to the
buffer which acts as a competitive binder for the metal ions. This technique has many
advantages as the tag is small and can easily be added te ¢tineCNlerminal of the
recombinant protein, the proteins are eluted under mild conditinthgyialds purified

proteins with purities up to 95%233)

E@ _ Different

Protein X concentrations
agewme Sample application ofimidazole
: Elution

Oi %g@-mm@ (@)-imidazoe

ES

ok 1-a E@

Figure 1.28 Representation ofmmobilizedmetal affinity chromatography.

Immunoaffinity chromatographig based on the specific binding of antibodies for their
given target to purify the target from unwanted material. The stationary phase consists of
antibodies covalently attached or adsorbed iffierént supports such as carbohydrate

related supports (e.g. agarose and cellulose) or synthetic organic supports (e.g. acrylamide
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polymers and copolymers). Specific interactions between the target protein in the liquid
phase and the antibodies boundrte solid phase allow the separation of target protein
from unwanted material. To elute the target proteins, the strength of the ardiftagn
interaction must be loweref®34) Lowering the pH of the liquid phase inhibits the
antibodyantigen reaction thus liberating the target antigen. This interaction can also be
lowered byaddition of chaotropic agent to the liquid phase as they are effective in
dissociating higkaffinity antibodyi antigen complexes. Immunoaffinity chromatography
has a high specificity and affinity for a target antigen, however it is also the main
disadvantag of this technique as to elute the antigen harsh conditions are usually needed
(235)

1.6.5.2. SizeExclusion Chromatography (SEC)

SECis a chromatography meiti separating molecules based on their hydrodynamic
volume. The solid phase consists in spherical beads containing pores, and the separation
is due to the interaction of the molecules with this porous solid phase. Smaller molecules
can ent er dshhus thee fod thrduglptioercolumn is retarded compared to

bigger molecules that cannot enter the pores and instead flow rapidly through the column.

Molecules too large to enter the pores stay in the interparticle volume and are eluted first
from thecolumn, this interparticle volume is called the void volume. The elution volume
corresponds to the volume between the injection of the sample and the elution of a protein.
The solvent volume corresponds to the volume inside the pores of the beads atad the t
volume corresponds to the void volume plus the solvent vol&igere1.29).

SEC is mostly applied for fractionation, to separattecules with different sizand for
buffer exchange as the molecule of interest will be found in the void volume when the

smaller molecules are retained in the column.
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Figure 1.29 SizeExclusion Chromatography

A: schematic representation of t&éze Exclusion Chromatographith the void volume (Vo)

and the total volume (Vt). B: schematic representation of a chromatogram with the high molecular
weight proteins being eluted in th®, the medium molecular weight proteins being eluted in the
elution volume (Ve) and the low molecular weight proteins being eluted in thige adapted

from Cutler P. (2008) SizExclusion Chromatography. In: Walker J.M., Rapley R. (eds)
Molecular Bomethods Handboopringer Protocols Handbooks. Humana Press.

1.7.Detection molecules

1.7.1.Production of monoclonalantibodies

Antibodies can be very useful in various fields of medicine where they can benused
disease therapy, but also in research andidgnbsis.mAbs are identical antibodes
produced by ainiqueclonal populatiorderived froma singleB cell. The fact that these
antibodies are identicgreseng severaladvantages compared to a pool of antibodies
(referred to polyclonal antibodies, pAbgith the main feature beirgunique specificity
The mAbs are produced by hybridomadich are immortal celldeading toa virtual

unlimited source of antibody anchagh reproducibility in their production.
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The field of antibodies was revolutionized in 1975 by G. Kéhler and C. Milstein when
they were able to generat@Abs by culture of fused cellsvhich iscurrentlyknown as
hybridoma technology236) Hybridoma technologynvolvesimmunizingan animal,
usually mice orats,to elicit a strong immune response against an an{ig@n) The
antigen can be injected by many different routes of administration and is usually injected
with a strong adjuvaniAdjuvant non-specifically stimulate the immune response and
canbeolbased such as Fr earwaleéhasedddiyvante ldavettveo yoles,

the first is to prevent the rapid catabolism of the antigen and the seconadhas-to
specificallystimulate the immune systef®38). The B cells from an immunized animal

are fused withmyeloma cellswhich arederived fromtumours are immortal and have
been adapted to growm vitro. The fusion generatdseterokaryons (multinucleate cell
with distinct nucle) and unfused cellsThe B cells cannot grown vitro and will
subsequentlylie; however the myeloma cells are immortal and need to be removed. In
order to select the hybridomas resulting of the correct fusion of a myeloma and a B cell,
there is a drug selection step. The myss used for the fusion ladkypoxanthine
guanine phosphoribosyl transferase (HGPRT). If the main synthesis pathway for purine
and pyrimidinenucleotidesis blocked, cells can survivesing the salvage pathway
requiring HGPRT. After the fusion, the cells are grown in a hypoxartmmaopterin
thymidine (HAT) nmedium, first described in 1962239), which will block this main
synthesis pathway. HGPRIeficient myelomas are nable to use the salvage pathway,
thus will die. Only the hybridomas that have obtained HGPRT from the B cells will be
able to proliferate. This technique wavdeped by Littlefield in 1964240). Finally, the
hybridomas are screenedsually ly indirect ELISA, to select the mosspecific and

sensitive mAb produceagainst the antigesind this mAb is purified.

This techniquefficienty produces mAbs from animalshowever ithas some drawbacks

it is time consuming (minimum of 6 months betwdea first immunization of an animal

and the purification of the mAbs), the process is expensive and the cultures can be
contaminatedFor these reasons, the productiorpAbsis often an attractive optioas

their production is fasteless expensive anauld lead taahigher affinityreagents the
population of different antibodies can recognize different epitofjesse attributes must

be balanced alongside the drawbacks of pAbs, which are that their supplssis
reproducible and they often exhibhigher crosseactivity due to the different epitopes
recognized.
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Since some countries such as the Netherlands, the United Kingdom and Germany started
to ban the production of mAbs in animals, new techniques have been developed to
produce recombinant antibodies using a recombinant expression system or using phage
display (described below), creatinglmcterigphagelibrary, which can then be used to
recognize an antigem vitro and then produceapt or whole 1gG recombinantly
(241,242) The main advantages of these techniques are that they do not require the use
of anmals, they reduce the production time (from 6 months to around 2 months) and have

a better reproducibility than mAbs produced with the hybridoma technology.

Finally, by proteolytic cleavage or genetic engineering, antibody fragments can be
obtained whersome functions of the fulength antibody are not requiré243). Indeed,

in some casehé Femediated effectsuch as long serum hdife and activation of Fc

receptor expressing cells amet needed or unwantgéd44) Although the high affinity

and specificity of the antibodies to recagnantigens is required for most applications.

Thisledto the development of antibodies fragments, small molecules derived frem full

length antibodies, keeping the binding proprieties of theléaljth antibodywith more

efficient tissue penetratiorBome examples of antibody fragments are represented in
Figure1.30. The digestion of an 1§ by papain results in two Fab fragments and one Fc
fragment.A Fab fragment consists one light chain and one heavy chain linked by a

disulfide bond, thus is monovaleiihe digestionofani@by pepsin resul ts i
fragment and a F€E r a g me nt w i2 being divalent a& i eobtdins two Fab

fragmen s j oi ned at t he hi ngs#gragmgntodnbsereduéedtde b o nc
obtain two monoval ent F(abd) fragments <con
smaller molecules can be obtained by genetic engimpeatich as the single chain

variable fragmentswhich consist®f the variable regions of heavy and light chains joined

together by a flexible peptide linké45). Single domain antibody is a single monomeric

variable antibody domain that can be engineered from hd#aip antibodies found in

cameldsor sharkg246).
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scFv sdAb/NVHH Fab Fab’ F(ab')2

Figure 1.30 Schematic representation of hmost commonibody fragments

The heavy chain is represented in dark blue and the light chain in lightHituee adapted from
Biologics International Corp atttps://www.biologicscorp.com/faibagmentantibody/

1.7.2.Non-antibody molecules Affimer s

Many nonrantibody molecules have been developed and have been thoroughly reviewed
i n Gé al] VaztjuezZLombardiet al and Simeon and ChéB47 249). New protein
scaffoldsare continuously being discovered or desiymvith some of them already being

used in humans aunder clinical trials(248) These molecules have some common
characteristics to address the drawbacks of mAbs, such as their small size, the lack of
PTM and of disulfide bonds. Amongthers, these include Adnect{a50), Affibody

(251) Anticalin (252), DARPIn(253), Kunitz Damain(254)or Affimers.

Affimer moleculegqor adhirons)re small proteing,27 14 kDa, that bind specifically to

a target moleculavith two variable loops. The scaffold is derived from a synthetic
cystatin consensus sequence or engineered from human stefirhiél) are both
sequenceelated(255). The scaffold has a high thermal stability,€1L01°C) and caneb
expressed ii. colias it doesiot have anyPTM (256). The two variable loops afermed

by nine random amino acids, which form a very extensive librampftifners. The

example of the crystal structure of Affimer can be found ifrigurel.31.

Affimers have many advantages over antibodies as they are faster to develop (around 7
weeks), are smaller meaning that they can be selected against smaller compounds, do not

use animals and have high batch reproducibility.
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Figure 1.31 Crystal structure of anAffimer against the protein p300

The two variable loops are shown in piigure adapted from Tiede & al. Affimer proteins
are versatile and renewable affinity reagents. Elife. 2017;6:e24903.

The selection of théffimers against a target protein is done through pldigelay
technology Phagedisplay is a technique invented 1§ Smith in 1985to present
paypeptides on the surface of a filamentous bacterioptg@ This technique uses the

fact that the genotype and the phenotype of the flamentous bacteriophage are physically
linkedasthgpepti de di spl ay e disenocvded bpgengdordagnedéns s ur f .
the virion(258). The selection ofAffimers is done through phagksplay with a library

of high complexity with over 1.% 10' different Affimer clones with unique variable
loops(256). In this process, thaffimers are cloned into a phagemid vectmised on the
bacteriophage M13yhich will express am\ffimer/truncatedplll fusion protein on the

coat of thebacteriophag€256) The target protein is used to pan the library to find the
bestAffimers to bind to the target protein. Thhage are then eluted artel coli cells

are electroporated with the phagemid vectors and infected with a helper phage containing
the complete M13 genome encoding all the phage proteins required for capsid production,
phage assembly, chromosome replicatind budding259) The enriched phage mixture
obtaineds used for two other panning cycles to enrich the mixture with the bestdindin
Affimers to the target prein, as represented igurel.32. These phages are sequenced

to obtain the sequences of the two variable loops which are then clonedincah

expression vector. Th&ffimers are then expressed and purified.
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Figure 1.32 Schematic representation dfffimer screening process using phage display.

PhageexpressingAffimers bind to the target protein. Unbound phages are washed off and the
bound phages are eluted and amplified in E. coli. These panning rounds are repeated twice to
obtain individual phages displaying targeinding Affimers. The binders are then tested in ELISA
andthe phages are sent to sequencing. Figure adaptedHttps://international.neb.com/toels
and-resources/featurarticles/applicationsof-the-phd-phagedisplay-peptidelibraries

Affimers have been ude in diagnostics such as ELISA$255) sandwich
chemiluminescence immunoassay (CLI®B0), biosensorg261,262) histochemistry
(255) andfor westen blotting (WB) (256) They could also be used as therapeutics as
their high stability, small size, which could mean higher tissue penetrafidnhuman
origin confer them many advantag@63,264) However, in some cases, for diagnosis, a
combination ofAffimer and mAb has shown better results than a paiféiers or

mADbs, maybe exbiting a synergetic action of these two detection moleq2es)
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1.8. Aim of this project

This work is part of HOUWNQAIREMSCA) Inhaativiee Sk g o d
Training Network (ITN) comprising 15 Early Stage Researchers in all aspects of

infectious outbreaks to become preparedmegerts on host switching pathogens,

infectious outbreaks and zoono&€5) More specifically, this work is part of the work
package fiadvanced diagnosticso, aiming to p
diagnostic tools in case of an outbrea&rerio or the discovery of a new virus.

Concretely, he aim of thighesiswasto develop new diagnostioolsfor the detectiorof

newly emerging viruses suchR¥FV and CCHFV, asaccording to the WHO and OIE,

there are still some gaps in thdiagnosis, especially in animals and thesestaall help

in the prevention of the spreading of these viruses and also in surveillance programs.

Finally, as mentioned abovethe discovery of new viruses that could ernserg
unexpectedly during the course of thoject may force the change of the targets

described above. In this case, the technologies and resauilides adaptedo the new

isolates which happened at the end of 2019 with the discovery of SB&RE2.

Fourmain objectives were defined:

1. Expression and purification of recombinant CCHF\pédteinandglycoproteins
and production of monoclonal antibodies agatinstNprotein.Development and

validation ofserological assay®r diagnosis oCCHFV.

2. Expression and purification of recombinant RVFVphotein and glycprotein.
Production of monoclonal antibodies and saniibody binding molecuge
(Affimers) against the RVFV N proteinDevelopmentand validation of
serological assays for diagnosis of RVFV

3. Development ofa multiplex assayor differential diagnosisof CCHFV, RVFV
and other relevantlatedpathogensuch asSchmallenberg virugSBV), BTV
andMycobacteriunbovis

4. Production of the SARE0V-2 N protein andlevelopment ofeveral diagnostic
assaydo identify the virus or the immune response toward3at.elopment of a

multiplex serologicalassay targetindifferent proteinof SARSCoV-2.
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Chapter 2 Materials and Methods

2.1. Materials

2.1.1.Synthetic genes

A cDNA to express the fullength N protein of RVFVstrain ZH548 M12(Genbank
accession No. X53771.1), optimized for bacterial expressiorflankied with BanHl
and Xhd restriction sites, wagenerated syntheticalGenewiz)in the donor plasmid
pUCS57Kan.

The cDNAs of RVFV G ectodomain (Ge) (strain ZH548 M12, GenBank accession

No. M25276.1, nucleotides 480:1766), CCHFV GP38 (strain Nigeria/lbAr10200/1970,
GenBank accession No. AF467768.2, nucleotides 834:184@)CCHFV G (strain
Nigeria/lbAr10200/1970, GenBank accession No. AF467768.2 nucleotides 1650:2618)

optimized for expression i8 frugiperdawere synthetically produced by IDT.

The cDNA encoding for the fulength nucleocapsid protein of SAR®V-2, isnlate
WuhanHu-1 (GenBank accession NC_045512, nucleotides 28274:29533), was kindly
provided by Dr. Volker Thiel (Institute of Virology and Immunology, Switzerland).

On arrival, the synthetic genes were resuspended in nudteasebO and stored at

20°C.

The synthetic genes usddring this projecare summarized ifable 2.1.

Table 2.1 Synthetic genes.
Gene Strain Genbank Plasmid Optimized Origin
RVFVN 1 Zhsa8 M12| x53771.1 |  pucsy | EScherchial  oonewiz
protein coli
RVFV Gne | ZH-548 M12| M25276.1 Spodoptera| .
frugiperda
Nigeria/lbAr Spodoptera
CCHFV Gn 10200/1970 AF467768.2 frugiperda IDT
CCHFV Nigeria/lbAr Spodoptera
GP38 | 10200/1970| AF467768.2 frugiperda IDT
SARSCoV- Isolate Dr. Volker
2 N protein | WuharHu-1 NC_045512 pUCS7 Thiel
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2.1.2.Primers

The oligonucleotides were produced by Thermo Fisher Scientific and Eurofins Genomics

for use in sequencing and PCR. On arrival, each was resuspended in Aluek&t®
and stored at20°C.

Theprimers used to amplify the genes mentioned above are listabia2.2.

Table 2.2 Oligonucleotides used for cloning.

Target Primer name Primer sequence
. 5-@ATG GAC AAT TAT CAA GAA CTG
RVEV N Forward RVFV N protein CGTG3 6
protein Reverse RVFV N protein 54TATGC TGC GGTATTT ATATGC
CTG3 06
Forward RVEVGye 5 -ATG GAA GAT CCC (;AC CTG AGG
RVFV Gye AAC C-3 0
N Reverse RVE\Gue 5 dTA AGC GGT GTG GCACTG GTA
N GTTG-36
Forward CCHFVGne 5-&ATG TCCGAG GAACCTTCCG3 6
CCHFV Gne 5 dTA CAG GAA GGC CAT AGT AGT
Reverse CCHF\Gne CTT AGG3 6
5 -&TG AAC CTG AAG ATG GAA ATC
CCHEV Forward CCHFV GP38 ATC C3 6
GP38 Reverse CCHEV GP38 5 dTA CAG CAG gCﬁG ACG AGA ACGC
. 5 &€GC GGA TCC ATG TCA AGC CAA
SBV N Forward SBV N protein TTC ATT TTT GAA G-3 6
protein Reverse SBY N protein 5&€CG CTC GAG TTA GAT GTT GAT
P ACC GAA TTG CTG3 6
Forward SARSCoV-2 N 5-@ATG TCT GAT AAT GGA CCC CAA
SARSCoV-2 protein AAT C-3 6
N protein Reverse SARE0V-2 N 5 dTAGGC CTG AGT TGA GTC AGE
protein 30
Forward 5-@&TG GCT AGC AAC TCC CTG GAA
, ATC GAAG-3 6
Affimers

Reverse Cys

5 dTA CTAATG CGG CCG CAC AAG
CGT CACCAACCGGTTTG3 o6

Moreover, for sequencing, the following oligonucleotides were also Usdde.3):
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Table 2.3 Oligonucleotides used for sequencing.

Name Primer sequence
Gw1 5-&TT GCA ACAAAT TGA TGA GCA ATG CG3 ¢
5-0GTT GCA ACA AAT TGA TGA GCA ATT A-
GwW2 36
T7 forward 5-0TAATAC GAC TCACTATAG GG3 6
T7 reverse 5-&CTAGT TATTGC TCAGCG &3 6
GST 621+ 5 &CCACGTTT GGT GGT GGC GAG 0
Bac Rev 5&GC ACA GAATCT AGC GCT TAA3 0
2.1.3.Plasmids

The expression plasmid pET280MO was used as backbone to produce the target
proteins (CCHFV N, RVFV N and SBV N proteins) i coli, with the various ORFs
inserted such that the resulting expressed protein wasmNnally appended by SUMO
and 6xHis tags.

For the Gateway technologfh er mo Fi sher Scientific), the
was used as entry vector ahe expression vector pPDEST17 was used for production of
recombinant proteins iB. coli(SARSCoV-2 N protein) and pAcSecG2T fproduction

of recombinant proteins in insect cells (CCHFV GP38, CClin¥ and RVFV Ge).

The pAcYML1 vector containing the fuiéngth cDNA of the VP7 of BTV serotype 10
(GenBank accession No. YP_052967) was used to produce a recombinant baculovirus
expresing the VP7 protein (this material was already available in Eurbigenasa).

The vectors used are detailedliable2.4.
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Table2.4 Plasmids

Plasmid Ant.'b'Ot'C Promoter System Tags Application
resistance
Expression of
pET28a Kanamvein T7 Escherichia| 6xHissSUMO CCHFV, RVFV
SUMO y coli (N-terminal) and SBV N
proteins
pET11a Ampicillin T7 Escherllchla 8xH|§ (G Exprgssmn of
coli terminal) Affimers
pCRES8/ . . Escherichia Entry vector
/ITOPO Spectinomycin 7 coli (Gateway)
I . Expression of
PDEST17 | Ampicillin 17 | Escherichial  6xHis (N | g pscovo N
coli terminal) .
protein (Gateway)
Expression of
- . Insect GST (M CCHFV GP38
* ]
pAcSecG2T*  Ampicilln | Polyhedrini ., opes | terminal) | Gye and RVEV
Gne (Gateway)
: Insect Expression of BTV,
pAcYM1 Polyhedrin cells/BES VP7

*Plasmid modified at Eurofintngenasa for its use in the Gatewsystem

2.1.4.Cells

2.1.4.1. Bacterial strains

For most cloning steps, competeBt coli NZY5U cel | s (NZYTech,
fhuA2ad(aachy)FU169 phoA glnVv4a4d G080 e&(l acz) M15
1 hsdR17) were used for transformation.

The ORFs of the CCHFV N, RVFV N and SBV N proteins were expressed usifg the
coliBL21 derivative Roseta E 2 ( DE3) SinglesE Competent C
F- ompT hsdSB(rBmB-) gal dcm (DE3) pRARE2 (CamR)).

Af t er performing the TOPOE Cl o%constgictsr eact i o
were transformed into One SRd¥a ¢ h-T18 chemically competeri. coi (Thermo

Fisher Scientific, genotype:-Ri 8 0 (| ac Z) e&eM15 amiKatc)X 78r ehcsAJIR3(9r 8K
endA1l tonA). The ORF of the SARSoV-2 N was expressed using the BER1 EE.

coli strain (Invitrogen, genotype:-BEmpT hsdSB(rB mB - ) gal dcm araB::T7RNAP

tetA).
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For phage display to seleétffimers, theE. coli strain K12 ER2738 was used (New
Engl and Bi ol abs, Il nc., genotype: FEproA+B+

gl nV -pgmAB)#&el op(-maR)3.

2.1.4.2. Insect cell lines

Sf9 insect cells (ATCE CRL-1 7 1 1 Hérived from ovarian tissue @podoptera
frugiperda were used for the production of recombinant baculoviruses, baculovirus
stocks and intracellular expression. Sf@@ls variant of Sf9 adapted for growth without

serum, were used for extracellulaof@in expression.

2.1.4.3. Mammalian cell lines

The mouse myeloma cell lines P3X63Ag8.653 and SR3M were used for the fusion
with the B cells of immunized mice and the production of monoclonal antibodies.

2.1.5.Baculovirus

2.1.5.1. Parental baculovirus

BacPAK6 linear DNA from Autographa californicaaucleopolyhdrovirus genome
with lacZinserted instead of the native polyhedrin gene coding region was used to

produce recombinant baculoviruses.

2.1.5.2. Recombinant baculovirus

The recombinant baculoviruses produced during this project are summaitzdddai.5.
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Table 2.5 Recombinant baculoviruses produced.

Name Gene of interest Tag Expression
Insoluble
BacPAK6 pAcSecG2T
CCHEV Gue #1 CCHFV Gie GST Soluble
Secreted
Insoluble
BacPAK6 pAcSecG2T
CCHEV GP38 #2 CCHFV GP38 GST Soluble
Secreted
BacPAKG6 pAcSecG2T Insoluble
RVFV Gye #5 RVFV Gve el Soluble
BacPAK6 pAcYM1 BTV Insoluble
VP7 BTV VPY Soluble

2.1.6.Laboratory mice

Female BALB/c mice aged from 9 to 12 weeks, with a weight range between 20 g to 40
g were housed in temperattgentrolled, pathogefree rooms with access to pelleted
food and watead libitum Originally, the mice were commercially obtathfrom Harlan
Interfauna Ibérica (Spain) and were bred and maintained under standard animal housing
conditions by the Animal Department of Eurofimgenasa (Eurofintngenasa,
Community of Madrid registration number ES280790000095). The animal reseasch w
approved by the Consejeria de Medio Ambiente, Administracion Local y Ordenacién del
Territorio (Department of Environment, Local Administration and Territorial Planning)
from the Comunidad de Madrid (Community of Madrid, Spain) reference PROEX
n°024/18.

2.1.7.Antibodies

The primary and secondary antibodies used in WB, ELISAs, LFA, Luminex and affinity
chromatography are summarizedTiable 2.6. The commercialyophilized antibodies
were dissolved in the corresponding volume of@ts instructed by the manufacturer,

mixed in an equal volume of 99.9% glycerol and store@@#C.
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Table2.6 Commercial and inrhouse antibodies used in WB, ELISA, LFA and Luminex.

Antibody Target Label Type/ | Species of | Applica- l?\lllll\J/;I?J? Source m'/A\b
Isotype | production tion ug/mL 0Ab
Thermo
6x-His Tag Fisher
Monoclonal | 6X His tag 1gG2b Mouse wB 1:2,000 | Scientific | mAb
Antibody (MAL1-
21315)
0.5 Eurofins
3C11 SUMO tag IgG2b Mouse WB mAb
pg/mL | Ingenasa
HRP WB 1:1?60,00
. From 5 .
3H11 GST tag IgG1 Mouse | “UMINeX | gL 'IE“rOf'”S mAb
— ngenasa
Affinity
chromato
graphy
1:150,00
. HRP WB ' ,
EGS Ruminants lgG1 Mouse 0 Eurofins mAb
lgG - . 0.5 Ingenasa
Biotin Luminex
pg/mL
A. Brdn
F1D11 Rthlj:t\éirl:l lgG Mouse wWB u91/?nL (INIA- | mAb
CISA)
Goat anti
Mouse IgG
(H+L) .
Secondary | MoUsel9G | op | 4G Goat | ELISA | 1:2,000 | MVIrogent  ap
: (H+L) (31430)
Antibody,
HRP
conjugate
Accurate
Chemical
&

.| Mouse IgG L
Goatanti | " " opoin | HRP | IgG Goat ELISA | 1:5,000 | S¢ientific | Ay
Mouse IgG o Corporati

specific) on
(SBA103
001)
Anti-Mouse Mouse Sigma
g6l | 1yG1 . Aldrich
spcehcailflir:;} chain HRP lgG Rabbit ELISA 1:2,000 (SAB370 pAb
Peroxidase specific) 1171)
Anti-Mouse .
Sigma
g G2a Mouse Aldrich
cha_u_n IgG2a HRP IgG Rabbit ELISA 1:2,000 (SAB370 pAb
specific}
. 1178)
Peroxidase
Anti-Mouse Mouse Sigma
I é:]h;;inz-b IgG2b HRP IgG Rabbit ELISA 1:2,000 Aldrich pAb
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specific} (SAB370
Peroxidase 1185)
Anti-Mouse .
19G3 |, Alorion
. ouse . . ric
cha_u_n I9G3 HRP IgG Rabbit ELISA 1:2,000 (SAB370 pAb
specific} 1192)
Peroxidase

Anti-Mouse .

I gIA—cP:j(aim] Sigma

speci f Mouse IgA | HRP fo]€; Goat ELISA 1:2,000 | Aldrich pAb

oxidase (A4789)

Anti-Mouse .

