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ABSTRACT

The serodiagnosis of Rift Valley fever (RVF) rel@sthe use of inactivated whole virus based
reagents which present biosafety, financial andraimmal constraints. There are no vaccines for
humans, the availability of animal vaccines is tadiand they have several drawbacks. The aim of thi
study was to evaluate a bacterially expressed retamt RVF virus (RVFV) nucleocapsid protein
(recNP) as a safe immunodiagnostic reagent, arichamunogen in a mouse and host animal model.
Several enzyme-linked immunosorbent assays (ELISAs)e developed in this study, enabling
sensitive and specific detection of antibodies BNGFV antigen in human and animal specimens. The
recNP was combined with different adjuvants anddugeimmunize mice and sheep subsequently
challenged with a virulent wild type RVFV straine@ending on the recNP/adjuvant combination,
protection against disease in mice ranged betwé&esntl 100%, with sterilizing immunity elicited in
some experimental groups, compared to 100% moymddrtality and excessive viral replication in
adjuvant and PBS control mice. Immunization wittNB combined with Alhydrogel, an adjuvant that
biases immunity towards Th2 humoral immunity, thetded 100% protection, induced an earlier and
stronger type | interferon response in mice aftellenge, compared to repression of the same gene i
adjuvant and PBS control mice. There was massiWwasion of pro-inflammatory responses and
genes with pro-apoptotic effects in the livers ainttol mice at the acute phase of infection,
accompanied by high viral replication, possibly winuting to the pathology of the liver. There was
also evidence of activation and repression of s¢vgenes involved in activation of B- and T-cell
immunity in control mice, some indicating possibl@mune evasion by the challenge virus.
Immunization of sheep with the same recNP/adjuv@rhbinations were, however, not able to
decrease replication of challenge virus. The retldBed ELISAs are an important addition to and
improvement of the currently available serodiagieaststs for RVF. The mechanism by which recNP
immunization protects mice from developing sevdseakse during the acute phase of infection is now

better understood, but the mechanism for earl@araeince of the virus needs further investigation.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 Virus classification and characteristics

Rift Valley fever virus (RVFV) is a mosquito bormeember of thé”hlebovirusgenus in the
Bunyaviridaefamily of viruses (Bishop et al., 1980). TBainyaviridaefamily consists of spherical
shaped enveloped viruses classified in five genétantavirus, Nairovirus, Orthobunyavirus,
Phlebovirus and Tospovirus RVFV has a diameter of up to 120 nanometres (mith short
glycoprotein spikes projecting through the lipidvelope (Gerdes, 2004). Even though strains of
RVFV differ in their pathogenicity, they are strudlly and serologically indistinguishable (Rice et
al., 1980). The RVFV genome consists of three sisglanded ribonucleic acid (RNA) segments;
large (L), medium (M) and small (S). The L segmeatsisting of 6404 bases, has negative polarity
and encodes the viral RNA-dependent RNA polymer&ise.M segment, consisting of 3885 bases, has
negative polarity and encodes the precursor ofvire envelope glycoproteins Gn and Gc, a 78-
kilodalton (kDa) non-structural glycoprotein andhan-glycosylated 14-kDa protein. The S segment
consists of 1690 bases and encodes the viral reagpea protein (NP) and a non-structural protein
NSs using an ambisense coding strategy (Ihara,et384, Giorgi et al., 1991). The NP (length: 245
amino acid residues, weight: 27,431-kDa) is encodmsd 738 bases of subgenomic viral-
complementary messenger (m) RNA. The NSs protangth: 265 amino acid residues, weight:
29,903-kDa) is encoded by 798 bases of subgenanaicsense mRNA (Suzich et al., 1990, Billecocq
et al., 2004). Mature viral particles, however, dn@een shown to not only contain negative sensé vir
RNA but also a fraction of RNA complementary taaViRNA (CRNA) (Ikegami et al., 2005), allowing
the virulence factor NSs to be expressed immediatitér the virus enters the cell (Bouloy and Weber
2010).

S-segment 3 . N— . < NSs . 57 (1690 nt)

M-segment 3 Il <G | Gn | Ge || 57 (3885 nt)
78-kD protein

NSm

L-segment 3 . L . 5° (6404 nt)

Figure 1.1.Rift Valley fever virus genome.
The gene encoding the NP Bhlebovirusess highly conserved (Giorgi et al., 1991, Vialat e

al., 1997). The NP and viral polymerase protein;@jative sense RNA viruses associate with the




virus genome and form ribonucleoproteins (RNPs) ctwvhare necessary for transcription and
replication (Gauliard et al., 2006). RNP molecusspear circular because of the complementary
sequences of 5’ and 3’ non-coding regions whictseabe formation of panhandle structures (Le May
et al., 2005). It was recently shown that RNPsradewith the cytoplasmic tail of the glycoproteins
supposedly enabling successful packaging of themeninto virus particles (Bouloy and Weber,
2010). The NP is the most abundant protein in tef@cells, and thus the immunodominant antigen
during infections with viruses from tHeunyaviridaefamily (Swanepoel et al., 1986a, Magurano and
Nicoletti, 1999, Gauliard et al., 2006). The RVFWNs the first viral protein to be synthesized
(Ikegami et al., 2005) and it has been shown than be released from infected cells independefitly
the glycoproteins (Liu et al., 2008). The NSs is thost variable protein amoilebovirusegSall et

al.,, 1997). The RVFV NSs protein is different frothose of otherBunyavirusesin that it is
phosphorylated and found in the nucleus of infectelts, which is unique because all stages of the
viral life cycle occurs exclusively in the cytoptasThe NSs protein forms filamentous structures in
the host nucleus and interacts with cellular nucigateins (Swanepoel and Blackburn, 1977, Yadani
et al.,, 1999, Le May et al., 2004, lkegami et ab06, Le May et al., 2008). The structural
glycoproteins, Gn and Gc, are responsible for httent and entry of the virus to cells and carries
neutralizing epitopes (Besselaar and Blackburn11®¥sselaar and Blackburn, 1992, Bouloy and
Weber, 2010).

Gn and Ge

V' - %7

."Ilf."lrf

I.' l.' L- polvmefp&e
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l 1
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__/
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Figure 1.2.Rift Valley fever virus structure.

1.2 Epidemiology




Rift Valley fever virus was first isolated in 193d the Rift Valley of Kenya near Lake
Naivasha from the blood of a newborn lamb duringatbreak in domestic livestock, after which the
first human infections were also noted (Daubnewlet1931). The first report of extensive human
disease caused by RVFV was in 1951 in South Afviteere an estimated 20 000 persons were
infected (Mundel and Gear, 1951, House et al., 1996rge outbreaks then occurred in Egypt
1977/1978 (between 18 000 and 200 000 human iofesti 598 deaths), Mauritania 1987
(approximately 200 human deaths), East Africa aratldascar 1991 (89 000 infections and more
than 500 human deaths) and East Africa 1998 (98hd@Bans infected and 250 deaths) (Swanepoel
and Coetzer, 2004). The disease spread outsidmdasmic range, across the Arabian Peninsula, to
Saudi Arabia and Yemen in 2000 affecting 882 hunaams causing 124 deaths (Balkhy and Memish,
2003). More recently outbreaks were recorded int Esfsica (2006-07), Sudan (2007/2008),
Madagascar (2008) and South Africa (2008, 2009-g@hibnymous, 2007, Mohamed et al., 2010,
Nguku et al.,, 2010). Although no RVF outbreaks hdéaen confirmed in a number of African
countries such as Mali, Gabon, Congo, Chad, BotawAngola, Nigeria, Uganda, antibodies to the
virus were found in humans and livestock from thesentries (Gerdes, 2004, Pourrut et al., 2010).
Antibodies have also been found in domestic livedstoom Senegal, Cameroon, Togo, Benin, Ivory
Coast and Burkina-Faso (Zeller et al., 1995).

Outbreaks of RVF are usually associated with alsxerage rainfall, occurring at irregular
intervals of about 10 years (Swanepoel and CoeRf¥)4). Several possible explanations have been
put forward to explain the survival and circulatioh the virus between outbreaks. Initially it was
thought that the virus was endemic in forests wliteo&rculated between mosquitoes and vertebrate
hosts, and spilled over into domestic livestockdase outbreaks (Smithburn et al., 1948, Smithbtrn
al., 1949a). However, the RVF outbreak in Southio&frin the 1950s occurred in grassland country
where shallow and poorly drained depressions (pares)abundant. These pans are usually dry but
during heavy rains they fill up and allow mosquéggs, possibly laid months or years before, tothatc
After RVFV was isolated from mosquitoes that weeared from eggs collected in a pan in South
Africa, as well as unfed male and female mosquiioeKenya during an inter-epidemic period, it
hinted that the virus might be transmitted transiallg by aedine mosquitoes (Linthicum et al., 1985

RVFYV is transmitted mostly bfredesandCulexmosquitoes, but other mosquitoésmépheles
EretmapoitesandMansonig have also been shown to be potential vectors@fviirus (Smithburn et
al., 1948, Smithburn et al., 1949a, Turell and &gil1987, Turell et al., 1990, Turell et al., 2007,
Turell et al., 2008a, Turell et al., 2008b, Sancalet 2010). Interepidemic transmission of RVF in
domestic livestock (Scott et al., 1956, Linthicutag, 1985) and wildlife (Evans et al., 2008) have

been shown, leading to the current theory that RM&Mmaintained in interepidemic periods by




transovarial transmission and cycling between mibsgsi and ungulates. Outbreaks then occur after

abnormally high rainfall due to an explosion in g@tent mosquito vector numbers.

1.3 Rift Valley fever in animals

Sheep are primarily affected by RVF but other ruanils including cattle, goats, camels and
wildlife animals are also susceptible to infecti@wanepoel and Coetzer, 2004). Antibodies against
RVFV have been found in African buffalo, black rbjnlesser kudu, impala, African elephant,
Thompson’s gazelle, gerenuk and waterbuck (Evanal.e2008). It has been proposed that wild
vertebrates might play a role in maintenance of ias between epizootics, since wild animals
repeatedly test positive for antibodies to RVFMdpations unrelated to any documented livestock or
human outbreaks (Bengis et al., 2004). Fatalitggaeach up to 100% in young lambs whereas 20-
30% of infected adult sheep die. Up to 90% of paegrewes abort after being infected. This can be
attributed to very high levels of viremia, whiclsalincreases the chances of transmission to humans
that handle infected tissues (Woods et al., 2002).

In non-pregnant adult animals clinical signs inelugtlessness, abdominal pain, vomiting,
diarrhoea, jaundice hepatitis, icterus, nasal digggn and death in some cases. Onset of abortiahs an
high neonatal mortality are characteristic sign@d®VF outbreaks (Swanepoel and Coetzer, 2004).
Animals like buffalo and camels do not exhibit dise but pregnant animals can abort when infected
(Gerdes, 2004). It was recently shown that a Ewmogeeed of sheep is also susceptible to RVFV
infection, with experimentally infected sheep shagvino mortality but mostly pyrexia and corneal
opacity despite relatively high viral loads in thieiood (Busquets et al., 2010).

Infected hepatocytes are probably the major sowfchigh plasma viremia observed in
infected animals (Ritter et al., 2000). RVFV hasibéund to cause extensive necrosis in the liwers
aborted lambs, whereas livers from adult sheemataffected as much. The spleen is not enlarged
and is not affected by extensive haemorrhagingeas $n the liver, which is an important feature
which distinguishes it from other sheep diseasdh gimilar symptoms to RVF. Other organs also
show signs of congestion or haemorrhaging includidgeys and the lymphatic system (Daubney et
al., 1931).

Non-human primates are susceptible to RVF. Monkeyse been successfully infected with
the RVFV ZH-501 pathogenic strain in the laboratorgsulting in poor appetite, anorexia and
petechiation, as well as reduced activity 3 to ¥sdafter infection. The virus grew to titres reaghas
high as 6.7log PFU/mI between 3 and 5 days post infection, anddcbe isolated from brain, spinal

cord, liver, spleen and mesenteric lymph node ¢is®f infected monkeys (Morrill and Peters, 2003).




1.4 Rift Valley fever in humans

Humans are highly susceptible to infection with RVVFransmission of RVFV to humans can
occur through bites from infected mosquitoes, atnt@ith contaminated meat or through aerosols
created during slaughtering. When the virus wakied for the first time in 1931 in Kenya, all four
European scientists/veterinarians involved in th&eak were infected while working with aborted
fetuses and other infected tissues. None of treciimns were fatal but it showed clearly how easily
humans can become infected. The group describéd dhvn symptoms as malaise at onset of the
disease followed by rigors, headache, fever foredod of 12 to 36 hours and joint pains, with
symptoms generally disappearing within four dayae @f the scientists developed a second latent
reaction which included headache and defectiveonisor a few weeks afterwards (Daubney et al.,
1931).

Human infection may take on four forms: i) Uncoropted, febrile, influenza-like illness; ii)
hemorrhagic fever with liver involvement, thrombtayenia, icterus and bleeding; iii) encephalitis
following a febrile episode with confusion and comiaeven death; iv) ocular involvement with
reported blurred vision and loss of visual acuitye do retinal haemorrhage and macular oedema (Al-
Hazmi et al., 2003, Gerdes, 2004, Mohamed et @lLDP The more severe complications occur in up
to 5% of the cases. Risk factors recognized fot Rélley fever infection include consuming or
handling products from sick animals and caretaldhgnimals, whereas touching aborted foetuses is
associated with severe RVF complications and comspror handling products from sick animals
associated with death (Anyangu et al., 2010). Eration of blood from infected individuals show
leucopaenia, elevated blood enzymes because ofdaraage and thrombocytopenia. The main sites of
viral replication are the liver, spleen and tharb(®itter et al., 2000).

The incubation period of RVF ranges from 12 howrsik days in young and adult humans,
with illness lasting up to eight days. The morjatiate is £1%, but a 15% rate has been observed in
hospitalized patients (Al-Hazmi et al., 2003, Gerd2004). RVFV can be transmitted to a hewborn
child from its infected mother, as was shown in #3090 Saudi Arabia outbreak when a 5-day-old
newborn died from RVF, after onset of disease on 2after birth and presence of IgM antibodies
(Arishi et al., 2006). The infant had sepsis, eygdrliver, coagulopathy, anemia and abnormal liver

function.

15 Pathogenesis
The pathogenesis of RVFV infection after mosquite mfection has been proposed to follow

the following sequence: the virus spreads fromgkia to draining lymph nodes where it initially

replicates in the macrophages and then spreadig tarculatory system (Smith et al., 2010). Theriv




is the first and major site of major RVFV replicatiafter infection (Anderson et al., 1987, Shiehlet
2010) where large amounts of virus is produceds Tésults in necrosis, apoptosis of the hepatis cel
as early as day 2 after infection which, togethé&h woagulation, is probably responsible for the
hemorrhagic manifestation of the disease. Livelyer®s become elevated in infected mice on day 3
post infection (p.i.), and remain elevated untily & p.i. Infection also causes significant incresase
(neutrophils, red blood cells, eosinopils, basa)tol decreases (lymphocytes) in important circugat
blood cells (Smith et al., 2010). The virus is addxbe to cross the blood-brain barrier as earlgags5

p.i. and cause meningoencephalitis and retinitisnf@lez-Scarano et al., 1991, Smith et al., 2010).
Apart from these major organs, the virus has atenlproved to show tropism to a variety of other
organs including spleen, lymph nodes, heart, kidha@yy, pancreas and adrenal glands in a mouse
model (Smith et al., 2010). Specific host genttators seem to play a very important role in gpet
and severity of disease caused by RVFV as showdiffgrent responses to infection in different
strains of inbred rats (Peters and Slone, 1982¢efswh et al., 1987).

Interferons (IFN) are a family of secreted proteimith many functions including antiviral
defence, cell growth, and regulation and activatibthe immune response. Interferons are regardged a
a powerful defence mechanism and its effectivehassled many viruses to develop mechanisms to
counteract the production and actions of theseepr®t In some degree all viruses that successfully
infect an animal or human host must have some measuevading IFN. Therefore the interaction
between virus and host IFN is an important deteamtirof pathogenicity (Goodburn et al., 2000). Type
| interferons (IFN-/ ) are produced in direct reaction to virus infegtend are the products of two
gene families. Leukocytes are mostly responsibietiie production of the IFN-multigene family,
whereas IFN- is synthesized in most cell types but predomiraintlfibroblasts. On the other hand,
type Il IFN is the product of the IFNgene and is produced by T lymphocytes and nakiltat (NK)
cells in response to the recognition of infectelisc®oth type | and 1l IFN function by activatiran
antiviral state in target cells which interferegshwiral and cellular processes. They also slowwgno
of the cells which induces apoptosis and thus éirtlie spread of a virus, and stimulate the acquired
immune response (Goodburn et al., 2000).

There are two main pathways leading to the exprassi IFN genes (Haller et al., 2006). The
classical pathway is utilized by most cells in thedy including fibroblasts, hepatocytes and
conventional dendritic cells. Viral components degected in the cytoplasm by intracellular sensors
which lead to activation of interferon regulatorgirtscription factors (IRF-3) and nuclear factor pap
beta (NF-kB) which activates IFN-expression. IFN- is secreted as an initial response and IFN-
only later as a secondary response. Toll-like rerep(TLRs) are expressed on the surface of

plasmacytoid dendritic cells or in endosomes wliseg sense extracellular or engulfed virus material




The regulatory factor, IRF-7, serves as a regulfaiotFN- / expression, and plasmacytoid dendritic
cells express mainly IFN- Type | IFN activate a whole range of genes ingdlvn antiviral activity
which are grouped into three main systems, namedyelr Kinase R (PKR), 2-5 OAS/RNaseL and
Mx protein systems. Viruses have found ways torfate with the cellular IFN response in order to
survive, which include interference with IFN indiect, basic transcription, IFN signalling and IFN
effectors (Haller et al., 2006).

Rift Valley fever virus is sensitive to interfer¢Reters et al., 1986). The importance of IFN in
the pathogenesis éthlebovirusedias been shown previously in experimental RVF\éétibn of rats
and hamsters (Anderson and Peters, 1988, Perraig 2007). It was found that some RVFV strains
that were more capable of killing rats than otheaings were not as sensitive to the antiviral affex
IFN in cell culture. The suppression of type | nféeon by Punta Toro virus NSs protein results in
uncontrolled viral replication and hamster deatbr{@e et al., 2007). In rhesus monkeys it wasdoun
that IFN-, administered as a prophylactic, was able to ®g¥priremia and subsequently disease
(Morrill et al., 1990). Thus viruses or their sgacktrains that are able to counteract the indunctf,
or evade the action of, type 1 interferon (IFNJ will be the more virulent ones. In a study toleate
the effects of varying virulence of RVFV in micéwas found that strains with lower virulence were
better IFN -/ inducers, with IFN being detected at a very eatige of infection, than more virulent
strains where IFN was only detectable shortly efteath (Higashihara et al., 1972). A study regentl
showed that a specific laboratory mouse breed MBI AWas more susceptible to RVFV infection and
its embryonic fibroblasts (MEF) were able to progiagvirus to higher titres when compared to a
traditional laboratory mouse breed BALB/cByJ (doll¥aet al., 2010). Through gene expression
profiling of RVFV infected MEF cells from MBT/Pas ice it was shown that a delayed and
incomplete type | interferon response was respémditr the increased virulence in these mice
compared to BALB/cByJ MEF cells. This study showee important role the innate immune response
plays in susceptibility to RVFV infection (do Valé al., 2010).

Understanding of the mechanism by which the vininghits the antiviral attacks of the host on
the molecular level is important for the developimehvaccines and anti-viral treatments. A large
deletion in the NSs gene of the RVFV Clone 13 strasulted in attenuation. This observation redulte
in recent research exploring the role of the NSsvimlence and pathogenicity of RVFV. The
determinants for RVFV virulence lies in the S segtm®ialat et al., 2000, Bouloy et al., 2001), with
the NSs protein acting as an interferon antagomtst. NSs protein, which is neither stimulatory nor
inhibitory to viral replication, inhibits the typlelFN response of the host by blocking virus-indiice
IFN- / production (Bouloy et al., 2001, lkegami et aD08&). Transcription factor Il H (TFIIH), a

basal transcription factor involved in deoxyribolaic acid (DNA) repair and cell cycle regulatios,a




target of the NSs protein which interacts with g4l subunit of TFIIH, blocking its assembly. This
inhibits its helicase activities responsible fopaeting nucleic acid strands prior to transcriptamd
the phosphorylation of RNA polymerase Il, resultingranscription shut down. (Dasgupta, 2004). The
NSs protein also interacts with the host protein3& Associated Protein 30 (SAP30), which is an
important regulator of IFN-gene expression (Le May et al., 2008), thus blugkFN- / production

at the transcriptional level (Billecocq et al., 200The NSs also promotes the post-transcriptional
downregulation of PKR, thus inhibiting the phosphation of important proteins in the interferon
response (Habjan et al., 2009b, Ikegami et al.92B0Ouloy and Weber, 2010).