I g IM—crtiaia Sigma
specific) Mouse IgM| HRP fo]€; Goat ELISA 1:2,000 | Aldrich pAb
Peroxidase (AB786)
Peroxidase Jackson
AffiniPure
Goat Anti ImmunoR
Human 1aG Human IgG| HRP IgG Goat ELISA 1:50,000| esearch | pAb

can ? A (109035

specific 008)
Peroxidase
AffiniPure Jackson
Goat Antk Human ImmunoR
Human IgM, 1aM HRP IgG Goat ELISA | 1:15,000| esearch | pAb
Fc5e 9 (109035
fragment 129)
specific
SARS LFA m }mL M.J. van
COVA2-29 | CoV-2 IgG Human Fr%m =1 Gils | mAb
RBD Luminex ug/mL (AUMC)
SARS M.J. van
COVA2-03 CoV-2 S IgG Human LFA 1 mg/nt Gils mADb
SBV N . From 5 | Eurofins
1D5D12 orotein IgG2a Mouse Luminex ug/mL | Ingenasa mAb
. From5
Luminex
ug/mL Eurofins
2D7 BTV VP7 IgG1 Mouse Affinity Inoenasa mAb
chromato 9
graphy
83CA3 MPBS3 IgG1 | Mouse | Luminex | From5 | Eurofins |
pg/mL | Ingenasa
SARS From 5 | Eurofins
14E11 CoV-2 N lgG2a Mouse Luminex mAb
. pg/mL | Ingenasa
protein
SARS Competiti Eurofins
14E4 CoV-2 IgG1 Mouse PE 110,000 mAb
RBD on Ingenasa
Biotin-SP Jackson
(long spacer) ImmunoR
0.35

AffiniPure | Human IgG| Biotin IgG Goat Luminex }mL esearch | pAb
Goat Anti HY (109065
Human IgG, 008)
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Fco frr
specific
Biotin-SP
(long spacer)
AffiniPure | r\;?;ihigrl;
HGoat Ante Human Biotin IgG Goat Luminex 0.4 esearch | pAb
uman IgM, IgM pg/mL
(109-065
Fc5e 129
fragment )
g
specific
ThemAbs produced in this project are summarizedable2.7.
Table 2.7 Monoclonal antibodies produced.
. , Dilution
Antibody | Target | Label Type/ SpeC|e_s of Ap|_oI|ca- (v/v) or | Clonality
Isotype | production tion
pg/mL
WB 10 pg/mL
Double
1E9 lgG1 Mouse antibody 5 ug/mL mAb
sandwich
ELISA
WB 10 pg/mL
Double
antibody
sandwich 5 hg/mL
RVFV N
rotein ELISA
P Double
1F8 Biotin lgG1 Mouse | antibody 2 ug/mL mAb
sandwich
ELISA
Double
HRP antibody | .44 55
sandwich
ELISA
2D10 lgG1 Mouse WB 10 pg/mL mAb
1D6 lgG1 Mouse WB 10 pg/mL mAb
WB 10 pg/mL
Double
2G10 HRP lgG1 Mouse s;rt,'g\,?,% 1:4,000 mAb
CCHFV ELISA
N protein
P WB | 10 pg/mL
Double
i A
3G7 lgG1 Mouse antibody 5 pg/mL mADb
sandwich
ELISA
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2.1.8.Samples

2.1.8.1. Animal serum samples

A total of 910 serum samples from different animal species were used ioraofest
(detailed inTable2.8). For the detection of antibodies to RVFV, 68 serum samples from
sheep experimentally inoculated with RVFV were kindly provided by Dr A. Bran from
Centro de Investigacion en Sanidad Anifmituto Nacional de Investigacion y
Tecnologia Agraria y Alimentarig(INIA-CISA), Madrid, Spain), some of them
previously characterizd@66,267) For detection of antibodies t®8S8, 33 serum samples
from calves and 41 serum samples from lambs experimentally infected with SBV were
available at Eurofingngenasa, from a previous internal project. For the detection of
antibodies taVl. bovis 29 serum samples from cattle vaccinated intramuscularlyhvith
boviswere available at EurofiAigenasa, from the European project WildTBVac (Call
Identifier: FPZKBBE-20137; Grant agreement n° 613799). For detection of antibodies
to CCHFV, 31 feld serum samples from cattle, 33 from sheep, 5 from horses and 3 from
goats naturally infected by CCHFV were provided by the Faculty of Veterinary Medicine
in Skopje (USCM, North Macedonia). For the detection of antibodies to BTV, 73 serum
samples from d#de experimentally infected with BTV were available at Eurcfins
Ingenasa, obtained from previous projects (PROFIT, Ref-020000200581 and
Comunidad de Madrid, Ref. 27/2007) and 15 serum samples from SBV infected animals,

also positive to BTV.

Finally, a collection of 579 negative field samples (208 from cattle, 184 from goats, 185
from sheep and 2 from horses) from Spanish farms were evaluated in the different assays
developed.

Table 2.8 Animal serum samples.

Field or experimental serum samples positive to

RVFV | SBV Mycobbo?/‘i:;e”“m CCHFV | BTV | Negative| Total
Number | gg | 74 29 72 88 579 910
of samples
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2.1.8.2. Human serum samples

A total of 1,065 humanserum samples wengsed in thisproject Eighty-seven serum
samples were provided by the Hospital General Universitario Gregorio Marafién in
Madrid (Spain), 140 serum samples by the Instituto de Salud Carlos Il (Madrid, Spain),
665 ser um s ammpdraanof Survedlance tard &arlyi Detection Program of
COVID-19 in essential services personnel of
Public Health of the Madrid City Council (Spain), 109 serum samples by the Amsterdam
University Medical Centein Amsterdam (the Netherlands), and 64 serum samples
already available in the lab from a previous European project, RespVirusesPE&EU
2005LIFESCHEALTH-7). The samples were classified as follows: 163 serum samples
of patients positive to COVIE9 by PCRall the PCRs described in this study weral

time RT-PCRs done in respiratory material) and confirmed by a commercial assay
(NovaLisa® SARSCoV-2 IgG and IgM ELISAs (Novatec) or 204fCoV 1gG/IgM

Rapid Test (T&D Diagnostics Canada)), 43 serum samplepaténts positive to
COVID-19 by PCR but negative in the serological assays, 174 serum samples of patients
negative to COVIB19 by PCR but positive in a commercial serological assay, 452 serum
samples of patients negative to COVID both by PCR and seagjical assay, and 233
negative sera collected before 2019. A summary of these data is shdaile2.9. A
collection of sera positive to other infeat®diseases which can provoke pneumonia (5
sera positive taChlamydia trachomatis17 to Mycoplasma pneumoniaand 21 to
Legionella pneumophijavas tested and classified by the Department of Serology of the
Spanish National Center of Microbiology and waduded inthestudy. The 64 samples

from the RespViruses project were collected from blood donors and people requesting
serological tests and other virological investigations at the University Hospital Bonn, and
62 were found positive to human respirgteyncytial virus (hRSV) in different assays
(268). Finally, the collection provided by the Amsterdam University Medical Center
included a total of 20 serum samples from the Amsterdam Cohort StudieiéVon
infection andacquired immunodeficiency syndron{&IDS) (269) The sera were
obtained shortly (within 6 months) after infection by a seaséwglhacoronavirus
(HCoV-NL63 or HCo\\229E) or a seasonBletacoronavirugHCoV-HKU1 or HCoV-

0OC43) and contained high concentrations of antibodies to these coomigon

coronaviruses. For all the human serum samples collected, the participation was voluntary
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and without incentive. Formal agreements with the unsbihs providing the serum

samples or written informed consent of each participant at enrolmeeabbtained.

Table 2.9 Human serum classification byeal-time RT-PCR and serological assays.

Serum samples
Reaktime RT-PCR + / Antibody + 163
Realtime RT-PCR + / Antibody - 43
Realtime RT-PCR -/ Antibody + 174
Reaktime RT-PCR -/ Antibody - 452
Samples prior 2019 233
Total 1065

2.1.8.3. Respiratory samples

Six oropharyngeal samples and five nasopharyngeal samples were available at-Eurofins
Ingenasa. The samples were classified as positive or negative to €EO\HPrealtime

RT-PCR. The classification of the samples is describ@abie2.10.

Table 2.10 Classification of the oropharyngeal and nasopharyngeal samples.

. Reaktime RT-PCR Posmye or
Specimen Sample result (Ct values) negative to
COVID-19
1 24.5 Positive
2 26 Positive
Oropharyngeal 3 28.5 Positive
samples 4 29 Positive
5 Negative
6 Negative
7 28 Positive
8 Negative
Nasopharyngeal 9 Negative
samples -
10 Negative
11 Negative
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2.1.9.Dilution buffers for the immunoassays

The following dilution buffers were used in ELISATable2.11):

Table 2.11 Dilution buffers (DB) used in ELISAs.

Name Composition
DB1 0.35 M NacCl, 0.05% (v/v) Tween 20, 0.05
(v/v) Kathon CG(Escuder)
250 mM TrisHCI, 1 M NaCl, 1% (v/v)
DB2 Tween 20, 1% (w/vipovine serum albumin
(BSA), 0.095% (v/v) Nah pH 7.2
DB3 1X PBS, 0.05% (v/v) Tween 20, 2.5% (v/
foetal bovine serunFBS Gi bc o E
DB4 StabilZyme® SELECT stabilizer
(Surmodic$ supplemented with 0.5 M Na(

The following dilution buffers were used in LHADB) (Table 2.12):

Table 2.12 Dilution buffers used in LFAs(LDB).

Name

Composition

LDB1

250 mM TrisHCI, 150 mM NacCl, 1%
(w/v) casein, 0.095% (v/v) NalNpH 7.5

LDB2

250 mM TrisHCI, 1 M NacCl, 1% (w/v)
BSA, 1% (v/v) Tween 20, 0.095% (v/v
NaNs, pH 7.2

LDB3

250 mM TrisHCI, 150 mM NaCl, 1%
(w/v) casein, 0.5% (v/v) Tween 20,
0.095% (v/v) NaN, pH 7.5

LDB4

250 mM TrisHCI, 0.75M NacCl, 1%
(w/v) casein, 0.095%v/v) NaNs, pH 7.5

LDB5

250 mM TrisHCI, 1 M NaCl, 1% (w/v)
casein, 0.095% (v/v) NalNpH 7.5
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2.2.Methods

2.2.1.Classical molecular cloning by restriction enzyme digestion

2.2.1.1. Polymerase chain reaction

Polymerase chain reactions were completed in a total volume of 50 pL using the

Fast STagDNAPpolymerase (Roche). The reaction was set up with 5 uL of PCR

reaction buffer with 20 mM MgGI10X concentrated, 100 ng of DNA template, 200 ng

of each forwardand reverse primers, 12 mM of deoxyribose nucleotide triphosphate, 1

OL of F araqiDBSA Rolymefase (5U) and up to 50 pL with nucleése HO.

The PCR was performed in an Applied Biosy:
Fisher Scientificaccordingtot he manuf acturer6s instruction
temperature of the primers and the length of the product to amplify. The number of
amplifying cycles was between 25 and 30. The products were analysed by agarose gel

electrophoresis and visualizbg transillumination.

2.2.1.2. DNA digestion

Restriction enzymes and buffers were obtained from Thermo Scientific. Restriction
enzyme digestion was performed on PCR products and plasmid DNA for subcloning of
the RVFV N protein gene and SBV N protein gene ingET28aSUMO expression
vector. A sequential digestion was performed with the reaction components and
conditions described by the manufacturer. The digested products were analysed by

agarose gel electrophoresis.

2.2.1.3. Agarose gel electrophoresis

To check theize and purity of the PCR products, products of restriction enzyme digestion
and plasmid DNA were separated using -T%8 (w/v) agarose gels in 0.5X
Tris/Borate/EDTA (TBE) buffer, supplemented with 1:10,000 of GelRed® nucleic acid
gel stain (Biotum). Theasnples were prepared by adding™6 DNA loading buffer
(0.25% (w/v) bromophenol blue, 40% (w/v) sucrose). Samples were run on gels at 100 V

in 0.5X TBE buffer for a predetermined time depending on the products to observe. The
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gels were observed and pbgraphed in a UV transilluminator using Gel Logic 2200
Digital Imaging System (Kodak) and were visualized using Kodak Molecular Imaging
Software.

If the DNA products were to be extracted from the gel and purified]1%.§w/v) low

melting temperature agase gels were made and observed using an UV transilluminator.

2.2.1.4. DNA gel extraction and purification

The digested plasmid DNA was loaded onto a 0.8% (w/v) low melting temperature

agarose and electrophoresed as described above. Plasmid DNA was excised ¢@im th

using a sterile scalpel and extracted from the agarose gel using NZYGelpure (NZYTech)
following the manufacturerdés instructions.
the same kit for PCR products. The purified digested plasmid DNA and PCR sroduc

were quantified by spectrophotometry usinl@ noDr opE 1000 spectr o]
(Thermo Scientific).

2.2.1.5. Ligation

Ligations were performed using the rapid DNA ligation kit (Roche). The reaction
contained 50 ng of digested plasmid DNA, 1:1 molecular ratfonsert:plasmid DNA,

up to 10 pL 1X DNA dilution buffer, 10 pL of 2X T4 DNA ligation buffer and 1 pL T4
DNA ligase (5U). The reaction was incubated for 15 mimam temperatureRT). This

ligation product was used to transfoEncolicompetent cells.

2.2.1.6. Bacterial transformation

TheE. colistrains described in secti@il.4.1were transformed with the corresponding

plasmids for plasmid amplification or recombinant protein expression. Cells were thawed

on ice and 10 ng of plasmidibNApr22scsklLobfth
product were added. This mix was incubated on ice for 30 minutes, theshbekéd for

3040 seconds at 42UC and the tubes were trat
of S. O. C. medi um (1l nvitr obeetub&\yas watsatedaatl d e d t
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37°C for 1 hr with shaking at 220 rpm (incubator CERTOMAT® IS (Sartorius)). Finally,
the mix (transformedt. coli) was spread onlgsogeny brot{LB) agar plate containing
the appropriate antibiotic for the selection and the phatere incubated overnight (ON)
at 37°C.

2.2.1.7. Plasmid DNA amplification and isolation

A single colony from a transformesl coliLB agar plate or a glycerol stock was used to

inoculate 20 mL of LB medium containing the appropriate antibiotic for selection. The
inoculated medium was incubated ON at 37°C, 220 rpm. The plasmid DNA isolation was
done with NZYMiniprep Kkits (NZYTech) foll «
Purified plasmid DNAs were eluted in nucledsse HO0 and quantified by
spectrophotometry iyaNano Dr opE 1000.

2.2.1.8. Glycerol stocks

Bacterial cultures were grown ON at 37°C, with shaking at 220 rpm in LB medium
containing the appropriate antibiotic for selection. The cultures were mixed with 99%
glycerol to a final concentration of 15% (v/v) and the glycerol stocks were stored at
80°C

2.2.1.9. Sequencing

The constructs were sent to the Servicio de Secuenciacion Automatica de ADN
(Automatic DNA Sequencing Service) of the Centro de Investigaciones Biologicas
(Center for Biological Research, Madrid) for sequencing by the Sanger method. The
chromatograms obtained weamalysedusing Chromas Lite 2.1 and the sequences were

analysediusing DS Gene 1.5.
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2.2.2.Gateway system for molecular cloning

2.2.2.1. TOPO cloning reaction

The ligations between the gene of interest and the Gateway entry vectqrenferened

with 40 ng of PCR productand 1 yLof TOP@ect or according to the
instructions. The reaction was incubated for 5 min at RT. 2 pL of the TOPO cloning

reaction was used to transfo@me Shdt Ma ¢ h-T1E.

With the transformed cola®s, a colony PCR was performed to check the presence of the
insert in the entry vector, with suitable colonies selected for plasmid DNA amplification

and subsequent sequence analysis.

2.2.2.2. LR recombination

The LR recombination was performed between the ewvdgtor and the destination
vectors following the manufacturerds instru
destination vector, 2 OL of LR ClonaseE and
incubated for 1 hr at 25°C. Then, 1 pL of proteen&swas added to the reaction and

incubated for 10 min at 37°C. Finally, 1 puL of the LR recombination was used to
transformN Z Y Scélls.

A colony PCR screen was performed on the transformed colonies with suitable colonies

selected for plasmid DNA amplifition and subsequent sequence analysis.

2.3.Expression and purification of recombinant proteins

The recombinant proteins used in this project were produced in two different expression
systems, th&\ proteinswere produced in bacteria and the glycoproteiase produced

in insect cells.
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2.3.1.Expression of recombinant proteins inkE. coli

The N proteinof CCHFV, RVFV and SBV were expressedEncoliusing a derivative

of the pET28&85UMO vector, whereas the proteinof SARSCoV-2 was expressed in

E. coli using the Gateway system. The final constructs of the plasmids used to express

the recombinant proteins & coliare summarized imable2.13.

Table2.13 Plasmid constructs used to produce recombinant proteins in E. coli.

Name Plasmid Gene Tag Promoter Ant.IbIO'[IC Ampllflc_atlon Expregsmn Induction
expressed resistance strain strain

pET28a

SUMO pET28a | CCHFV
CCHFV N | SUMO | N protein

o |

SUMO DET28a | RVFV N SUMO _ NZY5U BL21 Isoprc_)pyt

, (N- T7 Kanamycin| Competent (DE3) pb-thio-
RVFV N SUMO protein - .
. terminal) Cells Rosetta2 | galactoside

protein

pET28a

SUMO pET28a SBV N

SBV N SUMO protein

protein

One Shot
P’ SARS | 6xHis Ma c h-TE | BL2LA | §
pDEST17| CoV-2 N (N- T7 Ampicillin Chemically One Arabinose
CoV-2N . .
. protein | terminal) Competent. Shot
protein .
coli
2.3.1.1. Expression of thenucleocapsidproteins of CCHFV, RVFV and
SBV using the pET28aSUMO vector
2.3.1.1.1. Cloning of CCHFV, RVFV and SBV nucleaapsid

proteins

cDNA designed to express the Hdihgth N protein of CCHFV Baghdad 12 strain
(GenBank accession CAD61342.1, but with conservative substitutions T111l, R195H and

H445D) optimized for bacterial expression was cloned into the pE$RBAO plasmid
and provided by Dr. Emma Punch. cDNA sequence of the SBV NRipr@GenBank
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accession No. KC108844.1) was available at Eurdfigenasa cloned into the
pCRE8/ GW/ TOPOE vector.

The cDNA of the CCHFV N protein, RVFV N protein and SBV N protein were cloned
into the pET28s&6UMO plasmid for bacterial expression of correxting fusion proteins
with the SUMO and 6xHis tag and used to transfarrooliBL21 (DE3) strain Rosetta2
(R2) following the methods described in sectin.1.6

2.3.1.1.2. Expression of CCHFV, RVFV and SBV nucleocapsid

proteins

The transformed R2 cells were grown ON in LB medium supplemented with kanamycin
(50 pg/mL), at 37°C and with shaking at 180 rpm in an Infors HT Multitron incubator.
Glycerol stocks othe ON cultures were generated and store@@C and 2 mL of the

ON cultures were used to inoculate each 1 L of LB medium supplemented with
kanamycin (50 ug/mL) until aonptical density (ODat 600nmbetween 0.6 and 0.8 was
reached. The expression of CCHFV, RVFV and SBV N protein in R2 cells was then
induced by addition o500 pM IPTGto the culture medium. After the induction, the
temperature of incubation was decreased to reach 18°C and the bacterial cultures were
incubated for 16 hrs at 18°C, with shaking at 180 rpm.

2.3.1.1.3.  Purification of CCHFV, RVFV and SBV nucleocapsid

proteins

The cells were harvested by centrifugation at 3,000 x g for 45 minutes at 4°C using an
SLC-6000 rotor (Sorvall). The cell pellets were resuspended in 15 mL of lysis buffer per
litre of cell culture (500 mM NaCl, 20 mM THACI pH 7.4, 20 mMimidazole, 1 mM

MgClz, 1 mg/mL lysozyme from chicken egg white (Sigma Aldrich), 0.1% (v/v) Triton
X-100, 1 complete protease inhibitor cocktail tablet EEff@e (Roche), Benzondse
nuclease (Millipore)) at pH 7.4, 8.2 and 8, for CCHFV N protein, RVFV Negmaand

SBV N protein respectively, and incubated on ice for 30 minutes. The cell lysates were
then sonicated on ice for 25 rounds of 10 seconds on, 50 seconds off at 10 mA using a
Soniprep 150 (MSE). The soluble fractiomere then separated from the ohsble
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fractions by centrifugation at 30,000 x g for 45 minutes at 4°C using-24 S8tor
(Thermo Fisher Scientific). Th&l proteins were further purified sequentially by
immobilized metal affinity chromatograpliyMAC) and SEC.

Purification by immobili zed metal affinity chromatography with Ni2*

The CCHFV N protein, RVFV N protein and SBV N protein were then purified from the
soluble fractions using higtlensity metal free agarose beads (ABT). The resins were first
washed with dbO to remove the presemize, then 0.1 M NiS@was applied to the resin

to complete the metal adsorption. The resins were washed wit twHemove the nen
retained metal and the resins were equilibrated with binding buffer (500 mM NaCl, 20
mM imidazole, 20 mM TridHCI pH 7.4, 82 and 8, for CCHFV N protein, RVFV N
protein and SBV N protein respectively). The soluble fractions were filtrated with 0.45
um filters and were then applied to the resins previously equilibrated and incubated ON
at 4°C with gentle agitation. The nbmding materials were collected and the resins were
washed with binding buffer with increasing concentrations of imidazole. The 6xHis
SUMO-CCHFV N protein was eluted with the first elution buffer (500 mM NacCl, 20 mM
Tris-HCI pH 7.4, 100 mM imidazole) and tlsecond elution buffer (500 mM NacCl, 20

mM Tris-HCI pH 7.4, 500 mM imidazole). The 6xH&®JMO-RVFV N protein was
eluted with the same elution buffers at pH 8.2. The 6:8U810-SBV N protein was
eluted with the first elution buffer (500 mM NaCl, 20 mM THEI pH 8, 300 mM
imidazole) and the second elution buffer (500 mM NacCl, 20 mMHAG$pH 8, 500 mM
imidazole). Samples were analysed by SBSGE (sodium dodecyl sulphdte
polyacrylamide gel electrophoresi®liowed by Coomassie staining and tinactions
containing the 6xHKSUMO-CCHFV N, 6xHisSUMO-RVFV N and 6xHisSUMO-

SBV N proteins were dialysed separately ON at 4°C with a magnetic stirrer. The dialysis
of the elution fractions against dialysis buffer (500mM NaCl, 20mM-H@ pH 7.4,

8.2 arml 8, for CCHFV N protein, RVFV N protein and SBV N protein respectively) was
done to increase the SUMO protease efficiency to cleave the -&HWO from the
CCHFV N, RVFV N and SBV N proteins. The SUMO protease Ulpl was produeed in
house at the Universityf Leeds (cleavage efficiency: 100 mg of protein cleaved by 1 mg
of SUMO protease) and 1 mg of SUMO protease was added in the dialysis bag (molecular
weight cutoff (MWCO), 10 kDa).
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The cleaved CCHFV N, RVFV N and SBV N proteins were further purifiecdpgating

the N#*-NTA affinity chromatography in order to remove the cleaved 6xHis and SUMO
tags from the N proteins. The nbimding materials, containing the N proteins, were
concentrated to 5 mL by centrifugation using an Amicon Ultra 15 Ultracel 10K

regenerated cellulose concentrator (Millipore).

Purification by size exclusion chromatography

As a final step of purificatiorGECwas performed injecting the concentrated N proteins

to an equilibrated HiLoad® 26/600 Superdex® 75 pg (GE Healthcare) (bibdiffier:

500 mM NacCl, 20 mM TridHCl pH 7.4, 8.2 and 8, for CCHFV N protein, RVFV N

protein and SBV N protein respectively; filtered anegdssed) using an AKTA prime at

a flow rate of 0.5 mL/min, at 4°C. The purified N proteins were collected in 3antidns

after the void volume. The purity of the N proteins was analysed byP$sE followed

by Coomassie staining and by WB. The fractions containing the pure CCHFV N, RVFV

N and SBV N proteins were pooled and concentrated. Finally, glycerol was adted to

pure N proteins to a final volume of 5% (v/v) and the aliquots were stor80°&. The

purified proteins were quantified by spectrophotometry usilg@n o Dr opE 1000

spectrophotometer.

2.3.1.2. Expression of the nucleoapsid protein of SARS-CoV-2 using

the Gateway system

2.3.1.2.1.  Cloning of SARSCoV-2 N protein

The N protein of SARE0V-2 was cloned i n t he p CRES8/ (
subsequently in the pDEST17 vector, carrying a polyhistidine tag, according to section

2.2.2 Resulting plasmid was verified by sequence analysis and used to transform BL21

Al E One Shot E.
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2.3.1.2.2.  Expression of the SARSCoV-2 N protein

The transformed BL2ZAl E One ShotE <cell s were grown
supplemented with ampicillin (100 pg/mL), at 37°C and shaking at 220 rpm in an
CERTOMAT® IS (Sartorius) incubator. Three millilitres of tBé&l culture were used to

inoculate each 1 L of LBnedium supplemented with ampicillin (100 pg/mL) until an

ODesoonm between 0.6 and 0.8 was reached. Glycerol stocks of the ON cularee w
generated and stored-80°C. The expression of SARSV-2 N protein was induced by

addition of L-arabinose to a fin@oncentration of 0.2% (v/v) to the culture medium. After

the induction, the temperature of incubation was decreased to reach 18°C and the bacterial

culture was incubated for 16 hrs at 18°C, with shaking at 220 rpm.

2.3.1.2.3.  Purification of the SARS-CoV-2 N protein

The cells were harvested by centrifugation as described above. The cell pellet was
resuspended in 30 mL of lysis buffer per litre of cell culture (300 mM NacCl, 20 mM Tris
HCI, pH 7.4, 20 mM imidazole, 1 mM Mg&l10.1% (v/v) Triton X100, 1 mg/mL
lysozyme , 1 tabl et efr@enppotease iahibitor cBdRtdilAat pH 7.4 and
incubated on ice for 30 minutes. The cell lysates were then sonicated and centrifuged to

separate theoluble fractiorfrom theinsoluble fractioras described above.

The SARSCoV-2 N protein was purified from the soluble fraction using*NTA
affinity chromatography as described above. The resin was equilibrated with binding
buffer (300 mM NacCl, 20 mM Tri$iCl pH 7.4, 20 mM imidazole). The soluble fraction
was passed throughGed5 pum filter and then applied ON at 4°C to the resin previously
equilibrated. The noebinding material was collected and the resin was washed with
binding buffer with increasing concentrations of imidazole. The 68ARSCoV-2 N
protein was eluted witthe elution buffer (300 mM NaCl, 20 mM T#4Cl pH 7.4, 500

mM imidazole). The purity of the N protein was analysed by -$PBSE followed by
Coomassie staining and by WB and the fractions containing the -&&RSCoV-2 N

proteinwere dialysed in 1X PBS Oat 4°C on a magnetic stirrer.
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2.3.2.Expression of recombinant proteins in insect cells using the

baculovirus expression system

The recombinant glycoproteins used in this project were expressed in insect cells using
theBES

2.3.2.1. Growth and maintenance of insect dés

Sf9 insect cells were cultured in complete Grace’s medium (Grace’s medium (Life
Technologies) supplemented with 8% (v/v) inactivai@&B Gi b c o E, Ther mo Fi
Scientific, incubated at 56°C for 30 min), 0.2% (v/v) Kolligh&r 188 (Sigma&Aldrich)

and Bnl of gemtamycin). Sf900 were culturedin®M 0OE 11 SFM ( Ther mo
Scientific) supplemented with 0.2% (v/v) Kollipfd? 188 and 50 e&g/ mL of
Both cell lines were cultured attached in plates at 27°C or in suspension at 27°C and with
stirring at 125 rpm in an Infors HT Multitron incubator until reaching a maximum cell

density of 4 x 16cells/mL.

2.3.2.2. Expression and purification of CCHFV Gne, CCHFV GP38
and RVFV Gne

The expression and purification of the glycoproteins of CCHFV and RVFV folldhed

same method.

2.3.2.2.1.  Cloning of CCHFV Gne, CCHFV GP38 and RVFV Gie

The cDNA of CCHFV Ge, CCHFV GP38 and RVFV §& were subcloned into the
pAcSecG2T vector following the methodescribedn section2.2.2for their subsequent

expression in insect cells following the formation of recombinant baculoviruses.
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2.3.2.2.2. Generation of recombinant baculoviruses expressing
CCHFV Gne, CCHFV GP38 and RVFV Gie

To generate recombinant baculoviruses expressing CCBkR¥, CCHFV GP38 or
RVFV Gne, Sf9 insect cells were ¢ansfected with tripkeut baculovirus DNA and the
vectors pAcSecG2CCHFV Gne, pAcSecG2ICCHFV GP38 or pAcSecG2RVFV

Gne, using JetPEI(PolyplusTransfection) as a transfection agent. The reaction was set
up by mixing 100 pL of 150 mM sterile NaCl (Polyplus Transfection) and 6 uL J&tPEI
over a mix of 100 pL of 150 mM NaCl, 200 ng of trigtat Bsu36I baculovirus DNA

and 2 ug plasmid DNAThese mixes were incubated for 20 min at RT. A totalofLef

Sf9 cells were added to 25 cm? rectangular cell culture flask (Corning) and incubated for
30 min at 27°C to let the cells attach. The medium was removed and replaced with 1 mL
of fresh complet Grace’s medium and the transfection mixes were added. The flasks
were incubated for 5 hrs at 27°C and gently shaken eve®p IBin. The transfection
mixes were replaced by 5 mL of fresh media and the Sf9 were incubated at 27°C for 5
days. Confirmation foinfection by appearance of CPE within the infected Sf9 cells was
observed using an optical microscope (Eclipse Ts2R, Nikon).

When CPE could be observed, the cells were harvested by centrifugation (1,590 x g for
10 min at 4°C) and lysed in 25 mM steritel&im bicarbonate buffer (1 mL/ 2 x ‘idells)

and the total extracts wesmalysedby WB. Plague assays were completed with the
supernatant of the transfection reactions to differentiate and select the recombinant
baculoviruses by bluevhite selection. Befly, 1.5 x 1§ Sf9 cells per well were added in

a 6well plate (Corning). The plates were incubated for 30 min at 27°C. The cells were
detached from the evansfection plates, transferred to 50 mL centrifuge tubes (Corning)
and centrifuged at 1,590 xfgr 10 min at 4°C. With the supernatant, serial dilutions were

prepared from 18to 107 in complete Grace’s medium. The media was removed from

theé6wel | pl ates and 250 ¢ Btoad wetelnddedwvertiel d i

cell monolayerA volume of2 50 ¢ L of medi um was added
control. The plates were incubated between 1 hr and 1 hr 30 min at 27°C, with gentl
shaking of the plates every 15 min. The viral dilutions were removed from the cell
monolayer without disturbintie cells and 2 mL of overlay media (3% (w/v) low melting
point agarose in sterile water, boiled, to which an equal volume of complete Grace’s
medium was added) was added per well. The plates were incubated for 10 min at RT and

1 mL of ¢ omp liuemwas addledper edl. S hemplates were incubated at 27°C
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for 5 days. The media was removed from the wells and 1.5 mL of staining solution (per
plate: 10 mLLXPBS, 400 €L 0.33% neutral red sol uti
gal (indimethylformamide) was added per well. The plates were incubated at 27°C for

4 hrs. Finally, the staining solution was removed and the plates were incubated upside

down ON at 42C in the dark.

The titre of the virus could be determined by the number of white plaques:

€Z¢ "QwinQion &l Qa a

0 B0 O WETL 1 Qi NLVMNEAE W & A 6 ®@ WOV Q

The following day white plaques (recombinant baculoviruses) were picked and dissolved
ONat4°Cirb 00 €L compl et €igu@l brepesests the evarkflawrftom

the cotransfection until obtaining the baculovirus stock of high titre.

CO-TRANSFECTION

Pellet Supernatant B

@ |
[ VIRUS STOCK
o d 7 @1 week OF HIGH TITER
O PRELL !
—2 <
D503 Gene |(GNEIFH 1 week
\ Recombinant baculovirus

Infection withI

:

Need to distinguish the two viruses

Pellet Supernatant medium titer

Pellet Supernatant

A~ Serial dilutions
& N
TR VE'S'

CACMM )
@ 1 week

L
e Generation of
2 p? VIRUS STOCK OF LOW TITER
Generation of lysis plaquesin 94 ‘ < (Infection in p60s)
ot - '-" el

2l ==

cells infected with different virus
dilutions from the co-transfection

Elution of
Plaque Assay recombinant virus 5y
@1 week from a lysis plaque

Figure 2.1 Workflow of the production of baculovirus stock.
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2.3.2.2.3.  Preparation of recombinant viral stocks expressing
CCHFV Gne, CCHFV GP38 and RVFV Gie

The recombinant baculoviruses were used to infect 2°xSi@cells in 60 mm dishes

(Corning)to produce a low titre virus stock. The plates were incubated 30 min at 27°C.

The medium was removed and each plate was
recombinant plaques and 300 ¢ Lwereincubatethp!l et e
for 1 hr at RT. Then, 4.5 mL of complete Gr
incubated at 27°C for 5 to 6 days, until CPE could be observed under the microscope.

Once the CPE were observed, the recombinant baculoviruses were dthriagst

centrifugation of the resuspended cells at 1,590 x g for 10 min at 4°C.

A 100 €L volume of this |low titre baculov
maintained in suspension (1 x819f 9 cells in 100 mL of compl
which were icubated at 27°C for 5 to 6 days, until CPE was evident, in order to produce
a high titre virus stock. This high titre baculovirus stock was harvested by centrifugation

at 1,590 x g for 10 min at 4°C and was titrated by plaque assay, as described previously

To confirm the production of the glycoproteins in insect cells, the recombinant
baculoviruses stocks were used to infect Sf9 cells grown in skeeenmedium at a
multiplicity of infection (MOI) of 0.1 and 2. Infected cells were incubated at 27°C, with
stirring at 125 rpm and were harvested at 24, 48, 72, 96 and 120 hisfecsbn (PI)

by centrifugation at 1,590 x g for 10 min at 4°C. Cells were lysed in 25 mM sterile sodium
bicarbonate buffer (1 mL/ 2 x 16ells) and the insoluble fraction was segtad from the
soluble fraction by centrifugation at 11,000 x g for 10 min at 4°C using3$&or. The
insoluble fraction was resuspended in 1X PBS in the same volume of sodium bicarbonate
buffer previously used. The samples weralysedby SDSPAGE fllowed by
Coomasie staining and WB using a monoclonal antibody-ghiiathione Sransferase
(GST)-P O, pr ocehwawedce 0 iatingertasartm determise the best production
conditions for each protein.
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2.3.2.2.4.  Expression of CCHFV Gue, CCHFV GP38 andRVFV
Gne in insect cells

For the production of CCHF&ne, CCHFV GP38 and RVFGne using the pAcSecG2T
vector, Sf900 cells were infected at MOI = 2, MOI = 0.1 and MOI = 0.1 for CCE{&/
CCHFV GP38 and RVFV (&, respectively. The cells were incubated iC2#vith
shaking at 125 rpm for 120 hrs, 96 hrs and 96 hrs for CC8k&/ CCHFV GP38 and
RVFV Gye respectively.

2.3.2.2.5. Purification of CCHFV G ne, CCHFV GP38 and RVFV
Gne

The cells were harvested by centrifugation at 1,590 x g for 10 min at 4°C and the
supernaint was kept. The cells were lysed with 1 mL/ 2 XddIs of 25 mM sterile
sodium bicarbonate buffer and incubated on ice for 4°C. The soluble fraction was
separated from the insoluble fraction by centrifugation at 11,000 x g for 10 min at 4°C
using a SS34 rotor. The CCHFV e and CCHFV GP38 were purified from the culture
supernatant and the RVFWe&was purified from the soluble fraction.

For purification of expressed proteins, supernatants were filtered using a 5 pm filter
(Millex-SV; 5,0 um, PVDF, 25 mm, Merck). An affinity column was prepared as
described in sectior2.3.2.3.2using @ antrGST mAb (3H11l). The column was
regenerated by passing 5 bed volumes of basic buffer (0.1 MHOligH 8.5), then 5

bed volumes of acidic buffer (0.1 M sodium acetate, 0.5 M NaCl, pH 4) and finladg
volumes of basic buffer. The column was washed with 20 bed volumes of 1X PBS. The
filtered supernatant was incubated with the affinity column ON at 4°C with gentle
agitation. The noibinding material was collected and the resin was rinsed with 40 bed
volumes of 1X PBS and the absorba(®eat 280 nm of the washing buffer was checked

by spectrophotometry to be equal to zero. The elution was performed using 0.1 M glycine
hydrochloride pH 2.6 and the elution fractions were neutralized by addit®Mofris-

HCI, pH 10 until the pH reached 7 using pH strips4(Ahlstrom Munksjo). The elution
fractions were dialysed ON in 1X PBS at 4°C.

Regarding the purification from the soluble fraction, the same protocol than above was

used but the nofiltered solble fraction was applied to the affinity column aG&T.
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The purity of the proteins was analysed by SEXSGE followed by Coomassie staining
and by WB.

2.3.2.3. Expression and purification of BTV VP7

2.3.2.3.1.  Expression of BTV VP7

The VP7 of BTV was produced in insectlsdrom a recombinant baculovirus that was
already available in EurofiAsgenasa. Briefly, Sf9 insect cellsultured in complete
Grace’s mediugnwere pumped into a WAVE bioreactor bag at 0.5 Xd@Is/mL in a

total volume of one litre. Cells were grovat 27°C, 0.5 litre per minute mix out, DO 35,

22 rpm and angle 9° until they reached a cell density of £ xell3/mL. The cells were
then infected at MOI 2 with the recombinant baculovirus expressing the BTV VP7. The

infection was incubated for 72 husing the same settings.

2.3.2.3.2.  Purification of anti-VP7 BTV mAb (2D7) and coupling
to sepharose beads

The antivVP7 BTV mAb (named 2D7) was purified from ascites liquid from mice
immunized with hybridoma producing 2D7. The ascites liquid was first filtered with glass
wool and then using a 0.45 um filter. One volume of ascites liquid was mixed with two
volumes of 50 mM acetateuffer at pH 4 and stirred for 30 min at RT. Then 1.1 mL of
caprylic acid was added drop by drop to 100 mL of solution and stirred for 30 min at RT.
The solution was then centrifuged at 11,000 x g for 30 min at 4°C using3d 8ffor.

The supernatant wastéred with a 2 um glass filter and the filtrate was dialysed ON in
1X PBS at 4°C.

The purity of thenAb 2D7 was assessed by SPAGE followed by Coomassie staining.

The purified mAb 2D7 was coupled to NHS&ctivated Sepharose 4 fast flow (GE
Healthcareb eads according to the mawuZDawasur er s
dialysed ON in coupling buffer (0.2 M NaHG@.5 M NaCl, pH 8.3) and then diluted

to a final volume of 10 mL in coupling buffer. A 12 mL volume of NESivated

Sepharose 4 fast flowascentrifuged for 3 min at 2,500 x g at 4°C and the supernatant
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was discarded. To wash the resin, it was resuspended in 10 mL of washing buffer (1 mM
HCI) and centrifuged at 2,500 x g for 3 min at 4°C. This step was repeated 3 times. The
resin was themesuspended in 10 mL of coupling buffer and gently agitated for 1 min
before centrifugation at 2,500 x g for 3 min at 4°C. The 2D7 solution in coupling buffer
was added to the resin and agitated gently for 30 min at RT. Finally, 10 mL of coupling
buffer was added to the mix and it was incubated ON at 4°C with gentle agitation.

The supernatant was discarded after centrifugation and the resin was resuspended in 10
mL of basic washing buffer (0.1 M T¢l4ClI, pH 8.5) and incubated for 2 hrs at RT with
gentle gitation. The resin was centrifuged, the supernatant discarded and resuspended in
10 mL of acidic washing buffer (0.1 M acetate buffer, 0.5 M NaCl, pH 4). This mix was
agitated for 1 min at RT and then centrifuged. The washing steps with basic and acidic
washing buffers were repeated 6 times. The resin was then resuspended in 10 mL of 1X
PBS, agitated for 1 min and centrifuged. This step was repeated 5 times. The resin was

then stored at 4°C in coupling buffer supplemented with 20% (v/v) ethanol untildheede

2.3.2.3.3.  Purification of BTV VP7 by affinity chromatography

The cells were centrifuged at 2,500 x g for 25 min at 4°C. The pellet was resuspended in
1 mL of 25 mMsodium bicarbonate buffger 2x 10’ cells and incubated 30 min on ice.

The soluble fraction waseparated from the insoluble fraction by centrifugation at 11,000

x g for 10 min at 4°C. The resin with the aw#7 BTV mAb 2D7 coupled to th&lHS
activated Sepharose 4 fast flovas reactivated by washing it with the basic and acidic
washing buffers anthe resin was then rinsed wiftX PBS as described above. The
soluble fraction was added to the resin and the mix was incubated ON at 4°C with gentle
agitation. The mix was poured in a column and thelmading material was collected.

The resin was washbe6 times with 50 mL ofiX PBS. The VP7 BTV was eluted by
adding 4 x 5 mL of 0.1 M glycirelCl, pH 2.6 and then 4 x 5 mL of 0.1 M acetic acid.
The elution fractions were neutralized with 3 M TiHEI, pH 10 until the pH was neutral.

The elution fractions ere dialyzed ON at 4°C in 1X PBS. The purification of the VP7
BTV and the purity of the elution fractions were assessed by-FAGE followed by

Coomassie staining and by WB.
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2.4.Protein analysis techniques

2.4.1.Sodium dodecyl sulphaté polyacrylamide gel

electrophoresis

SDSPAGE gels with resolving gel acrylamide concentrations ranging between 11 to
15% were made, with acrylamide concentration chosen depending on the intended
application. Asanexample, a 12% SDBAGE gel was mde with 12% (v/v) resolving

gel (2.03 mL acrylamidsolution (PanReac AppliChem), 1.31 mL 4X ProtdGel
resolving buffer (National Diagnostics), 1.65 mL 0H50 pL 10% (w/v) ammonium
persulfate (APS) and 5 pL tetramethylethylenediamine (TEMED, Sigltiach)) and a

4% stacking gel (195 pL acrylamigmlution, 375 pL ProtoG&l stacking buffer
(National Diagnostics), 915 pL @B, 7.5 pL 10% APS and 2 uL TEMED). The protein
samples were mixed with 5X SDS sample buffer 80 mM-Arisl ( pH 6, 8), 5% (
mercatoetanol, 2% (w/vpDS 10% (v/v) glycerol, 0.01% (w/v) bromophenol blue) and
then denatured by heating 5 min at 100°C. Samples were loaded beside 4 pL of Precision
Plus ProteinE du a-RAD}and thereleciraphoresisasmagicenductBd O
at 200V for 45 min in electrophoresis running buffer (25 mM Tris, 192 mM glycine,
0.1% (w/v) SDS).

2.4.2.Coomassie staining

To observe the proteins separated by $IA&E, the gels were stained with Coomassie
staining solution (0.25 4pmhmethaioladdsmG®| E Bl eu
and 10 mL acetic acid) for 15 min at RT. The gels were destained by addition of destaining
solution (20% (v/v) methanol, 8% (v/v) acetic acid, 72% (v/¥PHON at RT. Gels were

then washed with di®.

2.4.3.Western blotting

To transér the proteins from SDBAGE to a nitrocellulose membrane, the gel,
chromatography paper (Whatman) and the nitrocellulose membrane (0.2 HRARD

were incubated for 10 min in transfer solution (0.25 M Tris, 1.92 M glycine). The semi
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dry transfer was dte using Tran®lot Turbo Transfer System (BMRAD) at 25 V, 2.5

A for 10 min. After the transfer, the membrane was blocked in 3% (w/v) milk in 1X PBS,
for 1 hr at RT or ON at 4°C while shaking. The membrane was then rinsed w(th dH
and incubated for 1 fat RT with a primary Ab while shaking. The membrane was washed
three times with 1X PBS with 0.05% (v/v) Tween 20 (PBSor 5 min and was then
developed with precipitatin , 3 NJettamedihipenzidingTMB) (ep(HS)TMB-mA,
SDT-Reagents) if the primary lAwas conjugated with HRP or was incubated with a
secondary Ab for 1 hr at RT while shaking. The membrane was washed witlh B8S
described above and developed with either precipitating TMB or alkaline phosphatase
substrate by mixing 10 mL of a buffer ¢caming 100 mM NacCl, 5 mM MgG] 100 mM
Tris-HCI, pH 9.5 with 66 pL of 5% (w/v) nitro blue tetrazolium chloride in 70% (v/v)
dimethylformamide and 33 L of 5% (w/v)}Bromo-4-chloro-3-indolyl phosphate in
dimethylformamide depending on the conjugated emzyAfter development of the
colorimetric signal, the membranes were washed witbDdH stop the reaction. The
antibodies used for WB are described able2.6.

2.5.Production of monoclonal antibodies and norantibody binding

proteins to the target antigens and their characterization

2.5.1.Monoclonal antibodies

mAbsagainst the N protein of SBV (1D5D12)etVP7 of BTV (2D7), the MPB83 &fl.

bovis ruminant IgG (EG5), SUMO tag (3C11) and GST tag (3H11l) were already
available in Eurofindngenasa. NewnAbs were produced against the N proteins of
CCHFV and RVFV using the protocol below.

2.5.1.1. Maintenance of mammadian cell lines

The mouse myeloma cell lines P3X63Ag8.653 and SR3M used for the fusion were

cultured attached in 100 mm dishes (Corning) in Dulbecuodified Eagléd smedium

( DMEM) , hi gh glucose, pyruvate ( Gvatead oE) ,

FBS and antibiotic cocktail (penicillin and streptomycin). They were cultured at 37°C in
a controlled atmosphere with 5 % (v/v) €0
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2.5.1.2. Immunization of BALB/c mice

The mice (four per group, plus one negative control) were injected intraperitonehlly wi
the purified RVFV N protein and 6xHSUMO-CCHFV N protein produced i&. coli.

For the first immunization, 25 pg of antigen emulsified by sonication in complete
Freundodos a d-Aldriehawas usédS Fog theafollowing four immunizations
(once evey two weeks), the same quantity of antigen was emulsified in incomplete
Freundos a dAldricha Additiorfalfy, tiyem anmunizations were performed
using the same adjuvant with an increased concentration of antigen: 50 pg/mouse for
6xHissSUMO-CCHFV N protein and 43 pg/mouse for RVFV N protein. As a control,

one mouse was immunized with sterile 1X PBS instead of antigen.

Mice were bled from the tail 7 days after the first three immunizations and 7 days after
each subsequent immunization. Mice seraewebtained by allowing the blood to

coagulate for 30 miat RTand furthercentrifugation at 1,500 x g for 10 min at 4°C.

2.5.1.3. Titration of mouse sera by indirect ELISA

The antibody titre was checked by indirect ELISA-V@&I high-binding microplate
(Corning) were coated at 1 pg/mL, 100 pL/well with 6x4%8MO-CCHFV and RVFV

N proteins in carbonate buffer (15 mM &, 35 mM CQHNa, pH 9,6) ON at 4°C.

After washing the plates three times with 300 pL/well of PB$hey were blocked with

150 pL/well of StabilZymé& SELECT stabilizer for 1 hr at RT to prevent unspecific
binding of the sample. The blocking buffer was removed and the plates were incubated
with serial dilutions of the mouse sera starting from 1:100 with a 1:3 dilution faction in
DB1 for 1 hr at RT. The plates were washed as described above and incubated for 1 hr at
RT with Goat antimouse IgG (H+L) secondary antibody, HRP conjugate (Invitrogen) at
1:2,000 in DB1. The plates were washed as previously described. The plates were
incubated 10 min with 100 pL/well 2;2zinobis(3-ethylbenzothiazoling-sulfonic

acid) (ABTS) and then 100 pL/w of 2% (w/v) SDS was added. FinallyAthhem was

measured with a SpectraMax M5 (Molecular Devices) plate reader.
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2.5.1.4. Fusion

After reaching the dgred antibody titreAbsorbance at 450 nm\4s0nm>1 for a serum
dilution of 1:60,000), the mice were immunized on three consecutive days with 50 ug of
the corresponding protein in sterile 1X PHSis antibody titreof Assonm>1 for a serum
dilution of 1:60,000determined by indirect ELISfasdescribed in sectioR5.1.3 is the
minimal threshold defined at Eurofihisgenasa to perform the fusion with the tested
mouse. Experimentally, mice reaching this antibody titre are likely to yield a sufficient
number of B cells necessary for the fusiBor each fusion, two mice witthe higher titre
were sacrificed. The mice were euthanized by inhalation of &@ the spleens were
collected. To obtain hybridomas producing spedcifisbs, fusions were done with spleen
cells from the mice and P3X63Ag8.653 or SPA{14 mouse myelomaetls following

a published protocol with some modificatiq230).

After the splees were harvested and cleaned, they were grinded in a 100 mm dish
containing 10 mL of DMEM without serum. This mixture was filtered and transferred
into a 50 mL centrifuge tube with 20 mL of DMEM without serum. The tube was
centrifuged at 485 x g for 5 mi 4°C. The pellet was resuspended in 2 mL of lysis buffer

(red blood cell lysing buffer Hybia x E,  @ldrighjpand incubated 1 min on ice.

28 mL of DMEM with serum was added to the tube and it was centrifuged at 485 x g for

5 min at 4°C. The pellet wassuspended in 30 mL of DMEM with serum and centrifuged

as described above. This washing step was repeated and, in the meantime, the cultured
myeloma cells were harvested and centrifuged. The spleen cells and myeloma cells were
resuspended in 30 mL of DMMEwithout serum and centrifuged. They were resuspended

in 20 mL of DMEM without serum and counted using a Neubauer chamber. For the fusion
reaction, a 4:1 ratio is needed between the spleen cells and the myeloma cells. The
myeloma cells were added to thpleen cells and the mix was centrifuged. The
supernatant was discarded and the pellet was resuspended drop by drop in the fusion
buffer (polyethylene glycol and DMEM without serum at a 1:1 ratio) at 1 mL per 1.6 X
1C® spleen cells. DMEM with sera was thadded in a sequential order: 1 volume (equal

to the volume of fusion buffer added) in 1 min, 1 volume in 1 min, 8 volumes in 2 min
and finally filled up to 40 mL. This mix was incubated for 5 min and centrifuged as
described above. The pellet was resuspdndn hybridomeS F M ( Gi bcoE)
supplemented with 8% (v/v) inactivated FBS and antibiotics at 10 mL per Ssple@n

cells. This was aliquoted at 100 uL/well into-@&ll plates. The plates were incubated at
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37°C with 5% (v/v) CQ. The following day, 2X HATmedium (hybridomssFM with
HAT supplement 50X GibcoE) was added at 100C¢
was replaced by 1X HAT and the medium was replaced every 48 hrs until the screening.

2.5.1.5. Screening and selection

To reach aunique clonal populatioderived from a single B cefiroducing a mAb, the
cloning procedure at Eurofifegenasa waso dilute thehybridoma clones from the
fusion step to 50 cells per well, then to 20 cells per well, 10 cells per well and finally to

2 or 1 cell per well.

Two weeks after the fusion, the supernatants of hybridoma clones were screened by
indirect ELISA for the produain of antibodies with the corresponding N protein and a
negative antigen (the 6xHBUMO-N protein of CCHFV for the hybridomas producing
mADbs against the RVFV N protein and 6xFB&MO-RVFV N protein for the
hybridomas producingiAbs against the 6xHISUMO-CCHFV N protein).The positive

control (C+) corresponded to the sera collected from the corresponding euthanized mice
and the negative control {{do mouse sera against a ratated antigeriThe wells giving

a positive signal (Asnn0.2) and no backgumd in the negative control plate
(A405nn<0.1), were resuspended in growth medium, their concentration was determined
using Neubauer chambers and they were aliquoted at 50 cells/well-well38ate. The
leftovers of resuspended cells were added to-aeé¥plate (Corning) and kept in case

of contamination of the subcloned plates. The medium was replaced when necessary. The
screening by ELISA was done every two weeks and the cell concentration per well was
reduced by successive cloning until obtainitumes of hybridomas at 1 cell/well positive

to the target antigen and negative to the negative control.

2.5.1.6. Purification

Once the hybridomas were cloned at 1 cell/well, they were grown-weligplates, then

to 100 mm plates and finally to 75 chilasks.Some plates were used to produce stock
vials by centrifugation of the cells, and resuspending the pellets in freezing solution (9:1
ratio between FBS sera and DMSO) and storing the via802€.
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The other plates were grown until the cells died andupersatants of these hybridoma

cultures were collected and clarified by centrifugation (485 x g, 5 min, 4°C). The
supernatants were then filtered with a Chromafil Xtra 1.0 um (Machkeagyel) and

purified using protein A/protein G GraviTrap columns (GE Itheare) following the
manufacturer 6s i n sAbs werd dialyzed ON iT IXePBPDSr | f i e d
PAGE followed by Coomassie staining was used to assess the purity of each monoclonal
antibody. The protein concentration of monoclonal antibodies obtaiassl quantified

by spectrophotometry usinglla n o Dr opE 1000 spectrophot omet €

2.5.1.7. Labelling with horseradish peroxidase

ThemAbs were labelled with HRP according to a modified method described by Nakane
and Kawaoi for their further characterizati@v1).

Briefly, the mAbs were dialyzed ON at 4°C in 0.1 M sodium bicarbonate, pH 9.2 (pH
adjusted by addition of sodium carbonate anhydrous). The peroxidase (Roche) was
activated by dissolution in 0.1 M sodium bicarbonate, pH 9.2 and then in the same volume
of 10 mM sodiumperiodate (100 pL of each per mg of peroxidase). The reaction was
incubated for 2 hrs at RT protected from light. The activated peroxidase was added at a
1:1 ration (1 mg of peroxidase to 1 mgmefAb). By centrifugation rounds 3,000 x g for

5 min with Vivaspin® 500 10 kDa MWCO concentrator (Sartorius), the reaction was
concentrated to reach 10 mg/mL and was incubated for 3 hrs at RT protected from light.
The reaction was stopped by addition of a solution of sodium cyanoborohydride (10 mg
dissolved in AL M NaOH) at a volume of 1/¥0of the total volume. This was incubated

for 30 min at RT and 30 min at 4°C and dialyzed in 1X PBS ON at 4°C. Glycerol was
added at a 1:1 ratio to the conjugateélbs and they were stored-20°C.
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2.5.1.8. Characterization of the mAbs

Different assays were performed to determine some of the characteristicsnohltke

produced:

1. Monoclonal antibody isotyping To determine the isotype of theAbs
produced, an ELISA was done with the supernatant ofntidds-producing
hybridomas. Tle supernatants of the selected hybridomas were diluted 1:100 in
carbonate buffer, pH 9.6, added to av@éll plate and incubated for 1 hr at 37°C.
The wells were washed three times with 300 pL/well of AB&hd blocked for
15 min at RT with 150 pL of blodkg solution. The blocking solution was
discarded and the ansiotype antibodies were diluted 1:2,000 in blocking buffer
and incubated 1 hr at 37°C in the wells. The wells were washed four times as
described above and 100 uL of TMB was added in the wEtis.reaction was
incubated 10 min at RT in the dark, stopped by addition of sulfuric acid at 0.5 M
and the absorbance was measured at 450 nm using a spectrophotometer.

2. The antibodies were further characterized to determine their potential\W&. in

3. Indirect anddirect ELISA were performed to titre th@Abs.

4. Competition ELISA between the differeninAbs was performed to determine
whether themAbs towards a given antigen, recognised the same or different
epitopes of the protein. Briefly, the N proteins weteated, washed and blocked
as described in secti@b.1.3 Serial dilutions of unlabelletiAbs from 10 pg/mL
with a factor 10 in DB1 were added to the wells, with addition of conjugasdis
depending on the titre obtained in the direct ELISA. The plate was incubated for
1 hr at RT, washed three times as described with PBSd ABTS was aliquoted
at 100 pL/w and allowed to develop for 10 min in the dark. The reaction was
stopped by addition of 2% (w/v) SDS and the plates were read at 405 nm using a

spectrophotometer.
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2.5.2.Anti-RVFV N protein Affimer s

The protocols used to select aRWFV N proteinAffimers were adapted from Tareg
al. (272).

2.5.2.1. Phage display

The purified RVFV N protein was dialysed in 1X PBS with 5% (v/v) glycerol ON at 4°C.

The biotinyation reaction was set up by mixing 50 pg of dialysed RVFV N protein with

12 pL of 0.34 mg/mL of NHSSSBiotin in DMSO in 100 pL of 1X PBS. The mix was

incubated for 10 minutes at RT. To remove the remaining biotin, the mix was desalted

using desaltingdou mns, 7K MWCO (Ther mo Scientific) a
instructions. The desalted biotinylated RVFV N protein was mixed with an equal volume

of 80% (v/v) glycerol and stored &0°C.