The cytopathic effect of many viruses can be attatd to apoptosis, which can be regulated by
viral gene products, host immune response or datbdeded RNA mediated cell responses. The aim
of apoptosis is to eliminate infected cells to tifisirther spread of the virus. The RVFV non-struatu
proteins from the M segment are not necessary ifois weplication (Won et al., 2006, Bird et al.,
2007a) but rats infected with a RVFV mutant lackéxpression of both NSm proteins (14 kDa and 78
kDa) showed attenuated virulence which impliesrthessible involvement in RVF pathogenesis. The
RVFV NSm proteins have been implicated as anti-tgiimp agents since it was found that NSm
suppressed staurosporine (STP)-induced apopto#is ibsence of the other RVFV proteins, and cells
infected with mutant virus lacking NSm genes unagtinapoptosis earlier than cells infected with wild

type virus (Won et al., 2007).

1.6 Diagnostic technigues

Rift Valley fever can be diagnosed by detectingbaties, viral antigens or genetic material.
Rapid diagnosis of RVF is essential in endemicsaled even more important in RVF-naive countries
at risk of introduction of the disease. Varioussslaal laboratory methods for RVF diagnosis have
been developed but are costly, time consuming aqdire biocontainment facilities since live virgs i
used, which hamper quick diagnosis. These testgaise safety risks to laboratory personnel. There
an increasing demand for safe, accurate and sidigégostic tools for RVF diagnosis because of the
possibility of the virus spreading to previouslynrendemic areas such as Europe and north-America

where competent mosquito vectors are present.

1.6.1 Virus/ antigen detection
The golden standard method for RVF virus isolatienintracranial (i.c.) inoculation of
suckling mice which yields positive results withtéeven days after inoculation. The virus can also

easily be propagated in a variety of mammalian eds including Vero (African green monkey




kidney) and BHK (baby hamster kidney) cells (Swamdpand Coetzer, 2004). These methods,
however, are time consuming and involve the propagaf live virus, thus necessitating the use of
biocontainment facilities. Viral antigen can alse detected by immunofluorescence, complement
fixation, immunodiffusion or enzyme-linked immunobent assay (ELISA) (Niklasson et al., 1983,
Peters et al., 1989, Swanepoel and Coetzer, 20dMd,eZ al., 2006). These methods are all based on
whole virus antigen which still requires biocontaent facilities for production of antigens and
performaing assays. The short duration of viremiexperimentally infected sheep (usually days 2 — 4
post infection) and monkeys (days 3 — 5 post ifdegtshould, however, be taken into account when
interpreting virus isolation, antigen detectionv®NA detection results (Olaleye et al., 1996, Mbrri
and Peters, 2003, Bird et al., 2011).

1.6.2 Molecular biology

Various molecular techniques have been developddeaaluated for the detection of RVFV
RNA and have been found to be highly specific, simssand rapid. These assays include conventional
and nested polymerase chain reaction (PCR) (Ibrahiai., 1997, Jupp et al., 2000, Sall et al., 2001
Sall et al., 2002), real-time PCR (Garcia et &0, Drosten et al., 2002, Njenga et al., 2009)ransdt
recently loop-amplification-mediated-PCR (LAMP) {fPefitte et al., 2008, Le Roux et al., 2009). The
molecular methods mentioned here have been optihitrethe detection of RVF genetic material in
livestock, human and insect specimens. DetectioniroE genetic material, however, is of limited
value once the virus has been cleared from thetedeindividual's system, especially for viruseshwi
a short viremia when only blood or serum is avadddor testing. Molecular techniques are also highl
specialized and might not be ideal for use in depiel countries or in the field where conditions ar

less than ideal.

1.6.3 Serology

Methods that detect antigen or viral genetic matexie highly sensitive shortly after infection
but because of the short viremia in RVFV infectedividuals, these methods have no use once the
virus is cleared. Serological assays in genera} plavery important role in the field of infectious
diseases. They are used for the diagnosis of siespeases, sero-epidemiological studies, import-
export certification of animals, disease eradicafiopogrammes and monitoring of vaccine efficacy. It
is therefore critical to be able to detect antilesdagainst RVFV to show recent or past infectidéms.
experimentally infected sheep IgM and IgG antibedigainst RVFV can be detected as early as 4
days post infection. IgM responses are, howevanstent and usually wane below detectable levels by

day 60 post infection, whereas IgG does not haeestime transient nature. A recent infection can




therefore be confirmed by detection of virus spedgihmunoglobulin-M (IgM) in serum as a result of
the early production and transient nature of Igkbpyp the indication of a four-fold increase in \8ru
specific immunoglobulin-G (1gG). A past infectioarcbe confirmed by the detection of virus specific
IgG since infection of an individual with RVFV indes life-long immunity. The gold standard
serological technique for RVF is the virus neugation test (VNT) (Swanepoel et al., 1986a). The VN
test detects neutralizing antibodies which are lgalirected against the virus’ glycoproteins, but
cannot distinguish between IgM and IgG. It alsmirmes the propagation of live virus.

Validation of a diagnostic assay essentially referthe process of determining the fitness of
the test for its intended use including assay agymrepeatability, reproducibility and stabili§nce a
diagnostic assay is validated, it can be useddntify the presence or absence of the specificytmal
with high confidence. When taken seriously, valimtatis not a once-off experiment, but it is rather
ongoing process. However, certain steps have follmeved during initial validation which include i)
a feasibility study; ii) development and standaaitiom of reagents and protocols; iii) determinatidn
assay performance by testing large numbers ofaerdéer or well characterized samples and calculation
of cut-off values and accuracy estimates and igoomg evaluation of performance (Crowther et al.,
2006). Proper validation of diagnostic assaysésefore important since it results in the deterama
of reliable estimates of diagnostic specificity asmhsitivity which in turn is important factors take
into account for disease diagnosis, risk-assessauathtrisk-factor studies (Paweska et al., 2003a).
Various ELISAs have been developed and validatetht® diagnosis of RVF in humans (Niklasson et
al., 1984, Swanepoel et al., 1986a, Paweska €2G05a, Paweska et al., 2005b, Jansen van Vuren et
al., 2007) and animals (Paweska et al., 1995, Hanetsal., 2003a, Paweska et al., 2003b, Paweska et
al., 2005b, Fafetine et al., 2007, Jansen van Vatal., 2007, Cetre-Sossah et al., 2009, McEltoy e
al., 2009). Most of these ELISAs are based on whnaletivated virus antigens which still poses safet
risks, but recently a few ELISAs were developechgsiecombinant antigens which are completely
safe (Fafetine et al., 2007, Jansen van Vuren,e2@07, McElroy et al., 2009). The ELISAs based on
the recombinant nucleocapsid protein (recNP) weumnd to be highly sensitive and specific but has
not yet been extensively validated. It would be égmgnt to develop and validate ELISAs based on
recombinant antigens for detection of IgG and Igivhumans and also for detection of antibodies in

animals because of the important role they plagisease maintenance and transmission.

1.7 Vaccines and antivirals

In RVFV enzootic areas vaccination is the only ficat method of preventing the disease.
Various types of vaccines have been developed Y8F\R but none are commercially available for

human use and those available for animal use hevera drawbacks. Recently a broad-spectrum

"%



antiviral (so called “LJO01", derived from an orgarcompound called rhodanine), was shown to
inhibit virus-cell fusion of lipid enveloped virusevithout inhibiting host cell-cell fusion (Wolf et.,
2010). It was specifically shown to prevent deathl90% of RVFV challenged mice that had been

pre-treated with the compound.

1.7.1 Inactivated virus vaccines

Inactivated vaccines are relatively expensive twpce, require multiple inoculations because
of weak immunogenicity and pose a safety risk dupdssible incomplete inactivation of the virus. A
laboratory adapted neurotropic RVF virus strain nedpantropic Entebbe RVF virus strain were used
to generate a range of formalin inactivated expenital vaccines in chick embryo, mouse brain and
monkey kidney cell cultures (Randall et al., 19B2ndall et al., 1964). The experimental vaccine
produced in monkey kidney cells from the pantrdpitebbe strain was safe and relatively effective
for the immunization of mice, monkeys and humartsis accine (TSI-GSD 200) produced under
strict quality control conditions, had been usedrtmunize many veterinarians and laboratory workers
at risk of infection (Niklasson et al., 1985, Pitmet al., 1999). Only one batch of TSI-GSD 200,was
however, produced by the US Army (USAMRID) and st therefore in short supply and very
expensive. It also requires three initial inocwas and a booster after 6 months, making it impraict
(Bouloy and Flick, 2009).

The same formalin-inactivated vaccine used for msn@ SI-GSD 200) was evaluated in
sheep (Harrington et al., 1980). It induced neidirad immunity that resulted in protection from
disease and decreased viral replication afterehgdl. A formalin inactivated RVF vaccine is avdiab
from Onderstepoort Biological Products (OBP, Soiiica) for use in livestock (Barnard and Botha,
1977, Barnard, 1979, Bouloy and Flick, 2009). Itlunes protective responses but is not very
immunogenic, neccesitating multiple inoculationsalhcould be problematic during outbreaks when

rapid induction of protective immunity is required.

1.7.2 Attenuated virus vaccines

Attenuated vaccines are less expensive to prodaicg, more immunogenic compared to
inactivated vaccines, but still carry a safety figlcause of possible reversion to virulence andibles
spread by mosquito vectors (Swanepoel and Coe20€4). The attenuated Smithburn neuroadapted
strain is also commercially available from OBP (Boéfrica) for use in livestock but has adverseesid
effects like teratology, liver pathology and aboms in pregnant animals (Coetzer and Barnard, 1977,
Botros et al., 2006, Kamal, 2009).




Another attenuated RVF strain, MP12, which was cmed by mutagenesis with 5-
fluorouracil of the ZH548 strain, has been exteslgivevaluated as a possible vaccine candidate
(Caplen et al., 1985, Morrill et al., 1991a, Hungétral., 2002, Morrill and Peters, 2003). The MP12
strain contains nine, 12 and four mutations in theM and S segments of the virus’ genome
respectively, with at least one mutation in eadmnsnt playing a role in attenuation (Takehara et al
1989, Vialat et al., 1997). The MP12 attenuatedistinduced strong neutralizing antibody responses
but is also teratogenic and abortogenic in sheegnvetdministered in the first trimester of pregnancy
(Morrill et al., 1991a, Hunter et al., 2002). Ddspthese negative effects in sheep, MP12 was
evaluated in rhesus monkeys and shown to be mariattdinuated, causing only minor neurovirulence
comparable to that seen with the widely used 17Ibwefever vaccine (Morrill and Peters, 2003).
Humans immunized with MP12 remained asymptomatit @5%0 developed neutralizing antibodies
against RVFV (Bettinger et al., 2009, Bouloy anitl12009).

Clone 13, a small plaque naturally attenuated R\&#in that was isolated in the Central
African Republic from a human patient, lacks apprately 70% of the open reading frame coding for
the NSs protein preventing it from evading the HE8t pathway (Muller et al., 1995, Bouloy et al.,
2001, Billecocq et al., 2004). It was shown to lghly immunogenic in animals, elicited protective
immune responses against subsequent challengeichmdbtdcause teratogenesis in sheep during early
pregnancy (Muller et al., 1991, Swanepoel and @Gvet2004, Bouloy and Flick, 2009, Dungu et al.,
2010). Clone 13 was very recently commercialized #h currently under mass production at
Onderstepoort Biological Products. Mice immunizathva reassortant virus (R566), containing the S
segment of clone 13 and the L and M segments oflRIPwere protected from subsequent viral
challenge and sheep did not show any side effecabartions as a result of vaccination (Bouloy and
Flick, 2009).

1.7.3 Recombinant viruses by reverse genetics

The development of various reverse genetics sysfemshe rescue of recombinant RVF
viruses has allowed for the determination of carti@ctors/proteins involved in pathogenesis and
virulence of the virus (Billecocq et al., 2004, Wetal., 2006, Bird et al., 2007a, Gerrard et200Q7,
Won et al., 2007, Billecocq et al., 2008, Habjaalet2008a, Habjan et al., 2008b). The 14-kDa (NSm
and 78-kDa non-structural proteins encoded by thesdgment were shown to be dispensable for
replication and recombinant virus without thesetgirs remained highly virulerih vivo even though
it suppressed virus-induced apoptosis (Bird e807a, Gerrard et al., 2007, Won et al., 2007).

The NSs is the major virulence factor of RVFV. \éais recombinant viruses have been

generated with the NSs completely omitted, or wiiteweas replaced by a reporter gene like the green




fluorescent protein(GFP) (Billecocq et al., 200&dami et al., 2006, Bird et al., 2008, Habjanlet a
2008b, lkegami et al., 2009). Only one recombindnis generated by reverse genetics has been
evaluated as a possible vaccine candidate (Bimal.e2008). A ZH501 strain derived mutant virus,
lacking the NSm gene and carrying a GFP gene inptaee of the NSs gene (rRVANSs:GFP-

NSm), was shown to be highly attenuated but stithunogenic in rats, and protected rats from lethal
RVFV challenge. Additionally this vaccine candidatéows for differentiation of naturally infected
and vaccinated animals (DIVA) because of the miggiral genes and the insertion of a non-viral gene
(Bird et al., 2008). This vaccine candidate showsmpromise but has not been evaluated in a host
animal model.

Attenuated viruses, either naturally or by revagseetics, still pose a possible safety risk due

to recombination in nature where the missing grasferring attenuation could be replaced again by
a gene from wild type virus, thus reverting it backirulence. Therefore vaccines of this naturaio

not be ideal during outbreaks and should be uskmtdbeeasonal activity of mosquito vectors.

1.7.4 DNA vaccines

DNA-based vaccines are completely safe and ardlysuare immunogenic when compared
to inactivated or subunit vaccines since their géangroteins are expressed vivo by the host cells
resulting in correct protein folding, they resultlonger term expression of target proteins congpéoe
once-off inoculation with subunit proteins and tteeg able to induce cellular and humoral immunity
(Lorenzo et al., 2008). Various DNA vaccine cantkdahave been developed against RVF. A DNA
vaccine, administered by gene gun and expressm@itisegment without the NSm gene, was highly
immunogenic in mice after three inoculations andited 100% protection against lethal challenge
(Spik et al., 2006). Immunization of sheep with ldAconstruct expressing the M segment and the NP
was not able to elicit detectable humoral resparisessiow level antigen-specific cellular responses
were induced (Lorenzo et al., 2008). A construgiregsing only the NP, however, was able to induce
strong anti-NP IgG1 isotype responses as well Hslaeresponses in sheep (Lorenzo et al., 2008),
although the protective ability of this responsenig known. DNA constructs based on a pCMV
(cytomegalovirus) vector backbone expressing bbth RVFV glycoproteins (pCMV-M4), or the
nucleocapsid protein (pCMV-N), were evaluated ascivas in a transgenic mouse model with an
impaired type | interferon response using the atited RVFV MP12 strain as a challenge virus
(Lorenzo et al.,, 2010). The mice vaccinated withMdEM4 were completely protected from
challenge, whereas mice immunized with pCMV-N, 6GM¥/-N combined with pCMV-M4, were not.

Gene-gun immunization of mice with a cDNA constrentoding the RVFV NP induced high

anti-NP antibody titres and strong proliferativellidar responses, but no neutralizing antibodies




(Lagergvist et al., 2009). Fifty percent of NP cDNAmunized mice were protected from viral
challenge, most likely due to cell-mediated immunitmmunization with a cDNA construct
expressing both glycoproteins (Gn/Gc) simultangoussulted in neutralizing antibody responses and
62.5% protection from RVFV challenge (Lagerqvistagét 2009). A DNA vaccine expressing the
RVFV Gn protein, coupled to the molecular adjuv&3d, induced increased neutralizing antibody
titres compared to one expressing only Gn, andiatseased survival from lethal challenge (Bhardwaj
et al., 2010). DNA vaccines have an added advarméag®t needing stringent shipping conditions
because of high stability, making it ideal for tisecountries with sub-optimal infrastructure. The
disadvantage, however, is that DNA vaccines requitdtiple immunizations to induce protective

responses.

1.7.5 Virus vectored / replicon vaccines

Virus vectored and replicon vaccines are capablexpfessing high levels of inserted genes,
can be easily produced in large quantities andhaéghly immunogenic. The earliest report of an
unrelated virus being used to express RVFV protsimsvs the insertion of RVF glycoprotein genes
into vaccinia virus (Collett et al., 1987). Miceotulated with the live recombinant RVF/vacciniaugir
developed strong neutralizing responses and proteot 90-100% of challenged mice, depending on
immunization route. Despite these promising resaltsl the fact that mice immunized with the
recombinant RVF/vaccinia virus did not develop ange effects from immunization, this vaccine
candidate has not been further evaluated or conmatieed possibly due to the fact that vaccinia siru
poses a threat to immunocompromised individuals.

A recombinant lumpy skin disease virus (LSDV) camtag both RVF glycoprotein genes
yielded strong neutralizing responses and 100%eptioh from subsequent lethal challenge in mice,
and 100% protection from clinical disease in sh@®pllace and Viljoen, 2005, Wallace et al., 2006).
It also allows for differentiation of RVF naturalipfected and vaccinated animals since only RVF
glycoproteins are expressed by the construct. Bespése promising results, this vaccine candidate
has not been commercialized.

Alphaviruses, such as Sindbis virus (SINV) and \zeiaéan equine encephalitis (VEEV), have
been evaluated as virus vectors, or repliconsxpoess RVFV glycoprotein genes (Gorchakov et al.,
2007). VEEV was able to express glycoproteins thsaulevel that protective immunity against lethal
challenge was induced in mice (Gorchakov et alQ720A SINV replicon based RVF vaccine
produced neutralizing responses in mice and stegpprotected mice from lethal challenge (Heise et
al., 2009). Alphaviruses are, however, widespreatlitis not known to what effect the background

immunity against these viruses could have an infteeon efficacy of vaccines.




Recently the RVF glycoprotein genes were incorgarainto a non-replicating complex
adenovirus (CAdVax) vector and evaluated as a plessaccine in mice (Holman et al., 2009). The
CAdVax-RVF construct induced long-lasting humorahunity that protected 100% of mice against
lethal challenge. Background immunity against adene does, however, have an effect on protection
with only 25-75% of mice with pre-existing aden@vimnmunity surviving challenge (Holman et al.,
2009).

A capripoxvirus recombinant expressing the twocditmal RVFV glycoproteins was evaluated
as a possible vaccine in a mouse and sheep moalett(@l., 2010), and was shown to induce up to
100% protection against lethal challenge in micepehding on the dose, route and number of
immunizations, and induced sterilizing immunitysimeep.

A recombinant Newcastle disease virus (NDV) expnesthe RVFV glycoproteins has been
evaluated as a vaccine in mice, lambs and calhesyisg promising protection against disease/death
and viral replication as a result of the developnwmeutralizing antibodies (Kortekaas et al., @21
Kortekaas et al., 2010b).

1.7.6 Virus like particles as vaccines

Virus-like particles (VLP) are formed when the \&tistructural proteins self-assemble into
replication deficient particles that resemble wilgpe virus in structure. VLPs are usually more
immunogenic when compared to subunit recombinaoteprs since the conformational epitopes of
structural proteins are presented in a more natuagl similar to wild type virus. Immune responses
against VLPs, therefore, are also thought to mopirately represent the immune responses elicited
against natural infections (Noad and Roy, 2003aGigand Anderson, 2006). VLP production can be
easily upscaled and VLPs have been successfulljuaeal as vaccines for various other viruses
including Bunyavirusesand Filoviruses (Grgacic and Anderson, 2006). Indeed, various ggduave
recently successfully generated Rift Valley fevarPg in mammalian and insect cell systems (Liu et
al., 2008, Habjan et al., 2009a, Mandell et alQ®@MNaslund et al., 2009, de Boer et al., 2010, ddHn
et al., 2010b).

Immunization of mice with RVFV VLPs containing glygroteins and the NP, produced in
mammalian cells (293T) resulted in high neutralizititres and 50-92% protection from lethal
challenge, depending on VLP dose (Habjan et aD920Naslund et al., 2009). Moreover, none of
these mice developed any detectable anti-NP anébaafter immunization, despite the NP being
present in the VLP. Chimeric RVFV VLPs containirge tRVF NP, glycoproteins and the Moloney
murine leukaemia gag protein were shown to be highimunogenic in two murine animal models,

yielding high neutralizing titres and strong cytokiresponses which protected mice (68%) and rats




(100%) from lethal RVFV challenge (Mandell et &009). Interestingly VLPs that were modified to
actively express the NP were also able to indu@&4dprotection against lethal challenge (Pichimair e
al., 2010). These results clearly indicate thatNifredoes play a role in protection despite it hgwio
neutralizing epitopes. Recently, however, VLPs taseboth glycoproteins but without NP, produced
in Drosophilainsect cells, were shown to be immunogenic in naind conferred 100% protection
from lethal RVFV challenge (de Boer et al., 2010).

Because of the advantages offered by VLPs, thay $i&e ideal vaccine candidates for RVF.
However, efforts to prepare RVFV VLPs were onlywegcently undertaken and therefore are in the
very early stages of evaluation as vaccine cangid®ased on promising results obtained in murine
models, it would be interesting to see how effitidrey would be as immunogens in a RVF host

animal or humans.