An ELISA was done to check the biotinylation of the RVF\pidteins. Briefly, JuL of

the biotinylated RVFV N protein was incubated in 50 pL of 1X PBEuncl mmu n o E
Maxi SorpE strips (Thermo Scientific), ON at
with 300uL of PBST per well on a plate washer (TECAN HydroFlegpX blocking

buffer (Sigma) was added at 250 uL per well and incubated at 37°C for 3 hrs. The wells
were then washed as mentioned previously. High sensitivity Streptd¥ih(Thermo
Scientific) diluted 1:1,000 in 2X blocking buffer was added at 50 gL ell and
incubated for 1 hr at RT on a vibrating platform shaker (Heidolph VIBRAMAX 100;
speed setting 3Y.he wells were washed three times with 0of PBST per well on a

plate washer. TMB (Seramun) was aliquoted at 50 yL per well and allowedetope

for 5 min. The resulting colour change was measured using a spectrophotoma@er at 6

nm.

A colony of ER2738E. coliwas grown in 5 mL of 2TY media supplemented with 12
pg/mL tetracycline and incubated O 37°C, 230 rpm. Three strips of Streptavidin
coated 8well strips (Thermo Scientific) were blocked with 30Q per well of 2X
blocking buffer and incubated ON at 37°C.

The strips were washed three times with 300 pL per well of-PBS the plate washer.

Then, 2X blocking buffer was added at 100 puL per well. The phage library was pre
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panned by adding 10 pL of phage library (a mix between the one loop and two loops
phage libraries) to the first well supplemented with 10 pg of SUMO tag (kindly provided
by T. Passchier, University of Leeds, UK) and 10 pg of SUMO protease and incubated
on a vibrating platform shaker for 1 hr. Biotinylated RVFV N protein was added (20 pL
each) to a well, used for panning and incubated for 3 hrs at RT on the vibrating platform
shaker. The wells containing the targets were washed six times with 200 uL of P&S

well. The phage library was transferred from thegaaning well to the target well and
incubated for 2 hrs at RT on the vibrating platform shaker. A fresh cultur@ 27 IBE.

coli was set up by diluting th®N culture 1:15 in 2TY media and incubating it until the
ODsoonmreached 0.6 at 37°C, with shaking at 230 rpm. The panning wells were washed 6
times with 300 pL per well of PBS using the plate washer. The phageseneluted by
addition of 100 pL of 0.2 M glycine, pH 2.2 per well and incubated for 10 min at RT on
a vibrating platform shaker. The eluted phages were neutralized by addition of 15 pL of
1 M Tris-HCI, pH 9.1 and transferred into 5 mL of the fresh ER2Z38oli culture. The
remaining phages were eluted by addition of 100 pL of 1.4% (v/v) triethylamine in PBS
and incubated for 6 minutes at RT on the vibrating platform shaker. The eluted phages
were neutralized by addition of 50 pL 1 M THKCI, pH 7 and tey were transferred to

the ER2738E. coli culture. The cells were incubated for 1 hr at 37°C at 90 rpm. One
microliter of the phagénfected ER2738 cells were spread onto LB carbenicillin plates
(LB agar plates supplemented with 16@/mL carbenicillin) ad the plates were
incubated ON at 37°C. The remaining phagected ER2738 cells were centrifuged at
3,000 x g for 5 minutes, resuspended in 100 pL of LB medium, plated onto LB

carbenicillin plates, which were incubated ON at 37°C.

To harvest the colonge 5 mL of 2YT supplemented with 10@/mL carbenicillin were
added to each plate and after scraping the colonies, the cells were diluted @Deach

= 0.2 and incubated at 37°C, 230 rpm for 1 hr. The M13KO07 helper phage (titre at
10"YmL) was addedt#.32pL per tube and incubated at 37°C, 90 rpm for 30 min. 16 pL

of kanamycin at 25 mg/mL was added per tube and the mix was incubated ON at 25°C,
170 rpm.

DynabeadsE MyOneE Streptavidin T1 (lnvitroc
buffer (20 uL perarget)on a Stuart SB2 fixed speed rotator at 20 rpm. Thdloeked

streptavidin beads were centrifuged at 800 x g for 1 min, then immobilized on a magnet

and the supernatant was replaced with 2X blocking buffer (100 pL per 20 pL of beads).
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The phagenfected cultures were centrifuged gb@ x g for 10 minutes. The second
prepanning of the phages was done by mixing 100 pL of streptavidin beads in 2X
blocking buffer, removing the 2X blocking buffer, and adding 300 pL of phage
supernatant and 60 uL of X(Mlocking buffer inprotein LoBind tubes (Eppendorf). The
target was bound to the beads by adding 5 pL of biotinylated target to 100 uL- of pre
blocked streptavidin beads. The tubes were incubated for 3 hrs at RT on the rotator at 20
rpm. The tubes were ¢h centrifuged for 1 min at 800 x g and the beads bound to the
biotinylated targets were washed three times with 500 pL of 2X blocking buffer. The
supernatant containing the gsanned phages was transferred to the beads bound to the
target and the mix waacubated 1 hr at RT on the rotator. The beads were washed ten
times with 900 pyL of PBS'. The beads were resuspended into 500 pL of 1X PBS with
addition of 50 ug of SUMO protease and 50 pug of SUMO tag and incubated for 24 hrs at
RT on the rotator. A@N culture of ER273&. coliwas done by growing one colony in

5 mL of 2YT media supplemented with 12 pg/m of tetracycline ON at 37°C, with shaking
at 230 rpm.

The tubes were centrifuged at 800 x g for 1 min, placed on a magnetic rack and the beads
were washe six times with 500 pL of 2X blocking buffer. The phages were eluted from

the beads and neutralized as described above. To the eluted phages, 5 mL of fresh ER2738
E. coli culture was added and the mix was incubated for 1 hr at 37°C, 90 rpm. A 10 uL
volume of the phagenfected ER2738 cells were spread onto LB carbenicillin plates and

the plates were incubated ON at 37°C. The colonies were harvested, the helper phage was

added and the phagefectedE. coliwere grown ON as described above.

A third panning round was done using NeutrAvidin coatedie strips (Thermo
Scientific), blocked as described above. The culture was centrifuged at 3,500 x g for 10
min at 4°C. Four wells were used to qman the phages with 200 pL of culture
supernatant, 15 pgf ®UMO protease and 15 pg of SUMO tag. After 1 hr incubating at
RT on a vibrating platform, the content of the first-pesaning well was transferred to

the second well containing 200 pL of 2X blocking buffer and incubated for 1 hr at RT on
a vibrating pl&form. This step was repeated for the third and fourthpprening wells.

The biotinylated target was bound to the panning well by adding 1 uL of biotinylated
target in 200 pL 2X blocking buffer and incubating this mix in the panning well for 1 hr
at RT ona vibrating platform. The well containing the target was washed three times with

PBST. Half of the prepanned phages were added to the well containing the target and
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the other half to a blank well for negative control. The stripes were incubated onto a
vibrating platform for 30 min at RT. The wells were washed twsetyen times with 300

pL of PBST. Two-hundred microliters of a mix containing 120 pL (PBS with 20% (v/v)
glycerol), 40 uL 10X blocking buffer, 20 uL SUMO protease (1 mg/mL) and 20 pL
SUMO tag(1 mg/mL)wereadded to each well. The plate was incubated for 24 hrs at RT
on the vibrating platform.

The panning wells were washed twesgven times with 300 pL PB¥ and the phages
were eluted following the same elution protocol as described abovee Eluted phages,

5 mL of ER273&. coliwas added and incubated at 37°C for 1 hr. After this incubation,
10 pL, 1 pL and 0.1 pL volumes of the phaigéected ER2738 cells were spread onto
LB carbenicillin plates and they were incubated ON at 37°C.

2.5.2.2. Phage ELISA

In a 96deep well plate (Greiner Bi®ne), 200 pL of 2TY carbenicillin was added per
well. Individual colonies from the third panning round of the phage display were picked
and used to inoculate each well. The plate was then incubated for 637Catl,200

rpm in an incubating microplate shaker Titramax 1000 (Heidolph). The helper phage
M13KO07 was diluted at 1:1,000 in 2YT carbenicillin and 10 uL was added per well. The
plate was incubated for 30 min at RT in the incubating microplate shakkershaking

at 600 rpm. A solution of 2YT supplemented with 1.25 mg/mL of kanamycin was added
at 10 pL per well and the plate was incubated ON at RT in the incubating microplate
shaker, with shaking at 750 rpm. A streptavidin coated 96 well microplatereered

by aliquoting 50 pL per well of 2.5 pg/mL streptavidin (Life Technologies) to a 96 well
plate (Thermo Scientific) and incubating the plate for 6 hrs at 37°C. A solution of 2X
blocking buffer was added at 150 pL per well to the streptavidin coddezlgnd it was
incubated ON at 37°C.

The streptavidin coated plate was washed with 300 pL/well of PBRhe biotinylated

target and the negative control were diluted at 1:1,000 in 2X blocking buffer and added
at 50 pL/well. The plate was incubated fohrlat RT on the vibrating platform shaker,
speed setting 3. The plate was washed once as described above and 10 L of 10X blocking

buffer was aliquoted per well. The phagentaining culture plate was centrifuged at
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3,500 x g for 10 min and 40 pL of themgernatant was added to the test well and to the
negative control well. The plate was incubated for 1 hr at RT on the vibrating platform
shaker. The plate was washed once as described above. TRd-BatteriophagdiRP
(Seramun Diagnostica GmbH) was d¢&d 1:1,000 in 2X blocking buffer, added at 50 pL

per well and the plate was incubated for 1 hr at RT on the vibrating platform shaker. The
plate was washed twelve times with 300 pL per well of 1X PBS. A 50 pL volume of
TMB was added per well, developed ® min and the absorbance was read at 620 nm.

The positive clones in the phage ELISA were grown ON and sent to sequencing.

2.5.2.3. Cloning of the Affimer cDNAs into the expression vector

The expression vector pET11a plasmid was digested by mixing 20 pg of @Esnid

with 50 OL Cut Smar t BNhdBHUFEf e(rNE(BNEBIH,PE1IAL OL
(NEB) and bringing the volume to 500 pL with sterile deionised water. This mix was
incubated for érs at 37°C. To the mix, 2 puL of Alkaline Phosphatase, Calf Intestinal

(NEB) was added and incubated for 1 hr at 37°C. The digested vector was extracted from

a 0.8% (w/v) agarose gel using the Monarch® DNA gel extraction kit (NEB).

A PCR was done with the forward (shortened form) and reverse primers (addition of a C

terminal Cyseine). The PCR products were tHgnl digested by adding 0.5 pyL &fpnl

(NEB) per PCR product and incubating the mixes at 37°C for 1 hr. The amplified DNA

was purified using Ql Aguick PCR purificatio
instructiors. The PCR products were checked by agarose gel electrophoresis and they

were digested ON wittNnd-HF E  aNoleHFE. The digested PCR p|
purified using QIAquick PCR purification kit as described above.

The ligation mixes were set up by addixgL of 10X T4 DNA ligase buffer (NEB), 75
ng of digested vector DNA, 25 ng of digested PCR products, T4 DNA ligase (NEB) and
sterile water up to 20 pL. They were mixed and incubated ON at RT.

The ligation mixes were used to transfahz Y 5 U as desdbed in sectior?.2.1.6

Two colonies were picked per plates and incubated ON in 5 mL of LB carbenicillin at
37°C, 230 rpm. The plasmid DNA was purified and verified by sequencing with T7

reverse primer.
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2.5.2.4. Production and purification

The pET11a vector containing tAéfimers anti RVFV N protein were used to transform

R2 cells according to the transformation protocol.

From the transformation plates, a colony was picked and grown ON in 5 mL LB
supplemented ith 100 pg/mL carbenicillin at 37°C, with shaking at 230 rpm. A 15 mL
volume of LB supplemented with 100 pg/mL carbenicillin were inoculated with 300 pL
of ON culture and incubated at 37°C, with shaking at 230 rpm, untDisonmreached

0.8. The cultues were induced by addition of IPTG to a final concentration of 0.1 mM
and incubated for 6 hrs at 25°C, with shaking at 180 rpm.

The cells were harvested by centrifugation at 4,300 x g for 20 min. The cells were
resuspended in 300 pL of lysis buffer (3a@nNaCl, 50 mM NaHPQy pH 7.4, 20 mM

i midazol e, 0.1 mg/mL | ysozyme, 10% (v/ v)
Cocktail, EDTA free (Thermo Scientific)) and incubated for 20 min at RT on a rotator.
The lysates were then incubated at 50°C for 20 mincanttifuged at 4,850 x g for 20

min at 4°C. The soluble fraction was transferred to 200 pL el slurry (Ni-NTA

resin, Expedeon) previously washed with 1 mL of lysis buffer. The resin was incubated
for 2 hrs with the soluble fraction at RT on a rotaildre tubes were centrifuged at 1,000

x g for 1 min to remove the supernatant and the resin was washed by four rounds of
wash/resuspension of the resin with 1 mL of wash buffer (500mM NaCl, 50 mM
NaHPQs, 20 mM imidazole, pH 7.4) and centrifugation at 0,8Q@ for 1 min to remove

the wash buffer. The absorbance of the final wash buffer was checked at 280 nm to be
lower than 0.09 using a spectrophotometer. The 8ffimers were eluted by
resuspending the resin in 350 uL of elution buffer (500mM NacCl, BONaH2PQs, 300

mM imidazole, 10% (v/v) glycerol, pH 7.4), incubating the mix 10 min at RT on a rotator,
centrifuging the tube at 1,000 x g for 1 min and collecting the supernatant. This elution
step was repeated three times with 150 pL of elution buffes. furity of theAffimers

were analysed by SDBAGE followed by Coomassie staining.
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2.5.2.5. Biotinylation of the Affimers and the mAbs anti-RVFV N
protein

The immobilized TCEP disulfide reducing gel (Thermo Scientific) was prepared by

washing 15QuL of the gelstockthree times with 30@iL of 1X PBS containing 1 mM

EDTA, mixing, centrifugation at 100 x g for 1 min and removing the supernatant. To the

washed gel, was addedpd of 1X PBS containing 50 mM EDTA and 75 pg of the

Affimers to label and the mixes were incubated for 1 hr at RT on arotée tubes were

centrifuged at 100 x g for 1 min and the supernatant was carefully collected. To the
supernatant, 6 pL of 2 mMbiotin-maleimide (Sigm&Aldrich) was added and after

mixing, the solution was incubated for 2 hrs at RT. The solution wasl#satted using
desalting columns according to the manuf acH
the labelledAffimers to give a final concentration of 5% (v/v) and their concentration

was measured using a spectrophotometer.

The antiRVFV N proteinmAbs produced in this project were labelled following the same

protocol.

The biotinylation of theAffimers andmAbs was checked by ELISA.

2.5.3.Characterization of the detection molecules by pultiown

assay

A30puLvol ume of DynabeadsE MusOrepated ®teaachpt avi d
Affimer or mADb, by mixing the beads with 1 mL of PBIS removing the supernatant

with a magnetic rack and blocking the beads by addition of 1 mL of 10X blocking buffer

and incubating ON at RT on a rotator at 20 rpm. The beads wehedvasth 200 pL of

2X blocking buffer diluted in PBS per 30 pL of beads. Th&ffimers andmAbs were

immobilized onto the beads by adding 10 ug of each biotinylatécher andmAb to

each 30 pL of bead slurry and the mixes were incubated for 1 hr at RTavator. Using

a magnetic rack, the supernatant was removed and the beads were washed three times
with 1 mL of PBST. A 200 pL volume of 2X blocking buffer containing 25 pg/mL

RVFV N protein was added to each tube and the mixes were transferred into a

Ki ngFi s her E-wEllpltz (THe®no Eisher Scientific). The plate was loaded

to a KingFisherE Flex and the program consi
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in PBST and elution of beads in 40 pL of sample buffer. The elutions were boited 5
at 95°C and centrifuged at 1,000 x g for 1 min and the supernatant was collected and
analysed by WB using the anti RVFV N protem\b (F1D11) at 10 pg/mL.

2.6.Development of diagnostic tests for detection of the immune

response to different emerging viuses

2.6.1.ELISA

2.6.1.1. Double recognitionELISA

2.6.1.1.1.  Labelling of the N proteins with HRP

The N proteins of CCHFV, RVFV and SARSV-2 were labelled with HRP, following

the same protocol as in secti@rb.1.7with some modifications. The ratio between the
molecular weight of the protein to be labelled and HRP (44 kDa) determines the quantity
of HRP used for the labelling. To stop the reactionstittum cyanoborohydride solution

was added at a volume corresponding to 1/20the total volume and incubated for 30

min at RT. Then, the sodium cyanoborohydride solution was added at a volumé'of 1/10
of the total volume and incubated for 1 hr at 4°C.

2.6.1.1.2.  Steps of thedouble recognitionELISA

A double recognitiorELISA was developed as previously described by Veeteal
(273). Briefly, 96-well plates (Corning) were coated at 50 pL/well with the recombinant
antigen in carbonate buffer and incubated ON at Aft€r washing the wells three times
with 300 pL/well of PBST, a blocking step was perfoed by incubating the plates with
150 pL/well of Stabilzyme® SELECT stabilizer for 1 hr at RT. The plates were then
dried ON at RT and stored at 4°C in sealed bags.

Serum samples were diluted in a specific dilution buffer and incubated at RT. Duplicates
of positive and negative controls were included in each plate. The wells were washed
three times as described above and incubated with thedd®Bgated antigen diluted in

dilution buffer and incubated at RT. Finally, after three washing steps, thewaate
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incubated with TMB in the dark, and the reaction was stopped by addition of 0.5 M
sulfuric acid. The absorbance was measured at 450 nm using a SpectraMax M5 plate
reader (Molecular Devices, LLC).

2.6.1.1.3.  Double recognition ELISA to detect antibodies against
CCHFV, RVFV and SARS-CoV-2

The conditionsof eachdouble recognitiorELISA for antibody detection agaheach

specific virusaredetailed inTable2.14
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Table 2.14 Specific steps and conditions of tliwuble recognitionELISA developed in this project.

Serum Sample HRP- Time of
. amp Time of | Detection : Dilution Time of | incubation
Test Coating Controls sample dilution | . . antigen . )
o incubation | molecule I buffer incubation of the
dilution buffer dilution
substrate
Double CCHFV | C+: mouse
recoanition] NP (0.7 pAb to CCHFV N
J pg/mL) + | CCHFV 1:2 DB2 1 hour protein 1:10,000 DB4 1 hour 15 min
ELISA
CCHEV BSA (20 NP HRP
pg/mL) C-: FBS
Double C+: mouse
" RVFV N
recognition| RVFV NP mADb to ) . ) .
ELISA 2 ug/mL) | RVFV NP 1:10 DB2 1 hour prl—c|)|§Fl>n 1:10,000 DB4 1 hour 10 min
RVFV C-: FBS
C+: rabbit
Double pAb to
recognition| SARS SARS CSO'?/I-QZSN
ELISA CoV-2 NP | CoV-2 NP 15 DB3 30 min rotein 1:10,000 DB4 30 min 15 min
SARS | (2 ug/mL) C-: pHRP
CoV-2 dilution
buffer

NP: nucleocapsid protein
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2.6.1.2. Indirect ELISA SARS-CoV-2

Two indirect ELISAs were developed to detect human IgG and IgM against-EARS

2 N protein. Briefly, 96well plates were coated with the N protein at 2 pg/mL in
carbonate buffer, pH 9.6 and incubated ON at 4°C. After washing the wells three times
with PBST, a blocking step was performed for 1 hr at RT. The plates were dried and

stored as described above until needed.

The plate was incubated with serum samples diluted 1:100 in DB3 for 1 hr at RT. Two
positive,two cut-off andtwo negative controls were ddd to each plate. For humigG
detection, the wells were washed four times and incubated witlhhamian IgG HRP
conjugated diluted 1:50,000 in DB4 for 1 hr at RT. Finally, after a washing step, the plate
was incubated for 15 min with TMB and the reactwas stopped by addition of 0.5 M
sulfuric acid. The absorbance was measured at 450 nm using a plate reader. To detect
humanligM, the same protocol was followed, but the secondary antibody used was an

antrhuman IgM HRP conjugated at a 1:15,000 dilution.

2.6.2.LFA

2.6.2.1. Double recognitionLFA SARS-CoV-2

2.6.2.1.1. Covalent binding of SARSCoV-2 N protein to latex

microspheres

Black latex microspheres (MerdWillipore) were washed in 10 mM MES pH 6,
centrifuged at 10,400 x g for 15 min and sonicated at 15% amplitude uSIRx260
digital sonifier (Branson). The size of the microspheres was measured by dynamic light

scattering (DLS) using a Zetasizer Nano S system (Malvern).

The beads were activated with EDC and NHS for 45 min at RT. Then the beads were
centrifuged as desceld above and resuspended in 10 mM MES pH 6. After sonication
and measurement of the size of the particles, the SB®RSE2 N protein was covalently
conjugated to the beads at a surface concentration of 1.25°rfog/éh hrs at RT. The
beads were then blockdny addition of imidazole and incubated for 15 min at. RT
Conjugated latex particles were diluted in 10 mM -H{SI, pH 8.2 at a concentration of

1% (viv).
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The conjugate solution was prepared by diluting thiatiix and contrelatex (biotir

BSA) particles diluted at a concentration of 0.15% (v/v) each, in a 25 mMH@E pH

9.5 buffer containing humidity preservatives and blocking agents. The mixture was
dispensed onto the conjugate pad (rayon conjugate pad 25 mm (Operon)) using a Matrix
1600 dispensingnodule (Kinematic Automation, Inc.), dried for 30 min at 45°C and
stored aRT under dry conditions.

2.6.2.1.2.  Capture reagents

The SARSCoV-2 N protein was diluted at 0.2 mg/mL in 20 mM THEI, pH 8.5
containing 5.0% (w/v) sucrose and 0.095% (w/v) sodium asd&eservative to be used

as the test line capture reagent. As control line capture reagent, -@ordandi protein

IgG monoclonal antibody at 1 mg/mL was used. Both reagents were dispensed in two
parallel lines on HiFlow Plus nitrocellulose membrane XBiF; Millipore). After drying

for 5 min at 45°C, the membranes were sealed and stoRedwtder dry conditions.

2.6.2.1.3.  Preparation of chromatographic strips

To assemble the 30 cm master card, nitrocellulose membrane, conjugate pad, sample pad
(Cytosep 1662, AlstromMunksjo), and wicking pad were pasted on a plastic backing
card with adhesive and covered with a protector film. The master card was then cut into

strips of 4.2 mm width using a Matrix 2360 machine (Kinematic Automation).

2.6.2.1.4. Test procedure

The LFA wa designed to be used with serum, plasma, and blood samples. A 20 pL
volume of blood or 10 pL of serum/plasma was applied to the sample pad followed by
110 ¢ DBldResults were interpreted 10 min after running buffer addition. A scale
of the intensityof the signal of the test line from 1 to 10 was used in order to give a semi
quantitative value for statistical purpos€gyire2.2).
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Figure 2.2 Scale of the intensity of the signal obtained for the LFA test line.

2.7.Development of diagnostic tests for direct detection ofiffierent

emerging viruses
2.7.1.Double antibody sandwichELISA

In order to detect an acute viral infectialmuble antibody sandwidBLISAs have been
developed, based on the capture of the target viral antigen using a pair of monoclonal
antibodies in a sandwich format.

2.7.1.1. Double antibody sandwichELISA CCHFV N protein

ThemAb 3G7 antiCCHFV N protein was used to coat-@@ll plates at 50 pL/wellteb
pg/mL in carbonate buffer ON at 4°Ch@& wells were washed, blocked, dried ON and
stored at 4°C in sealed bags.

The serum samples were diluted 1:2 in DB2 and incubated for 1 hr at RT. The wells were
washed three times with PSB after which theletection HRHRabelled antibody anti
CCHFV N protein (2G10) was added diluted 1:4,000 in DB4 and incubated for 1 hr at
RT. The wells were washed three times with PB&nd the reaction was developed by
adding TMB (50 uL/well). After 10 min incubation at Rl the dark, the reaction was
stopped by addition of 0.5 M2a3Qs. The results were read at absorbance 450 nm using

a plate reader.

2.7.1.2. Double antibody sandwichELISA RVFV N protein

Thedouble antibody sandwidBLISA for detection of RVFV N protein followthe same
steps as thdouble antibody sandwidBLISA CCHFV N protein, but using biotin as the
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label molecule. For this assay tm&bs anttRVFV N protein (1LE9 or 1F8) were coated

at 5 ug/mL in carbonate buffer ON at 4°C. After the washing, blocking, dsyaps, the

serum or plasma samples were diluted 1:2 in DB2 and incubated for 1 hr at RT. After a

washing step, the biotilabelled antRVFV N proteinmAb (1F8) orAffimer (P20) were

added at 2 pug/mL in DB4, depending on the pair used, as describethlg2.15, and

incubated 1 hr at RT. After a washing step, streptasti® (Sigma) was added at
1:40,000 in DB4 and incubated 1 hr at RT. After a washing step, TMB was added and

incubated 10 min at RT, then the reaction was stopped by addition of sulphuricdacid an

the results were read at 450 nm using a plate reader.

ThemAb 1F8HRP was also used instead of its biotinylated form at 1:30,000, using the

same conditions as the assay described above.

Table 2.15 Pair of mAbs andAffimers used in thedouble antibody sandwicELISA RVFV N

protein.

mAb/Affimer for mAb/Affimer for
capture (coated) detection (labelled)
mAb 1E9 mAb 1F8
mAb 1F8 Affimer P20
Affimer P20 mAb 1F8
Affimer P28 mAb 1F8

2.7.2.Double antibody sandwichLFA

2.7.2.1.

Double antibody sandwichLFA RVFV N protein

The steps to develop the LFA detecting SABR®/-2 S protein are similar to the ones

detailed in sectior2.6.2 The same protocol was followed, with a few modifications

described below.

First, the antRVFV N proteinmAb 1 F 8

wa s

covalently

coupl ed

modified latex microspheres (IKERLAT polymers). Following the method in section

2.6.2.1.1themAbwas copled to the microspheres at a surface concentration of 12mg/m
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The conjugate solution was prepared by dilutingntiAd-latex and contrelatex (biotir
BSA) particles diluted at a concentration of 0.15% (v/v), in a 25 mMHA@§ pH 9.5
buffer containindhumidity preservatives and blocking agents.

The antiRVFV N proteinmAb 1E9 was diluted at 0.5 mg/mL to be used as the test line

capture reagent.
The test was assembled as described in se2ith.1.3

The LFA was designed to be used with plasma. 10 microliters of plasma were applied to

the sample pad f ol |l owe dDBR)yRedulisQvere ihterpoefed r unn i 1
15 min after running buffeaddition. A scale of the intensity of the signal of the test line

from 1 to 10 was used in order to give a seumntitative value for statistical purposes

(Figure2.2).

2.7.2.2. Double antibody sandwichLFA SARS-CoV-2 S

The steps to develop the LFA detecting SABR®/-2 S protein are similar to the ones
detailed in sectior2.6.2 The same protocol was followed, with a few modifications
described below.

First, the aniSARSCoV-2 SmAb(COVA2-03) was covalently coupl e
modified latex microsphere@KERLAT polymers). Following the method in section

2.6.2.1.1themAbwas coupled to the microspheres at a surface concentration of £.mg/m

The conjugate solution was prepared by dilutingntidd-latex and contrelatex (biotir
BSA) particles diluted at a concentration of 0.2% (v/v) and 0.15% (v/v) respectively, in

a 25 mM TrisHCI, pH 9.5 buffer containing humidity preservatives and blockigents.

The antiSARSCoV-2 RBDmAb (COVA2-29) was diluted at 1 mg/mL to be used as the

test line capture reagent.
No sample pad was used as these tests were not to be used with blood samples.

The LFA was designed to be used with nasopharyngeal andawyogeal samples. 20
microliters of sample were applied to the

buffer (LDB3). Results were interpreted 15 min after running buffer addition. A scale of
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the intensity of the signal of the test line from 1 to 10 wsed in order to give a semi

quantitative value for statistical purpos€gyre2.2).

2.8. Multiplex assays using the Luminex technology

2.8.1.Coating of the beals with the target antigens

The target proteins were covalently coupled to different regions of carboxylated magnetic
microspheres (Luminex) using the xXMAP® Cookbook by Angekinal. (178) Two
similar protocols weréollowed, however one had an extra blocking step to avoid high

background due the proteins used.

Briefly, 1 x 1& microspheres, identified individually by a unique fluorescence ratio, were
activated by addition of NHS and EDC, which is based on astepcarbodiimide
reaction(274). Once activated, the beads were incubated with different amounts of the

corresponding protein r aflpadsiga finaliocubaib?2 . 5

€g

vol ume of 500 ¢L, and incubated for 2 hr s

washing, if needed, the beads were blocked with 1X PBS, 10 mM imidazole as an extra
step. Finally, the beads were resuspended in 1 mL of storage buffer (1X PBS with 1%
(w/v) BSA and 0.05% (v/v) azide) and were kept in the dark at 4°C. Beads concentration

was determined by counting on a Neubauer plate.

The list of the bead regions used, and the corresponding coupled proteins, is described in
Table2.16.
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Table2.16 Luminex bead regionsthe corresponding coupled proteiand mAbs used for the

confrmation assay

Bead region Coupled protein mADbs used for confirmation
#12 RVFV N protein 1F8 antiRVFV N protein
#18 SBV N protein 1D5D12 antiSBV N protein
#21 MPB83 83CA3 antiMPB83
#25 CCHFV N protein 2G10ant-rCCHFV N protein
#30 BTV VP7 2D7 antiBTV VP7
#15 CCHFV GP38 3H11 antiGST
#20 CCHFV Gie 3H11 antiGST
#30 RVFV Gne 3H11 antiGST
#12 SARSCoV-2 N protein 14E11 andiSARSCoV-2 N protein
#20 SARSCoV-2 S COVAZ2-29 antiSARSCoV-2 RBD
#25 SARSCoV-2 RBD COVA2-29 antiSARSCoV-2 RBD

2.8.2.Confirmation assay

Serial dilutions of monoclonal antibodies specific to each protein or its tag were used to
perform a confirmation assay, in order to assess the coupling efficiency. AiAbs
used for the confirmation assay can be fountlahle2.16.

2.8.3.Multiplex assays

2.8.3.1. Five-plex to detect antibodies to pathogens affecting ruminants

The fiveplex assayo detect antibodies against different pathogens affecting rutainan
was performed with bea12 RVFV N proteinbead#18 SBV N proteinpead#21
MPB83,bead#25 CCHFV N protein andead#30 BTV VP7

As the beads are ligisensitive, they were protected from the light at all time. The five

respective antigenoupled micospheres were resuspended by vortex and sonication in

order to perform the fivglex assay. A mix of beads was prepared mixing the five bead

regions in assay buffer (1X PBS with 1% (w/v) BSA) to a final concentration of 25
(Stripwell E micr.

beads/uL for each bead regiort-@ e | | pl at es

polystyrene, Costar) previously blocked for 30 min with StabilZyme® SELECT
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stabilizer, were used for the assay. To 50
diluted at 1:100 in assay buffer, was ad&@dpuL of the bead mixture. This mix was
incubated for 1 hr at RT and 650 rpm in a rghaker PSL2T (Biosan). After every
incubation step, a magnetic plate separator (Luminex) was used to wash the plate twice
with washing buffer (1X PBS with 1% (w/v) BS#&nd 0.05% (v/v) Tween 20). Then, 50

pL of the monoclonal antiuminant antibody EG5 labelled with biotin (Eurofins
Ingenasa) was added to each well, at a final concentration of 0.5 pg/mL in assay buffer,
for 1 hr at RT and 650 rpm. Next, 50 uL of Strepdav R-phycoerythrin (Life
Technologies) at 2 ug/mL in assay buffer were added per well and incubated for 30 min
at RT and 650 rpm. Finally, the beads were washed twice with washing buffer and
resuspended in 100 pL/well of washing buffer. The results wessl out using
MAGPIX® reader (Luminex). To be measured the median fluorescence intensity (MFI)

had to count a minimum of 50 events of each bead region.

One well per assay was incubated WHBS as background signal. ELISA confirmed
positive sera to eadmtigen, used as positive controls for the targeted bead region and
negative controls for the other beads, were included in every plate to assess the

performance of the test.

2.8.3.2. Triplex CCHFV

The triplex assato detect antibodies against different proteins of CCiMiag performed
with the beadt15 CCHFV GP3&)ead#20 CCHFV e andbead#25 CCHFV N protein.

The assay conditions are similar to the ones found above in s@@i@ilwith some

modifications to reduce the background of the assay. Briefly, the three actigeled

microspheres were resuspended by vortex and sonication and the bead mixture was
prepared in assay buffetX PBS with 5% (w/v) milk and 0.3% (v/v) Tween 20) to a

final concentration of 25 beads/ OL for eact
were diluted at 1:50 in assay buffer, 50 pL of the diluted serum samples were added to

96-well plates previously blocked for 30 min (as described above) and 50 uL of the bead

mixture was added per well. The plate was incubated for 30 min at RT, with shaking at

650 rpm in a minshaker. After every incubation step, the plate was washed ime t

with washing buffer IX PBS with 0.3% (v/v) Tween 20) with the magnetic plate
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separator. Then, 50 pL of the monoclonal aathinant antibody EG5 labelled with

biotin was added to each well, at a final concentration of 0.5 pg/mL in assay buffer, for
30 min at RT and with shaking at 650 rpm. The plate was washed three times as described
above.Streptavidin Rphycoerythrinat 2 ug/mL in assay buffer was added to each well
and incubated for 30 min at RT and with shaking at 650 rpm. Finally, after thierkest
washes, the beads were resuspended in 100 uL/well of washing buffer. The results were
read as described in secti®218.3.1

2.8.3.3. Duplex RVFV

The duplex assay to detect antibodies against different proteins of RVFV was performed
with the bead #12 RVFV N protein and bead R3(FV Gne. The conditions of this assay
followed the ones of the triplex CCHFV (secti®8.3.3.

2.8.3.4. Triplex SARS-CoV-2

The triplex assay to detect antibodies against different proteins of AN was
performedwith the beadt12 SARSCoV-2 N protein, bead #20 SARSoV-2 S and bead
#25 SARSCoV-2 RBD.

The conditions of this assay are similar to the ones of the tripléF@Qlescribed in
section2.8.3.2.8.3.2 However, to detect human antibodies, the-apécies antibodies
used in this assay were the Bie8® (long spacer) AffiniPure Goat Astiuman IgG,
Fco fragment s p-8P(lonfyspacerpAffidiPute Geat ARtiuraan ig,
Fc5e fr ag nae3b and Qdepg/mlf respectively.

2.9. Statistical analysis

In this thesis, some of the performance characteristics of the assays were determined such
as the analytical sensitivity and specificity, the-afit values and the diagnostic
sensitivity and spsficity. The analytical sensitivity (ASe) can be measured by the limit

of detection (LOD) of an assay. The diagnostic sensitivity (DSe) and diagnostic

specificity (DSp) can be calculated as follow:
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The data obtained in the assays were statistically analysed using the MedCalc® 10
software. Receiver operating characteristic (ROC) cumalysis and dot plot diagrams
were made to establish the optimal-offt value for each assay. The 95% confidence

intervals were also determined using this software.

For the double recognitionELISAs developed, using the MedCald0 software,

McNemar teswas performed to examine the relation between the results obtained in the

double recognitiofELISAs and in the reference ELISAs. For the fplex assay and the

SARSCoV-2 triplex assay, to measure the iatater reliability between the reference
ELISAsandthebeath ased assay, Cohendéds kappa coef fi.
MedCalc® 10 software. Finally, using the same software, the statistical dependence
between the two assays develomhmlible recognitiorELISA SARSCoV-2 and the

double recognitioh FA SARS CoV-2 was determined by performing Fisher's exact test.

121



Chapter Development of diagnostic tools for CCHFV

Chapter 3 Development of diagnostic
tools for CCHFV

3.1.Chapter introduction

Currently, there are several techniques available for CCHFV diagnosis, such as virus
isolation,nucleic acid detectigrviral antigen detection and serological diagnosis. Most
of them have been designed for the human diagnosis market, and, so far, methods are

lacking for the veterinary sector.

CCHF can be diagnosed by isolating the virus from blood, plasma or tissuesttiaring
five first days of infection, when the viremia is high, as cell cultures can only detect high
concentrations of the viruQ75) As this virus is poorly cytopathic, infectivity is
measured by immunofluorescence within infected cells or BYYRR. The viral culture

can be set up using cell lines from chickens, hamsters or monkeys, which takes 1 to 6
days, although virus propagation can also be performed using intracerebral inoculation of
mice, which is 10 td00-fold more sensitive but takes between 5 to 10 ¢ays) This
technique is advantageous as it can detect a wide range of CCHFV strains, but is time
consuming and requiresb#osafety leve(BSL)-4 laboratory.

With regard to molecular techniques, many nucleic acid amplification tests have been
developed. A recent revievescribed all the nucleic acid test availaf@@7), butfew of

them are commercially available. FPICR is usually used for the diagnosis of CCHF
during the first days of the viremia (before the production of antibodies) in whole blood,
plasma, serum, cerebrospinal fluid, urine, saliva, biopsy, and necropsies&27d)

Other molecular assays suchragersetranscriptionLAMP (RT-LAMP), which can be

used withait any lab resources as a POC test, has been recently deg@i&d
Molecular diagnostic assays are faster than virus culture and they serve as theefront
tool in the diagnosis of CCHF but their sensitivity is impacted by the high genetic
diversity between the CCHFV straif@77). Moreover, most of thenolecular techniques

also need to be carried out in a B&laboratory.
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Viral antigen detection has been described by Shepdteatl (279) using ELISA and

reverse passive hemagglutination assay. These tests were found to be most effective
during the first few days of the illness, before the development of antibodies. More
recently, an antigenapture ELISA has been developed using a monoclonaloalytto

the recombinant CCHFV N prote{880) This assay detected N protein in acute sera of
CCHF patients, with a lower sensity compared to RIPCR, and its sensitivity
decreased after the appearance of antibodies in the sera. These assays could be useful for
the detection of acute infections and especially in fatal cases, but overall their sensitivity

is lower than the one @irus isolation and RPCR.

Finally, there are serological assays to detect antibodies to CCHFV. There are a few
commercial ELISA for IgG and IgM detection as well as IFA based on recombinant
antigens (recombinant N protein) for the detection of CCHF\¢iBpeantibodies, as

summarized imMable3.1.

Table3.1 Commercial serological assays available for CCHFV antigen and antibody detection.

Assay Species Producer
ELISA IgM VectorBest, Russia
Human -
ELISA 1gG VectorBest, Russia
Double recognition : .
ELISA Multi-species IDVet, France
IFA IgM Euroimmun, Germany
Human :
IFA IgG Euroimmun, Germany
Antigen capture § .
ELISA Human VectorBest, Russia

Usually, IgM and IgG antibodies are detectable after the 5th day and 7th day of CCHF
illness, but in severe and fatal cases, this production can be delayed or lowe(2atigent
Commercial and #nouse ELISAs and IFA have been developed for diagnosis in humans,
but they still lack sensitivity281). More recently, some multispecies ELISAs have been
developed to detect antibodies to CCHFV. A competition assay has been developed by
Schusteret al (282) which was tested with serum samples from 12 different animal

species and humans. It was able to detect positive antibodies in four different species with
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a sensitivity of 95% and was testeith negative sera from 12 species with a specificity

of 99%. Another type of ELISA has been recently developed beSas(283), based

on a double recognition ELISA, which can detect total antibodies to CCHFV in a wide
range of species (monkeys, camels, rats, ferrets, raccoon dogs, raccoons, foxes, hares,
pigs and humans werested). This ELISA exhibited a high sensitivity (100%) and
specificity (99.9%) and is now commercially available (ID Screen® CCHF Double
Antigen Multi-species, IDVet, France). Finally, an indirect ELISA has been developed
based on the recombinant N piate detect IgG to CCHFV with a sensitivity of 79.4%

and specificity of 100%284). Virus neutralization tests have also been used to detect
neutralizing antibodies against CCHFV in the serum of a variety of species, but these tests
can only be performed witlive virus and are not recommended for use outside endemic
areas and in laboratories without appropriate biosecurity facilities. Nevertheless, a recent
in-house CCHF VLPbased neutralizing test has been developed allowing the diagnostic
of CCHFV under nofBSL-4 conditiong285)

Regarding the serological assays, as summarizé&@bie 3.1, only a few ELISAsare
commercially available and all of these but one (the rspkiciesdouble recognition
ELISA developed in 2018) are designed for human samples. Moreover, there is only one
commercial ELISA detecting viral antigens and no commercial LFAs have been
devebped so far to detect antibodies or antigens. Thus, there is an unmet need for
sensitive, rapid, reliable, simpte-use and easily accessible diagnostics for humans but

more specifically for animals.

DISCONTOOLS is a database created as part of an H&gpravith the aim to identify

the gaps in knowledg® speed up the development of new DISease CONtrol TOOLS
(diagnostics, vaccines and pharmaceuticals) and reduce the burden of animal diseases.
Their section concerning CCHFV has last being updated at the end ofZBB)6but

already identified some important gaps regarding CCHFV diagnostics. Firstlig tine

no commercial diagnostic kits were available for animals, thus there was a need for the
development of diagnostic tests for monitoring CCHFV seroprevalence in reservoir
animals. Secondly, commercial serological tests for humans and animalaaxghsied
sensitivity and specificity were needed.

Finally, these needs were also underlined by the WHO under the WHO R&D Blueprint:
Priority Diagnostics for CCHF and the Roadmap for Research and Product Development
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against CCHFV, published in 2019 and 203pectively. The goal of the CCHF
Roadmap is fAto be able to reduce death
affordable effective treatments informed by rapid, reliable, sitgplese and easily
accessi bl e di 280 &ccording ® thesg, the Irs? Sep is to develop
affordable and qualified metular and serological tests for use in CCaffected
countries by 2020 and then develop some POC tests by 2023. The Ro@88pp

underlines some essential points, among others:

- Anti-CCHFV antibodies should be produced and characterized for their use in
antigen detection assays and these antibodies could inolde developed for
therapeutic purposes.

- The tests to be developed should cover a range of CCHFV antigenic targets to be
used asdifferentiating infected from vaccinated animgBIVA) assays or
confirmatory diagnostic tests needed for vaccine evaluation.

- Commercial serological assays detecting IgM and IgG against CCHFV should be
developed and tested to be used as supplementary diagnostic tests, for
epidemiology and surveillance during outbreaks, and for evaluation of vaccine
immunogenicity and durability.

- Commercial multispecies ELISA should be developed to detect-GGtHHF

antibodies for monitoring CCHFV in animals.

Thus, according to the WHO, the development and validation of in vitro diagnostic assays
for CCHF is a priority. Finally, depending on ttegnostic assay to develop, the WHO
has detailed performance specifications, detailed hérakite3.2 for ELISAs and LFAs.
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Table 3.2 Minimal and optimal performances defined by the WHO R&D Blueprint: Priority
Diagnostics for CCHF for ELISA ad LFA.

Assay ELISA LFA
Specification Minimal Optimal Minimal Optimal
P performance performance performance performance
ELISA for ELISA for Rapld lateral flow Rapld lateral flow
. . immunoassay for| immunoassay for
detection of detection of : i
CCHFV-specific | CCHFV-specific detection of detection of
CCHFV-specific CCHFV-specific
human IgMor human IgMand human IgMor human IgMand
Intended use | CCHFV Ag in CCHFV Ag in CCHEV Agi_n CCHEV Agﬁ
humans for humans for . .
) ) human specimeng human specimensg
evidence of evidence of for evidence of for evidence of
active CCHRV | active CCHRV | 5 e CCHRV | active CCHFV
infection infection . . ; .
infection infection
IgM and Ag
IgM or Ag . IgM and Ag
detection, detection, IgM or Ag

Analytes

validated for
Eurasian cdes

validated for
Eurasian and
African cladesH

detection, validateq
for Eurasian clades

detection, validateq
for Eurasian and
African clades

V-Vl
V-V VI Vil
56 hour d 06 hour } )
Time to result 7 three 96well 030 min O10 min
96-well plate
plate
Plasma, serum, Plasma, serum,
. whole blood, Plasma, serum whole blood
Specimen type| Plasma, serum -
saliva, breast (venepuncture) | (venepuncture ang
milk fingerstick)
. 05 mL . x 0100 OL 030 OL
Sample input venepuncture 0200 O specimen specimen
Centrifugation Inactivation
Sample and dilution of | protocol for use| Serum or plasma
. . , : None
preparation specimen for usg in BSL-2 sample separation
in BSL-3/4 preparation
Qualitative
(po_smve, Semi
negative) result Quantitative
as defined by Qualitative: detected/not detected visu
, . (sample to cut
Test output signal relative to readoutcompared to full process contrg
C off value, S/CO) -
an empirical cut : line
. for calibrator
off established I .
dilution series
for each assay
run
Empirical cutoff Reference Empirical cutoff .
- for each assay (statistical) established for Signal detected
Limit of ; " over background a
. run using positive methods to each assay run L
detection . X ) e clinically relevant
and negative define an assay| using positive -
minimum
controls cut-off control
CIin_ic_:qI >85% >90% >80% IgM, Ag >90% IgM, Ag
sensitivity ' '
Clinical >85% >95% >90% IgM, Ag |  >95% IgM, Ag
specificity
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Minimal but characterizedrossreactivity with other endemic or syndromic

Crossreactivity
pathogens
Interfering No interference for individual or mixtures of analytes, endogenous/exogen
Substances substances
Assay process ) - udel IEozlach run Full process _ Full |o|rocessI
controls and Each run includey includes positive internal control internal control,
. . positive and and negative ' external
calibration (to negative controlg controls- external ositive/negative
international 9 , o positive/negative P g
i not supplied lyophilized controls
standard when o . controls (not -
available) with kit contrc_)ls mcluded supplied wih kit) ' (Iyophlll_zed3
in kit included in kit)
Manual ELISA Automated
Third-party plate washer anqg  ELISA plate Timer, materials required for
instrumentation| reader, calibrateq  washer and venepuncture or fingerstick
pipettes reader
Opened kit | Diluents stable at-3°C until expired;| o0 o 180°C | Stable at 1810°C
o reagent dilutions stable at RT for 1 . :
stability . for 1 working day | for 1 working day
working day
Kit reagent

Unopened kit
storage and
shelf life

-20°C (or dry ice)
for transport and
up to 6 months
storage

stability 28°C
for transport and
up to 12 months

Kit reagent
stability 230°C for
transport and up tq

6 months storage

Kit reagent
stability 230°C for
transport and up tq
12 months storage

_ _ storage
Price of single | 015 US| 0310 US ng15 ys| o0$10 US
volume volume , .
test . . volume production| volume production
production production

This chapter describes the recombinant expressionparification of three CCHFV

structural proteins, namely N, thei€todomain and GP38, and their subsequent use for
both antibody production, and development of diagnostic assays to detect the incidence

of previous CCHFV infection in animals. These assaiys to respond to the gaps in
CCHFV diagnostics.

3.2.Production and purification of CCHFV N protein

3.2.1.Expression of the CCHFV N protein

In order to develop new diagnostic tests against CCHFV, the first step was the production

of the CCHFV N protein. The pET2&UMO plasmid containing the CCHFV N gene
was used to transform ini coliBL21 (DE3) R2 The expression of CCHFV N protein

wasinduced by addition of IPTGH{gure 3.1). After the ON induction, the cells were

harvested and lysed. The soluble and insoluble fractions of the sk lwere separated

by centrifugation and analysed by SP8GE followed by Coomassie staininigigure
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3.1). A band at the expected molecular size of éielisSUMO-CCHFV N protein
(molecular weightMW= 67.5 kDa) was detected after induction and in the insoluble and
soluble fractions. As the CCHFV N protein was abundantly present in the soluble fraction,

this was used for further purification of the CCHR\protein.

3.2.2.Purification of the CCHFV N protein

The soluble fraction was first purified by IMAC using a?NNTA affinity
chromatography column to separate the 6&BVIO-CCHFV N protein from the other
proteins contained in the soluble fraction, with full details of the experimental procedure

described in sectiok.3.1.1

The soluble fraction was applied to theINNTA matrix and incubated ON at 4°C. The
resin was then washed to remove the unbound proteins and the elution of the 6xHis
SUMO-CCHFV N proteinwas performed with elution buffers containing 100 mM
(elution 1) and 500 mM imidazole (elution 2). The elution fractions were observed by
SDSPAGE followed by Coomassie staining and the 6x8itMO-CCHFV N protein

was present in the two elution fractiong ltihigher quantities in the 500 mM fraction

(see Elution 1 and 2 iRigure3.1).

The elution fractions were then dialyzed ON with the addition of th®1@ protease

Ulpl to cleave the 6xHISUMO tag from the CCHFV N protein and after dialysis, loaded
on a SDSPAGE followed by Coomassie stainirfgigure3.1). The cleavage of the 6xHis
SUMO tag from the CCHFV N protein could be observed with the appearance of a band
corresponding to the MW of the native CCHFV N protein (MW= 54 kDa). Additionally,

a faint band around 80 kDa was detected, most likely corresmpial the uncleaved
6xHis-SUMO-CCHFV N protein, as well as a band around 35 kDa corresponding to an

unknown protein.
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Figure 3.1 Expression of the CCHFV N protein and its purification by RiNTA affinity
chromatography

SDSPAGE followed by Coomassie stainioigsamples taken at different steps of the expression
and purification of the 6xHISUMO CCHFV N protein. After its purification from the soluble
fraction by a firstNi**-NTA affinitychromatographyand elution withelution buffers containing
100 mM (elution 1) and 500 mM imidazole (elutiontBe6xHis SUMO CCHFV N protein was
dialysed and cleaved withUMO protease Ulpand the CCHFV N protein was further purified
by a secondNi?*-NTA affinity chromatographyArrows indicate the bands corresponding to the
specified proteins.

The samples collected from the dialysis were applied to a secéitTA column, to

separate the CCHFV N protein from the uncleaved proteins; the -&SHWO tag and

the 6xHisSUMO protease Ulpl. The CCHFV N protein was collected in the unbound

material and the bound material was eluted by addition of elution buffer dogt&o0

mM imidazole. The samples were analysed by $IA&E followed by Coomassie
staining (correspondi rrFigure3.?). Thetuoura Imatérialr e SE C
mostly contained the CCHFV N protein, however some faint bands around 80 kDa, 25

kDa and 17 kDa, were observed, probably corresponding to the uncleavedseXAG-

CCHFV N protein (74.5 kDa), 6xHISUMO protease Ulpl (27 kDa) and the 6xHis

SUMO tag (13 kDa).
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Figure 3.2 CCHFV N protein purification bysize exclusion chromatography

SDSPAGE analysis followed by Coomassie staining of the different fractions collected after the
size exclusion chromatographyAfter the Ni*-NTA affinity chromatograph the CCHFV N
protein was purified from proteins by size exclusion chromatography to separate them according
to their molecular weightArrows indicate the bands corresponding to the dsetiproteins.

SEC: size exclusion chromatography

The final purification step was to use SEC to separate the proteins according to their
molecular weight using a HiLo&8®6/600 Superdéx75 pg mounted on an AKTA prime
pump and controller. Four differeqteaks could be observed on the chromatogram
obtained Figure 3.3). The first peak corresponded to the void volume (110 mL)
containing the 6xHESUMO-CCHFV N protein (74.5 kDa), the second to the CCHFV N

protein (54 kDa), the third to the 6xH&JMO proteas€¢27 kDa) and the fourth to the
6xHis-SUMO tag (13 kDa).
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Figure 3.3 Chromatogram of final purification step of the CCHFV N protein sample bige
exclusion chromatographyfter two NF*-NTA affinity chromatography purificatiors.
The proteins corresponding to each peak are indicatethe chromatogram.

The fractions collected by the AKTA prime were observed by-BBSE followed by

Coomassie stainingF{gure 3.2). As shown by thehromatogram, the first fractions

collected by the SEC contained the uncleaved 684MO-CCHFV N protein and the

CCHFV N protein, followed by fractions only containing the CCHFV N protein. In the

last SEC fractions, the CCHFV N protein was present ind@aecentrations along with

the 6xHisSUMO protease (27 kDa) and the 6x88MO tag (13 kDa). The fractions

containing the pure CCHFV N protein were pooled, concentrated, quantified by
spectrophotometry usingldanoDr opE 1000 Sgne stared@a-§0?Cot o met e

after addition of glycerol.

Following the same protocol, 6XxHBUMO-CCHFV N protein was also expressed and
purified by NF*-NTA affinity chromatography without removal of the tag and without
SEC.
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3.3.Production and purification of CCHFV G ne andGP38

3.3.1.Expressionof CCHFV Gne and GP38

To express the CCHFV & and GP38 proteins in insect cells, the first step was to
produce recombinant baculoviruses containing the CCHRY &d GP38 ORFs. The
CCHFV Gye and GP38 ORFs were cloned into thateway system as described in
Materials and Methodsnd a LR recombination was performed between the entry vector
and the expression vector pAcSecG2T, to obtain pAcSecG2T CCHRe/ aad
pAcSecG2T CCHFV GP38.

The pAcSecG2T CCHFV & and pAcSecG2T CCHFV GB3vere independently used
to perform a cdransfection of Sf9 insect cells together with the triglie recombinant

baculovirus DNA. After a week of incubatioziearCPE could be observeBigure3.4).

(ICT >
1090‘%09 Q
g 0Q 9
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G
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Figure 3.4 Observation under the microscope of infected Sf9 after theremsfection.

A: mock uninfected Sf9 cells. B: Sf9 cells a weekiptesttion with clearcytopathic effectiRed
scale bar represents 20 pum.

To confirm the ceransfection was successfulgtbells were harvested by centrifugation
and lysed, after which the total extracts were analysed by WB usengigGST mAb: a
band corresponding to the molecular weight of CCHR&-GST (46 kDa) was observed
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(Figure3.5A) along with one corresponding to the molecular weight of CCHFV 6P38
GST (58 kDa) figure3.5B).
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Figure 3.5 Co-transfections of Sf9 with the tripkeut baculovirus DNA and the transfer vector
to obtain recombinant baculoviruses expressing the tangetein.

A Western blot was performed witm @anti-GST mAb used as primary antibodyA: Co-
transfection performed with pAcSecG2T CCHRW¥ MW of CCHFV Ge-GST= 46 kD3. B:
Co-transfection performed with pAcSecG2T CCHFV GHP@8v of CCHFV (P38GST= 58
kDa). The positive control (C+) corresponds to a recombinant protein with at&$MPB83
GST, MW = 46.3 kDa).

To differentiate recombinant baculoviruses from potential parental baculoviruses, a
plague assay was performed with the supernatant of tiramsfections. After staining
the plaque assays for biwehite screening, all the observable plaques were white

plagues, corresponding to recombinant baculovituses

A few plaques were selected from each plague agkdyr (CCHFV Gye and 6 for
CCHFV GP38)and, after dissolution in media, the plaques were used to infect Sf9 cells
in 60 mm dishes. The dishes were incubated for five days, until when the CPE was

evident. The cells were harvested by centrifugation, lysed and the soluble and insoluble
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fractionswere separated by centrifugation and analysed by WB witn&GST mAb
(Figure3.6).

Regarding CCHFV e (Figure3.6A), in the insoluble fraction, a smear with an intense
band corresponding to CCHFW&GST was observed in the four plagues selected, but
several unknown contamints were detected as well. In the soluble fraction, a clear band
was present around 45 kDa in the four plaques, corresponding to CCrRE-GET,
without any of the contaminants detected in the insoluble fraction. Finally, regarding the
supernatant, no bandas observable. All the plaques selected expressed the CCHFV
Gne-GST in high quantities in the insoluble fraction and at a lower amount in the soluble

fraction, without any production of secreted protein.