1.7.7 Recombinant subunit vaccines

Recombinant subunit immunogens are the least eeghlonethod for producing vaccines
against RVF. This is most likely due to the facttrecombinant subunit proteins are generally weak
immunogens, requiring multiple immunizations ane tise of adjuvants, and are usually expressed as
inclusion bodies thus not presenting conformati@péiopes in a natural way (O'Hagan et al., 2001).

Partially purified recombinant Gn protein, bactlyisexpressed as inclusion bodies and
subsequently solubilized with urea, induced lowtredizing titres in mice which protected 56-70% of
animals from lethal RVF challenge, whereas the @dtem did not elicit a neutralizing response or
protection against challenge at all (Collett et H87).

Recombinant Gn protein, expressed ushugographa californicanuclear polyhedrosis viral
recombinants in SF9 insect cells, or a combinadio@c/Gn is immunogenic and resulted in protection
from lethal challenge after two immunizations. Rassmmunization of mice with mouse anti-serum
generated against these recombinant antigens mdtagoroportion of the animals, further indicating
that humoral antibodies against the glycoproteilay p major role in protection (Schmaljohn et al.,
1989).

Recombinant Gn protein, expressedimsophilainsect cells and adjuvanated with Stimune,
was shown to be immunogenic in mice and conferi@@P4 protection against lethal challenge (de
Boer et al., 2010). Immunity, however, was notiktang since anti-NP antibodies were detected in
the mice sera after challenge, an evidence of kéyalcation.

In a preliminary study using a limited number ofpekmental animals, Wallace et. al.
evaluated a bacterially expressed RVF nucleocgpsittin as an immunogen in mice (Wallace et al.,

2006). The protein was expressed as inclusion bathd solubilized with urea. Mice immunized with
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the protein and QuilA adjuvant did not develop deyectable antibodies, yet 60% were protected from
lethal RVFV challenge. Immunization of animals wigcombinant subunit N proteins from related

Bunyavirusegesulted in complete protection against viral levaje (Schmaljohn et al., 1990, Maes et

al., 2008).

Recombinant subunit immunogens are easy to prodetzively cheap, completely safe and
production can be easily upscaled. Their disadgmstaof weak immunogenicity and expression as
incorrectly folded proteins can be overcome by gisdjuvants (O'Hagan et al., 2001, Lautze et al.,
2007) and optimizing expression conditions respebti A bacterially expressed recombinant RVFV
nucleocapsid protein (recNP) was recently produicedcompletely soluble form, and thus assumed to
be correctly folded (Jansen van Vuren et al., 200Re fact that it recognizes RVFV specific
antibodies from naturally or experimentally infattdividuals with very high efficiency is further
proof that conformational epitopes are presentetectly (Jansen van Vuren et al., 2007, Paweska et
al., 2007, Evans et al., 2008).

1.8 Study objectives

This study had two major objective. The first ol was to evaluate the recNP as an
immunodiagnostic reagent. From the literature d@amee apparent that most serological techniques for
RVF diagnosis are based on reagents that are awxpesmsd time consuming to produce, and pose
safety risks to laboratory personnel. In orderddrass this it was decided to develop and validate
ELISAs, based on the recNP, for the detection oFR\specific antibodies and antigens in animals
and humans. To achieve this, laboratory animalg\wemunized to generate immune sera and clinical
specimens from RVF cases were tested to evaluagnastic accuracy of the assays. This study
undertook the first development of an ELISA basedaochorseradish-peroxidase conjugated RVFV
recombinant nucleocapsid protein, and extensivielatdn of recombinant nucleocapsid protein based
ELISAs for use in RVF serodiagnosis in humans aitdlife.

The second objective was to evaluate a bacteratlyressed RVFV nucleocapsid protein
(recNP) as an immunogen in two animal models arnedmgt to understand the mechanism of
protection against viral challenge. From the litera it became apparent that the role of the aRti-N
response in immunity against viral infection is mall understood. A preliminary study in mice by
another group showed that the RVFV recNP was ablenduce protection against lethal RVFV
challenge despite the absence of neutralizing adiéis. The same was shown for related viruses from
the Bunyaviridaefamily. It was decided to expand the investigatimnimmunogenicity in mice using
the soluble recNP and the protection it confersregjdethal challenge when used in combination with

different adjuvants that enhance immune respongesitying mechanisms. In an effort to understand




the mechanism of protection elicited by recNP imimation the expression levels of selected genes in
immunized versus naive mice after viral challengeexcompared. The recNP was also evaluated as an
immunogen in a host animal species, sheep. Thidysgithe first evaluation of a subunit RVFV
nucleocapsid protein as an immunogen in a RVF $psties.



CHAPTER TWO

RECOMBINANT NUCLEOCAPSID PROTEIN AS IMMUNODIAGNOSTI C
REAGENT — SEROLOGY

2.1 Detection of IgG antibody to Rift Valley fevewirus in wild ruminants

* Partially published as:
Paweska, J. T., van Vuren, P, Bemp, A., Buss, P., Bengis, R. G., Gakuya, Fgifan, R. F.,
Njenga, M. K. & Swanepoel, R. (2008). Recombinamtlaocapsid-based ELISA for detection

of 1gG antibody to Rift Valley fever virus in Afra; buffalo.Veterinary Microbiologyl127,
21-8.

Paweska, J.T., van Vuren, R.Kemp, A., Swanepoel, R., Buss, P., Bengis, R@akuya, F.,
Breimann, R.F. and Njenga, K. (2010). A recombinantleocapsid-based indirect ELISA for

serodiagnosis of Rift Valley fever in African wiltf. In Symposium Proceedings: Odongo,
N.E., Garcia, M. And Viljoen, G.J. (edSSustainable Improvement of Animal Production and
Health Vienna, Austria, 8 — 11 June 2009. Food and Adjice Organization of the United
Nations: FAO/IAEA, 309-12. ISBN 978-92-5-106697-3.

* Partially presented at an international confeeeas:

Paweska, J.T., van Vuren, PKemp, A., Swanepoel, R., Buss, P., Bengis, Rku@a, F., Breiman, R.,
& Njenga, M.K. (2009). Serodiagnosis of Rift Valldgver in African wildlife using a

recombinant nucleocapsid-based indirect ELISAO/IAEA International Symposium on

Sustainable Improvement of Animal Production andltdeVienna, Austria, 8 — 11 June 2009.

(Oral presentation)

2.1.1 Introduction

Antibodies against the virus have been found in ymaridlife species including African
buffalo, black rhino, lesser kudu, impala, Africatephant, Thompson’'s gazelle, gerenuk and
waterbuck (Anderson and Rowe, 1998, Fischer-Temhage al., 2000, Evans et al.,, 2008).
Experimental infection of African buffalo with RVF¥ésults in fever, malaise and abortion as a result
of transient viremia (Davies and Karstad, 1981k Tdile of wildlife in the epidemiology of RVF is ho
well understood but they are thought to maintagwinus together with mosquitoes in a sylvatic eycl
during inter-epizootic periods (Swanepoel and Geret2004, Evans et al., 2008). Because there is low

level transmission of the virus during inter-epittogeriods, and most infected animals are probably
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asymptomatic, this transmission goes undetectetowitthe aid of proper diagnostic techniques.
Properly validated assays that are safe, cheapeasyl to use could be very useful in gaining more
information about the prevalence of RVF in wildldearing inter-epizootic periods.

Various ELISAs have been developed and validateentty for the detection of antibodies in
domestic livestock and humans (Paweska et al.,£0P8weska et al., 2005a, Paweska et al., 2007),
and one for humans, domestic livestock and Afrizaffialo (Paweska et al., 2005b). At the time o$ thi
study no ELISA had been validated for the detectibranti-RVFV antibodies in wildlife, with the
exception of African buffalo. The ELISA availalfter detection in African buffalo is, however, based
on inactivated whole virus antigen which requiresoi be produced in biocontainment, making its
production expensive and unsafe (Paweska et &l50To address the needs highlighted above, an
ELISA was developed and validated for the deteabiblyG antibodies in wildlife.

2.1.2 Materials and methods
2.1.2.1 Serum controls and internal quality coniQIC)

Freeze-dried, gamma-irradiated serum controls fexmerimentally infected sheep produced
previously were used (Paweska et al., 2003a).

Internal quality control upper and lower contrahiis for the controls were established as
described previously (Paweska et al., 2003a) byntegach control 24 times on five plates on five
separate occasions (24 x 5 x 5 = 600 determinanks.upper control limit (UCL) for the controls
(high positive C++, low positive C+, negative Cdatonjugate control) was determined by calculating
the percentage positivity (PP) from the mean optieasity (OD) value from the 600 replicates, plus
two standard deviations (+ 2 S.D.). PP values wateulated as follows: PP = (net OD serum / net
mean OD C++) x 100. The lower control limit (LCL)a® determined similarly by calculating the
mean values minus 2 standard deviations (- 2 SOujng routine runs of the assay, four replicaies
each control (high positive C++, low positive C+egative C- and conjugate control CC) were
included on each plate. The means and standardtams of OD values and PP values were calculated
from the replicates on 40 routine runs of the assay a period of three months (4 replicates xufGr
= 160 determinants) to assess intra- and interplat@&tion. The coefficient of variation (CV =
standard deviation of replicates / mean of reptisat 100) was determined for positive control sera.

Assay repeatability was determined from these tesul

2.1.2.2 Serum specimens
A total of 1900 individual wildlife sera collecteith 1978-2008 in Kenya, South Africa and

Zimbabwe were used. Sera which tested negativlarvirus neutralization test were regarded as a
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reference panel from non-infected animals, and sériah tested positive as a reference panel from
animals infected with RVFV (Table 2.1.1).

Table 2.1.1. Number of field-collected wildliferagested in the virus neutralization test.

Species Total Tested  VNT- VNT+"
African buffalo 1023 946 77
Black rhinoceros 43 29 14
Common zebra 24 24 0
Elephant 73 69 4
Giraffe 81 81 0
Grevy zebra 78 77 1
Warthog 49 a7 2
Eland 66 63 3
Gerenuk 6 1 5
Hartebeest 10 10 0
Impala 324 315 9
Kudu 73 66 7
Waterbuck 42 40 2
Thomson gazelle 8 1 7
Grand Total 1900 1769 131

% Number of sera tested negative in virus neutridingest

® Number of sera tested positive in virus neutraiizatest

2.1.2.3 Virus neutralization test

Duplicates of serial two-fold dilutions of sera ati@ated at 56°C for 30 min were tested as
previously described (Paweska et al., 2003a). 9itwvere expressed as the reciprocal of the serum
dilution that inhibited 75 % of viral cytopathic effect. A serum sampleswansidered positive when

it had a titre of logy 1.0, equivalent to a serum dilutiont:10.

2.1.2.4 ELISA antigen production and recNP I-ELIScedure

Production of the recNP and the assay procedurecarai®ed out as described previously with
minor modifications (Jansen van Vuren et al., 200faxisorb immunoplates (Nunc, Denmark) were
coated with stock antigen, diluted 1:2000 in cadienbicarbonate buffer pH 9.6 and incubated
overnight at 4°C. After washing three times withwashing buffer consisting of phosphate-buffered
saline (PBS) pH 7.2 and 0.1% Tween 20, the plate® wlocked with 200 pl of 10% fat-free milk
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powder in PBS and incubated in a moist chambet forat 37°C and then washed as described before.
Control and test sera were diluted 1:400 in PBSatnimg 2% milk powder (diluting buffer) and 100

pl of diluted sera was added to the plates. Easthserum was assayed in duplicate and each internal
control was tested in quadruplicate. After incutratin a moist chamber for 1 h at 37°C, plates were
washed three times with the washing buffer and uO®f a 1:5000 dilution of the horseradish
peroxidase (HRPO) conjugated Protein G (Zymed Latiooies, Inc.) was added. Plates were incubated
for 1 h at 37°C, washed three times, and 100 |2,8%azino di-ethyl-benzothiazoline-sulfonic acid
substrate was added to each well. Plates wereiticebated in the dark at room temperature for 30
minutes. The reactions were stopped by the add@fat00 pl of 1% sodium dodecyl sulphate (SDS)
and OD values were determined at 405 nm. The eesudte expressed as PP values. PP values were
calculated as follows: PP = (net OD serum / netmi@@ C++) x 100.

2.1.2.5 Selection of cut-off values and determoratf ELISA diagnostic accuracy

Cut-off values at 95 % accuracy level were optimiissing the misclassification cost term
option of the two-graph receiver operating chamdsties (TG-ROC) analysis (Greiner, 1996).
Optimization of cut-off values was based on théofeing equation: misclassification cost term = (1 -
p) (1 - Sp) +rp (1 - Se), wherg (prevalence) = 0.5 and(costs of false-positive and false-negative
results) = 1.0. In addition, cut-off values werdedmined by mean plus 2S.D.s. and by mean plus
3S.D.s derived from PP values in uninfected animals

Estimates of diagnostic sensitivity and specifi@tyd other measures of combined diagnostic
accuracy were calculated as previously describedvéBka et al., 2003a). Sensitivith Se) =
[Tp/(Tp + FN] x 100; specificity(D Sp) = [Tn/(Tn+Fp]*x100; Youden's indexXJ) = [SnHSp 1)];
efficiency (Ef) = [PSe + Sp1  P)]; positive predictive valu¢PPV) = Psé[Pse +(1 P)(1 Sp)] x
100; negative predictive valulNPV) = [(1  P)SpJ[(1 P)Sp +P(1 Se)] x 100; apparent
prevalencdAP) = [(Tp + FP/N] x 100; and true prevalen€¢&€P) = [AP + (Sp 1)]/[Sn+HSp 1)] x100,
where Tp is the true-positive sera, Fn the falggatiee sera, Tn the true-negative sera, Fp the-fals

positive seraP the prevalence, and the number of sera tested.

2.1.2.6 Antibody dose response curves

Antibody dose response curves were generated bggescreasing dilutions of wildlife sera
known to be positive or negative for anti-RVFV anilies, based on VNT results, using the recNP
based IgG indirect ELISA (I-ELISA).




2.1.3 Results
2.1.3.1 Assay repeatability and internal qualitpteol (IQC)
The recNP IgG I-ELISA was able to differentiateaslg between the internal controls used

and generated minimal background. Variation betvaeehwithin runs were minimal (Figure 2.1.1).

2.1.3.2 Antibody dose response curves
Dose response curves using different dilutionseo &nown to be positive or negative in the

virus neutralisation test had the expected analytgiope and the recNP IgG I-ELISA clearly
differentiated between different levels of specifigc antibody against RVFV in African buffalo

(Figure 2.1.2) and other wildlife (Figure 2.1.3).
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Figure 2.1.1 Upper (—) and lower (- - -) internalality limits for PP values of high positive
(C++), low-positive (C+), negative serum (C-) andnjugate (Cc) controls in recNP-based
IgG I-ELISA and the results for these controls (m&&D) on 40 plates during routine runs of
the assay over a period of 3 months. Each platieidies four replicates of each of the internal

controls.
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Figure 2.1.2 Dose response curves of individualcafr buffalo sera in the recNP I-ELISA.
Sera were collected from 16 animals in RVF endeamg@s in Kenya and South Africa of
which 8 tested positive and 8 negative in virustradigation test. Positive sera (—) represent
different levels of virus neutralizing antibody gamg in titres from log,10"°( ) to log,10°*

( ). Mean + SD of 8 negative sera (- - -) with VNTe$ < log,,10".
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Figure 2.1.3 Dose response curves of wildlife sarthe recNP I-ELISA. Sera were collected
from individuals that tested positive )( or negative (- - -) in the virus neutralizatioast
(VNT): Black rhinoceros (), eland ( ), gerenuk (), kudu (), impala ( ), Thomson gazelle
(). VNT titres in positive sera ranging from lgb0™°( ) to log,e10** ().

2.1.3.3 Cut-off values and diagnostic accuracy
Threshold values for the recNP 1gG I-ELISA were idedl from data sets dichotomised

according to the results of the VN test (TableD.IThe effect of differently determined cut-offlves

on distinguishing between sera which tested negaiivpositive in this assay, and consequently on
estimates of sensitivity, specificity, and othetiraates of diagnostic accuracy is given in Table2.
and figure 2.1.5. Optimisation of cut-off valuesngsthe misclassification cost term option of th@-T
ROC analysis was based on the non-parametric progeaoption (Greiner, 1996) due to departure
from a normal distribution of data sets analysedhpBical presentation of the TG-ROC analysis for

African buffalo is shown in figure 2.1.4.
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Figure 2.1.4. Optimisation of the cut-off for thecNP I-ELISA in African buffalo using the
misclassification cost term (MCT) option of the tgraph receiver operating characteristic
analysis (TG-ROC). The two curves represent MCTliesbased on non-parametric (—) or
parametric (- - -) estimates of sensitivity and cfigity derived from data sets in field-
collected sera. Optimisation of the cut-off valuaswbased on the non-parametric (—)

program option due to departure from a normal dizgition of data sets analysed.

%#



Table 2.1.2. Diagnostic accuracy of Rift Valley éevecNP-based I-ELISA in African wildlife.

Species Cut-off D-S? D-Sg V¢ Ef PPV NPV
African buffalo 26.921 98.7 994 098 99.3 925 999

17.73 100 942 094 946 550 100

22.23 100 97.8 098 979 77.9 100
Black rhinoceros 33.6 100 100 1 100 100 100

27.5 100 91.3 091 937 815 100

35.5 100 100 1 100 100 100
Common zebra k. - - - - - -

13.9 - 100 - - - -

17.9 - 100 - - - -
Elephant 28 100 100 1 100 100 100

10.6 100 95,8 0.96 99.7 99.7 100

13.6 100 97.2 0.97 99.8 99.8 100
Giraffe - - - - - - -

11.7 - 100 - - - -

14.3 - 100 - - - -
Gravy zebra - - - - - - -

17.3 - 100 - - - -

225 - 100 - - - -
Warthog 27.7 100 100 1 100 100 100

13.5 100 959 0.96 96 49.7 100

17.5 100 979 098 98 66.4 100
Antelopeé 20.4 100 99.8 0.99 99.7 95.6 100

8.4 100 88.1 0.88 887 324 100

14.4 100 97.0 097 971 679 100

Animals were categorized according to the resulisras neutralization test (VNT)

& Cut-off value expressed as percentage positiAB) (of an internal high-positive serum control.
® Diagnostic sensitivity (%).

¢ Diagnostic specificity (%).

dYouden’s index.

®Efficiency (%).

"Positive predictive value (%).

9Negative predictive value (%).

" Cut-off value optimised by TG-ROC analysis.

' Cut-off value based on mean + 2 S.D. of ELISA RRies in VNT-negative population.
I Cut-off value based on mean + 3 S.D. of ELISA BRi®s in VNT-negative population.
¥ Not determined due to unavailability or very ligdtnumber of VNT-positive sera

'Eland, gerenuk, hartebeest, impala, kudu, Thomaaelkg, waterbuck
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Figure 2.1.5. Distribution of recNP IgG I-ELISA RRlues in African buffalo tested positive
(n = 77, gray area) and negative (n = 946, blacleay in the virus neutralisation test. Sera
ordered according to ELISA PP values. HorizontaleB indicate the ELISA cut-off values
determined by the TG-ROC analysis)( and as a mean plus three (- - -) and two ( )
standard deviations of the ELISA PP values obseirvéite VNT-negative population.

2.1.4 Discussion
The VN test is the golden standard test for seioctbgliagnosis of RVF because it can be used

for any species and is highly sensitive and spe(8ivanepoel et al., 1986a). It is, however, lahm]
expensive and requires the amplification of liveusiwhich poses a significant safety risk to labmna
personnel and thus restricts its use to high bitaéoment facilities. For these reasons it is nately
used which creates the need for alternative, sadsays. The ELISA offers a quick, safe and less
expensive alternative to the VNT. In particular tHELISA is one of the simplest immunoassays for
antibody detection but requires highly pure antigesparations for coating plates. A recNP based I-
ELISA was recently developed and so-far validatdtifie detection of RVF specific IgG antibodies
humans (Jansen van Vuren et al., 2007, PawesKa 2087). Because of the important role wildlife
seem to play in the inter-epizootic maintenancdk¥fV, there was a need for a safe, reliable and

properly validated assay for detection of IgG ifdlifie animals.
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In this study the recNP IgG I-ELISA had high estiesaof sensitivity and specificity for the
detection of antibodies in wildlife animals. Theginostic performance of the assay was consistently
lower when using traditional methods for cut-oftetenination (mean values of known negatives plus
2 or 3 standard deviations) when compared to theRO& method. It was necessary to determine
separate cut-off values for each species, or gupimilar animals (e.g. antelopes), to optimize
diagnostic accuracy for a targeted wildlife speckestablishing a single cut-off for all species \abou
make the assay less complex to interpret and usevbuld have a negative effect on diagnostic
performance which is more important. Apart fromagssensitivity and specificity, other statistical
parameters were also used to evaluate assay parfoenThe Youden’s index is another statistic that
aims to capture assay performance by includingithd@hs and specificity. Positive and negative
predictive values indicate the ability of the testaccurately identify true positives and negatiass
positives and negatives respectively. Although wlieic sensitivity and specificity is the most used
parameters in diagnostic assays, these othertist@tisalues can give further confidence in the
performance of the assay.