Regarding CHFV GP38 Figure3.6B), in the insoluble fraction, a lighter smear with a
clear band around 60 kDa, corresponding to the CCHFV &*3B was observedh i

four plaques out of the six selected (plaques 2 to 5). In the soluble fraction, a band of the
same size was present in the same plaques as in the insoluble fraction (2 to 5). Finally, in
the supernatant, a faint band was detected in the same plaqaés).(Zthus, out of the

six plaques selected, four expressed the CCHFV @SB, mainly in the insoluble
fraction, but some were produced in the soluble fraction and the protein was even secreted
in the supernatant
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Figure 3.6 I nfection of Sf9 cells with plaques corresponding to different recombinant baculoviruses.

Five days posinfection, he insoluble fraction, soluble fraction and supernafaoin Sf9 infected with balviruses from the plague assagre analysethy

Western blot with manti-GSTmAbused as primary antibody: four plaques were selected for CCHFWeGB: six plaques were selected for CCHFV GP38.
Arrows indicate the bands corresponding to the spedffieteins.
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A plaque corresponding to the best recombinant prgeaducing plaque was selected

for each protein expression (plaque 1 for CCHR&GST and plaque 2 CCHFV GP38
GST) and the corresponding supernatant was used to infect Sf9 to prdaigbetitre
baculovirus stock. The high titre baculovirus stock was titrated by plaque assay. For the
BacPAK6 CCHFV Ge, a virus titre of 6 x fpfu/mL was determined and for BacPAK6
CCHFV GP38 the virus titre was 1.8 x®jffu/mL.

The high titre baculovus stock for CCHFV &e-GST expression and for CCHFV GR38

GST expression were used to infect Sf900 cells at MOI 0.1 and MOI 2 to pertaratia
analysisof the expression of both proteins and select the best conditions of expression of
the proteins. C# and supernatants were harvested every 24 hrs until reaching extensive
CPE and the beginning of cell death (120Prfor CCHFV Gve-GST and 96 hr®l for
CCHFV GP38GST). Samples were analysed by WB witheat-GSTmADb (Figure3.7
andFigure3.8).

Regarding the CCHFV & GST expression kinetic&igure3.7), a band corresponding

to the CCHFV Ge-GST could be observed at both MOI in the insolutdetfons Figure

3.7A and Figure 3.7D) and in thesoluble fractions Kigure 3.7B and Figure 3.7E),
however no band was observable in the supernatant at bothRigOig3.7C andFigure

3.7F). The band corresponding to the CCHFVWe& ST was overall more intense in the
insoluble fraction than in the soluble fraction, showing a higher expression in the
insoluble fraction. The protein production wasedted as soon as 24 Itk After 24 hrs,

the band was more intense atglble at MOI 2 than at MOI 0.1, corresponding to a better
expression at MOI 2, however in both cases, a decrease in the expression and an increase
of the protein degradation coul@ lbbserved 72 hi8l. Regarding the expression in the
soluble fraction, a band appeared 24Riksat higher intensity at MOIl.ZHowever, after

48 hrs theproteinseemed to be degraded at MOB&,the band became fainter. At MOI
0.1,the productiorof CCHFV Gue-GSTincreased until 72 hrs, before decreasing.
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Figure 3.7 Kinetic analysisof the expression of CCHFV (&-GST (MW = 46 kDa)by Sf900 cells infected with two MOI (0.1 and 2) BAcPAK6 CCHFV

Gne
Samples were taken at different time points (24 hrs, 48 hrs, 72 hrs, 96 hrs and 120 hrs) and the expression in théractiolubsmluble fraction and

supernatant was analység Western blot withraanti-GSTmAbused as primar antibody A: insoluble fractions at MOI 0.B: soluble fractions at MOI 0.1.
C: supernatant at MOI 0.1. D: insoluble fraction at MOIR.soluble fraction at MOI 2: supernatant at MOI 2The positive control (C+) corresponds to a

recombinant proteinvith a GSTtag (MPB83GST, MW = 46.3 kDa).
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Regarding the CCHFV GP38ST expression kinetic&igure3.8), at both MOls and in
all the fractions, a band corresponding to the GB33 was observable. The protein was
first detected at 48 hrBI and the expression increased until 96 RtsOverall, the
expression seemed higher at MOI 0.1 than at MOI 2.
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Figure 3.8 Kinetic analysisof the expression of CCHFV GP3&ST (MW = 58 kDa)by Sf900

cells infected with two MOI (0.1 and 2) &acPAK6 CCHFV G°38.

Samples were taken at different time points (24 hrs, 48 hrs, 72 hrs and 96 hrs) and the expression
in the insoluble fraction, soluble fraction and supernatant was analygé&tlesterrblot with an
ant-GSTmAbused as primary antibody: insoluble fractions at MOI 0.1 and 2. B: soluble
fractions at MOI 0.1 and 2. C: supernatant at MOI 0.1 and 2.
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The kineticanalysisshowed that the best conditions for the production of CCHR# G
GST were to set up an infection at MOI 2 and harveg8dirs Pl. However, when
performing a largescale infection for the expression of CCHFWeS5ST at MOI 2, with

a harvest at 120 hiRl, the CCHFV Ge-GST was detected in the culture supernatant.
Thus, this condition was preferred for the CCHFWe&ST expression. The best
expression condition for CCHFV GPEBST was at MOI 0.1 for 96 hrs. Largeale
infections were done with 6 x 4@®f900 cells that were infected with the selected

conditions.

3.3.2.Puirification of CCHFV G ne and GP38

The supernatants of the insect cell infections were harvested by centrifugation and further
filtered. The filtered sugrnatants were incubated with an affinity column prepared with
the aniGSTmADb. The unbound material was collected, the column was washed and the
bound proteins were eluted by addition of 0.1 M glycine hydrochlppte2.6. The
elution fractions were néualized, dialyzed ON in PBS and analysed by SEGE
followed by Coomassie staining and by WB withaat-GST mAb.

In the WB analysis, a faint band around 50 kDa, corresponding to the molecular weight
of the CCHFV Ge-GST protein (46 kDa), can be detsttin the supernatant fraction
(Figure3.9). This protein was successfully purified by affinity chromatography and can
be observed at a higher concentnatin the elution fractions. This band was not visible

in the SDSPAGE followed by Coomassie staining.

In Figure3.10A, a band corresponding to the molecular weight of CCHFV GPS8
was detected in the elution fractions 3 and 4 on the-BBGE followed by Coomassie
staining of the purification by affinity cbmatography. This purification was confirmed
by WB and the observable bands corresponded to CCHFV-GB38Figure3.10B).

Both recombinant proteins weconcentrated after their dialysis and store@@RC for

further use.
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Figure 3.9 CCHFV Gne-GST protein purification by affinity chromatography.

The CCHFV Ge-GST(MW = 46 kDa)was purified from theupernatant of SB cells infected
with BacPAK6 CCHFV e by affinity chromatography withreanti-GSTmAband elutedby
addition of 0.1 M glycine hydrochloride, pH 2Bhe purification was analysed by Western blot
with an anti-GSTmAbused agprimary antibodyArrows indicate the bands corresponding to the
specified proteins.
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Figure 3.10 CCHFV GP38GST protein purification by affinity chromatography

SDSPAGE analysis followed by Coomassie staining (A) and Western blot analysistf) of
different samples collected during the purification of CCHFV GBI (MW = 58 kDa) The
CCHFV GP38GST was purified from the supernatant of Sf900 cells infectedBaitFPAK6G
CCHFV @38, by affinity chromatography witmanti-GSTmAband elutedby addition of 0.1

M glycine hydrochloride, pH 2.8\ anti-GSTmAbwas used as primary antibofty the Western
blot analysis Arrows indicate the bands corresponding to thecsfied proteins.

3.4.Production, purification and characterization of monoclonal
antibodies against CCHFV N protein

3.4.1.Production of the monoclonal antibodiesagainst CCHFV N

protein

To produce monoclonal antibodies against the CCHFV N protein, a groupioé4vas
immunized with the purified 6xHISUMO-CCHFV N protein. A week after the third
immunization, and after each subsequent immunization, the mice were bled from the tail
and their antibody titre was checked by indirect ELISA coated with the &&HMO-
CCHFV N protein Figure3.11). At Eurofinsingenasa, the standard antibody titre that
should be reached by indirect ELISA to perform the fusion with the tested mduse.is

> 1 at aserumdilution of 1:60,000The antbody titre of the four mice after the first three
immunizatiors was not high enough with ansénmlower than 1 for all the mice at a
1:800 dilution of their sera Thus, the mice were immunized every two ieaksrease
their antibody titreAfter the 18" immunization, the overall titre of the mice was checked
by indirect ELISA with the protein used for the immunization and a negative control
protein (6xHisSSUMO-RVFV N protein) Figure 3.12). The titre of all the mice
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substantially increased with mouse 2 and mouse 4 exhibitingoamBetween 1 and 1.5

at 1:72,900. However, the titre obtained with the 6x8iSMO-RVFV N protein was

very high with the sigal reaching 0.5 at 1:72,900 for mice 2 and 4. The same titre trend
could be observed between the two ELISAs. The titre reached afteftimarhQnization

for mice 2 and 4 was enough to perform the fusion e#epsnm> 1 at a dilution of
1:60,000, however an extensive screening step with the negative control protein was

required to dispose of the antibodies recognizing the 68disIO.
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Figure 3.11 Antibodytitration by indirect ELISA with 6xHissSUMO-CCHFV N protein of the
mouse sera after three immunizations with 6xHBJMO-CCHFV N protein.

After three immunizations with 6xH8BJMG-CCHFV N protein, the four mice (Mouse 1, 2, 3 and
4) were bled from the tail and serialalions of the sera were used to assess the antibody titre of
the mice by indirect ELISA. The indirect ELISA was performed using &S0 CCHFV N
protein as coating antigen and amti-mouse IgG (H+L)HRP-conjugatedpAb assecondary
antibody One mouse used as negative control (NC) was immunized with sterile 1AIPBS.
samples were tested once due to sample volume constraints.
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Figure 3.12 Antibody titration by indirect ELISA of the mouse s after ten immunizations

with 6xHis-SUMO-CCHFV N protein.

After ten immunizations with 6xHBUMOCCHFV N protein, the four mice (Mouse 1, 2, 3 and

4) were bled from the tail and serial dilutions of the sera were used to assess the antibody titre of
the mice by indirect ELISA. The indirect ELISA was performed using 6&HMOCCHFV N

protein (A) or6xHisSUMORVFV N protein(B) as coating antigen. Aanti-mouse 1gG (H+L)
HRP-conjugatecpAbwas used asecondary antibodyDne mouse used as negative control (NC)
was immunized with sterile 1X PBAIl the samples were tested once due to sample volume
constraints.

The two mice were sacrificed, their spleens were harvested and the fusion was performed
between P3X63Ag8.653 atitk collected B cells. From the spleen, 1.5%R 0ells were
purified and to ensure a 4:1 ratio between the B cells and the myeloma cells, 3.7 x 10
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P3X63Ag8.653 were required for the fusion. The fused cells were dispensed into three
96-well plates andicubated. The following day, 2X HAT medium was added to the fused

cells and this medium was replaced every 48 hrs. Eighteen days after the fusion, the fused

cells were screened by indirect ELISA using purified CCHFV N protein (without tags)

and 6xHiIsSSUMO-RVFV N protein (shorten to RVFV N protein in this part) as shown
onFigure3.13. Thi s fir st scr ee n-chaimspecificantibodfratme d wi t
only detects IgG and revealed wWikVB.

Out of this first screening of the viable hybridomas, only two wells gave a positive signal
with Assonm>1 in the indirect ELISA CCHFV N protein with a low background obtained

in the indirect ELISA RVFV Nprotein. These two wells corresponded to the wells E7
and G7 from the third plate (subsequently called 3E7 and 3G7). The cells in the wells 3E7
and 3G7 were resuspended, counted and aliquoted at 50 cells per well in-n@lV 96
plates. As only two wells we positive during this first screening, a new indirect ELISA
was done a few days later to let the hybridomas grow and check if more were positive to
the CCHFV N protein.

This second screening (data not showay dore with an antibody targeting the heavy
and light chain (H+L) of IgG but can also react with other antibody classes due to shared
light chains between the classes. This ELISA was also developed with TMB to increase
sensitivity and revealed 5 new wells (1FIE2, 1B3, 1G4 and 3All) containing
hybridomas positive to CCHFV N protein with ansén>1. These were also aliquoted

at 50 cells per well. Twelve days later, the corresponding severe®flates containing
hybridomas at 50 cells/well were screened escdbed above. Out of the seven plates,
only 3G7 and 1G4 showed some positive sigriagufre3.14).
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Figure 3.13 First screeningby indirect ELISAof the three plates containing the hybridoma cloresti-CCHFV N protein

Eighteen days after the fusion step, indirect ELISAs witlC@EFV N proteinor the 6xHisSSUMORVFV N proteims @ating antigens and n  a-chain B
specificpAb were performed to select hybridomas positive to the CCHFV N prdteentwo wells (E7 and G7 on plate 3) with Agsnr>1 and no cross
reactivity withthe 6xHisSUMORVFV N proteirare indicated in boldA: plate 1; B: plate 2; C: plate .3The positive control (C+) correspoadb the sera
collected from the corresponding euthanized mice and the negative conjrtd (@ouse sera against a noglated antigenAll the samples werested once
due to sample volume constraints.
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Figure 3.14 Indirect ELISA screening of the hybdrioma clones 3GA&) and 1G4(B) at 50 cells per well with CCHFV N protein and 6xHSUMO-RVFV

N protein.

The seven hybridoma cloneselected with the first screenirgf, 50 cells per well were tested imdirect ELISAs with th€ CHFV N proteinor the 6xHis
SUMORVFV N proteinas coating antigens anah anti-heavy and light chaimantibady. Out of the seven hybridoma clones, only {8G7 and 1G4)were
positive to the CCHFV N protein. The wells selected from clone 3G7 and 1G4 for further subalemnacated in boldThe positive control (C+) corresposd
to the sera collected from the corresponding euthanized mice and the negative cehtimhiGuse sera against a noglated antigenAll the samples were

tested once due to sample volume constraints.
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At 50 cells per well, most of the wells in the 3Glatp were positive with an #Aonm

around 2 and no visible cressactivity with the 6xHISSUMO-RVFV N protein.
Regarding the 1Ggplate most of the wells were also positive with a signal around 1.5,
however, some croseactivity could be observed with tle&xHissSUMO-RVFV N

protein. The plates 1E2, 1B3 and 1F1 were all negative and the plate 3A11 was negative
to CCHFV N protein but highly positive to 6xHBUMO-RVFV N protein. The
subcloning was continued with the plates 3G7 and 1G4, with the well giergghest
positive to negative ratio: A2 for 3G7 aB@ for 1G4. These wells were aliquoted at 20

cells per well and screened 8 days lakegre3.15).

Regarding the 3G7 plate, all the wells exhibited a positive signal withvzrwaround

2, when all the signals obtained for the 1G4 plate were negative. The leftovers of the
subcloning of the 1G4 in the 24 w4llate were also found to be negative to CCHFV N
protein. As this plate and the 24 wplhte from 1G4 were negative, this plate was
discarded. The hybridomas from the 1G4 plate were probably IgM as these were
recognized by an H+L antibody but not by anabto d y t a r-ohant(sedriguret he o
3.13). The well E1 from the 3G7 plate was further subcloned until reaching 2 cells per

well and was then screendéldure3.16).
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Figure 3.15 Indirect ELISA screening of thehybridomaclones 3G7A) and 1G4(B) at 20 cells per well with CCHFV N protein.

Thetwo hybridoma cloneat 20 cells per well were tested in indirect ELISAs with the CCHFV N protein as coating antigen andlaraptand light chain
antibody. Out of thewo hybridoma clones, only 3Gvaspositive to the CCHFV N protein. The well selected from clonef@Girther subclonings indicated
in bold. The positive control (C+) corresponds to the sera collected from the corresponding euthanized mice and theamégdt{@) to mouse sera against
a nonrelated antigenAll the samples were tested once due to samglume constraints.
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Figure 3.16 Indirect ELISA screening of the hybridoma clone 3G7 at 2 cells per well with CCHFV N protein.

The hybridoma clone 3G7 at 2 cells per well was tested in indirect ELISAs wWiilCHHEV N proteinas coating antigen andn anttheavy ad light chain
antibody.Out of the 94 wells, 90 were positive to the CCHFV N protein and 4 were, eimgtiked using a light microscope (denoted by *). The wells selected
for themAb productiorand purificationare indicated in boldThe positive control (C+) correspoatb the sera collected from the corresponding euthanized
mice and the negative control{){@o mouse sera against a noglated antigenAll the samples were tested once due to sample volumigaiotss
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Out of the 94 wells of the 3G7 plate, 90 gave a positive signal withispnaround 0.5

and four wells gave a negative signal (A1, G2, A4 and D11). These wells were checked
using a light microscope, and found to be empty and all the other $v@asells
contained one or two hybridoma clones, meaning that single hybridoma clones were
obtained expressing the same monoclonal antibody. The wells G5, E10, E11 and D12
contained a unique hybridoma clone, which was resuspended and transferred-into a 6
well plate for further growth and monoclonal antibody production.

A second fusion was done with mice immunized with purified CCHFV N protighout
any tagsto obtain other monoclonal antibodies. This second fuslone with mouse

myeloma cell line SAR-Ag14, yielded two other monoclonal antibodies: 2G10 and 1D6.

The anttCCHFV N proteinmAbs obtained were named 3G7, 2G10 and 1D6.

3.4.2.Purification of the monoclonal antibodies

To obtain pure and concentrated monoclonal antibodies, the supernatant of the
hybridomas had to be purified. The supernatant of the clones 3G7, 2G10 and 1D6 were
centrifuged, filtered and purified by affinity chromatography using their affinity for
Protein A and Protein G. After their purification and dialysis, the purity of the chameal

antibodies was assessed by SEXSGE followed by Coomassie stainirgigure3.17).
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Figure 3.17 Anti-CCHFV N proteinmAbs purification by affinity chromaography.

SDSPAGE analysis followed by Coomassie staining oflihexedifferentanti-CCHFV N protein
mAbs (1D6, 2G10 and 3G7) produced by hybridoma technofaggws indicate the bands
corresponding to the specified proteins

On the SDSPAGE gel, two bands coulake observed for each monoclonal antibody, one
around 25 kDa and the second around 50 kDa. The lower band corresponded to the light
chain of IgG (25 kDa) and the higher band corresponded to the heavy chain (50 kDa).
The mAbs obtained from the hybridoma srpatants were highly pure and were then

quantified by spectrophotometry.

The threamAbs were then labelled with horseradish peroxidase. Labelled and unlabelled

mAbs were further characterized.

3.4.3.Characterization of the monoclonal antibodies

Different techniques were used to characterize theG@HFV N protein mAbs

produced.

First, the determination of their isotypeas doneby performing an ELISA using anti
isotype secondary antibodidsgure3.18).
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Figure 3.18 Determimation of the isotype of the altCCHFV N proteinmAbs produced.

An indirectELISAwas performed with thiéaree antCCHFV N protein mAbs (1D6, 2G10 and
3G7) and secondary anotypes antibodies to determine the isotypes of the miRies.
experiment was performed once.

The threemAbs 1D6, 2G10 and 3G7 were recognized by the antibadggtiag IgG1 and
none of the other anisotype antibody reacted with teAbs, although some cross
reactivity could be observed withAb 3G7 for IgG2a and IgG2b. The three aGCHFV
N proteinmAbs belong to the IgG1 isotype.

A WB analysis was done withemAbs to determine if they could recognize specifically
the CCHFV N protein in reducing condition. The WBs were done with atideocapsid
proteinsof bunyaviruses produced during this thesis (RVFV N protein and SBV N
protein) and a control protein thia 6xHisSUMO tag (African swine fever virus p32,
available aEurofinsingenasa). The proteins were loaded at 0.5 pg anchies were
used at 10 pg/mLRigure3.19).
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Figure 3.19 Analysis of the specificity of the three anBCHFV N proteinmAbs in denaturing

andreducing conditions.

A Western blot analysis of differemicleocapsid proteins of bunyavirug€CHFV, RVFV and
SBV N proteinsjvas performedvith the three different ar€CCHFV N protein mAbsAt mAb

1D6. B:mAb2G10. C:mAb3G7). The 6xHisSUMO p32 was used as a negativatoal protein

with the 6xHisSUMO purification tag.

On the three WBs, a band corresponding to the size of the CCHFV N protein was
observed with the three differentAbs. No crosseactivity was detected with the N
proteins of RVFV and SBV and neither wihe 6xHisSUMO p32. Thus, thenAbs were
specific and could recognize the CCHFV N protein danaturing andreducing

conditions which could hint that the ar@CHFV N protein mAbs recognize non

conformational epitopes

An indirect ELISA with the antCCHFV N proteinmAbs was performed to titre the
mADbs against the different proteins of bunyaviruses (CCHFV, RVFV and SBV) and to
determine the LOD of theseAbs (Figure3.20).
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Figure 3.20 Titration of the anti-CCHFV N proteinmAbs.
CCHFV, RVFV and SBV N proteins were used to coat ELISA plates and indirect ELISAs were
performed with serial dilutions of the as€§iCHFV N protein mAbs (A: 1D6; B: 2G10; C: 3G7)

to determine their limit of detectiomhe experiment was performed once.
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In these indirect ELISAS, the titration of the aBCHFV N proteinmAbs revealed a

decrease of the signal of the thre@bs when their concentration per well decreased. At

1 ng/well (corresponding to a concentration of 10 ng/mL), the signal obtainetheith
mAbs with the CCHFV N protein could be differentiated from the a@ot@inedwith the
RVFV and SBWN proteins. Moreover, as in the WB,-omss reactivity could be detected
with the RVFV and SBV N proteins. This assay confirmed the specificity aihtias

for the CCHFV N protein in nereducing conditions compared to the control proteins
and the threenAbs can detect the CCHFV N protein until 10 ng/mL.

After this titration of the unlabelleshAbs, the same assay was performed with the HRP

conjugatednAbs by direct ELISA, to confirm the successful labelling of thAbs and

to titre them. As naross reactivity was present in the previous ELISA with other N

proteins, this titration was only performed with the CCHFV N proteigure3.21).
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Figure 3.21 Titration of the HRP-labelled anttCCHFV N proteinmAbs.

Direct ELISAs were performed with the CCHF\pidtein and serial dilutions of HRRbelled
anti-CCHFV N protein mAbs (1BDBERP, 2G16HRP and 3G7HRP) as primary antibodie3he
experiment was performed once.

The signal obtained for the thre@Abs confirmed the conjugation was successful. The
threemAbs showed a decrease in the signal obtained when decreasing their concentration.
ThemAbs 1D6 and 2G10 showed almost the same titration pattern, with a decrease in the
signal obtained after 1:4,000 and amsimaround 1 at a 1:64,000 dilution. The signal
obtained withmAb 3G7 decreased at a lower dilution (after 1:1,000) and faster than the
two othermAbs, with an Aosnmaround 1 at a 1:32,000 dilution. For the next assay, the
conjugatedmAbs were used at a concentration to obtain agsWA around 2, which
corresponded to a dilution of 1:16,000 feAbs 1D6 and 2G10 and of 1:8,000 for 3G7.

In order to determine if the three a@CHFV N proteinmAbs produced mapped in the
same epitopes of the protein, a competition ELISA was performeddretive unlabelled
mAbs and the HRRonjugatednAbs (Figure3.22).
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Figure 3.22 Determination of the mapping ofinti-CCHFV N protein mAbs for the same
epitopes

Competition ELISAs were performed between the unlabelled and labell€CiGHEY N protein
mAbsto check if they competéor the same epitope&: Competition ELISA witmAb1D6-HRP

at 1:16,000. B: Competition ELISA withAb2G103HRP at 1:16,000. C: Competition ELISA with
MAb3G7-HRP at 1:8,000The experiment was performed once.

Regarding the competition ELISA with 1EMRP, the signal obtained with both 1D6 and
2G10 at 1,000 ng/well was around 0.5 and increased when the concentration of these two
mADbs decreased, to reach around 1.5 at 10 and 1 ng/well. Thus, there is a sign@iinhi
between 1D6 and itself and between 1D6 and 2G10. The same result can be observed
between 2G10 and itself and 2G10 and 1D6. Finally, regarding 3G7, no signal increase
could be observed with 1D6 and 2G10, but one could be observed for 3G7. 3G7 dompete
with itself at a high concentration but not with the otim&bs. This competition assay

showed that 1D6 and 2G10 seemed to map the same epitope of the CCHFV N protein.

Table 3.3 summarizes thenAbs obtained and some of their characteristics that were

determined in this chapter.
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Table 3.3 Summary of the characteristics of the ariCHFV N proteinmAbs obtained.

Concentration
CCHFV N of mAb Titre of
mADbs anti- protein detecting HRP- Competition
CCHFV N | Isotype | identification CCHFV N mAbs to | for the same
protein in reducing | protein in non- | obtain an epitope
conditions reducing Adgosnmd 2
conditions
, Yes, with
1D6 lgG1 Yes 10 ng/mL 1:16,000 2G10
2G10 IgG1 Yes 10 ng/mL | 1:16,000 Yelsb‘g'th
3G7 lgG1 Yes 10 ng/mL 1:8,000 No

3.5. Development of adouble recognitionELISA to detect antibodies
against CCHFV

The WHO highlighted the lack of commercial serological assays detecting human IgM
and IgG against CCHFV and the lack of diagnostic assays to detect antibodies to CCHFV
in different animal species. Thus, to answer these neddsibde recognitioELISA was
developed using the CCHFV N protein as the target antigen. This assay is specik

test that can detect total antibody response (IgM and IgG) in s@hefirst step of this
development was the labelling of CCHFV N protein with HRP, then the @atiron of

the assay and finally the validation of the assay with positive and negative field samples.

3.5.1.Labelling of CCHFV N protein

As for the aniCCHFV N proteinmAbs, the CCHFV N protein was conjugated to HRP
to be used as the detection molecule ia double recognitiorELISA. To confirm the
labelling of the HRP, double recognitioELISA was performed with CCHFV N protein
coated in the 98vell plates and a mouggAb obtained from the blood of the mice
immunized with the CCHFV N protein. Thig\b was titrated and detected by the newly
labelled CCHFV N protein at 1:10,00Bigure3.23).
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Figure 3.23 Confirmation of the labelling of CCHFV N proteinwith HRP.

A double recognition ELISA was performed with differicentrations of CCHFV N protein

as coating molecule and CCHFV N prot¢ifRP as detection molecule dilutati1:10,000. A:
serial dilutions of the sera @uthanized micenmunized with CCHFV N protein (pAb) was used

as positive sera. B: serial dilutionsf mouse sera against a noelated antigerwas used as

negative seralhe experiment was performed once.

At a 1:50 dilution of thgpAb, an AssonmOf 3 was detected with the plates coated with

CCHFV N protein at 0.5 pg/mL. This signal was lower for thated coated with 0.25

Hg/mL (Assonmd

PBS), only background signal could be observed with the difteserum dilution and the

different coatings.

7)

and Bwmd 23) OgTmiLs ( Ai gn@Ab

was further diluted. In comparison, when diluting negative mice serum (immunized with

decr ea

This assay showed the correct labelling of the CCHFV N protein with HRP, which,

diluted at 1:10,000 was able to detect i antrCCHFV N protein bound to the
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CCHFV N protein immobilized on the plate. Théime optimal conditions of theouble
recognitionELISA had to be determined.

3.5.2. Serum samples

In this study, for the development of teuble recognitiofELISA, the panel of serum
samples consisted in 72 positive field samples and 410 negative fiel&@edztection

of antibodies to CCHFV, 33 field serum samples from cattle, 31 from sheep, 5 from
horses and 3 from goats naturally infected by CCHFV were provided by the Faculty of
Veterinary Medicine in Skopje (USCM, North Macedonia) and all these seeatested

at INIA-CISA in a BSL:-3 laboratory.

A collection of 410 negative field samples (208 from cattle, 146 from sheep, 54 from

goats and 7 from horses) from Spanish farms were evaluated.