Based on the results from this study, the recNP IMEEISA has the potential to be a safe,
quick and cheap tool for the detection of IgG awdilbs in African wildlife species to aid in the

monitoring of inter-epizootic transmission of RVFV.
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2.2 Conjugation of the recombinant nucleocapsid prein with horseradish peroxidase for

detection of IgM antibody to Rift Valley fever virus in humans

2.2.1 Introduction

The symptoms of RVF in humans are not very speafid can therefore not be easily
diagnosed clinically which emphasizes a need fackqand accurate techniques for RVF diagnosis in
humans. Molecular techniques are sensitive anddrapt viremia in RVFV infected individuals is
transient and therefore they are only useful féiméted time and very shortly after infection when
testing blood samples. It is therefore recommertdatiserological tests for detection of specifivig
be done concurrently with antigen/RNA detectiorhtéques. RVFV-infected patients usually develop
anti-RVFV IgM antibodies within 6 days of exposumgaking IgM detection a useful tool for diagnosis
of recent infections (Paweska et al., 2005a).

To expand on the successful development and validatf an indirect IgG ELISA based on
the RVFV recNP (refer to chapter 2.4), this chapkescribes the development and evaluation of an
IgM detecting ELISA based on the recNP antigen wgatjed to the HRPO enzyme.

2.2.2 Materials and methods
2.2.2.1 Horseradish peroxidase conjugation of ¢c&lP

The recNP was produced as described before (seztloP.4) but additionally the protein was
concentrated and salts removed by using a VivaSpi0 kDa molecular weight cut-off (MWCO)
ultrafiltration spin column (Sartorius-Stedim Bioke Germany) as recommended by the manufacturer.
The recNP, at 0.8 mg/ml in PBS buffer, pH 7.2, wasjugated to the horseradish peroxidase enzyme
by using the LYNX Rapid HRP conjugation kit (ABD 8&ec, United Kingdom) as prescribed by the
manufacturer. Briefly, LYNX Modifier reagent wasadetl to the recNP at a ratio of 1:10 (v/v) and
gently mixed. The resulting mixture was added tiphilized HRPO at different ratios to determine the
optimal conjugation ratio [4:1, 2:1 and 1:1 (weigbtNP/weight HRPO)]. The mixture was incubated
at room temperature for 4 hours, and after incobatiYNX Quencher reagent was added at a ratio of
1:10 (v/v) of the original recNP volume, mixed astbred at 4°C until use. Once the optimal
recNP/HRPO ratio was determined, conjugation wpeated to produce bulk recNP-HRPO for further

testing.

2.2.2.2 Enzyme-linked immunosorbent assay (recNP-iR1 ELISA)
Maxisorb immunoplates (Nunc, Denmark) were coatéth wOOul goat anti-human IgM p-
chain (Zymed Laboratories, Inc.) diluted 1:500 ihopphate-buffered saline (PBS) pH 7.2 and
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incubated overnight at 4°C. After washing threeemvith a washing buffer consisting of phosphate-
buffered saline (PBS) pH 7.2 and 0.1% Tween 20pthtes were blocked with 200 pl of 10% fat-free
milk powder in PBS and incubated in a moist chaniberd h at 37°C and then washed as described
before. Control and test sera were diluted 1:40BB$ containing 2% milk powder (diluting buffer)
and 100 pl of diluted sera was added to the pl&ash test serum was assayed in duplicate and each
internal control was tested in quadruplicate. Afteubation in a moist chamber for 1 h at 37°Ctgda
were washed six times with the washing buffer a@@ ful of a 1:100 dilution of the recNP-HRPO
added to the plates. Plates were incubated foatld7°C, washed six times, and 100 ul of 2,2’-azino
di-ethyl-benzothiazoline-sulfonic acid substratesvealded to each well. Plates were then incubated in
the dark at room temperature for 30 minutes. Thetiens were stopped by the addition of 100 ul of
1% SDS and OD values were determined at 405 nm.va@lDes of test sera were converted into
percentages of the high-positive control serum\{@Be). PP values were calculated as follows: PP =
(OD serum / mean OD C++) x 100.

2.2.2.3 Serum controls

Internal serum controls were prepared as descpb®dously (Paweska et al., 2005a).

2.2.2.4 Human serum specimens

A total of 257 individual human sera collected iartga in 2007, and South Africa in 2008/09
were used. Sera which tested negative in the RWF @gpture ELISA (Paweska et al., 2005a) were
regarded as a reference panel from non-infectegiichahls (n = 219 humans), and sera which tested

positive as a reference panel from individuals mégenfected with RVFV (n = 38 humans).

2.2.2.5 Selection of cut-off values and determorabf diagnostic performance

Cut-off values of the recNP-HRP IgM ELISA was detgred as described before (section
2.1.2.5). The following criteria were used to ewtuthe diagnostic performance: sensitivity (D-8n)
[Tp/(Tp + FN] x 100; specificity(D-Sp) = [Tn/(Tn+FpP]x100; Youden's indexXY) = [SnHSp 1)];
efficiency (Ef) = (D-Sn+D-Sp)/2; positive predictiwalue (PPV) = TP/(TP + FP); negative predictive
value (NPV) = TN/(FN + TN) where TP is true positsy FP is false positives, FN is false negatives

and TN is true negatives.

2.2.3 Results
2.2.3.1 Optimal conjugation ratio and recNP-HRRtibih for ELISA
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The optimal ratio at which to conjugate recNP wifie peroxidase enzyme was determined to
be 1:1 (weight recNP / weight HRP) (Figure 2.2Dijution of the recNP-HRP at 1:100 yielded the

best discrimination between high positive, low ggsiand negative control sera (Figure 2.2.2).

0.9
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0.3

ELISA OD value (405 nm)

0.2 +

0.1 +

1:100 1:200 1:400 1:800 1:1600 1:3200 1:6400 1:12800

recNP-HRP dilution

Figure 2.2.1. Titration curves of three differeetNP-HRP preparations with RVF IgM strong
positive human serum. The recNP/HRP ratios durimgjugation (w/w) were as follows: ratio
4:1 ( ); ratio 2.1 (-- --);andratio 1:1 ().
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Figure 2.2.2. Titration curves of recNP-HRP withrgé different human IgM controls: C++

strong positive control ( ); C+ low positive control ( ); and negative control (--x--).

2.2.3.2 Cut-off values and diagnostic accuracy

Threshold values for the recNP IgG I-ELISA were idedl from data sets dichotomised
according to the results of the IgM capture ELIS?a\feska et al., 2005a). The effect of differently
determined cut-off values on distinguishing betweena which tested negative or positive in this
assay, and consequently on estimates of sensitisfigcificity, and other estimates of diagnostic
accuracy is given in table 2.2.1. Optimisation of-off values using the misclassification cost term
option of the TG-ROC analysis was based on thepawametric programme option (Greiner, 1996)
due to departure from a normal distribution of dsg#s analysed. Graphical presentation of the TG-

ROC analysis is shown in figure 2.2.3.
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Table 2.2.1. Diagnostic accuracy of Rift Valley éevecNP-HRPO IgM ELISA in positive (n = 38)
and negative (n = 219) human specimens as catagdoaizcording to the results of the IgM capture
ELISA.

Cut-offt D-S D-SF Y Ef PPV NPW

27.06_1 81.58 9590 0.77 88.73 80.85 96.90
29.40 78.95 97.72 0.77 88.33 88.37 96.48
36.10 71.05 98.17 0.69 84.61 90.48 95.22

& Cut-off value expressed as a percentage posi(iPi®) of an internal high-positive serum control.
® Diagnostic sensitivity (%).

°Diagnostic specificity (%).

4Youden’s index.

Efficiency (%).

"Positive predictive value (%).

INegative predictive value (%).

" Cut-off value optimised by TG-ROC analysis.

' Cut-off value based on mean + 2 S.D. of ELISA BRies in negative population.

I Cut-off value based on mean + 3 S.D. of ELISA BRies in negative population.
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Figure 2.2.3. Optimisation of the cut-off for thecNP-HRPO IgM ELISA in humans using the
misclassification cost term (MCT) option of the {graph receiver operating characteristic analysis
(TG-ROC). The two curves represent MCT values baseglon-parametric (—) or parametric (- - -)
estimates of sensitivity and specificity derivemhfrdata sets in field-collected sera. Optimisatibthe
cut-off value was based on the non-parametric (+ejyram option due to departure from a normal

distribution of data sets analysed.

2.2.4 Discussion

A capture ELISA format was developed recently far tonfirmation of a recent infection with
RVFV in humans by detection of IgM. This capturel&A was validated against the golden standard
method, virus neutralization, and displayed higigdostic sensitivity and specificity (Paweska et al
2005a). It is, however, based on whole virus antigghich needs to be prepared in high
biocontainment laboratory. An indirect ELISA basad a completely safe recombinant antigen of
RVFV, the nucleocapsid protein, was validated rédgdor the detection of IgG in humans (Paweska
et al., 2007). Although the indirect ELISA formatjth recNP coated on the plate, was initiall
evaluation for the detection of IgM in human sdtayielded a high false-positivity rate, probably
because of interfering rheumatoid factor (resultd shown). This study describes attempts to
conjugate the recNP with the HRPO enzyme and thHesesjuent development and preliminary
validation of a RVFV recNP-HRPO IgM ELISA. In thisrmat IgM is first captured from the sera to
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minimize rheumatoid factor interference, after whidRPO conjugated recNP antigen is added as a
detection system.

The best specificity of the assay was achieved wisamg the mean plus 3 standard deviations
method, but this was at the cost of lower sengjtivihe method yielding the most sensitive cut-off
was the misclassification cost term option (MCT)tloé two-graph receiver operating characteristic
analysis (TG-ROC) method but this was at the cdsspecificity. Although this assay has some
promise as a diagnostic assay based on its higtifisfig, it still requires further optimization to
improve the sensitivity. The assay can be furthmaroved by further improving the conjugation of the
RVFV recNP to HRPO to obtain a more concentratemtyet, or using monoclonal antibodies to

capture human IgM from specimens.



2.3 Comparative evaluation of ELISA-based technique for detection of antibodies against
RVFV*

* Partially published as:

Van Vuren, P. J& Paweska, J. T. (2010). Comparison of enzymeelthknmunosorbent assay-based

techniques for the detection of antibody to Riftligha fever virus in thermochemically

inactivated sheep sefiector-Borne and Zoonotic DiseasH$; 697-9.0

* Presented at international conferences as:

Jansen van Vuren, FRaweska, J.T. (2009). A comparative evaluatiokldSA-based techniques for
serodiagnosis of Rift Valley feveAnnual meeting of the ARBO-ZOONET netw&itk,Raphael,
France, 30 September 2009. (Oral presentation).

Jansen van Vuren, ARaweska, J.T. (2009). Comparison of ELISA-baselrtiques for serodiagnosis

of Rift Valley fever.5" European Meeting on Viral Zoonosest. Raphael, France, 26 — 29
September 2009. (Poster presentation).

2.3.1 Introduction

In recent years numerous new RVF diagnostic tecimsidiave been developed and validated,
including molecular assays (Le Roux et al., 200&) RNA detection and ELISAs for antibody
detection (Paweska et al., 2003a, Paweska etd@5a?2 Paweska et al., 2005b, Jansen van Vuren et al
2007, Paweska et al., 2007). The abovementione8Ad ivere all developed and validated separately
and direct comparison was never undertaken. Thgndsiic performance various ELISASs, as taken
from the published literature, is summarized inldah3.1 (ELISAs for human diagnosis) and table
2.3.2 (ELISAs for livestock diagnosis). These ELES#&e based on gamma-irradiated reagents and/or
recombinant antigens and are thus regarded sag&mple thermo-chemical inactivation method for
RVFV was developed (section 3.2.3) which would emthese tests completely safe to conduct
outside biocontainment facilities. The effect oé timactivation on detectable antibodies, howeer, i
not known.

This sub-chapter describes the direct comparisofowf livestock ELISAs for anti-RVFV
antibody detection using a well characterized paretera collected from experimentally infected
sheep, as well as an evaluation of the effecttbéamo-chemical RVFV inactivation step on deteaabl

antibodies.




2.3.2 Materials and methods
2.3.2.1 Enzyme-linked immunosorbent assays

The following ELISAs were directly compared usingrial bleeds from experimentally
infected sheep: IgG-sandwich ELISA (Paweska et26lQ3a), IgM-capture ELISA (Paweska et al.,
2003a), inhibition ELISA (Paweska et al., 2005byl &m indirect ELISA based on the recombinant
RVFV N protein (Jansen van Vuren et al., 2007)aa@kse section 2.2 of this thesis).

2.3.2.2 Experimental sheep sera
Serial sera were obtained from three sheep expetaihye infected with wild type RVF virus

as described previously (Le Roux et al., 2009).

2.3.2.3 Thermo-chemical inactivation of sera

Sheep sera were inactivated as described in chagfsction 3.2.3). Briefly, an equal volume of 1%
Tween20 in PBS was added to each serum and inclb&t86°C for 1 hour. Inactivated sera were
tested for complete inactivation on 24 - 48h oldd/eell monolayers and in 2-3 day old suckling
mice. Cells were monitored for cytopathic effecP& until 14 days after inoculation and mice until

10 days p.i.



Table 2.3.1 Antibody detection ELISAs for RVF diagmsis in humans

ELISA set-up Indirect ELISA Sandwich ELISA Capture ELISA Inhibition ELISA
Diagram? Species specific, Anti-
IgG HRPO conjugated
Species specific, Anti-lgG antibody (unbound)
HRPO conjugated
antibody Hyperimmune anti-
Species specific, RVFV serum
Anti-lgG HRPO Hyperimmune anti-RVFV (out-competed)
conjugated antibody Species specific, Anti-lgG serum
HRPO conjugated antibody 1gG/IgM antibody in
IgG antibody in Crude RVFV antigen specimen
specimen 1gG antibody in specimen
IgM antibody in specimen| Crude RVFV antigen
Pure RVFV antigen Crude RVFV antigen
bound to plate Anti-IlgM capturing Hyperimmune anti-
surface Hyperimmune anti-RVFV serun antibody RVFV capturing serum
Antigen Bacterially expressed Sucrose acetone extracted whgleSucrose acetone extracted RVF infected Vero cell
recombinant virus from mouse liver whole virus from mouse | supernatant
nucleocapsid liver
Antibody [e]€] 19G IgM Total Antibody
detected
Number of n = 2969 n = 2400 n =1396 n = 1367
specimens
Cross-reactivity Yes No No No
evaluated
TG-ROC cut-off° 28.98 PP 13.21 PP 7.1 PP 38.6 PI
Sensitivit)?' 99.72 % 100.0 % 96.47 % 99.47 %
Specificity 99.62 % 99.95 % 99.44 % 99.66 %
Positive predictive 97.14 % 99.50 % 96.55 % 97.97 %
valud
Negative 99.66 % 100.0 % 99.54 % 99.91 %

predictive valu&

# Indicates the complete immunocomplex formed or2hkSA plate in the case of a positive reaction
®Mouse anti-serum against: Saint-Flofh(ebovirug, Gordil (Phlebovirug, Arumowot Phlebovirug, Gabek
Forest Phleboviru3, Nairobi sheep diseasNdirovirus), Hazara Nairovirus), Crimean-Congo hemorrhagic
fever (Nairovirus), Akabane Qrthobunyaviruy, Bunyamwera@rthobunyaviruy Shuni Qrthobunyaviruyand

Bhanja viruses (unassigned, Bunyaviridae family).

¢ Cut-off value at 95% accuracy level optimized gdine misclassification cost term option (Greiri€96) of

the two-graph receiver operating characteristiedyais (Greiner, 1995; Greiner, Sohr and Gdbel 5199

4Se = [Tp/(Tp + Fn)] x 100 where Tp is true pogitiand Fn is false negatives.
®Sp = [Tn/(Tn + Fp)] x 100 where Tn is true negasiand Fp is false positives.
"PPV = [(P)(Se)]/[(P)(Se)] + [(1 — P)(1 — Sp)] xQL@here P is the prevalence

YNPV =[(1 - P)(Sp)I/I(1 - P)(Sp)] + [(P)(1 — S&)]LOO

" Percentage positivity

' Percentage inhibition




Table 2.3.2 Antibody detection ELISAs for RVF diagmsis in livestock

Species Ovine Caprine Bovine Camel
ELISA set-up | Sandwich | Capture | Inhibitio | Sandwich | Capture Inhibition Sandwich | Capture Inhibition Inhibition
ELISA ELISA | nELISA ELISA ELISA ELISA ELISA ELISA ELISA ELISA
Antigen Sucrose Sucrose | RVF Sucrose Sucrose | RVF Vero Sucrose Sucrose | RVF Vero RVF Vero
acetone acetone | Vero cell | acetone acetone | cell acetone acetone | cell cell
whole whole supernata] whole whole supernatant | whole whole supernatant | supernatant
virus virus nt virus virus virus virus
Antibod Total Total Total Total
detected 19G IGM | Antibody | '9C IgM 1 Antibody 19G IgM | Antibody | Antibody
Number of n=1321 | n=1321| n=493 n=1459 n=1459 n=80p  99F | n=997| n=694 n =156
specimens
TG-ROC L
cut-off 13.2 PP 7.9 PP 38.4 PI 18.8 PP 9.5 PI 41.4 PI B4 | 143 PP 41.9 PI 36.1 PI
Sensitivity 99.05 % 100.0% 100.0 % 100.0 % 97.40 % 99.56 % 96.34 % 99.20 % 100.0 % 100.0 ¢
Specificity 99.10 % 99.409%  99.29 % 99.90 % - 9965 99.67 % - 99.52 % 100.0 %
Positive
predictive 91.19 % - 95.78 % 99.69 % - 99.15 % 96.61 % - 95635 | 100.0 %
value
Negative
predictive 99.90 % - 100.0 % 100.0 % - 99.81 % 99.66 % - 100.0| 100.0%
value

%

(=)



2.3.3 Results

The immune responses in sheep after experimentattion with wild-type RVFV were
monitored using the IgG sandwich, indirect 1gG, Igfpture and an inhibition ELISA. There was no
significant difference in detection of antibodiestween untreated versus inactivated serum using any
of the ELISAs but these assays differed in theifitgbto detect the early humoral responses to
infection with RVFV (Figure 2.3.1). The IgM-captugtISA was able to detect seroconversion on day
4 post-infection (p.i.) compared to day 5 p.i. witle 1gG-sandwich ELISA. The inhibition ELISA
yielded false-positive results on day 2 and 3gsia result of the capturing of viral antigen ighty
viremic sera on days 2 and 3 p.i. (circle in figarg.1). The recombinant N protein-based IgG ELISA,
using Protein G HRPO, was less sensitive in detgaeroconversion (day 9 p.i.) as compared to the
IgG-sandwich ELISA (day 5 p.i.). This problem wdkdated when replacing Protein G with anti-
sheep IgG HRPO (Figure 2.3.1).
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Figure 2.3.1. Comparison of mean immune responsethriee experimentally infected sheep as
measured by testing naive (solid lines) versusntbechemically inactivated (dotted lines) sera by
IgM- capture ELISA (), inhibition ELISA (x), indirect ELISA Protein GRFPO ( ), indirect ELISA
anti-sheep IgG HRPO {, and 1gG- sandwich ELISA ).




2.3.4 Discussion

The thermo-chemical inactivation step had no adveffect on the detection of antibody in
any of the ELISAs tested and renders RVFV compleitehctive, as evidenced by safety testing in
suckling mice and tissue culture. This makes itacfical method for use in the field or in laborate
with limited biocontainment facilities.

The most sensitive assay for detection of antimderly after infection was the IgM capture
ELISA. This was expected since the early humorapoese to infection is IgM. The IgM capture
ELISA would therefore be the most suitable testdiagnosis of recent RVFV infections.

There was a slight decrease in sensitivity of theNP based indirect ELISA when the
pseudoimmunogen Protein G was used as an HRPOgatejin the assay instead of the species
specific conjugate. It is possible that the ead¢ lantibody has lower afinity for Protein G. Using
Protein G, which is not species specific, instefad species specific HRPO conjugate, however, ffer
the opportunity to use the same assay format faactlen of antibodies in various species. In additi
the likelyhood of testing a large number of sampieg were collected so early after infection i&.lo
The recNP based indirect ELISA would therefore bitable for serological surveys, testing of
Immune status after vaccination and import/expestihg. An additional advantage of the recNP based
I-ELISA is that it can be used for the differentat of naturally infected and vaccinated animals
(DIVA) when vaccines are based on the other stratforoteins of RVFV (McElroy et al., 2009, de
Boer et al., 2010).