All these samples were assayed in the ID Screen® CCHF DoulkieeAmMulti-species
(IDVet), used as the reference technique for the development of this assay, and were
classified as positive and negative according to the results obtained. A summary of the
classification is detailed ifable3.4.

Table3.4 Classification of the serum samples used to developdingble recognitiorELISA to
detect antibodies against CCHEV

Samples | Cattle Sheep Goat Horse Total

Positive 33 31 3 5 72

Negative 208 146 54 2 410
Total 241 177 57 7 482

3.5.3.0Optimization of the double recognitionELISA

The optimal conditions of theouble recognitiorELISA such as coating concentration,
the serum dilution and its dilution buffer, the detection molecule dilution and its buffer

and the times of incubation were determined.
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To optimize the condition of the assay, an inactivated cow CCHFV positive sanmjotes
was provided by INIACISA. This sample was confirmed to be positive by ID Screen®
CCHF Double Antigen Multspecies (IDVet). First, this positive serum sample was
titrated in DB1 with different concentration of CCHFV N protein coated and one
concentation of CCHFV N proteirHRP (at 1:10,000 in DB4). Thesults of this first
titration can be found ifrigure3.24. The positive control (C+) was the a@CHFV N
proteinpAb and the negative control {Cthe negative mouse serum, both diluted at a
1:200 in DB1

35
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E 20 0.3 pg/mL
2
0.5 L
I 15 pg/m
m0.7 pg/mL
1.0
w1 pg/mL
OI5 II
00 II i ™ |

1:10 1:20 1:40 1:80 1:160 1:320 C+ C-
Serum dilution

Figure 3.24 Titration of the CCHFV positive field serum idouble recognitionELISA.

Different coating concentrations of CCHFV N protein (from 0.3 pg/mL ig/inL) have been
used with serial dilutions of the CCHFV positive field serum and the CCHFV N pididat
1:10,000 as detection molecul@ll the samples were tested once due to sample volume
constraints.

The signal obtained in thislouble recognitionELISA increased with increasing
concentrations of CCHFV N protein used to coat the plates. The optimal cijasded

was at a coating concentration of 1 pg/mL. However, this signal was only higher than 0.7
pg/mL at a 1:10 dilution of the serum. When the serum was further diluted the signals
between 0.7 and 1 pg/mL were equivalent. Thus, the best coating corsdigmed to be

using a concentration of 0.7 ug/mL of CCHFV N protein to capture the antibodies. A
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1:20 serum dilution was kept as the provisional serum dilution until the testing of negative

serum to check the background at this dilution.

After the firststep, establishing the coating conditions and a provisional serum dilution,
negative serum samples from cow, sheep and goat were tested (data not shown). This
assay showed some high background obtained from some negative serum samples. Out
of the 32 cow amples tested, 1 gave some background signal and none of the 26 goat
samples gave some background signal. However, the sheep sera tested (30 samples) had
a higher background than the cow and goat sera with some of these sera reaching signals

close to the gsitive field sample.

As a consequence, a new dilutionffer (DB2) wagested to dilute the serum samples,
which did not affect the signal obtained with the positive sample but did reduce the

background signal obta@dwith the negative serum samples\poesly tested.

Finally, an assay was done with the coating conditions previously established and the new
dilution buffer with different serum dilutiato elect the best serum dilution with these
conditions. Some of the negative serum samples which gave some background signal
were tested, along with the positive serum sample. The serum dilteégiad were 1:2,

1:5 and 1:10 and the best positieenegdive ratio was obtained with a 1:2 serum dilution
(Figure3.25).
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Figure 3.25 Serum dilutions tested in the double recognition ELISA.
Box plot representing the positit@-negative ratian the double recognition ELISA at different

serum dilution Twentyfour field negative sera and seveffitye positive field sera were tested
onceat 1:2, 1:5 and 1:10 dilutiorand the positiveéo-negative ratio was calculatedhe lower
(Q1) and upper quartilgQ3) represem observations outside thei®1 percentile range. The
diagram also shows the medi&rosg and mean(straight line) observatbn for a particular
dilution. Data falling outside the QL Q3 range arecirclesplottedoutside of the bax

The final conditions of thdouble recognitiofiELISA were:a mix of CCHFV N protein
at 0.7 pg/mL andBSA at 20 ug/mL in carbonate buffer coat the ELISA plates, a serum
dilution of 1:2 in DB2 and the CCHFV N proteiRP diluted at 1:10,000 in DB as

detection molecule.

3.5.4.Validation of the double recognitionELISA

Once the conditions were established,dbeble recognitiofELISA was teted at INIA-
CISA, with 72 positive field samples to CCHFV and 228 negative field samples. An
additional 182 negative field serum samples were testédrafinsingenasa to increase
the number of negative samples and confirm the specificity of the adsaygomplete
panel of 482 serum samples from different species were aseagedn the double
recognitionELISA and the results were statistically analysed by comparison with the

results obtained with the reference technique. Aofuvalue was determinedsing the
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MedCalc® software and based on this -@if, the performance characteristics of the

double recognitiofELISA were determined.

The optimal cubff for the double recognitiorELISA developed was Aonn=0.42 and

with this cutoff, out of the 72 pasve field samples, 5 were not detected withdloeble

recognition ELISA, corresponding to a sensitivity of 93.1% with a 95% confidence

interval between 84.5997.7%. Out of the 410 negative field samples tested, d&ha

signal over the cubff, correspading to a specificity of 96.1% with a 95% confidence

interval between 93.7997.8%.This sensitivity could be explained the probable higher
sensitivity of the double recognition assay
and the high genetiiversity of CCHFV between the different cladegure3.26 shows

the dot plot corresponding to the serum tested in this assayFignde 3.27 the
correspondindROC curve analysis.
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Figure 3.26 Dot plot diagram between theouble recognitionELISA CCHFV N protein and
the reference technique where each dot represents an individual sample.

The horizontal solid line corresponds to the-offtvalue of the assay, according to the MedCalc®

10 software. X axis shows the positive (1) or negative (0) classification of samples according to
reference ELISA and Y axis shows the absorbance at 450tamex in thedouble recognition
ELISA.AIll the samples were tested once dusamplevolume constrairst
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Figure 3.27 Receiver operating characteristic cunamalysis of thedoublerecognition ELISA
CCHFV N protein.

The blue line shows the mean area under the curve (AUC) plot and the red dotted line corresponds
to an AUC of 0.5. The sensitivity and specificity values corresponding to thaf care
represented on the grapAll the samples were tested once dusdamplevolume constrairst

Using the MedCalft 10 software, McNemar test was performed to examine the relation
between the results obtained in twible recognitiofELISA and in the reference assay.
The calculated Chi squared equalled 6.26 with a two tadedli® of 0.0123 which is
lower than 0.05, thus there is a significant difference between the two proportions and

there is a significant relationship between 2hessays.

Using the CCHFV N protein, @ouble recognitionELISA detecting antibodies to
CCHFV was developed. This assay exhibited a sensitivity of 93.1% with 72 positive field
samples tested and a specificity of2¥% with 410 negative field samples teste

3.6.Development of adouble antibody sandwichELISA to detect
CCHFV N protein

With the three atCCHFV N proteinmAbs produced, alouble antibody sandwich
ELISA was developed to detect CCHFV N protein in serum samples. This assay could
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be useful to det live virus in humans or animals. The first step of the development was
the selection of the best pair miAbs and then determining the minimum concentration
of CCHFV N protein the pair could detect. As acute samples containing CCHFV N
protein could b obtained, a proaff-concept was done by spiking serum samples with
the CCHFV N protein.

3.6.1.Selection of the best pair omAbs

The aim of the first assay was to assess the differ@ibs pairs and select the best couple
to develop thelouble antibody samdch ELISA.

Different concentrations (at 2, 5 and 10 pg/mL) of the three differerHCE2HFV N
protein mAbs were coated on ELISA plate. Then, a high concentration of CCHFV N
protein (4 pg/mL) was added to be captured by the immobiiiz&ids. Finally, a titration

of the detectiomAbs was done. The results of this assay can be obsergglire3.28
andFigure3.29.

Figure 3.28 shows the nine different pairs ofAbs at a same coating concentration (a
coating concentration of 5 pg/mL). A significant difference between these nine pairs
could be observed. Indeed, at a same secondédy concentration, for example at
1:4,000, the two pairs formed with 3G7 as capture molecule and 2G10 and 1D6 as
detection molecule had an#nmof 1.7 and 1.35 respectivelfFigure3.28C), when all

the other pairs had arudnmaround 0.5 or lowerRigure 3.28A, B, C). Thus,two pairs

(3G7 with 2G16HRP and 3G7 with 1D&IRP) were significantly better than the others

to detect the same concentration of CCHFV N protein at a same coating concentration
and a given secondargAb dilution. Out of these two pairs, 3G7 with 2GHRP was

giving a higher signal than 3G7 with 1BRP at all dilutions.

The results of the different coating concentrations of the best paiAb$ are shown in
Figure3.29. An increase could be observed between 2 pg/mL, 5 pg/mL and 10 pg/mL of
3G7 coated. The highest signal was observed with 10 pg/mL, however idouauty a

high amount of thenAb 3G7, the medium coating condition (5 pg/mL) could be used
perform thedouble antibody sandwidBLISA.
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Figure 3.28 Selection of the best pair of arR€CHFV N protein mAbs for the double antibody sandwich ELISA.

Titration of theHRP-labelled anitCCHFV N proteirmAls in double antibody sandwidBLISA The differentanti-CCHFV N proteirmAls werecoatedat 5

pg/mL(A: mAb 1D6 B: mAb 2G10C: mAb 3GJ andthe CCHFV N protein was added4tig/mL The experiment was performed once.
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Figure 3.29 Selection of the best conditions of the double antibody sandwich ELISA

The antCCHFV mAK3G7 was use@s capturemolecule, with different coating concentrations
(2, 5 and 10 pg/mLand serial dilutions of2G10HRP were usedThe CCHFV N protein was
added at 4 pg/mL to saturate the capture antibodibe experiment was perfoed once.

3.6.2.0ptimization of the double antibody sandwich ELISA

conditions

With the bestmAb pair (3G7 as capture and 2GHRP as detector), an assay was
performed to determine the best coating conditions (between 5 and 10 pg/mL) and the
best detection artody dilution (1:2,000 or 1:4,000) using serial dilutions of CCHFV and
SBV N protein. The results of this assay are displayétguare 3.30.

Thehighest signal was obtained for a dilution at 1:2,000 of the detection antkigdyg

3.30A). However, at all CCHFV N protein concentraspthe signés obtained were not
significantly different. The four conditions detected the titration of the CCHFV N protein
with a decrease in the signal obtained until 250 ng/mL where it reached a plateau. When
using SBV N proteinKigure3.30B), no titration of the SBV N protein was observed and
only background signal was detected. The ratio between the positive signal (CCHFV N
protein) and the background signal {R protein) was the highest when using thab

3G7 at 5 pg/mL and thenAb 2G10HRP at 1:4,000. With these conditions, ti@D of

the assay was about 250 ng/mL of CCHFV N protein. These conditions were selected to

perform a spiking assay.
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Figure 3.30 Optimization of the double antibody sandwich ELISA conditions.

The CCHFV N protein (A) and SBV N protein {Bye titratedusing two different 3G7 coating
concentrationg5 and 10 pg/mLand two differat 2G10HRP dilutions(1:2,000 and 1:4,000)
The experiment was performed once.

3.6.3.Spiking assay

As a proofof-concept, negative cow and humaera were spiked with different
concentrations of CCHFV N protein. The spiked serum was tested witHotiige

anibody sandwictELISA CCHFV N protein and the results are showfigure3.31.
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Figure 3.31 Spiking assay with the double antibody sandwich ELISA.

Titration of the CCHFV N protein and SBV N protein spiked in covagd)human serum (B)
the double antibody sandwich ELISAh the aniCCHFV N proteirmAb 3G7used as capture
(coatedat 5 pg/ml) and the mAb 2G1BIRP used as detection (diluteld4,000 moleculesThe
different conditions were only tested once.

The dowble antibody sandwicELISA with the spiked cow seruntigure 3.31A) and

spiked human serurkigure3.31B) showed a titration of the CCHFV N protein until 500

ng/mL. The serum spiked with the SBV N protein exhibited some background signal for

both serum sampdewith a higher backgrounabservable for the spiked human serum

(Assooma@ 1) than f orsmhén el .coo)w. shlefrtuemr (@A concentr a
the CCHFV N protein could not be differentiated from the SBV N protein. The spiked

serum seemed to interfere with th@D of the @&say, which decreased from 250 ng/mL

in buffer to 500 ng/mL in cow or human serum.
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3.7.Development of a CCHFV triplex assayto detect antibodies
against three CCHFV antigens

As the WHO highlighted the need of assays that could cover a range of CCHFV antigeni
targets and that could potentially be used as a DIVA assay or for vaccine evaluation, a
multiplex assay using the Luminex technology with the CCHFV N protein, CCH{&V G
andCCHFV GP38 as target antigamas developed. This triplex assay was used to asses
the antibody response in naturally infected animals. After optimization of the triplex assay
using reference sera, a collectiminpositive field samples from different animal species
was assayed.

3.7.1.Serum samples

To develop this assay, the panel of sesamples consisted of 29 CCHFV positive field
sera and 147 negative field sera. For detection of antibodies to CCHFV, 15 field serum
samples from cattle, 10 from sheep and 4 from goats naturally infected by C@¢tEV
provided by the Faculty of VeterinaMedicine in Skopje (USCM, North Macedonia). A
collection of 147 negative field samples (63 from cattle, 44 from goats and 40 from sheep)
from Spanish farms were evaluated. The samples were confirmed positive or negative
based on a commercial ELISA: ID Ser CCHF Double Antigen Multspecies (IDvet)

for detection of specific antibodies against CCHFV N protein. As no commercial ELISAs
based on CCHFV glycoproteins are available, the alposetioned ELISA detecting
antibodies against the CCHFV N protein waedi to classify the sera as positive or

negative.

3.7.2.Immunogenicity of the CCHFV recombinant proteins

To confirm the immunogenicity of the CCHFV recombinant proteeng/estern blot
analysis was performed using a pool of CCHFV positive field sera. A spbaiiit for
each protein was observdeiqure3.32) with a strong band corresponding to CCHFV N
protein (lane 1) and CCHFV GP38 (lane 3) and a fainter band for CCHE\(I&e 2).
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Figure 3.32 Confirmation of the immunogenicity of the CCHFV recombinant proteins (N
protein, Gne and GP38).

Western blot analysis of the CCHRVprotein, CCHFV Ge-GST and CCHFV GP3&STwith

a pool of CCHFV positive seias primary antibody0.5 g of each protein was loaded per well.
From left to right: CCHFV N protein (MW=54 kDa), CCHFW&GST (MW=46.2 kDa) and
CCHFV GP38GST (MW=57.8 kDa).

3.7.3.0ptimal serum dilution

The three CCHFV target proteins were used to coat different microsphenestegien,

antrCCHFV N protein and antST mAbs were used to confirm the coupling of each

individual antigen to its bead region and then to optimize the coupling concentration of

each antigen. The optimal protein coupling concentration was establistiexlraghest

MFI obtained with the minimum amount of protein. The following quantities were used
tocoatlx1®beads for each bead r-69Ti(regon#1%,%0 ¢g of
eg of CweB8Y Gregion #20) and (regon#2%. of CCHFV

Field positive and negative serum samples were used to establish the optimal assay
conditions for the screening. A mix of the 3 bead regions coupled to the CCHFV target
proteins was incubated with serial dilutions of these positive and negatia, and the
assay was performed as described in Materials and Methods. For the positive serum
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samples, the same pattern of results was obtained for each bead region with a titration of
the serum samples from the first dilution at 1:100 until 1:3,2@0tlae highest MFI was
observed for 1:100 dilutiorF{gure 3.33A, B and Q. The beads region also gave some
background signal with the negative serumgies, but these signals were lower than the
ones observed for the positive serum samptegu(e 3.33A, B and Q. For screening
purposesaserumdilution of 1:100 was selected (corresponding to a sample volume of 1
eL), since this was the dilution showing
beads coated with the recombinant viral proteins and the highest signal with the three

beads regionwith the positive serum samples.

A_ g CCHFV positivefield sample B s (CHFV positive field sample
- ws ages CCHFY negative field sample «« o+« CCHFV negative field sample

215 5
600
1,0 .
50 20
1:100 1:200 1:400 1:800 1:1,600 13,200 16,400 1:100 1:200 1:400 1:800 1:1,600 1:3,200 16,400
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’ CCHFV negative field sample
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Figure 3.33 Determination of the screening conditions for the triplex assay.

The MFI for each bead region is given for different field serum dilutions fjosg&ive serum
sample and one negative serum sample). A: positive and negative field samples with bead #15
CCHFV GP38GST. B: positive and negative field samples with bead #20 CCHEMGGT. C:

positive and negative field samples with bead #25 CCHFV Niptdthe signal was measured

as MFI of at least 50 events of each bead reditil: medianfluorescencentensity.
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3.7.4.CCHFV triplex assay

The 29 positive ruminantso fi ekofimeétoa and

be positive and negative, respectively, by the reference ELISA to CCHFV. These samples
were then tested in the triplex assay to check for the presence of antibodies against these
three CCHFV proteinsHgure 3.34). The cutoff value was established for each bead
region as the mean obtained for the 147 negative field samples plus two standard
deviation. Thus, cubff values of 692.1 MFI, 757.8IFI and 6,868.5 MFI were obtained

for bead #15 CCHFV GP38ST, bead #20 CCHFV&-GST and bead #25 CCHFV N
protein, respectively. With these eniff values, out of the 29 positive field serato CCHFV

N, 12 were considered positive for CCHFV GP38 and CCHir¢ (41%) and 29 to
CCHFV N protein (100%) (sekigure3.34A, B and G respectively). Moreover, 11 of

the 12 samples positive for CCHFV GP38 were atssitiye for CCHFV e. Seven of

the 12 samples positive to CCHFV GP38 ang Gome from cows and the other 5 from
sheep with none of the 4 goat samples, positive to the N protein, being positive to a
glycoprotein. However, with these eoffs, out of the 47 negative field sera tested, 3
were positive for CCHFV GP38 (2%), 8 were positive for CCHRé (.4%) and 5 for
CCHFV N protein (3.4%). The three negative field samples positive to CCHFV GP38 are
included in the 8 positive to CCHFW\@.
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Figure 3.34 Screening of the positive and negative fieddra for antibodies against CCHFV GP38 (A), CCHFW& (B) and CCHFV N protein (C)n the
CCHEFV triplex assay

The dashed line correspds to the cubff values for each bead regimalculatedas the mean obtained fone negative field samples plus two standard
deviatiors. The signal was measured as MFI of at least 50 events of each bead MEiomedianfluorescencéntensity.
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3.8.Chapter summary and discussion

This chapter describes the production of three CCHFV proteins, the N proteinyghe G
and the GP38. The CCHFV N protein was used to produce monoclonal antibodies by
hybridoma technology. Finally, these reagentsewesed to develop different serological
assays: double recognitiolELISA detecting antibodies to CCHFV N protein in different
animal species, @ouble antibody sandwidBLISA detecting the CCHFV N protein and

a triplex assay detecting antibodies agdinstthree CCHFV target proteins.

The CCHFV N protein has been previously expressed in bacteria using the pET SUMO
system(289) This expression system yielded high quantities of pure CCHFV N protein
that could be used for crystallisation assays. In this chapeeC€HFV N protein was
produced using the same system. The cell lysis buffer contained some Befizonase
nuclease to degrade DNA and RNA to avoid the potential binding of bacterial nucleic
acid to the CCHFV N protein. In order to obtain a highly pure prdteinNi**-NTA
columns followed by a purification step by SEC were performed. As result, the CCHFV
N protein obtained was highly pure and separated from the identified contaminants such
as uncleaved 6xHISUMO-CCHFV N protein, the 6xHiSUMO protease Ulplmal the
6xHis-SUMO tag. As described previously, the peak corresponding to the CCHFV N
protein on the chromatogram corresponded to a molecular weight of around 55 kDa,
meaning that the CCHFV proteinproduced is likely to be a CCHFV N protein monomer
(289). The high purity of the CCHFV N protein was important as this protein was to be

used to immunize mice in order to produce monoclonal antibodies.

The complete CCHFV (ghas been previously produced in insect d@89) Rahpeyma

et al showed that the recombinant CCHF\W @vas immunogenic and could be
recognized by CCHFV positive human sera and could elicit itigh bf antigerspecific
antibodies. Furthermore, another study showed that a soluble versianladkihg is
transmembrane and cytoplasmic domains was also localized to the Golgi ap2&®tus
Thus, in this chapter, to increase the solubility and expression yields of the CGHFV G
the CCHFV G ectodomain was produced in inseetls using theBES with the GP67

signal peptide and a fusion tag (GST tag). The GP67 signal peptide forced the secretion
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of the CCHFV Ge in the culture medium. The CCHF\\&was then purified by affinity
chromatography, which yielded low amounts of pDEEHFV Gve. The CCHFV Ge was

also purified from the soluble fraction of the cell lysate, which yielded higher amounts of
pure protein but this one exhibited a lower immunogenicity when tested in ELISA and

Luminex assays with positive field sera (datasmmwn).

A growing interest was observed for CCHFV GP38, since its first description by Sanchez
et al (40). Its function is unknown, however, GP38 was shown to be highly secreted by
infected cells, a monoclonal antibody targeting this protein could protect mice from a
lethal challengg€31) and its crystal structure has recently been so(4dd This is the

first description of the recombinant expression of CCHFV GP38 in insect cells using the
BES The CCHFVGP38 was highly expressed in the cell culture supernatant due to the
GP67 signal peptide and this protein was expressed with a GST tag which allowed its
purification by affinity chromatography. The CCHFV GP38 expression, yielded higher
amounts of proteinhan for the CCHFV &e and could be observed by SBPBGE

followed by Coomassie staining to confirm its high purity.

In reducing conditions, the N protein, th@eGand the GP38 produced were recognized
by CCHFV positive ruminant sera. However, under thesalitions, the N protein and
the GP38 seemed to be more immunogenic than tlee & shown by their higher
intensity on the WB analysis. This could mean a proper folding anetnaostational
modifications of the recombinant GP38 expressed in insectamtipared to the (&.

To produce recombinant CCHFV glycoproteins with goshslational modifications
closer to the native proteins, the CCHFWeGand GP38 could have been produced in
mammalian cells. At the time of this thesis, the mammalian expresstamswas not in
place in the lab, thus the expression system used was the BES with production in insect
cells. As described in the introduction, this system preseahy advantages, however,
as thePTM are not the same than in mammalian cells, this cbale led to a lower

immunogenicity of the glycoproteins produced.
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In order to produce an€CHFV N proteinmAbs, mice were immunized with the N
protein obtained in bacteria. Two groups of mice were used for the productiofbsf
antrCCHFV N protein: ke first was immunized with the 6xH&UMO-CCHFV N
protein and the second with the CCHFV N protein. Since the 68HMO tag seems to

be highly immunogenic, a negative control produced in the same construct-(6xHis
SUMO-RVFV N) was used for the screeningss$ of the hybridoma clones. Thredbs

were obtained, which were highly specific for the CCHFV N protein in reducing ard non
reducing conditions and could detect up to 10 ng/mL of CCHFV N protein. Tintse

were used as tools to develop serological assayletect the CCHFV N protein. Anti
CCHFV glycoproteinmAbs could not be produced in this chapter as the amount of
CCHFV GP38 and & purified were not enough to immunize mice. ABEHFV
glycoproteingmAbs are interesting as thesé\bs could have a vigineutralizing activity

as shown by Zivceet al (292) Moreover, recently, a nemeutralizingmAb targeting

the GP38 was shown to protect mice from a lethal CCHFV infection, which underlines
the interest fomAbs targeting the CCHFV glycoprotei(i31).

In the R&D roadmap published by the WHO in 20288), experts identified some

product development goals that should be methen riear future. Regarding CCHF

di agnosi s, axes of research and devel opmer
commercial serology assays for detecting IgM and IgG antibodies to CCHFV for use in
supplementary diagnostic tests, for epidemiology and dlawee during outbreaks, and

for evalwuation of vaccine immunogenicity at
commercial multispecies ELISA kits to detect a1@iICHF antibodies for monitoring

CCHFV in animal so. I n t hi spsineCfldRdiagnasisd t o
highlighted by the WHO, double recognitiofiLISA was developed using the CCHFV

N protein. Thedouble recognitiofELISA was tested with ruminant serum samples from

cattle, sheep and goat. Compared to the reference assaputhle reognition ELISA

developed had a sensitivity of 93.1% and a specificity of 96.1%. The sensitivity and
specificity exhibited by thdouble recognitioELISA meet the requirement of the WHO

about the development of new diagnostics for CCHsRdwn in Table 3.2 (287).

However, the sensitivity is not perfect, which could be explained by some factors. The

first one, as described below, is the probable higher sensitivity of the double recognition

assay for IgM compared to & due to the design of the assay. In case of only a low
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amount of CCHFV positive IgG, the double recognition ELISA could give a false
negative result. Another factor to consider is tiatre is a high diversity between the
CCHFV cladeswith nucleotide squence differencesound20% for the S segme(&3).

This diversity could impact the sensitivity of the double recognition ELISA developed as
the CCHFV N protein produced recombiantly is from an Iranian strain, when the
antibodies detected in cattle in North Macedonia are likely raised against a European
strain. Compared to the commercial serological antibody detection tests available, the
double recognitioELISA is a multispecies assay that could help to monitor the presence
of CCHFV antibodies in animals as a surveillance tool and can detect total antibodies i
the same assay. Moreover, as the WHO highlighted the need of diagnostics able to detect
acute or early infections (detection of antigens or IgM) daisble recognitiorELISA

could prove to be useful, as the design ofdbeble recognitiofELISA shouldlead to a
higher sensitivity and specificity of the assay for the detection of IgM than for IgG.
Indeed, thedouble recognitiorELISA is based on the principle that antibodies possess
multiple antigen binding regions (2 for 19G, 4 for IgA, and 10 for IgMlpwing their
binding to both the target and detection antiy&s IgM have a higher number of antigen
binding sites than 1gG, they should have a better binding to the capture and detection
molecule. This higher sensitivity and specificity for IgM slibbé confirmed by testing

well characterized CCHFV positive serum samples containing only IgM or IgG to
CCHFV. Moreover this assay is a mulsipecies assaghus,to increase the impact and
usefulness of this assay, CCHFV positive and negative human samptes need to be
tested to characterize this assay for humé&mnsally, due to sample catraints, the
negative and positive field samples used to develop the double recognition ELISA were
only tested once. Although the samples were only used oncgnificsint number of

samples were used to support the results obtained.

In the WHO R&D Blueprint: Priority Diagnostics for CCHF, the WHO prioritized the
diagnostic needs identified in the R&D Roadmap for acute and early case detection of
CCHF(287) Thus, to answer this gap in early case detection of CCHF, thR€@HirV

N proteinmAbs produced were used to develagoable antibody sandwidBLISA. The

limit of detection of thelouble antibody sandwidBLISA was 250 ng/mL of CCHFV N
protein in buffer and 500 ng/mL in spiked sera. Indeed, an assay was performed with
negative cow and human sera, spiked with the CCHFV N protein, as no acute CCHFV
positive sera could be obtained. The sera seemed to interfere with the detection of the
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CCHFV N protein in the spiking assay as it reduced the limit of detection of the assay. A
previous study developingdouble antibody sandwidBLISA with a limit of detection

of 20 ng/mL of CCHFV N protein could detect native CCHFV in acute sera of CEHFV
infected patient280) As the double antibody sandwickELISA developed in this
chapter is significantly less sensitive, this could mean that this assay is probably not

sensitive enough to detect CCHFV antigen in acute samples.