The RVFV inhibition ELISA, which detects total admbdies IgG/IgM, was recently evaluated
by a European group and found to be highly semstivd specific for testing European ruminant sera
(Cetre-Sossah et al., 2009). It was surprising,dven, to note false-positive results with the irtion
ELISA when testing sera collected early after itifect of sheep. Upon closer inspection of the assay
format, it was concluded that the ELISA set upwaiidor capture any RVFV antigens present in the
experimental sera during viremia and thus it wittlg false-positive results before seroconvertion.
This intrinsic characteristic of the test has arpact on how the results should be interpreted,
especially if it is used during RVF outbreaks wheiremic individuals are likely to be encounteréd.
also stresses the importance of understanding dlses lof each assay for correct interpretation of
results. However, taking into account the shortewila during RVFV infection the practical
conseqguence of this seems to be neglible.

This is the first direct comparison of validated IERA techniques for RVF serological
diagnosis which highlights the difference in ch&ggstics and design of each assay and their impact

on the interpretation of results.




2.4 Detection of 1gG antibody to Rift Valley feverirus in humans*

* Published as:

Paweska, J. T., Jansen van Vuren,ddd Swanepoel, R. (2007). Validation of an inctirELISA
based on a recombinant nucleocapsid protein of Ridtey fever virus for the detection of 1gG
antibody in humanslournal of Virological Method$46(1-2), 119-24.

2.4.1 Introduction

An IgG-sandwich ELISA was recently developed ankithedéed using extended panels of well-
characterized human sera (Paweska et al., 2006&).ELISA is based on sucrose acetone extracted
RVF whole virus and hyperimmune sera that were gded against live RVFV. Although these
reagents are gamma-irradiated for safety beforeyaysthey still need to be prepared in high
biocontainment facilities before inactivation. Thse of a recombinant antigen circumvents some of
the issues that hamper the safe production of inomaagents for serological diagnostic assays. The
indirect ELISA is also a less time consuming amdpdé assay when compared to the sandwich format,

which makes it more user-friendly and cost-effextiv

2.4.2 Materials and methods
2.4.2.1 ELISA serum controls and internal qualiwytrol

Freeze-dried, gamma-irradiated serum controls wameduced as described previously
(Paweska et al., 2005a). To assess inter- and-pidta variation the means and standard deviations
(S.D.) of the ELISA optical density and percentamsitivity values (PP) were determined from
replicates of the internal controls included in tegdate and run of the assay during validation.
Coefficient of variation values (CV%) were alsoeatatined for the positive serum controls [CV% =
(S.D. of replicates / means of replicates) x 1@3fimates of the assay repeatability and the uaper
lower control limits for each internal control wedetermined from the resultant data. During routine
runs of the assay each plate had four replicatbgbfpositive (C++), low positive (C+), negative-|

and the conjugate control (Cc).

2.4.2.2 Human serum panels

A total of 2967 sera collected in Kenya (n = 9&)uth Africa (n = 1255), Tanzania (n = 360),
Uganda (n = 210) and Zimbabwe (n = 160) were u3é@. South African and Zimbabwean sera
represented post RVF outbreak specimens colleatedhé late 1970s and routine diagnostic
submissions to the Special Pathogens Unit of thdohi Institute for Communicable Diseases

(National Health Laboratory Services) for the peri®99 to 2005. East African sera were taken to




monitor the 1997-98 outbreak of RVF in the regid/opds et al., 2002). Sera which tested negative in
the virus neutralization test were regarded adexarce panel from non-infected individuals, wherea
sera which tested positive as a reference panei fieeviously infected individuals. Cut-off value
calculation and diagnostic accuracy determinati@nendone using the 1gG I-ELISA results obtained

from these field collected sera.

2.4.2.3 Mouse ascetic fluids for cross-reactivisting

Hyperimmune mouse ascetic fluids generated agaitistses representing the genus
Phlebovirus Nairovirus Orthobunyavirusand Bhanja virus of the familBunyaviridaeas described
before (Burt et al., 1993) were obtained from teeum bank of the Arbovirus section of the SPU-
NICD/NHLS.

2.4.2.4 Virus neutralization test

The virus neutralization test was done as describedously (section 2.1.2.3)

2.4.2.5 Antigen production and IgG I-ELISA proceelur

Antigen was produced and the I-ELISA procedure dasedescribed previously (section
2.1.2.4), except that HRPO conjugated to goat famtan 1gG (H+L chain) was used for human
specimens and HRPO conjugated to recombinant Rr@giZymed Laboratories, Inc.) was used for

mouse ascitic fluid.

2.4.2.6 Selection of cut-off values and determorabf ELISA diagnostic accuracy
Cut-off values were determined as described prelyogsection 2.1.2.5). Parameters of

diagnostic accuracy were determined as descritmdaqusly (section 2.1.2.5).

2.4.3 Results
2.4.3.1 Internal quality control and repeatability

The upper and lower internal quality control limitsd estimates of repeatability of the assay
are summarized in Table 2.4.1. There was no exeessiriation within and between routine runs of
the assay, and the internal controls were congtamithin upper and lower control limits during

routine runs of the assay (Figure 2.4.1).



2.4.3.2 Cross-reaction with hyperimmune mouse iadtiid

The I-ELISA optical density (OD) value of the mousgs positive RVFV ascitic fluid was
1.52 while that of normal mouse ascitic fluid ariee tconjugate control was 0.072 and 0.068
respectively. The OD readings of hyperimmune aséids from mice experimentally infected with
different viruses from the genuwhlebovirus Nairovirus, Orthobunyavirusand Bhanja virus of the
family Bunyaviridaewere within the OD values for negative controlsg(ife 2.4.2). These results
demonstrate highly specific binding affinity of nsmulgG antibody against RVFV and the recNP of
the virus and lack of cross-reaction between tldlireand IgG antibody against other Bunyaviruses
assayed.

Table 2.4.1. Internal quality control data and egpbility estimates for Rift Valley fever 1gG I-EEA
based on recombinant nucleocapsid antigen

IQC parameters

IQC? limits ucL’ LCL®
OD C++ 1.7 0.81
PP C++ 117 82
PP C+ 39 24
PP C- 9.8 5.4
PP Cc 7.2 3

Repeatabilit§

Intra-plate variation

C++ 5.98 + 2.4 S.D. (2.72-9.83)

C+ 6.19 + 3.25 S.D. (2.73-13.65)
Inter-plate variation

C++ 6.01 + 1.54 S.D. (3.35-7.7)

C+ 6.19 + 2.33 S.D. (3.98-11.03)

% Internal quality control (IQC) data were calcuthfeom the mean + 2 S.D. of 420 replicates of each
control over seven runs including five plates.

® Upper control limit

¢ Lower control limit

 Percentage positivity

¢ Repeatability estimates for high positive (C++)l é&ow positive (C+) serum controls were calculated
as the %CV.

"Range of %CV values




2.4.3.3 Cut-off values and diagnostic accuracy
Cut-off values were optimized using the TG-ROC asctibed before (section 2.1.3.3). At a

cut-off value of 28.98 PP the overall misclasstiima costs were minimal under assumption of 50%
disease prevalence and equal costs of false-posdivd false-negative test results. Graphical
presentation of the effect of three differentlyateatined threshold values on distinguishing between
positive or negative sera is shown in Figure 2.At3 cut-off optimized by TG-ROC at 95% accuracy
level, the diagnostic sensitivity of the I-ELISA sv89.72% and diagnostic specificity 99.62% while
estimates for the J and Ef were 0.993 and 99.62¢eively. When cut-off values were determined
by traditional statistical approaches, the diagoastnsitivity was 100% but estimates of J, Ef, PPV
and NPV values were lower compared to those bas¢deoTG-ROC cut-off (Table 2.4.2).
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Figure 2.4.1. Upper ( ) and lower (----) intetnguality control limits for PP values of high-
positive (), low positive ( ), negative () serum controls and conjugate contro) @nd means = S.D.
for these controls during 27 routine runs of theas over a period of 12 weeks. Two or three plates

were used during each run with four replicatesadtecontrol on each plate.
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Figure 2.4.2. Cross-reactivity of recombinant nudapsid protein of RVFV in I-ELISA with mouse
IgG antibody against selected viruses of the fanBlynyaviridae. (a) Mouse IgG anti RVFV
(Phlebovirus), (b) normal mouse ascitic fluid am) ¢onjugate control. Mouse IgG anti: (d) Saint-
Floris (Phlebovirus), (e) Gordil (Phlebovirus), (Arumowot (Phlebovirus), (g) Gabek Forest
(Phlebovirus), (h) Nairobi sheep disease (Nairos)ru(i) Hazara (Nairovirus), (j) Crimean-Congo
hemorrhagic fever (Nairovirus), (k) Akabane (Ortbalgavirus), (I) Bunyamwera (Orthobunyavirus),
(m) Shuni (Orthobunyavirus) and Bhanja viruses (@sgigned to a recognized genera of the family

Bunyaviridae).



Table 2.4.2. Diagnostic accuracy of Rift ValleyéevgG I-ELISA based on recombinant nucleocapsid

antigen

Measuré

Cut-off 28.98 PP

Cut-off 17.18 PP Cut-off 21.38 PP

Sensitivity (%) VNT+=350
Specificity (%) VNT-=261%
Youden'’s index

Efficiency (%)

Positive predictive value (%)

Negative predictive value (%)

99.72
99.62
0.993
99.62
97.14
99.66

100 100
95.3 97.54
0.953 0.975
95.84 97.82
73.23 84.12
100 100

Individuals were categorized according to the ltesaf the virus neutralization test (VNT).

® Cut-off value optimized by the misclassificatiomst term option of the two-graph receiver operating

characteristics analysis at 95% accuracy level.

¢ Cut-off value determined by mean plus two standkdations derived from PP values in uninfectefdremce

population.

4 Cut-off value determined by mean plus three stehdaviations derived from PP values in uninfecefdrence

population.

¢ Number of sera tested positive in the VN test.

" Number of sera tested negative in the VN test.
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Figure 2.4.3. The effect of different ELISA cuta@ffues on the discrimination between human sera
tested negative or positive in the VN test fortaodies against RVFV. Distribution of IgG I-ELISA PP
values in human sera tested positive (n = 35p,0r negative (n = 2617, ) in the VN test. Sera
ordered according to ELISA PP values. Horizontakh: () cut-off value of 28.98 PP determined by
TG-ROC analysis, (---) cut-off value of 21.37 PRedmined by mean plus 3 S.D., and) (cut-off

value of 17.18 PP determined by mean plus 2 S.BLISA PP values observed in negative sera.

2.4.4 Discussion

The indirect ELISA is one of the simplest immunaassechniques for the detection of
antibodies, but its routine application is impedgdhon-specific signals arising from the use ofderu
or semi-purified antigens (Gravell et al., 1977a#ter and Shope, 1979). RVFV does replicate to high
titres in cell cultures but production of purifiethd concentrated virus stocks by classical virakalgi
methods is expensive, time consuming and requigksbiiocontainment. The results from this chapter
confirm earlier findings (Jansen van Vuren et 2007) that the recNP of RVFV binds readily to
ELISA plates, generates minimal background and catffely differentiates sera with varying
concentrations of IgG antibodies to the virus imlans. The I-ELISA presented here achieved high

repeatability estimates within statistically praeatenined 1QC limits.




In this study the virus neutralization test wasduse classify individuals according to their
RVF infection status. Infection with RVFV induceag&llong virus neutralizing antibody in humans
(Findlay and Howard, 1951), and only one serotypd&dFV is known (Swanepoel and Coetzer,
2004). The NP is one of the most immunodominardl\proteins and appears to be highly conserved
among members of tHeunyaviridaefamily (Swanepoel et al., 1986b, Vapalahti et 895, Schwarz
et al., 1996, Magurano and Nicoletti, 1999, Gadliat al., 2006). The serological cross-reactivity
results from this study indicates that infectiorthmelated African Phleboviruses and other viruses
from the Bunyaviridaefamily should not hamper serodiagnosis of RVF Hase the recNP, which
corresponds with previous reports on cross-reatt@ween known AfricaPhlebovirusegSwanepoel
et al., 1986b).

The antigenic specificities of antibodies measurgdELISA and the virus neutralization test
differ (Swanepoel et al., 1986b), therefore it xpected that the ELISA based on inactivated whole
virus will be more sensitive than the virus nelitiaion test which detects only antibodies agatinst
RVFV glycoproteins. This may explain the slightigwler specificity of the I-ELISA in this study
compared to virus neutralization test in the stpdgulation. The recNP I-ELISA has been shown to be
more sensitive than the virus neutralization testetecting early immune responses in experimgntall
infected sheep (Jansen van Vuren et al., 2007).

The recNP I|-ELISA had a higher estimate of diagiosensitivity when cut-offs were
determined by traditional statistical methods (mea@S.D. and 3S.D.), but lower specificity and
combined measurements of assay performance chasacge when compared to the cut-off
determined by TG-ROC analysis. In conclusion, g ISA based on the recNP is highly accurate
and robust for the detection of specific IgG antipp@against RVFV in human sera and can be used in

the diagnosis of infection and sero-epidemiologstaties.

%



CHAPTER THREE

EVALUATION OF ANTI-RECOMBINANT NUCLEOCAPSID PROTEIN  RABBIT
AND SHEEP POLYCLONAL SERA AS IMMUNODIAGNOSTIC REAGE NTS IN AN
ANTIGEN DETECTION SANDWICH ELISA

* Published as:

Jansen van Vuren, R Paweska, J. T. (2009). Laboratory safe detactibnucleocapsid protein of

Rift Valley fever virus in human and animal specmaeby a sandwich ELISAJournal of
Virological Methodsl57, 15-24.

* Partially presented at international and locaifeoences as:

Jansen van Vuren, P. & Paweska, J.T. (2009). Safetibn of Rift Valley fever virus in human and
animal specimens by a sandwich ELISAternational Meeting on Emerging Diseases and
SurveillanceVienna, Austria, 13 — 16 February 2009. (Postesgntation).

Jansen van Vuren, P. & Paweska, J.T. (2008). A aatigen detection ELISA for rapid diagnosis of
Rift Valley fever. University of the Witwatersrand, Faculty of Healtlesearch day
Johannesburg, South Africa, 20 August 2008. (Oredgntation).

Jansen van Vuren, P. & Paweska, J.T. (2008). Lédryraafe detection of nucleocapsid protein of Rift
Valley fever virus in human and animal specimensalsandwich ELISANational Institute

for Communicable Diseases Academic DEly November 2008. (Poster presentation).

3.1 Introduction

Various methods exist for the detection of antibsdiagainst RVFV, but detection of
antibodies only become possible after seroconversitch is usually between 2-4 days after the onset
of viremia. There is therefore a period after RVINection where individuals would test negative
with serological methods when in fact they are dtdd. Virus isolation is expensive, laborious and
requires the propagation of live virus, necessitptihe use of biocontainment facilities. Various
molecular techniques have been developed to emdetion of virus genetic material (Jupp et al.,
2000, Drosten et al., 2002, Peyrefitte et al., 20@8Roux et al., 2009). Molecular methods are lyigh
sensitive and specific but also expensive and higpécialized.

ELISA is a robust technique that requires less igfizged equipment and training, and is
probably in use in most diagnostic laboratoriesuadothe world. Some ELISAs for the detection of
RVFV antigens have been reported (Niklasson el@8B3, Meegan et al., 1989, Zaki et al., 2006) but

these assays are based on reagents that areltficLexpensive to produce, pose a biohazardaeisk




laboratory personnel, and have not been properljdatad. This chapter describes the first
development and validation of a sandwich ELISAdatigen detection based on polyclonal antibodies
specifically generated against the major viralgaemi the nucleocapsid protein, and the use of threrm

chemical inactivation of specimens to ensure safetgboratory personnel.

3.2 Materials and methods

3.2.1 Generation of rabbit and sheep hyperimmune s& against the RVFV recNP

The recNP was produced as described before (Chaptet.4). The pET32 control antigen
was produced in the same way but using wild-typ@ 3#a)+ vector without the RVFV NP-gene
insert.

Three New Zealand white rabbits were immunized stameously (s.c.) with 140ug recNP
emulsified in an equal volume of TiterMax Gold® adint (Sigma-Aldrich, USA) according to the
manufacturer’s instructions. Rabbits received amiidal booster inoculation 14 days later folloviosd
another booster of 375ug recNP without adjuvandan33 after the first immunization.

Two Dorper cross sheep were immunized s.c. withugs@cNP in TiterMax Gold adjuvant,
emulsified as described above. Sheep receivedeamicdl booster inoculum on day 21 after the first
immunization. Blood was taken regularly from immzed animals to monitor their responses to
immunization. When the animals’ responses yieldptical density (OD at 405nm) readings higher
than 2.0 on a recNP I-ELISA at 1:400 dilution thegre regarded as hyperimmune and bulk serum
collected. Bulk sera from individual animals wemoled together to obtain homogenous un-purified

preparations of polyclonal rabbit- and sheep atNP respectively.

3.2.2 Sandwich ELISA procedure

The top half of a high protein binding plate (Mabtis, Nunc, Denmark) was coated with sheep
anti-recNP hyperimmune serum (capture antibody)thadottom half with normal sheep serum, both
at dilution 1:400 in PBS, pH 7.2 and incubated oight at 4°C. After washing three times with
washing buffer (PBS, pH 7.2 and 0.1% Tween-20)teglavere blocked with 200ul of 10% fat-free
milk powder (“Elite”, Clover SA, Pty, Ltd.) in PBSncubated in a moist chamber at 37°C for 60
minutes and washed as described above. RVFV rettidR antigen diluted 1:3000 in 2% milk powder
(diluting buffer) was used as a high positive coitd00ul of the diluted antigen was added in
quadruplicate to the top and bottom half of thagdaRVFV recNP stock antigen, diluted 1:30,000
was used as a low positive control antigen and pEdidtigen diluted 1:3000 as negative control
antigen; 100ul of each was added in duplicate ¢adp and bottom halves of each plate. A volume of

100ul of each specimen, inactivated as determin&d.3, was added undiluted and in duplicate ¢o th




top and bottom halves of each plate. The platetagung internal controls and specimens were
incubated at 37°C for 60 minutes in a moist chambashed as before and 100ul of hyperimmune
rabbit anti-recNP serum (detecting antibody), @ilt:3000 in diluting buffer, added to each well.
After incubation at 37°C for 60 minutes in a maikamber, plates were washed as before and 100! of
goat anti-rabbit IgG (H+L) HRPO conjugate (Zymedhbeatories, USA) diluted 1:8000 added to each
well. After incubating as before plates were washed before and 100pul of 2'2-
azinodiethylbenzthiazoline sulfonic acid (ABTS, KRhboratories, USA) peroxidase substrate added
to each well. Plates were incubated at room tentperan the dark for 30 minutes after which the
reaction was stopped by the addition of 100ul of d8dium dodecyl sulphate (SDS, Sigma-Aldrich,
USA) to each well. Optical density (OD) was detered at 405nm wavelength and results expressed
as percentage positivity of the mean high-positiwatrol antigen (PP) using the formula: (mean net

OD of duplicate test specimen/mean net OD of higgitive control) x 100.

3.2.3 Inactivation of specimens and safety testing

Three regularly used laboratory detergents wertuated together with heat for their ability to
increase antigen detection efficiency in the sAJSA. The detergents TritonX-100, NP40 and
Tween-20 were mixed, each at 1%, with PBS pH 7.Zaybonate/bicarbonate buffer pH 9.6 and
evaluated as inactivation buffers. Normal sheeprsaras then spiked with RVFV Ar20368 RSA 81
strain to a final concentration of 0TCIDsy/ml and inactivated with each inactivation buffeggal
volumes of spiked serum and inactivation buffem & minutes at 56°C. Spiked serum was also
inactivated at 56°C for 60 minutes without the pres of detergent. As a no-treatment control, RVFV
spiked serum was added to an equal volume of PBBowt detergent and not subjected to heat
inactivation. As a negative control, negative semwithout virus was treated the same as the no-
treatment control. These preparations were testgtesAg-ELISA.

The optimal inactivation protocol (1% Tween-20 iBF+ 56°C for 60 minutes) was safety
tested in 2-3 days old suckling mice and Vero cafinolayers. Mice were monitored for clinical
symptoms until day 10 p.i. and Vero cells were rareid for CPE for a period of 14 days p.i. To
control for all conditions, the following controlwere also set-up: RVFV spiked sheep serum

inactivated just by heat and spiked serum treatstyith Tween-20.

3.2.4 Antigen detection in animal and insect specimens
Heart, lung, liver, kidney and brain tissues wesevhsted from three female BALB/c mice on
day 2 after subcutaneous inoculation with the SPUBRKEN 07 strain of RVFV. The same tissues

were harvested from a mock inoculated BALB/c moi¥agnostic submissions of liver, heart, kidney,




lung, and brain tissues from three aborted buffatases during the 2008 RVF outbreak in South
Africa (Paweska et al., 2008a) were used. Aninsauies were homogenized as 10% (w/v) suspensions
in Eagles Minimal Essential Medium (EMEM) (BioWhir,MD, USA) containing L-glutamine, non-
essential amino acids and antibiotics (100 IU piimc100ug streptomycin, and 0.25pg amphotericin
B). After centrifugation at 300@ supernatants were harvested and stored at 70°C.