Finally, in the WHO R&D roadmap for CCHFV diagnostics, a gap identified by the
exerts was to fiensure tests under devel opmer
to enable their use in the assessment of live attenuated vaccines and/or as confirmatory
di agnos {288 Indeasl,snmost of the diagnostics developed to detect antibodies
against CCHFV use the CCHFV N protein. @ddressthis need, in this chapter, a
multiplex assay has been developed with different CCHFV antigenic targets (N protein,
Gne and GP38 of CCHFV) in order to detect antibodies against these three proteins in
ruminant sera. One of the advantaigkthis assay compared the reference assay is the
volume of serum necessary to perform the triplex assay (1 uL) compared to the reference
ELISA (30 pL). The triplex assay, after optimization, allowed the simultaneous detection
of antibodies against these three proteins ifedifit animal species. Out of the 29
positive sera to CCHFV, confirmed by a commercial ELISA detecting antibodies against
the N protein, in all the sera the triplex assay detected antibodies against the N protein.
However, only 40% of the aningpositiveto the N protein had antibodies against the
Gne and the GP38. These results could not be confirmed by ELISAs based on these
glycoproteins as none are commercially available. Some previous studies showed that the
Gne and the GP38 elected an immune resp@Bikg however, in this assay, not all the
animals having antibodies against the N protein had detectable antibodies ag&ret the

and the GP38. Moreover, this assay shows that the N protein of CCHFV seems to be a
good candidate for serological assays as it exhibited a higher MFI than for the two
glycoproteins. This hypothesis should be confirmed with human positive sera to CCHFV
to check if the same immunogenic pattern can be observed in humans. Finally, to analyse
the immunogenicity of all the CCHFV proteins in the same assay, other CCHFV proteins
could be included in the assay such as the CCHEMNGs andNS.
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The results othis chapter respond to the first aim of this project, producing the different
tools to allow the development of CCHFV diagnostic tests to respond to the current gaps

in CCHF diagnosis.
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Chapter 4 Development of diagnostic
tools for RVFV

4.1.Chapter introduction

Early detection of suspected cases of RVF is vital to ensure tirmetyot measures are
implemented to reduce the disease burden. This is characterized by « abortion storms »
in pregnant animals, high mortality in young animals and transmission of the disease to
humans. Currently, there are several techniques availabRMBrdiagnosis, including

histopathology, virus isolation, molecular methods and serological diagnosis.

For the histopathological examination, the liver (or other tissues) is fixed in formaldehyde
which inactivates the virus, thus facilitating handling arshsportation from remote
areas. This analysis will reveal hepatic lesions characteristic of RVFV infection and
immunostaining may allow the specific identification of viral antigen in ti$298).

RVFV can also be diagnosed by isolating the virus from serum, plasma or blood or from
organs of animals that have died or aborted foetusesinWigo isolation of RVFV is
possible using mmmalian cell lines with a cle@PE12-24 hoursPl (294). The virus
isolation can be confirmed by RHCR or immunostaining. However jagnostic
techniques that rely on virus isolation or the handling of potentially infected body fluids
can only be carried out in a few laboratories that are authorized to work with RVFV, since

it is a hazardous pathogen and a BSlaboratory is required.

Moreover, molecular methods that detect viral RNA during the acute phase of the disease
are an alternative to virus isolation. The molecular assays are most effective at early days
post infection (2 to OPI) (295)and the viral load can be correlated to disease severity
(296,297) A broad range of highly sensitive nucleic acid based molecular tests have been
developed for RVFV as reviewed by Mansfiedtl al. and Petroveet al. (70,298)
Different quantitative reaime RT-PCR have been developg@99 303), as well as
nestedreattime RT-PCR methodg304) Other methods include osep multiplex
reverse transcriptase PCR assay to differentiate RVFV from other related viruses, such as
BTV, rinderpest virus and peste desiggeuminants virug305) RT-LAMP targeting the
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L segment(306,307)and realtime recombinase polymerase amplification {RFPA)
(308)were also developed. Even if molecular tests are very sensitive, they present some
drawbacks such as the shiasting viremia and the necessity of lab equipment (but for
the RT-LAMP and the RTRPA) that reduces the usefulness of these methods in

developing countries where there is little or no lab equipment.

An alternative to the molecular assays to detect an acute infection of RVFV is the direct
detection of RVFV antigens. The detection of RV&Migens is mainly based on ELISAs

as described by Fukuskt al (309) but can also be done by IFA as more recently
described by Mrozt al (310) In both cases, monoclonal antibodies against different
proteins of the virus are used for detection. The ELISA developed by Futzhi309)

was able to detect up to €186 ng/mL of recombinant N protein and between313
pfu/mL of RVFV in the culture supernatant of cells infected VRNMFV. Mroz et al

(310) developedmAbs that could detect the presence of RVFV glycoproteinsa(tl

Gc) in infected Vero 76 cells att®ursPI followed by N protein and theon-structural
proteins NS and N at 3 4 hoursPIl. The same assay in mosquito cells gsiveilar
results. Finally, a LFA was recently developed by CG8wssalet al (311)to detect
RVFV N protein, with good performance characteristics when comparedesittime
RT-PCR. The sensitivity and specificity of antigelRA are usually lower than the ones

of molecular techniques, but they can be used as POC and in developing countries where

the laboratory equipment is sometimes not adequate to use molecular techniques.

Finally, there are two main methods available for detection of antibodieR¥RY in a

variety of animal species. VNT is the gold standard serological test as it is the prescribed
test by the OIE for international tra@12) Neutralization tests are very sensitive and
specific tests, but thegan only be performed with live virus and are not recommended
for use outside endemic areas or in laboratories without appropriate biosecurity facilities
and vaccinated personnklowever, a recent thouse VNT based on an avirulent RVFV
expressing the emlmced green fluorescent protein has been developed, allowing the safe
use of this test outsid&SL-3 or -4 (313). Still, nowadays ELISA is the most widely used
technique for the detection of antibodies in both humans and animals.

Table4.1 shows a current list of commercially available ELISAs antlonse ELISAs.
Most of them are based on the recombinant RVFV N protein for the detection of
corresponding antibodies, despitearp that the recombinant RVFV N protein exhibits
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potential high background and crassctivity (314) However, many ihouse indirect
ELISA (315), competition ELISA(316), sandwich ELISA(317) have been described
with high sensitivities and specificities. These ELISAs can detect specific IgM antibodies

(which appear from 4 days after infection) or specific IgG antibodies (which appear from

8 days after infection and may persist for ye&re).

Finally, beadbased suspension microarrays have been developed for the simultaneous

detection of antibodies against different RVFV proteins, which could be used as DIVA

assays. F. van der Wet al (318)described the production of recombinant N ang G

protein and their use in a multiplex immunoassay to detect IfjGodres in sheep, cattle

and human sera against these two proteins. The same format of assay was used by Ragan

et al. (319)for detection of IgG and IgM antibodies against the N protein, ther@ein
and theNSs andNSy proteins. In this assay, the N&dNSy showed weaker antibody

response than the N and @roteins, highlighting the importance of immune response

against the N and proteins. Finally, Lindahét al (320)developed a multiplex bead

based suspension assay with recombinant N, N&s and NSu. NSy showed high

background but the three other proteins showed high antibodies response and seemed to

be promising targets to develop new assays.

Table4.1 Commercial serological assays available for RVFV antigen and antibody detection.

Assay Target Species Producer
Competition ELISA| 1gM/IgG Ruminants Eurofinsingenasa, Spail
Capture ELISA IgM Ruminants Eurofinsingenasa, Spail
Ruminants,
Competition ELISA| IgM/IgG camels, horses, IDVet, France
dogs
Capture ELISA IgM Ruminants IDVet, France
IFA IgG Humans EUROIMMUN,
Germany
IFA IgM Humans EUROIMMUN,
Germany

As seen inTable 4.1, thereare nocommercial and validated serologiddDC tools

detecting RVFV antigensiora POCmolecular assay. As underlined by the WHO and

some studies such as the one from Petedva. (298), there is an urgent need for the

devel opment

of
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commercial serological assagre available for the detection of RVFV antibodies, more
serological assays need to be developed. Due to the broad symptoms caused by RVFV,
its differential diagnosis alongside other animahd humasrelated pathogens is
challenging and needs to be agklred. Finally, vaccine development of DP¢dmpliant
vaccines leads to the need of diagnosis including different viral targets to differentiate

vaccinated from naturally infected animals.

The aim of this chaptevasto answer the current gaps in RVFVghasis. For this, novel
diagnostic tools have been developed for detection of specific antibodies against RVFV
and antigen of RVFV.

In order to obtain these tests, firstly, some viral target antigens were recombinantly
produced irE. colisuch as the RVFW protein, one of the most immunogenic proteins

of RVFV, and a RVFV glycoprotein, then&ctodomain, produced recombinantly in
insect cells to process IBI'M. The second step was the immunization of mice in order
to producemAbs targeting the RVFV N prein using the hybridoma technology. The

same protein was used to selaffimers targeting this N protein by phage display.

Once the reagents were obtained, the N protein was used to dedeldple@recognition
ELISA to detect total antibodies of animaidich have been previously infected by
RVFV. After the production and characterization of the monoclonal antibodies and
Affimers, they were used to develop@uble antibody sandwidBLISA to detect RVFV

N protein. Thisdouble antibody sandwidBLISA wastransferred to LFA technology to
develop &P OCtool that can rapidly detect RVFV acute infections. Finally, the N protein
and the e were used to develop a duplex assay to detect the immune response of
laboratory animals infected with RVFV.

4.2.Production and purification of RVFV N protein

4.2.1.Expression of RVFV N protein

The ORF of the RVFV N protein was cloned into the pET388O plasmid and used
to transfornmE. coliBL21 (DE3) R2. The expression of tR&FV N protein followed the
same steps than the ones of the CCHFV N protein expression. Briefly, after induction
with IPTG, the cells were harvested, lysed and the soluble fraction was separated from
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the insoluble fraction by centrifugation arahalysedby SDSPAGE followed by
Coomassie staining=igure4.1). A band at the expected molecular size of the 6xHis
SUMO-RVFV N protein (MW= 38.6 kDa) was observed after induction and in the

insoluble and soluble fractions.
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Figure 4.1 Expression of the RVFV N protein and its purification by NiNTA affinity
chromatography

SDSPAGE followed by Coomassie stainioigsamples taken at different steps of the expression
and purification of the 6xHISUMORVFVN protein.Purification from the soluble fraction by a
first Ni?*-NTA affinity chromatography and elution with elution buffers containing 100 mM
(elution 1) and500 mM imidazole (elution 2). Arrows indicate the bands corresponding to the
specified proteia

4.2.2.Purification of RVFV N protein

To separate the 6xHSUMO-RVFV N protein from the other proteins contained in the
soluble fraction, a first purification was performed by affinity chromatography using a
Ni2*-NTA column. As described isection2.3.1.1 the soluble fraction was incubated ON
with the NF*-NTA matrix, the resin was washed and the elution of the 6SHIMO-
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RVFV N protein was péormed with elution buffers containing 100 mM (elution 1) and
500 mM imidazole (elution 2). The elution fractions were observed by-FE&E
followed by Coomassie stainingigure4.1). The 6xHisSUMO-RVFV N protein was
present in the washes and at a higher concentration in the two elution fractions with most

of the protein being found in the 500 mM fraction (see elution 1 andrgjime4.1).

To cleave and remove the 6xFB&JMO tag from the RVFV N protein, the elution
fractions were incubated with the SUMO protease Ulpl and then purifiecsbégoad
Ni2*-NTA affinity chromatography step. The RVFV N protein was collected in the
unbound material and the bound material containing the uncleaved proteins, the 6xHis
SUMO tag and the 6xHISUMO protease Ulpl were eluted by addition of imidazole.
The amples weranalysedy SDSPAGE followed by Coomassie stainiriggure4.2).

The cleavage of the 6xHBUMO-RVFV N protein was observed after the dsty
(Figure4.2). After the second Ni-NTA affinity chromatography, the unbound material
contained the cleaved RVFV N protein (27.4 kDa) and the etatddrial containethe
RVFV N protein with another band (around 27 kDa, higher than the RVFV N protein)
probably corresponding to the 6xFH&&JMO protease Ulpl (27 kDa).
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Figure 4.2 RVFV N protein purification by asecond Ni*-NTA affinity chromatography step
after SUMO cleavageand dialysis.

SDSPAGE followed by Coomassie staininigRVFV N protein samples taken after the fitit-
NTA affinity chromatographyafter the dialysis andleavage bySUMO protease Ulpand the
secondNi?*-NTA affinity chromatographyArrows indicate the bands corresponding to the
specified proteins.

As for the CCHFV N protein, the final purification step wasformed by SEC to separate

the proteins according to their molecular weight. Three different peaksobszevedn

the chromatogrant{gure4.3). Thefirst peak corresponded to the void volume (110 mL),
the second to polymers of the RVFV N protein (27.4 kDa) and the third to the-6xHis
SUMO protease and/or a monomeric form of RVFV N profleath aroun®7 kDa) No

clear peak corresponding to theHis-SUMO tag (13 kDa) was detected. The RVFV N
protein and the 6xHiISUMO protease have similar molecular weights, however, they
could be separated by SEC as the RVFV N protein formed polymers, which passed
through the column faster than the proteasesé&hpolymers were observed by negative

stain electron microscopy (data not shown).

The collected fractions were analysed by SEXSGE followed by Coomassie staining
(Figure4.4). Before the SEC, the sample contained the cleaved RVFV N protein as well

as the 6xHisSUMO tag. As seen on the chromatogram, the first fractions contained the
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RVFV N protein, with some of the fractions still containing a small amhof 6xHis
SUMO tag. The last SEC fractions contained the 680 protease (27 kDa) and/or

a monomeric form of the RVFV N protein (27.4 kDa). The first fractions containing the
RVFV N protein were pooled, concentrated, quantified by spectrophotonsiry a
spectrophotometeand stored at80°C after addition of glycerol. As the last fractions
could correspond to a monomeric form of the RVFV N protein or to the 63HMO
protease, a WB was performed withant-RVFV N proteinmAb (Figure4.5). A clear
band corresponding to the RVFV N protein was observed, vdoicfirmed that the last
fractions contained some RVFV N protein. Moreover, after the nsedd?*-NTA
purification, no other bands than the one corresponding to the RVFV N protein was
present Figure4.2), confirming that thigraction contained some RVFV N protein

700

RVFYV N protein

600

500
E 400
3 300
& Void
é 200 volume

100 RVFV N protein and/or

6xHis-SUMO protease

0 50 100 150 200 250 300 350
-100

Volume (mL)

Figure 4.3 Chromatogram of the final purification step of the RVFV N protein sample dige
exclusion chromatographyfter two NF*-NTA affinity chromatography purfication steps.
The proteins corresponding to each peak are indicated on the chromatogram.
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Figure 4.4 RVFV N protein purification bysize exclusion chromatography

SDSPAGE analysis followed b@oomassie staining of the different fractions collected after the
size exclusion chromatograptyfter theNi?*-NTA affinity chromatograph the RVFV N protein

was purified from contaminant proteins by size exclusion chromatography to separate them
accordng to their molecular weighrrows indicate the bands corresponding to the specified
proteins.F20 and F35 denote the RVFV N protein fraction@@lymeric)and 35(monomeric)
respectivelySEC: size exclusion chromatography
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Figure 4.5 Confirmation of the presence oRVFV N proteinin the fraction F35.
Western blot analysis with an aiRVFV N protein mAb as primary antibodytrows indicate
the bands corresponding to tepecified proteins.
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Following the same protocol, 6xHBUMO-RVFV N protein was also expressed and
purified by NF*-NTA affinity chromatography without removal of the tag and without
SEC.

4.3. Production and purification of RVFV Gne

4.3.1.Expression of RVFV Gie

Theproduction of RVFV Ge was done in insect cells using the BES as described for the
production of the CCHFV glycoproteins in the same system (se8iB)nBriefly, the

RVFV Gne ORF was cloned into the entry vector of the Gateway system as described in
Materials and Methodand a LR recombination was performed to obtain pAcSecG2T
RVFV Gne. This vector was used to -tansfect insect cells with the trgstut
baculovirus DNA. After a week of incubation, CPE were observed in tii@asfection

flasks.

To select recombinant baculoviruses, a plaque assay witihwilite screening was
performed with the supernatant of thetcansfection. After staining, »siwhite plaques

were selected and used to infect Sf9 cells in 60 mm dishes. After eight days of incubation,
only one plague showed some clear CPE (plaque 5). The cells were harvested by
centrifugation, lysed and the soluble and insoluble fractions of/Hla¢el were separated

by centrifugation. The samples of the insoluble fraction, soluble fraction and supernatant
wereanalysedy WB with an antrGSTmAD (Figure4.6).
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Figure 4.6 Infection of Sf9 cells with plaques corresponding to recombinant baculoviruses
expressing RVFV @e-GST (MW = 73 kDa)

The insoluble fraction, soluble fraction and supernatant were analygaffestern blo8 days
postinfection of Sf9 with six recombinant baculoviruses from the plaque assay. A8SINthAb
was used as primary antibadg: insoluble fraction. B: soluble dction. C: supernatanfThe

positive control (C+) corresponds to a recombinant protein with a-G§T{CCHFV Ge-GST,
MW = 46 kDa).

From the six plaques selected, the pladue, 4, 5 and 6Higure4.6A) presented a band
around 75 kDa in the insoluble fraction, corresponding to the RVi&/G&ST (MW: 73

kDa). The plaque 5 clearly exhibits higheggJorotein expression than the other plaques

in the insoluble fraction. Regarding the expression in the soluble fraction, a band was
only detectedor plaque 5 Figure4.6B). Finally, no expressiowas observed in the WB
analysis of the cell mediunkigure4.6C). The plaque 5, expressing the RVFNeS5GST

in the insoluble and the soluble fractionremponded to the only culture dish presenting
some clear CPE.

The plague 5 was selected for the protein expression and its supernatant was used to infect
Sf9 to produce a high titre baculovirus stock, which was titrated by plaque assay. The
virus titre obtained for BacPAK6 RVFV @ plaque 5 was 4 x 1pfu/mL.

This baculovirus stock was used to infect Sf900 cells at MOI 0.1 and MOI 2 to perform
a kinetic analysis of the expression of RVFWe&&Gand thus allow selection of the best
conditions to exmss this protein. Cells and supernatants were harvested every 24 hrs
until reaching 120 hr®l with extensive CPE and the beginning of cell death. Samples
were analysed by WB witmant-GSTmAb (Figure4.7).
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The expression of RVFV &GST in the insoluble fractiorF{gure4.7A andD) was
detected at both MOls at 24 litk with the expression increasing at 48 Rland staying
constant after 48 hrs. The expression of RVR&GST was also observed after 24 hrs
Plin the soluble fraction at both MO(&igure4.7B and E). Thisexpression seemed to
decrease after 24 hrs at high MOI when it stayed equivalent aftes 24 low MOI. No
expression of RVFV e-GST was detected in the supernatant ottheire Figure4.7C

and F).

The best expression condition R¥VFV Gne-GST was to set up an infection at MOI 0.1
with the time of harvest not being determinant, thus a harvest at 96 hrs pi was kept. A

largescale production was done with infection of 6 £ $200.
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Figure 4.7 Kinetic analysisof the expression of RVFV (&-GST (MW = 73 kDa)in insect cells

at different time points and two MOI.

Samples were taken at different time points (24 hrs, 48 hrs, 72 hrs, 96 hrs and 120 hrs) and the
expression in the insoluble fraction, soluble fraction and supernatant was analysed by Western
blot with a mAb ant(GST used as primary antibody. insolublefractions at MOI 0.1. B: soluble
fractions at MOI 0.1. C: supernatant at MOI 0.1. D: insoluble fraction at MOI 2. E: soluble
fraction at MOI 2.F: supernatant at MOI 2. The positive control (C+) corresponds to a
recombinant protein with a GStag (CCHFV Ge-GST, MW = 46 kDa).
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4.3.2.Purification of RVFV G ne

The RVFV Gie-GST was purified from the soluble fraction of the cell lysate. The cells
were harvested by centrifugation and lysed. The soluble fraction was separated from the
insoluble fraction by centrifugatio The soluble fraction was then incubated with an
affinity column prepared with the afB8ST mAb. The unbound material was collected,

the column was washed with PBS and the bound proteins were eluted by addition of 0.1
M glycine hydrochloridepH 2.6. Theelution fractions were neutralized, dialyzed ON in
PBS andanalysedby SDSPAGE followed by Coomassie staining and by WB with a
antrGSTmADb (Figure4.8).
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Figure 4.8 RVFV Gne-GST protein purified by affinity chromatographwnalysed bySDS
PAGE followed by Coomassie staining (A) akidestern blot (B)

The RVFV Ge-GST (MW = 73 kDa) was purified from the soluble fraction of Sf900 cells infected
with BacPAK6 RVFV Gne by affinity chromatography with a mAb a@iST and elutedy
addition of 0.1 M glycine hydrochloride, pH 2For the Wesrn blot analysis an art6ST mAb

was used as primary antiboddtrows indicate the bands corresponding to the specified proteins.

A band corresponding to the RVF\WW&GST was observed in the SIPAGE analysis

of the elution fractionsHigure4.8A, elutions 1 to 4). Other unknown contaminants were
co-purified by the affinity chromatography (around 60 and 100 kDa). The Western blot
analysis Figure 4.8B) confirmed the protein corresponding to the size of RVR&-G
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GST was purified, however the other bands present in the Coomassie staining were not

detected.

The dialysed elution fractis were concentrated after their dialysis and store8Dac.

4.4.Production, purification and characterization of detection

molecules against RVFV N protein

4.4.1.Monoclonal antibodies against RVFV N protein

4.4.1.1. Production of mAbs against RVFV N protein

To produce monoclonal antibodies against the RVFV N protein, four mice were
immunized with the purified RVFV N protein. A week after the third immunization, and
after each subsequent immunization, the mice were bled and their antibody titre was
checked by inglect ELISA with the RVFV N protein as the coating antigen. Since the
antibody titre was not high enough to perform the fusion, the mice were immunized five
more times, with their Ab titre checked by indirect ELISA one week after each

immunization. The rests obtained after thé"dmmunization are showim Figure4.9.
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Figure 4.9 Antibody titration by indirect ELISA of the mouse sera after eight immunizations

with RVFV N protein.

After ten immunizations thi RVFV N protein, the four mice (Mouse 1, 2, 3 and 4) were bled from
the tail and serial dilutions of the sera were used to assess the antibody titre of the mice by indirect
ELISA. The indirect ELISA was performed using RVFV N protein (Bxldis SUMOCCHFV

N protein(B) as coating antigen. An aatio u s e -thgirGspgcificHRP conjugated pAb was

used asecondary antibodyDne mouse used as negative control (NC) was immunized with sterile
1X PBSAIl the samples were tested once due to sample vaonstraints.

At Eurofinsingenasa, the standard antibody titre that should be reached by indirect
ELISA to perform the fusion with the tested mousR4ssnm> 1 at a dilution of 1:60,000

After the 8" immunization, the Ab titre against the RVFV N piiatéFigure4.9A) was
deemed high enough, with amodnm around 0.75 at 1:72,900 for all the mice, with a
slightly higher titre for mouse 4. The reactivity to the negative antigen (6tMO-
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CCHFV N protein,Figure 4.9B), was high at low dilutions, however at 1:72,900 only
background signal was observedid#maround 0.16). Thus, mice 2 and 4 were selected
to perform the fusion.

Briefly, the two mice were sacrificed, their spleens were harvested and tbe Vs
performed between P3X63Ag8.653 and the B cells from the spleen. From the spleen, 1.44
x 10° B cells were purified and 3.6 x 1@3X63Ag8.653 were required for the fusion.

The fused cells were dispensed into threev@8 plates and incubated. Theléaving

day, 2X HAT medium was added to the fused cells and this medium was replaced every
48 hrs.

Two weeks after the fusion, the fused cells were screened by indirect ELISA using
purified RVFV N protein (without tgs) and 6xHisSUMO-CCHFV N protein (called
CCHFV NP in this section) ahown orFigure4.10. All the ELISAs performed for these
screenings wer e p echdinospenife dntibody tatd resealed avitht |
ABTS.
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Figure 4.10 First screening of the three plates containing the hybridoma cloaei RVFV N proteinby indirect ELISA

Two weeks after the fusion step, indirect ELISAs with the RV pxbteinor the 6xHisSUMOCCHFV N proteinas coating antigens anal n  a-chain )
specificpAb were performed to seldgtbridomas positive to the RVFV N protélihe eleven clones with #agsnr>1 to the RVFV N protein and aosnn<0.5

to the 6xHiISSUMOCCHFV N protein are indicated in bold: plate 1; B: plate 2; C: plate.3he positive control (C+) correspostb thesera collected from

the corresponding euthanized mice and the negative contrptd@ouse sera against a noglated antigen All the samples were tested once due to sample
volume constraints.

197



Chapter Development of diagnostic tools for RVFV

This first screening of viable hybridomas resulted in nameiclones giving signal both

for the RVFV N protein but also for the CCHFV N protein. To discriminate the clones
giving a high background signal, only the clones giving a signal@h#*1 for the RVFV

N protein and a signal under 0.5 for the CCHFV Nig@irowere considered. On the first
plate Figure4.10A), the clones fulfilling these conditions were 1F8 and 1E9. On the
second plateRigure4.10B) these parameters were met by clones 2B3, 2C6, 2A8, 2D10
and 2B12, whereas on the third plafeg(re4.10C), these conditions were satisfied by
clones 3E3, 3C4, 3D4 and 3H7. The cells present in each of these clones were
resuspended and passed in an@l plate and incubated for a week. Another ELISA was
performed with the supernatant of the-\#dll plate to confirm the production of Ab
specific tothe RVFV N protein igure4.11).
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Figure 4.11 Screening of the hybridoma clones selected by indirect ELISA with the RVFV N
protein and the 6xHisSUMO-CCHFV N protein.

The eleven hybridoma clones selected with the first screening were tested by indirect ELISA with
the RVFV N protein and the 6xHBJMOCCHFV N protein to confirm the production of Ab
specific to the RVFV N protein. The indirect ELISA was performedawighn t-chainspecific

pAb. Out of the eleven hybridoma clones, four (clones 1F8, 1E9, 2D10 and 2B12) were selected
for subsequent subcloning at 50 cells per Wiglke positive control (C+) correspostb the sera
collected from the corresponding euthanimeide and the negative control{Go mouse sera
against a norrelated antigenAll the samples were tested once due to sample volume constraints.

Out of the eleven clones selected, three (1F8, 1E9 and 2B12) hagbam®@5 for RVFV
N protein. Fourclones (2C6, 2A8, 2D10 and 3H7) had a lowegsAbetween 0.23 and
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0.35. The last four had andsnmequivalent to the signal obtained for CCHFV N protein
and to the negative control. The cells corresponding to the three clones with the higher
signal wergesuspended, counted and aliquoted at 50 cells per well in rexg|Bglates.

Out of the four clones giving some low positive signal, the clone 2D10 was thought to be
promising as during the first screening this clone was the only one givingsm@ose

to 2 with a very low background. Thus, this clone was also subcloned at 50 cells per well.

During thesubsequensubcloning procedure, the clone 2B12 did not give any positive
signal to RVFV N protein and so was discarded.

The screening and the suhgilng of the three remaining hybridoma clones continued
until reaching 2 cells per well. A final ELISA was done to check if these were successfully
cloned Figure4.12).
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Figure 4.12 Indirect ELISA screening of the hybridoma clones at 2 cells per well with RVFV N protein and the 68480O-CCHFV N protein.

The hybridoma cloreelE9, 1F8 and 2D18at 2 cells per well wretested in indirect ELISAs with th®/FVN protein or the 6xHisSSUMOCCHFV N protein
as coating antigens armha n t-chainspecifipAb. The wells were checkersing a light microscopand an empty well idenoted by *The positive control
(C+) correspond to the sera collected from the corresgong euthanized mice and the negative contre) {€ mouse sera against a noglated antigenA:
1E9 clone; B: 1F8 clone; C: 2D10 clonkll the samples were tested once due to sample volume constraints.
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