Homogenates (10%, w/v) of uninfected ovine and heviver and spleen tissues, prepared as
described above, and uninfected human, sheep dthel ®ara were spiked with the Ar20368 RSA 81
strain of RVFV to a final virus concentration of *0TCID50/ml. Half logo dilutions of these
preparations were used to determine the sAg-ELIB&#ygical detection limit in tissues and sera. As
controls, the unspiked homogenates and sera wedewith EMEM in place of virus suspension.

Homogenates (10%, w/v) of mosquito pools, eachainimg 100 individuals ofAnopheles
arabiensis A. gambiaeandA. funestuspbtained from laboratory mosquito colonies at Ve&ontrol
Unit of the National Institute for Communicable Béses, were prepared in EMEM and spiked with
the Ar20368 RSA 81 strain of RVFV as described abov

A total of 105 sheep sera were used of which 2@viiemrm sheep inoculated subcutaneously
with the SPU22/118 KEN 07 strain of RVFV, and teeaining 85 were from naive sheep.

3.2.5 Antigen detection in human specimens

A total of 130 human sera submitted to the Spdtadhogens Unit of the National Institute for
Communicable Diseases, Sandringham, South Afri€dJ¢(NICD) for routine testing were used; 70
specimens were from suspected RVF cases sampledgdilre 2006—2008 disease outbreaks in

Southern Africa.

3.2.6 Monitoring viral growth in vitro

Tenfold dilutions of the Ar20368 RSA 81 strain o RV in EMEM (from 10°® to10®
TCID50/ml) were used for inoculation of 25¢tissue culture flasks containing 48 h confluentd/e
cell monolayers. Inoculated flasks were incubatedaaotating platform for 1h at 37°C. Two mock
inoculated flasks were included as controls. Aftdr of incubation, inoculated flasks were removed,
cells were washed with PBS and supplemented witmtL6f EMEM containing 1% fetal calf serum
and antibiotics. Inoculated cells were maintaine874C in a CQincubator. One ml aliquots of tissue
culture medium were collected hourly for the figsh, and thereafter at 12, 24, 30, 48, 54, 72988,
and 102 h after inoculation for testing on the $AdSA. The collected aliquots of tissue culture
medium were replaced each time with the same volofrfeesh medium. Appearance of cytopathic

effect (CPE) was documented at each collection.time




3.2.7 Antigen detection in decomposing tissues

To mimic clearance of NP protein in decomposingugs from RVFV-infected animals,
homogenates (5%, w/v) of fresh normal ovine andir®Viver tissues were prepared as described
above and mixed with an equal volume of tissueucalsupernatant containing ‘f0TCID50/ml of
RVFV Zim688/78 strain, and then incubated at 378Caf period of 8 days during which aliquots were
taken for testing immediately after mixing, and28, 48, 72, 168 and 192 h thereafter. Supernatants
were collected after centrifugation at 309Gt 4°C and tested by sAg-ELISA and virus titration.

Virus titrations of clinical and laboratory genadtspecimens were performed as described
previously (Swanepoel et al., 1986a). Briefly, fai@Opl replicates of 10-fold dilutions (10to 10")
of specimens in EMEM were transferred into flattbiwted 96- well cell culture microplates (Nunc,
Denmark) and equal volumes of Vero cell suspensidBMEM, containing 2x10cells/ml, 8% fetal
bovine serum/ml (Gibco) and antibiotics, were addete inoculated microplates were incubated at
37°C in a CQ incubator and observed under a microscope for fOPEO days post-infection (p.i.).
Virus concentrations, calculated by the method aftier (Karber, 1931), were expressed as median

tissue culture infectious dose (TGHPper ml of specimen.

3.2.8 ELISA performance, cut-off selection and IQC

Seventeen RVFV isolates recovered over a periobdfyears (1955-2008) in African
countries, Madagascar and Saudi Arabia (Table &), African Phleboviruses (Arumowot, Gabek
Forest, Gordil and Saint-Floris) and two other mersbof the familyBunyaviridae(Akabane and
Bunyamwera viruses) were used to evaluate the @ewlysensitivity and specificity of the sAg-
ELISA.



Table 3.1. Identification, year of isolation, ongand concentration of RVFV strains used to evaluat
the sAg-ELISA.

Strain Year of Source Country of origin Concentration ELISAPP
isolation Log:oTCIDsy/ valué
ml

Lunyo UGA 55 1955 Mosquito Uganda °r0 112.0
ZH 501 1977 Human Egypt 1b 121.9
Zim 688/78 1978 Bovine Zimbabwe %0 137.8
VRL-825-ZIM79 1979 Bovine foetus Zimbabwe 10 123.3
Ar20368 RSA81 1981 Mosquito South Africa 40 110.3
Ank-6087 1984 Bat Guinea ib 108.1
ArD38661 SEN 83 1983 Mosquito Senegal 90 134.2
ArD38388 BF 83 1983 Mosquito Burkina Faso 10 126.1
CAR R1662 1985 Human Central African Republic ©90 131.5
SPU-204-ANGL85 1985 Human Angola 10 115.0
900085MAUS88 1988 Human Mauritania o) 125.3
An991-MAD91 1991 Bovine Madagascar fo0 121.7
SPU12002-SOM98 1998 Caprine Somalia 890 124.6
AR21229-SA00 2000 Mosquito Saudi Arabia 10 117.2
SPU 77/04 2004 Human Namibia 10 132.3
SPU22.118KEN 07 2007 Human Kenya ®30 131.2
AR 52/08 2008 Human South Africa o0 127.5

 Percentage positivity of ELISA high positive amtigcontrol.

The internal quality control data were generateddescribed before (2.1.2.1). Means and
standard deviations (S.D.) of the ELISA optical slgnreadings and the percentage positivity (PP) of
high-positive antigen control were calculated frogplicates of all internal controls in each plate a
each run of the assay to assess intra- and iraéz-phriation. Additionally, coefficients of vatiiat
(CV = standard deviation of replicates/mean of icepsx100) were calculated for positive antigen
controls. Data obtained from this analysis weraluseestimate the assay repeatability and to dskabl
the upper and lower control limits for each of theernal controls. Upper and lower control limits
together with CV values (0 for high-positive serum and.5 for low-positive serum) were applied as
IQC rules for further analysis. During routine rwfghe ELISA each plate had four replicates ohhig
positive antigen control (Ag++) and two replicatsch of low-positive antigen (Ag+) and negative
control antigen (Ag).

Cut-off values at the 95% accuracy level were opth using the misclassification cost term
option (Greiner, 1996) of the two-graph receiveeraping characteristics (TG-ROC) analysis (Greiner,

1995). Additionally, cut-off values were determinleg mean plus 2 standard deviations (S.D.s) and




mean plus 3 S.D.s derived from PP values in knoWR\Rnegative human and sheep sera. Estimates

of diagnostic sensitivity, specificity, and effioey were calculated as described before (2.1.2.5).

3.3 Results
3.3.1 Internal quality control and assay repeatabity

The s-Ag ELISA was able to differentiate clearlytioeen the internal controls used and
generated minimal background. Variation between witdin runs were minimal (Figure 3.1). CV

values for intra- and inter-plate runs were beld& @ able 3.2) demonstrating high repeatabilityhaf t

assay.

Table 3.2

Internal quality control limits and repeatabilégtimates of RVF s-Ag ELISA
Internal IQC? limits Repeatability

controls UcCL® LCL® Intra-plate variation Inter-plate variation
OD Ag++ 2.0 1.1
PP Ag++ 129 71 1.04 + 0.9 S.D. 1.28 + 0.63 S.D.
PP Ag+ 51 28 1.85+1.83S.D. 255+1.72 S.D.
PP Ag- 4.9 1.4

2 Internal quality control - data were calculateahf the mean + 2 S.Ds. of 180 replicates of highitp@ antigen

control (Ag++), 90 replicates of low positive (Apand negative (Ag-) antigen controls over 5 ruasheincluding 3
lates.

E)Upper control limit.

¢ Lower control limit.

4 percentage positivity of high positive antigentcoh

¢ Repeatability estimates for high (Ag++) and lowg@A positive antigen controls were calculated as th

percentage coefficient of variation [%CV = (PP Sobreplicates / PP mean of replicates) x 100]
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Figure 3.1. Upper ( ) and lower (---) internal quality control limitof PP values of high-

positive (), low-positive (), negative ( ) antigen controls and means 2 S.D. for these
controls during 15 routine runs of the assays aveeriod of 16 weeks. Two to six plates were
used during each run with four replicates of higbsitive, two replicates of low positive and

negative controls on each plate.

3.3.2 Efficiency of different inactivation buffersand safety testing

The 1% Tween-20 in PBS inactivation buffer togetiveh 56°C for 60 minutes yielded the
highest signal of antigen detection (results nowst). Mice and tissue cultures inoculated with epik
samples that were inactivated according to thishotedid not develop any signs of infection in the
specified monitoring period, indicating that it dems samples completely safe. In comparison, spiked
samples only inactivated by heat or Tween-20 séglstravere not rendered safe since Vero cell
monolayers developed CPE and suckling mice devdlopggpical RVFV clinical signs after

inoculation.

3.3.3 Analytical detection limit, specificity and ensitivity
The sAg-ELISA was able to detect as little as 14@®precNP, corresponding to 40T CIDs,
of RVFV per 100ul of Vero-derived infectious tissodture supernatant (Figure 3.2). Analysis of the

ELISA readings for sera and tissue homogenate®dpilith different concentrations of RVFV shows




that the detection limit in most assayed samples amproximately logl0** TCIDs, per ELISA
reaction volume (100pl) except for bovine liver wdéhe detection limit was 10 times lower (Figure
3.3) at logy10>* TCIDs, per ELISA reaction volume (100ul).

When testing infectious tissue culture supernatamtaining related African Phleboviruses
(Arumowot, Gabek Forest, Gordil and Saint-Florisyl &vo other members of the famBunyaviridae
(Akabane and Bunyamwera viruses), ELISA readingged from O to 0.63 PP (mean 0.41+0.26)
(results not shown) whereas non-specific backgrawise of normal tissue culture fluid was 0.44 PP.
These results demonstrate the highly specific hopdaffinity of anti-recNP RVFV polyclonal
hyperimmune sheep and rabbit sera and the absémstentable cross-reactions between these anti-
sera and nucleocapsid proteins of the other Bunyses assayed. All of the 17 RVFV strains were
easily detected by ELISA (Table 3.1).
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Figure 3.2. Dose responseirves of recNP (PP, OD ), RVFV Ar20368 RSA 81 (PP, OD
), and control antigen (PP +, OD -).



3.3.4 Monitoring viral growth in-vitro

The detection of antigen in infected tissue celtsupernatants after specific incubation times
are shown in figure 3.4. Irrespective of the inoculused, the SAg-ELISA vyielded positive results
earlier than CPE was observed. For example, irfléis&s inoculated with 6 and 16° TCIDsy/ml
RVFV the ELISA detected antigen 8 and 48 h afteculation respectively, whereas CPE could only
be observed 16 and 24 h later.

3.3.5 Antigen detection in decomposing tissues

The sAg-ELISA was able to detect nucleocapsid antigqually until the last collection time
(192 hours) in spiked sheep liver incubated at 3%@ereas antigen detection ability decreased in
spiked bovine liver from 168 hours onwards (Fig8rg). In contrast the simulated decomposition of
tissues resulted in rapid inactivation of infeciotirus particles as shown by negative resultha t

same organs after 48 hours incubation at 37°C g Vitration.

3.3.6  Diagnostic cut-off values and accuracy

The effect of three differently determined cut-eflues on the estimates of diagnostic sensitivity,
specificity, and efficiency of the sAg-ELISA in ham and sheep sera are given in Table 3.3. The
highest diagnostic accuracy for human and sheeprsdata sets was achieved when threshold values
(5.6 PP and 1.23 PP) determined as mean plus 3v&i2 used. However, estimates of the assay
diagnostic performance based on cut-off determasechean plus 2 S.D or derived from the TG-ROC
analysis were similar (Table 3.3). In ELISA possthhuman sera at the optimal cut-off, mean
TCIDsy/ml of the virus was 5.6+0.83, and in ELISA negatisera, it was 3.7+1.61. At cut-off
determined as mean plus 2 S.D. derived from PResadfi normal mice and ruminant tissues (2.4 PP),
the sAg-ELISA had 100% sensitivity and specifiditydetecting the nucleocapsid protein of RVFV in

various tissues of experimentally infected mice aatlirally infected buffalo foetuses (Figure 3.6).

%
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Figure 3.3.Dose responseurves of human and animal sera, animal tissue ardquito
homogenates spiked with RVFV and their correspandion-spiked controls. Virus-spiked

samples: human (), sheep (- -- -), bovine (- -- -) serum; sheep ( ), bovine
( ) spleen; sheep (----), bovine (-- --) liver; Anopheles mosquito ( ). Uninfected
samples: human (), sheep (- - -), bovine (- - -) serum; sheep (), bovine ( )

spleen; sheep (---), bovine (-- --) liver; Anopheles mosquito ().
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Figure 3.4.RVFV replication kinetics in Vero cells inoculatedh different concentrations of the virus

measured by antigen detection ELISA. {,6GIDsovirus concentrations in 1 ml of inoculum were 40

(), 10"%( ), 10°%(x), 1G®( ), 10"®( ) and 18 (+), mock control (*).
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Table 3.3. Diagnostic accuracy of the sSAg-ELISAttoe detection of nucleocapsid protein of RVFV
in sheep and human sera

Measuré Human sera — cut-off (PP) Sheep sera — cut-off (PP)
V*©=31, V=99 V*©=20,v?=85
1.96 411 5.60 0.86 0.91 1.23
D-Se (% 77.4 67.7 67.7 70.0 70.0 70.0
D-Sp (%) 81.8 95.95 97.97 97.65 97.65 100.0
Efficiency (%) 79.6 81.83 82.84 83.83 83.83 85.0

& Sera were categorized according to the resultiag isolation.

P Cut-off value expressed as a percentage positiibigh positive antigen control.

°Number of sera tested positive for RVFV.

YNumber of sergested negative for RVFV.

¢ Cut-off value optimised by the misclassificatiarstterm option of the two-graph receiver operating
characteristics analysis at 95% accuracy level.

" Cut-off value determined as mean plus two standaxation derived from PP values in RVFV-negateea.
9 Cut-off value determined as mean plus three standieviation derived from PP values in RVFV-negatera.
" Diagnostic sensitivity.

' Diagnostic specificity.

I Efficiency.
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Figure 3.6. Detection of nucleocapsid protein by ELISA in RVRfécted buffalo foetus )
and mouse organ tissues)( Non-infected mouse organ tissue} &re included as a control.
Mean PP values were determined for the liver, head kidney tissues of the three infected
buffalo foetuses. Mean PP values were determineth®liver, brain and kidney tissues of
three infected mice. Control PP values were obthiffem one uninfected mouse. Cut-off of
2.4 PP (---) was determined as the mean plus 2 &.[PP values in uninfected mouse and

ruminant organ tissues.

3.3.7 Interference on antigen detection in serum bthe presence of anti-RVFV antibodies

The ELISA yielded negative results in sera takemfran experimentally infected sheep on
day 5 and onwards post infection (p.i.) despitatietly high levels of viremia detected on daysfl a
6 p.i. The negative results coincided with the @paece of the first detectable anti-nucleocapdid Ig
and IgG antibody on day 5 p. i. (Figure 3.7). Tafoon the blocking effect of RVFV-immune sera in
the sAg-ELISA, viremic sheep serum was mixed withigcreasing concentration of known sheep
immune serum. The inhibitory effect of increasiegdls of specific antibodies on the ELISA specific

signal in highly viremic sheep serum is shown iguré 3.8.
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3.4 Discussion

A sandwich ELISA using hyperimmune mouse and rabhiisera reported by Niklasson et al.
(1983) had a sensitivity of I@laque forming unit (PFU)/ml in detecting RVFV sapernatant fluids
from infected Vero cell cultures. However, markéifledences between levels of antigen and the virus
infectivity in experimentally infected hamsters amgsus monkeys were noted. While ELISA could
reliably detect 1DPFU/mI of virus in viremic hamsters, rhesus morskejth viremia of 18* PFU/m
tested positive (Niklasson et al., 1983). A santinit ISA utilizing a biotin-avidin labelled mouse
monoclonal antibody as a detector system had atisépsof 29.3% in viremic human sera collected
during the 1987 RVF epidemic in West Africa (Meegaml., 1989). This estimate appears to be rather
low compared to 76.9% sensitivity of the assay rggbby Niklasson et al. (1983) in sera from
experimentally infected rhesus monkeys. Viral sitreere demonstrated to be significantly correlated
with quantity of viral antigen as measured by ELISA orally infected EgyptianCulex pipiens
(Niklasson and Gargan, 1985). Moreover, when comgaresults of the infectivity assay with the
ELISA, the latter had similar sensitivity (100% @3%) and specificity (94% vs. 94%) in detecting
mosquitoes capable of transmitting virus to susbkpthamsters. These early studies clearly
demonstrated potential field applications of a sdaod ELISA, however, its wider use for routine
laboratory detection of RVFV have been limited dme@ number of considerations: testing of RVFV-
infected specimens by ELISA pose laboratory biotdez&®ecause of intensive pipeting and washing
procedures, the use of OD readings for interpatadf ELISA results is not currently recommended,
lack of non-infectious and well-characterized intdr antigen controls hampered adequate
standardization, and evaluation of its performaneéhin and between laboratories. Recently
immunofluorescence assays which utilize a pool olise IgG monoclonal conjugates reacting with a
combination of virus specific antigens (Gs, GnN§s) were reported (Zaki et al., 2006). Although it
was demonstrated to be highly reliable in deted®MV in patient sera, its use requires tissueucelt
amplification and handling of live virus.

ELISA offers an affordable and simple alternatigetraditional and molecular techniques for
detection of RVFV, but as an open bench system tmightribute to laboratory infections when
samples containing live virus are analysed. A numifelaboratory infections with RVFV were
recorded under circumstances which indicate thesuio be highly infectious for man (Findlay, 1932,
Kitchen, 1934, Smithburn, 1949, Smithburn et @49b). To address this problem, a sandwich ELISA
based on an entirely safe procedure was develapedding a set of internal controls based on recNP
protein for monitoring of assay routine performanaeich increases its utility in surveillance and

diagnosis in non-endemic areas.




RVFV has been shown to be extremely stable wheredtin infected plasma at low
temperature but is unstable at higher temperatdfes.example, infected sheep plasma retained
infectivity after 8 years of cold storage (Eastgrde965) but viremic blood became non-infectiveeaft
40 minutes of incubation at 56 C in phosphate buffiéd 7.2 (Findlay, 1932), contrary to the results
presented in this chapter. The presence of ligalér in the virus envelop makes it highly sensitio
lipid solvents (Bishop et al., 1980). The simpled amexpensive thermo-chemical inactivation
procedure used in this study effectively inactidaRVFV present in test specimens as demonstrated
by negative virus isolation resuliis vivo andin vitro systems. Using a similar procedure West Nile
virus can be successfully inactivated at 37 C fomn#nutes in the presence of 0.05% Tween-20 (Mayo
and Beckwith, 2002). In addition to effective virkling, the inactivation protocol used increases
ELISA specific signal compared to that in non-imetied specimens. This is likely the result of
enhanced trapping of nucleocapsid protein by capduatibody in sAg-ELISA after viral envelope had
been disrupted by Tween-20. The analytical setisitof 10g,010>? TCIDsy/ml determined by testing
infective supernatant of Vero cell culture fluidesgs to be at least 10-fold higher compared to that
reported by Niklasson et al., (1983). Using difféareoncentrations of RVFV we demonstrated that the
NP antigen can be detected in supernatant flums infected Vero cell cultures as early as 8 h post
inoculation and 12 to 30 h before CPE could be osicopically observed. This ability renders the
assay very useful for rapid identification of RVR¥hen primary isolation from clinical specimens is
attemptedn vitro. Live virus became undetectable much earlier themucleoprotein by sAg-ELISA
when incubated in animal tissues at adverse terperaThis ELISA can therefore be used to
diagnose RVF by using decomposing tissues of rumsndat might have been found dead in the field.

Analytical detection limit established in virus-spd samples which mimicked diagnostically
relevant submissions, was the same except in bdvi@ehomogenate for which it was 10 times less
(log1010** TCIDs¢/ml). An estimate of ELISA diagnostic sensitivitgrived from results in viremic
human sera was much higher (67.7%) compared to(28a3%) reported by Megan et al. (1989) but
similar (76.9%) to that in viremic rhesus monkegeas(Niklasson et al., 1983). Diagnostic accurécy o
a sandwich ELISA in viremic human sera but alsotimer specimens is likely to be dependent on a
number of factors, including origin and type-spiettif of capture and trapping antibody, their pyri
(monoclonal vs. polyclonal), titres and spectrumrezctivity to RVFV structural proteins (Meegan et
al., 1989).

Serum specimens are commonly used for RVF diagndsismia titres ranging from £6 to
10°° of mouse median lethal doses per ml have beemdedan domestic ruminants (Daubney et al.,
1931, Barnard and Botha, 1977, Harrington et &80] Swanepoel et al., 1986a, Morrill et al., 1987)
10 in humans (Peters and Meegan, 1981) and TCIDs,ml in adult African buffalo (Davies and




Karstad, 1981). Although viremia in RVFV-infecteddividuals reaches high titres, it is of short
duration which limits the application of viral det®n systems for RVF diagnosis when using blood
samples. Moreover, results obtained in serial fera an experimentally infected sheep and ELISA
blocking experiments indicate that the appeararicgpecific antibodies during viremia hampers the
assay results despite the presence of relativgly twncentrations of the virus. These findings seem
indicate that differences in ELISA diagnostic penfiance might also be due to variations in immune
status among viremic individuals at the time of ghing. Therefore, attempts to detect recent RVFV
infection by ELISA should include a combinationasfsays which target both viral antigens and IgM
antibody. It should be noted that high viremia freqtly occurs in the absence of severe illness.
Consequently, in the absence of noticeable clingighs and adequate diagnostic procedures,
considerable geographic dispersal of RVFV mighuodefore an outbreak is recognized (Mcintosh et
al., 1973). On the other hand, the South Africatbimaks of 1950-51 and the Egyptian outbreaks of
1977-78 were not recoghized as RVF until severahth® had elapsed with deaths of thousand of
animals, and, in the Egyptian outbreaks, many deathhumans. Delays in recognition of these
outbreaks occurred because the disease was prigviousiown in those geographical areas and the
possibility of RVF was not at first considered.

In this study very high estimates of diagnosticuaacy (100%) where obtained when testing
various tissue homogenates of experimentally iefkanice and naturally infected African buffalo
foetuses. RVFV can persist at high titres for 2¢sdim ovine brain and liver, and up to 30 days in
spleen (Yedloutschnig et al., 1981). High diagrwaticuracy of the sAg-ELISA in detection of RVFV
in infected tissues which usually contain virus @amrations at least 10 to 100-fold times above
(Easterday et al., 1962, Easterday and Murphy, 196&ington et al., 1980, Morrill et al., 1987¢th
detection limits determined in this study, indic#ébat the assay will be highly reliable for testing
specimens from aborted fetuses and fatal casessiwdaabortion and high fatality rates in young
animals are one of the characteristic features \0F Rutbreaks. The ELISA format reported here
allows for assaying relatively large numbers ofcapens within a short period of time. The assay
throughput, if required, could be easily increadsd using semi- or fully automated ELISA
workstations.

The ability of a diagnostic assay to produce caestsresults within the tolerable analytical
error limits is one of requirements for any diagitodevice to be accepted for routine applications.
While the antigen internal controls based on theomginant NP protein achieved very high
repeatability estimates within the IQC limits, theproducibility of the sAg-ELISA remains to be
addressed for more comprehensive inter-laboratesyuation. Antibody- and antigen-binding levels

should be expressed in relative rather than alestduins. One of the advantages of converting ELISA




OD data into PP values relative to a known standanthat this method does not assume uniform
background activity, and therefore enables intbotatory standardisation (Wright et al., 1993).

The polyclonal hyperimmune anti-recNP rabbit andeghantisera did not cross-react with
other members of thBunyaviridaefamily, including four AfricanPhlebovirusedested in this study.
No cross-reactivity with other members of the séipdever virus group, including sand fly Naples,
sand fly Sicilian, Arumowot, Punta Toro, Gordil, iaabad, Gabek Forest, and Saint Floris, was
detected in sandwich ELISA using hyperimmune marskrabbit antisera by Niklasson et al. (1983).
The nucleocapsid protein appears to be highly ceadeamong members of tiBeinyaviridaefamily
(Swanepoel et al.,, 1986a, Vapalahti et al., 1995)warz, 1996, Magurano and Nicoletti, 1999,
Gauliard et al., 2006) and antigenic cross-redgtisiudies in animals (Davies, 1975, Swanepoel,
1976, Swanepoel et al., 1986b) and indirect ELISdd on recNP protein (Paweska et al., 2007)
failed to provide any evidence that other Africamlgboviruses could obscure the reliable
serodiagnosis of RVF. The sAg-ELISA detected numdgsid proteins of a wide range of
geographically distinct RVFV isolates collected 088 years, which represent three major lineages of
the virus, namely Egyptian, Western African, anaht@d, Eastern and Southern African. These results
are expected since the RVFV genome, and especlalygene encoding the N protein, is highly
conserved (Bird et al., 2007b).

In conclusion the sAg-ELISA procedure developed ewaluated in this study is safe, highly
accurate in detection of RVFV NP antigen in diagiwadly relevant concentrations, rapid and robust
and therefore can be utilized in diagnosis and esliance in both endemic and non-endemic RVF
areas. It offers a less complicated alternativenuoleic acid techniques when large numbers and

clinical variety of specimens have to be tested &hort period of time.



CHAPTER FOUR

EVALUATION OF A RECOMBINANT NUCLEOCAPSID PROTEIN AS AN
IMMUNOGEN IN A MOUSE MODEL
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4.1 Introduction

Until recently there were only two vaccines comrmalg available for use in livestock: a live
attenuated vaccine based on the Smithburn stralmadormalin inactivated vaccine — both available
exclusively available from Onderstepoort Biologidatoducts (Pretoria, South-Africa). However,
Clone 13 was very recently commercialized by Onéeeort Biological Products and widely used for
the vaccination of livestock in South Africa duritige 2010/2011 RVF season (Paweska, J.T., personal
communication)(Dungu et al., 2010). There are nmroercially available RVF vaccines for human
use, but an experimental inactivated vaccine han hesed in the past to vaccinate veterinarians,
scientists and other personnel at risk of expo@Boeiloy and Flick, 2009). Because limited amounts
of this vaccine (TSI-GSD 200) were produced undeictsquality controlled conditions at the
USAMRID facility, it is currently in short supplyna very expensive. As discussed in the literature
review (Chapter 1), various vaccine candidates rge@é by classical virological methods have been
evaluated to counter this problem. These, howeags, expensive, laborious to produce and not

completely safe to use.
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Recently molecular biological methods enabled mete@to safer, more effective and less
expensive RVFV vaccine candidates. These inclutmadted viruses generated by reverse genetics
(Bird et al., 2008, Habjan et al., 2008b), DNA vaes (Spik et al., 2006, Lorenzo et al., 2008,
Lagerqvist et al., 2009), virus vectored vaccin€sllett et al., 1987, Wallace and Viljoen, 2005,
Wallace et al., 2006, Heise et al., 2009, Soi gt2410), virus like particles (Habjan et al., 2809
Mandell et al., 2009, Naslund et al., 2009, Piclitreda al., 2010) and recombinant subunit vaccines
(Collett et al., 1987, Schmaljohn et al., 1989, M et al., 2006). Most of these constructs aredi
at inducing immunity against the glycoproteins ttaatry neutralizing determinants, with the excaptio
of a vaccine candidate evaluated by Wallace €280D6) which consisted of a preliminary experiment
with a recombinant RVFV N protein, expressed agaoluble protein. The nucleocapsid protein is the
major antigen of RVFV and strong immune responggsnat this protein have been shown after
natural and experimental infections with the vi(bafetine et al., 2007, Jansen van Vuren et a7 20
The 60% protection rate from lethal challenge agdein mice in the Wallace et al. (2006)
preliminary experiment with a recombinant RVFV Notgin needed further investigation, especially
taking into account good protection rates achiekigdusing the N proteins of related viruses as
immunogens (Schmaljohn et al., 1990, Maes et @l62Maes et al., 2008).

Recombinant protein subunits are generally weakumogens (O'Hagan et al., 2001, Lautze
et al., 2007) and require administration with adjut¢ to enhance their immunogenicity (Dasgupta,
2004). Adjuvants promote the uptake of antigenstygen presenting cells (APC), contribute to the
delivery of antigen to lymph nodes, and stimulay&okine release or expression of co-stimulatory
signals on APC which are needed to prime T heldls dor B cell proliferation and induction of
cytotoxic T lymphocytes (O'Hagan et al., 2001, @&ta and Singh, 2003). Some of the more
commonly tested and/or used adjuvants are sapoalosy and water-in-oil adjuvants. Saponin
adjuvant, a surface active agent isolated from @melean soap bark tregQ(illaja saponarig,
modulates humoral (Th-2) as well as cellular immyuiTh-1) and biases immune responses towards
the Th-1 phenotype and can induce strong CD8+ ayimiT-cell responses (Kensil, 1996, Cribbs et
al., 2003). CD8 T cells are able to kill virus-infected cells hydiicing apoptosis, and kill infected
cells directly in the lymph nodes draining infectites (Xu et al., 2007). Aluminium hydroxide gel
(Alhydrogel), commonly known as alum allows for epdt effect at the inoculation site, and has also
been found to promote the release of IL-4 whichultesin the increased expression of MHC I
molecules on monocytes, consequently increasingeantuptake by APC (Mannhalter et al., 1985,
Ulanova et al., 2001, O'Hagan and Singh, 2003)mAdloes not induce the cytokines IL-2 and IFN-
which are involved in the Th-1 type response, bighindirectly activate NF-kB, that is involved in

regulating the cellular response to infections (idkaa et al., 2001). The NF-kB is required for puosit




selection of memory CDS8T cells (Hettmann and Leiden, 2000, Hettmann gt24103). Montanide
ISA50 adjuvant is based on a mannide oleate in maineil solution, and contributes to the
establishment of a depot effect, transportationewiulsified antigen to distant sites through the
lymphatic system, and interaction with mononucleelts such as APC. ISA50 has been shown to
direct the immune response against specific argigewards the Th-2 type response, involved in
humoral immunity (O'Hagan et al., 2001). TiterMaxl& (TMG) is a water-in-oil adjuvant that
contains a metabolizable oil (squalene), sorbitamanleate and an immunostimulatory copolymer. It
has been shown to induce mixed Th-1/Th-2 respoagamst specific antigens, but these responses
were more directed towards Th-2, indicating humarahunity (Cribbs et al., 2003).

In this study the immunogenicity of a bacterialbypeessed recombinant subunit RVFV N
protein was evaluated alone, and combined with fdifferent adjuvants. The protection against

subsequent viral challenge was studied in a mousken

4.2 Immunogenicity of the recombinant nucleocapsigrotein alone and in_ combination with

four adjuvants
4.2.1 Materials and methods

4.2.1.1 Mouse immunization

The recombinant RVFV nucleocapsid protein (recNRp wroduced as described in section
2.1.2.4. Four-week old female BALB/c inbred miceraveised as an experimental animal model. The
low dose vaccination group (M-1) consisted of 4&endlivided in 4 sub-groups of 12 mice each which
were immunized with a 100ul inoculum containing 83RVFV recNP in combination with ISA-50
adjuvant (Seppic, France), TiterMax-Gold adjuvaim()(Sigma, U.S.A.), Alhydrogel (Sigma) or
SaponinQ (60ug, Sigma), respectively. The high d@seination group (M-I1) consisted of 48 mice
which were subdivided as the M-I group but immudizgth 200l of inoculum containing 70ug of
recNP in combination with the adjuvants as desdridgove. The neat recNP group (M-N) consisted of
12 mice immunized with 70ug recNP in PBS buffere Bajuvant control group consisted of 36 mice
divided in 3 sub-groups of 12 mice each which wegpectively inoculated only with ISA-50,
Alhydrogel or SaponinQ. The placebo control groapsisted of 12 mice which were immunized with
PBS buffer.

All mice were inoculated subcutaneously (s.c) awkived identical booster immunizations at
14 days after the initial immunization. A mousenfre@ach group was sacrificed and heart-bled every
seven days after primary and booster immunizatiomaonitor immune responses. Adjuvants ISA50,
TMG and Alhydrogel were used as suggested by theufaaturers. The dose of SaponinQ adjuvant
(Sigma, U.S.A.) was determined by titration in BAtBnice and by selecting the highest non-toxic




dose at 60pg (results not shown). The selectionrecNP doses were determined by recNP

concentration and feasible mouse inoculum sizes.

4.2.1.2 Monitoring mouse immune responses

Immunoplates (Maxisorb, Nunc, Denmark) were coateth RVFV recNP antigen at a
dilution of 1:2000 in Carbonate-Bicarbonate buffpH 9.6) and incubated overnight at 4°C. After
washing three times with a washing buffer consistifi PBS pH7.2 and 0.1% Tween-20, the plates
were blocked with 200ul of 10% fat free milk powd&Elite”, Clover SA, Pty, Ltd.) in PBS at 37°C
for 1h and then washed as before. Test sera whitedlil:400 in diluent buffer consisting of 2% fat
free milk powder in PBS, 100ul added to each wedl ancubated for 1h at 37°C. Samples were tested
in duplicate for each isotype-specific HRPO conjagased. After washing as before, 100 ul of goat
anti-mouse IgG (H+L), goat anti-mouse IgG1l or gaati-mouse IgG2a HRPO conjugate (Zymed
Laboratories, Invitrogen, U.S.A.) at 1:2000 dilutivas added to respective plates testing for thesa
serum specimens in parallel. After 1h incubatioB#C plates were washed as before and 100 ul of
2,2’-azinodiethylbenzthiazoline sulfonic acid (ABT&PL Laboratories, Inc., USA) added to each
well. After 30 min incubation in the dark the reantwas stopped by the addition of 100 pl of 1%
sodium dodecyl sulphate (SDS) to each well. Optieadsity (OD) was determined at 405nm and the
results expressed as the mean OD value for thecdtgs tested.

In addition, a virus neutralization test (VNT) waearformed on sera collected from mice after

immunization. The VNT was performed as describedipusly (section 2.1.2.3).

4.2.2 Results

Serial cardiac bleeds taken from one mouse frorh gaoup on days 0, 7 and 14 after the
primary immunization, and on days 7, 14 and 21rafte booster immunization were analyzed for the
presence of total IgG, IgG1 and IgG2A antibodies-@tNP. The representative mouse from each
vaccinated group had produced detectable total dgy®-N antibodies on day 7 after primary
vaccination (Figure 4.1 a-i). The total IgG antiesdincreased steadily over the monitoring period i
all groups. The IgG1 isotype antibodies developed similar fashion to the total IgG in all groups,
following the same response kinetics.

All immunized groups, except those immunized witbcNP/SaponinQ combinations,
developed weaker 1gG2a isotype responses as cothparetal IgG and IgG1l. The mice from the
recNP neat and recNP/Alhydrogel groups developeakwgG2A responses as compared to I1gG1 in
the same mice. Only the mice from the recNP/Sajg@@ind recNP/ISA50 groups had detectable anti-

recNP 1gG2A specific antibodies after the first immzation whereas the other groups only developed




IgG2A after the booster inoculum. As expected nfiioen the adjuvant and placebo control groups did
not develop any anti-recNP responses (results mowis). Anti-recNP immune sera from mice were

not able to neutralize the virusvitro (results not shown).
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Figure 4.1(a-i). Detection of total IgG ( ), 1gG1 ( x ) and IgG2A ( ) isotype
antibodies against the RVFV recNP in mice afteNf@émmunization alone or in combination
with adjuvants. Individual mice were tested at edthe point so means and standard

deviations could not be calculated.

4.2.3 Discussion
The nucleocapsid protein induces production of héylels of anti-NP specific IgG and IgM

responses in host animals after natural or expeatmhenfection (Fafetine et al., 2007, Jansen van
Vuren et al., 2007). The RVFV recNP used in thiglgteasily detects anti-NP antibodies in previously
infected individuals (Jansen van Vuren et al., 2087 it was therefore assumed that it would be
immunogenic. The recNP was indeed immunogenic ihB/A& mice, even in the absence of adjuvant,
but more immunogenic with adjuvant. With all rechi@ivant combinations the total IgG responses to
immunization were similar, but delayed and lowethwut adjuvant. The IgG1 isotype antibodies
followed similar kinetics to total IgG in all reclRljuvant immunized mice, indicating strong humoral
Th-2 response activation by all adjuvants. Only teeNP/SaponinQ combination, irrespective of
recNP dose, induced strong IgG2A isotype responsagparable to their IgG and IgG1l responses,
indicating strong activation of cellular Th-1 imnitynby SaponinQ adjuvant. The combination of
recNP with Alhydrogel was unable to generate angtigG2A response, indicating that this adjuvant

might not induce strong cellular Th-1 immunity.




Interferon-gamma (IFNJ and interleukin-2 (IL-2) are two cytokines knowmbe involved in
the Th-1 type cellular response resulting in inseehlgG2A responses. Interferon gamma (IFNs
secreted by natural killer cells (NK) and CD8totoxic T lymphocytes amongst others and hasctlir
antiviral activity but also acts as an immunoretpria factor. Interleukin 2 (IL-2) is secreted by T
helper cells (Th) and acts by stimulating the grgwdifferentiation and survival of antigen specific
CD8' cytotoxic T lymphocytes (Kensil, 1996, Cribbs bt 2003).

The fact that there are no known neutralizing gqgtoon the RVFV N protein suggests that a
strongly biased humoral response against the Mipratould not play a role in protection againstir
challenge. Therefore it would seem that only re@dp/ant combinations that induced strong cellular
Th-1 immunity would confer strong protection agaiR/F viral challenge. The lack dh vitro
neutralizing ability of the anti-NP response hasrbshown before (Lorenzo et al., 2008, Lagerqvist e
al., 2009) and confirmed in this study. To evaluakether humoral antibodies play any rilevivoin
protection against infection, thie vivo neutralizing ability of anti-recNP hyperimmune &a&vas tested

in mice (see section 4.3).

4.3 In vivo neutralizing ability of anti-nucleocapsid immune gra in mice

4.3.1 Materials and methods
4.3.1.1 Cells and virus

Vero cells were cultivated in Eagles Minimal Esgdrivledium (EMEM) (BioWhitaker, MD,
USA) containing L-Glutamine, non-essential aminadsgc antibiotics (100 IU penicillin, 100 pg
streptomycin and 0.25 pg amphotericin B) and 10®idiobovine serum (Gibco) and maintained at
37°C in 5% CQincubator. The SPU22/118 KEN 07 strain of RVFV wsasated from a RVF human
case during the 2007 Kenyan epidemic. Second pasdatihe virus, propagated in Vero cells, was

used for the challenge.

4.3.1.2 Inoculation of mice with virus/hyperimmusera mixtures

The ability of anti-recNP antibodies to passivelgnfer immunity was evaluated using
polyclonal antisera generated in sheep, rabbits raimet. Mice were immunized with recNP as
described 4.2.1.1, and antisera from different Rf@djuvant experimental groups were respectively
pooled before testing. Polyclonal anti-recNP améisin rabbits and sheep were produced as described
previously (Chapter 3, section 3.2.1). All polycibrsera were mixed to a final dilution of 1:10 with
Vero-derived virus preparation containing” 1@ CIDsy/ml of the 2007 Kenya RVFV isolate, and the

mixture incubated at 37°C for 30 min before inottiata As controls, sera from naive sheep, rabbits

'$



and mice were mixed identically with RVFV. To caltthe effects of non-related compounds in
serum, sterile PBS was mixed to a 1:10 with thasvir A total of 42 BALB/c 3-4 weeks old female
mice, were divided into groups of 6 animals eact moculated s.c. with 200 pl of the following
mixtures: a) virus and mouse anti-recNP, b) vinod sheep anti-recNP, c) virus and rabbit anti-recNP
d) virus and naive mouse serum, e) virus and retieep serum, f) virus and naive rabbit serum, nd g
virus and PBS. Mice were examined twice daily claly and those displaying severe signs of iliness

were euthanized. Surviving mice were monitored2days post infection.

4.3.1.3 Statistical methods
Survival proportions in mice receiving virus/hypamune sera mixtures versus control mice

after challenge were compared using Fisher’s eeat{Soper, 2009).

4.3.2 Results

Anti-recNP immune sera did not neutralize vimsvivo (Figure 4.2). No significant decrease
in mortality/morbidity could be shown in any of tgeoups: a\ virus and mouse anti-recNP (survival
1/6, 17%, p = 0.500), b\ virus and sheep anti-re(ipvival 2/6, 33%, p = 0.227), c\ virus and rabbi
anti-recNP (survival 0/6, 0%, p = 1.000), d\ viausd naive mouse serum (survival 0/6, 0%), e\ virus
and naive sheep serum (survival 0/6, 0%) f\ vinod maive rabbit serum (survival 0/6, 0%), and g\
virus and PBS (survival 0/6, 0%).
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Figure 4.2. In vivo neutralization of RVFV with argcNP immune sera in mice. RVFV mixed
with immune sera are indicated with solid linesf@lfows: mouse anti-recNP ), sheep anti-
recNP () and rabbit anti-recNP (). Corresponding normal sera from these animals are
indicated with dotted line and the same symbold=\R¥hixed with PBS is indicated with a
dotted line and (+).

4.3.3 Discussion

Neutralization of viruses can be mediated by variowechanisms including aggregation of
virions, virus structure destabilization, inhibiticof attachment to cell receptors and blocking the
release of virions from infected cells (Reading &ichmock, 2007). It is widely accepted that the
RVFV nucleocapsid protein does not contain neuradi epitopes (Lorenzo et al., 2008, Lagerqvist et
al., 2009) but this has only been evaluateditro using the cell culture based virus neutralizatist.
The neutralization of viruses vivo is, however, more complex as it also involves rantgéon of
antibodies with cells and molecules of the innatenune system (Reading and Dimmock, 2007). In
this study it was confirmed that the anti-NP andiles are not neutralizingn vitro. However, to
evaluate whether anti-NP specific antibodies caatersome form of antibody mediated immunity
independent of the various neutralization mechasiknown, arnn vivo neutralization experiment was
conducted in mice.

A recent report shows that human and murine anigsodgainst the nucleocapsid protein of

Toscana virus, a virus of tiithlebovirusgenus and thus closely related to RVFV, has loutraézing




ability (Gori Savellini et al., 2008). In this sudhowever, the high levels of anti-recNP specific
antibodies from mice, sheep and rabbits were ing¥e in neutralizing RVFMn vitro andin vivo. No
significant decrease in morbidity or mortality cdube shown in the experimental groups when
compared to the control groups. These resulteiglysuggest that humoral anti-recNP antibodies do
not play a role in protection against viral infecti Cell free immune serum was, however, useder t
in vivo neutralization experiment and therefore it is krmdwn whether immune cells, and other factors
not present in serum, from immunized individualsildoplay a role in protection. To evaluate the
ability of the complete immune response, includingate/cellular/humoral, to protect against viral

infection and morbidity/mortality, immunized miceere challenged with RVFV.

4.4 Rift Valley fever virus challenge of mice immuized with the recombinant nucleocapsid
protein

4.4.1 Materials and methods

4.4.1.1 Cells and virus

Cells and virus were cultured as described befwetion 4.3.1.1).

4.4.1.2 RVFV challenge

The mice remaining in each group after the immuronaperiod (5 to 7 animals depending on
group) were challenged with RVFV on day 32 after Hooster immunization. Mice were inoculated
subcutaneously (s.c.) with a 100 pl inoculum canitgj 10° TCIDs¢/ml RVF challenge virus, and
after challenge examined twice daily for signs trical illness. Animals displaying severe illness
were euthanized and organs collected. Organs wsoecallected at regular intervals from healthy,
sick and dead mice to monitor challenge virus ogpion. Surviving mice were monitored for 22 days

post infection. A control group was mock inoculatéth EMEM free of the virus.

4.4.1.3 Determination of viral loads in mouse tessu

Mouse liver, kidney and brain tissues were homagahias 10% (w/v) suspensions in EMEM
containing L-Glutamine, non-essential amino acid&l antibiotics (100 IU penicillin, 100 pg
streptomycin and 0.25 pug amphotericin B). After tafugation at 3000 x g, 4°C for 15 minutes,
supernatants were collected and stored at -709Ctested.

Virus titrations of mouse tissue homogenates wendopmed as described before (section
3.2.7). Briefly, four 100pl replicates of 10-foldutions (10" to 10%) of homogenates were transferred
into flat bottomed 96-well cell culture microplatésunc, Denmark) and equal volumes of Vero cell

suspension in EMEM containing 2 x*1€ells/ml, 8% FBS and antibiotics were added. Tlatep




were incubated at 37°C in G@nd observed microscopically for cytopathic eBe@@PE) for 10 days
post inoculation. Virus titres, calculated by thérBer method (Karber, 1931) were expressed as

median tissue culture infectious dose (Té&)Pper gram of tissue.

4.4.1.4 Real-time reverse transcriptase PCR (QRR)PC

Real time PCR was performed only on tissue homdgsnihat yielded negative results by
virus titration. Viral RNA was extracted from 140@d tissue homogenates using the QIAmp® Viral
RNA Kit (QlAgen, Germany) according to the instioas of the manufacturer. The gRT-PCR was
performed as described previously (Le Roux etZf109). Briefly, amplifications were carried out in
20ul reaction mixtures containing 5ul of the exteac VRNA using the LightCycler RNA
Amplification Hybprobe kit (Roche, Germany) and fReche LightCycler instrument. Primers and a

labelled probe targeting the Gn glycoprotein geff@\oFV were used.

4.4.1.5 Statistical methods
Survival proportions in immunized mice versus cohtnice after challenge were compared
using the Fisher exact test (Soper, 2009). Viradloesults in mouse organs are based on JCID

titrationsof virusin tissues from 3 anore animals and given as means.

4.4.2 Results

All mice in the adjuvant and PBS placebo contraugs died or developed severe symptoms
by day six after the experimental infection with R¥, indicating severe challenge. In contrast, mice
that were immunized with recNP/adjuvant combinatiand challenged identically to the control mice
were fully or partially protected from death andese symptoms, depending on the recNP/adjuvant
combination and dose (Figure 4.3). Clinical signssick animals included loss of appetite and
consequent weight loss, scruffy coat, decreasetheks, decreased mobility, loss of balance, shallo
and irregular breathing, and hunched posture. dstigly, clinical signs in immunized animals that
were partially protected were delayed by four toendays as compared to controls and were more
neurological in nature (partial paralysis and laxfs balance). Only immunization with 35ug
recNP/ISA50, 35 and 70ug recNP/Alhydrogel and 38 @0ug recNP/SaponinQ yielded significant
protection from disease/death (Table 4.1). The jpexection from disease/death (100%) was achieved
by immunization with 35 and 70ug recNP/Alhydrogetd 70g recNP/SaponinQ. The least effective

protection achieved was 17% after immunization widng recNP and no adjuvant. The least effective




protection achieved when using adjuvant with theNfe was 40% after immunization with 70ug
recNP/ISA50. Mock inoculated mice did not develoy alinical signs during the experiment.

Despite full or partial protection of some immurdzmice from disease/death after RVFV
challenge, the virus still replicated in immune ejibut to lower levels in liver and kidney tissues
when compared to unvaccinated control mice. Gelyerabwever, the amount of virus detected in
brain tissues from immunized mice after challenges \Wwigher when compared to control mice, with
the exception of mice immunized with 70ug recNP bimad with Alhydrogel or SaponinQ (Table
4.2). Mice that developed severe disease or sucediinédd higher viral loads in liver, kidney and brai

tissues compared to mice that were apparentlythegigure 4.4.).
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Table 4.1. Mouse survival rates after RVFV chalkeng

Survivors/Total Significance of
Group (% survival)® protection”
35ug recNP/ISA50 4/6 (67%) p = 0.0303
70ug recNP/ISA50 2/5 (40%) p=0.1818
35ug recNP/TMG 4/7 (57%) p = 0.0489
70ug recNP/TMG 3/5 (60%) p = 0.0606
35ug recNP/Alhydrogel 6/6 (100%) p =0.0011
70ug recNP/Alhydrogel 5/5 (100%) p = 0.0022
35ug recNP/SaponinQ 4/6 (67%) p = 0.0303
70pg recNP/SaponinQ 6/6 (100%) p =0.0011
70ug recNP 1/6 (17%) p = 0.500
,g&%\éant control group 0/5 (0%) N/A
Adjuvant control grou
Alr{ydrogel I 0/5 (0%) N/A
Adjuva_nt control group 0/6 (0%) N/A
SaponinQ
Placebo control group (PBS) 0/6 (0%) N/A

4Survivors/total number of mice ratio. (%) is pertzge survival

® Significance of protection calculated using FislseExact test. P-values < 0.050 are considered

significant.
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Figure 4.4.Mean RVFV TCIlgy/gram of tissues from dead or sick mice (grey bacshpared
to healthy mice (white bars) from all experimergabups. Error bars indicate the standard

deviations from the mean values.
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Table 4.2. Viral load data in immunized and coninide after RVFV challenge.

Organ Number of

Group tissue mice Mean viral load® | Range (S.D)

Liver 3 Negative * N/A
35ug recNP/ISA50 Kidney 3 1.3 0.0-4.0(2.3)
Brain 3 6.6 5.8-8.0(1.2)

Liver 4 Negative N/A

70ug recNP/ISA50 Kidney 4 Negative * N/A
Brain 4 7.1 6.0 -8.0(0.7)

Liver 4 Negative N/A
35ug recNP/TMG Kidney 4 0.9 0.0-3.8(1.9)
Brain 4 7.4 7.0 —8.0(0.5)

Liver 3 Negative * N/A

70ug recNP/TMG Kidney 3 Negative * N/A
Brain 3 6.5 0.0-7.0 (0.5)

35ug Liver 3 Negative N/A
Kidney 3 1.3 0.0-4.0 (2.3)
recNP/Alhydrogel Brain 3 4.8 3.0-7.0 (2.1)

70ug Liver 3 Negative N/A

Kidney 3 Negative N/A
recNP/Alhydrogel Brain 3 1.3 0.0 — 4.0 (2.3)
Liver 4 1.0 0.0 - 4.0 (2.0)

35ug recNP/SaponinQ|  Kidney 4 Negative * N/A
Brain 4 3.9 0.0 — 8.5 (4.5)

Liver 3 Negative * N/A
70ug recNP/SaponinQ|  Kidney 3 1.3 0.0-3.8(2.2)
Brain 3 1.5 0.0 —4.5(2.6)
Liver 6 0.8 0.0-4.5(1.8)
70ug recNP Kidney 6 3.0 0.0-5.3(2.4)
Brain 6 6.0 0.0-8.5(3.1)
. Liver 5 35 0.0-5.3(2.0)
A%ﬁ"a(rl‘;/i%gt)ro' Kidney 5 5.0 3.8-5.3(0.8)
group Brain 5 2.9 0.0 - 4.3 (1.7)
. Liver 5 45 3.8-5.3(0.9)
A%ﬂ"""(r/‘;lﬁog:go'el) Kidney 5 5.7 5.0 - 6.5 (0.6)
group (Alnydrog Brain 5 4.6 3.0 - 6.5 (1.3)
. Liver 6 5.3 3.8-6.8(1.3)
A%ﬂ""j‘(rgac"o”rfirr‘]’('g) Kidney 6 5.8 45-63(0.7)
group {=ap Brain 6 4.2 3.0-5.8 (1.1)
aceb | Liver 6 5.9 4.0-7.3(1.3)
E’P%"Se) 0 control group [ i 4ney 6 5.3 43-6.0(0.6)
Brain 6 2.5 0.0-3.3(1.2)

Organs were collected from sick and healthy midevben day 2 and 15 after infection.
% Viral loads are given as mean lggiCIDsy/g tissue
® Range of logTCIDs, values and standard deviation from the mean

*Indicates where gRT-PCR positives were detectettus negative tissues




4.4.3 Discussion

It was shown in this study that the bacterially regsed recombinant RVFV nucleocapsid
protein (recNP) is highly immunogenic in BALB/c reievhen used with different adjuvants (section
4.2). These antibodies, however, are not neutngim vitro or in vivo (section 4.3). To evaluate
whether immunization with recNP could induce prétecimmunity in mice by a mechanism other
than neutralization of the virus, immunized mice revechallenged with virulent RVFV. The
recNP/SaponinQ combination was best able to industrong IgG2A isotype response. Increased
IgG2A isotype antibodies indicate activation of tfie-1 response, which indicates secretion of IFN-
and IL-2, two cytokines known to be involved in tbellular immune response. Interferon gamma
(IFN- ) is secreted by natural killer cells (NK) and Ctotoxic T lymphocytes amongst others and
has direct antiviral activity but also acts asmmiunoregulatory factor. Interleukin 2 (IL-2) is seted
by T helper cells (Th) and acts by stimulating tirewth, differentiation and survival of antigen
specific CD8 cytotoxic T lymphocytes. These factors might halayed a role in significant
protection of recNP/SaponinQ immunized mice fromatbAlisease (67 — 100% protection depending
on recNP dose) and in decreasing replication ofexige virus.

Irrespective of the recNP dose used, immunizatidh vecNP/Alhydrogel resulted in 100%
protection from morbidity/mortality and the lowe$tvels of virus replication after challenge.
Interestingly, and contrary to findings in recNRIBaNQ groups, the recNP/Alhydrogel
antigen/adjuvant combination induced a low IgG28panse, even though IgG1 and total 1gG levels
were still comparable to those in other groupss™muld indicate that recNP/Alhydrogel was indeed
immunogenic but that the response was stronglyebigswards the Th-2 humoral response. These
results are consistent with previous findings simgwno up-regulation of IFN-and IL-2, and thus
decreased IgG2A isotype antibodies by alum adjugdidgnova et al., 2001). Alhydrogel, however,
might directly activate NF-kB, a protein complexufa in almost all cell types and that is involved i
regulating cellular responses to an infection (dianet al., 2001). Studies have shown that NF-kB is
required for the positive selection of memory CO8cells (Hettmann and Leiden, 2000, Hettmann et
al., 2003). CD8T cells are able to kill virus-infected cells hydiicing apoptosis, and have recently
been shown to kill infected cells directly in tlygph nodes draining the infected site (Xu et &Q7).
This does not prevent infection but acts by lingitithe spread of virus to organs, as it is the faise
viruses that cause systemic infections such as RiRély the combination of recNP/Alhydrogel was
able to induce a RVFV N-protein specific memoryldat response independently from the Th1/Th2
pathway by inducing NF-kB transcription factorsis'im turn might have resulted in the production of
N-protein specific memory CDS8T cells recognizing specific fragments of the siriN protein

displayed on the surface of APC or other infecteltscKilling of those cells would curb the spreafd




the virus and lower its replication level. Thissamption is supported by our observations of
drastically lower viral loads in target organs froecNP/Alhydrogel vaccinated mice during the early
stages after infection, as compared to virus cdnggon in placebo control mouse organs. RVFV
initially infects the white blood cells in the pimity of the inoculation site and circulates ingbecells

for 2-3 days, after which large amounts of the wirsi released into the bloodstream to infect other
organs. Once the complete virus particles are seteanto the bloodstream the non-neutralizing anti-
NP response becomes ineffective since the NP antigenot be accessed by cell receptors. However,
during the initial stage when white blood cells améected, these cells would present processed
fragments of the N protein antigen on their surfatich would make them targets for apoptosis if
specific memory cytotoxic T cells are present. dt therefore proposed that recNP/Alhydrogel
immunizations were able to protect mice from sewnmptoms by inducing the generation of NP-
specific memory CDS8T cells that were able to limit the spread of sihy killing infected white blood
cells before they could propagate and release Ergrints of virus.

ISA50 have been shown previously to direct the imentesponse against a specific antigen
towards the Th-2 type response, involved in humarahunity, rather than Th-1 (O'Hagan et al.,
2001). We obtained similar results with our antiggmowing that mice immunized with recNP/ISA50
developed very strong 1gG1 type responses comgartmver, but still respectable IgG2A responses.
The protection rates of 40 — 67% noted in this expental group is probably due to the fact thatITh-
immunity was induced by the adjuvant, but to a loleeel compared to SaponinQ. Mice immunized
with both doses of recNP/TiterMax Gold generatedyvggh levels of IgG1, but also intermediate
IgG2A responses against recNP, which is consistéht previous findings (Cribbs et al., 2003). The
increased Th-2 response over Th-1 pattern was senjlar to that found when using ISA50 as
adjuvant with recNP, and subsequently also resuftesimilar protection rates of 57 — 60%. The
distribution and titres of virus in organs from K/ISA50 and recNP/TMG immunized mice were
also almost identical indicating that these twaugdpts function by very similar mechanisms.

Despite the recNP without adjuvant being able tduge a detectable humoral immune
response after a booster immunization, it was hi& # protect mice against morbidity/mortalityeaft
RVFV challenge. This is most probably due to abeenfcadjuvant to direct the response against the
recNP towards cellular immunity, partly shown byaak IgG2A response. This result confirms the
importance of selecting an adjuvant that directsithmunity towards the correct type of response for
the specific antigen used. Interestingly, all redSR50 or TMG vaccinated mice had similar, or in
most cases higher viral loads in brain tissues foay 6 p.i. onwards when compared to placebo
control mice, whereas during the first 5 days jplacebo control mice had high titres of replicating

virus in all tissues tested. This organ specifapism might explain the clinical observation of gom
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vaccinated mice developing delayed severe neurdbgymptoms, as opposed to more general severe
symptoms in placebo control mice during the eadysdafter infection. From these results it seerat th
recNP/ISA50 or TMG vaccinated mice were successiulaverting initial disease or death by
decreasing viral loads in other target organs,virerie not able to prevent RVFV from crossing the

blood-brain barrier and viral replication to dammaglevels.

4.5 Conclusion

This chapter describes efforts to evaluate whether response against the nucleocapsid
protein of RVFV plays a role in protection agaimgal infection. To achieve this, different adju¥an
with different mechanisms of enhancing immunity wesed with a bacterially expressed RVFV
nucleocapsid protein to immunize mice. The recNB highly immunogenic, even in the absence of
adjuvant. These anti-recNP humoral antibodies, kewérad no neutralizing ability, eithir vitro or
in vivo. Despite this, mice immunized with recNP were gcteéd from morbidity/mortality caused by
challenge RVFV and depending on adjuvant used, 5008% protection was achieved. Two
recNP/adjuvant combinations resulted in significanttection (100%) and reduction of challenge
virus replication in organs. The results show tvag of these protective antigen/adjuvant combinatio
(recNP/SaponinQ) induced the strongest IgG2A isetygsponse compared to other adjuvants in this
study, indicating activation of Th-1 cellular immtyn The assays used were not able to indicate
activation of cellular immunity by the other praige antigen/adjuvant combination
(recNP/Alhydrogel), but this combination might hameluced the production of NP-specific memory
CD8' T-cells by a separate pathway, as indicated kylteefrom previous studies with alum adjuvant
(Ulanova et al., 2001). The RVFV recNP combinechvdtijuvants that are known to bias responses
towards Th-2 humoral immunity (ISA-50, TiterMax @dl(O'Hagan et al., 2001, Cribbs et al., 2003)
induced weaker IgG2A responses compared to Sapompripected only 40 — 67% of mice from
morbidity and mortality, and were not able to stiffiitly curb viral replication in important organs.

Results from this study suggest that the anti-Népaoase play a role in protection of mice
against RVFV infection. Even though obtained resintlicate that cellular immunity is the major role
player further experiments were needed to supp@thypothesis. This was attempted and results are
presented in chapter 6. Based on the promisindtseshtained in a mouse model, it was decided to
evaluate the recNP as an immunogen in a host asipesies. Therefore, additional studies have been

undertaken, of which results are presented in endpt
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CHAPTER FIVE

RECOMBINANT NUCLEOCAPSID PROTEIN AS AN IMMUNOGEN IN A RVF
HOST ANIMAL SPECIES*

* Partially published as:

Jansen van Vuren, PTiemessen, C.T. & Paweska, J.T. (2010). Evalnatiba recombinant Rift

Valley fever virus subunit nucleocapsid proteirmagmmunogen in mice and she&pe Open
Vaccine JournaB, 114-126
* Partially presented at international confererass

Jansen van Vuren, R Paweska, J.T. (2009). Preliminary evaluationaofecombinant Rift Valley

fever virus nucleocapsid protein as an immunogecoimbination with different adjuvants in
mice and shee=AO/IAEA International Symposium on Sustainablerowgment of Animal
Production and HealthVienna, Austria, 8 — 11 June 2009. (Poster ptatien).

Jansen van Vuren, PTiemessen, C.T. & Paweska, J.T. (2009). Evalnatiba recombinant Rift

Valley fever virus nucleocapsid protein as a vaedimmunogen in combination with four
adjuvantsinternational Meeting on Emerging Diseases and 8illance Vienna, Austria, 13

— 16 February 2009. (Poster presentation).

5.1 Introduction

The advent of molecular biology has enabled deveéog of various novel vaccine candidates
for RVF. These next generation vaccines offer athges over classical vaccines in that they are safe
easy and less expensive to produce. All the recactine candidates have been evaluated in mice or
rats, but very few have been further evaluatedhonst ruminant animal species.

A recombinant lumpy skin disease virus (LSDV) camtag both RVF glycoprotein genes
induces strong neutralizing responses and 100%giroh from clinical disease in sheep (Wallace et
al.,, 2006). A SINV replicon-based RVF vaccine proglki neutralizing responses in sheep but
protection against viral challenge was not evallidkéeise et al., 2009). Immunization of sheep with
DNA construct expressing the RVFV M segment andrtheleocapsid protein was not able to elicit
detectable humoral responses but low level antgpagific cellular responses were induced (Lorenzo
et al., 2008). A construct expressing only the eochpsid protein, however, is able to induce strong
anti-NP 1gG1 isotype responses as well as celh@sponses in sheep (Lorenzo et al., 2008), although

protection against viral challenge was not evalliate




The role of the anti-NP response in the protectiba host animal species against RVF viral
challenge has not been evaluated before. The rewéB in this study induced protective immune
responses in mice; therefore it was decided touew@lits protective ability against RVFV challenge

sheep using the same recNP/adjuvant combinationsessfor mice.

5.2 Immunogenicity of the recombinant nucleocapsigrotein alone and in combination with

four different adjuvants in sheep
5.2.1

5.2.1.1 Immunization of sheep

Materials and methods

The recombinant RVFV nucleocapsid protein (recNRjswproduced as described before
(section 2.1.2.4). Sheep were pre-screened foadigs against RVFV using enzyme linked
immunosorbent assay (ELISA). Twenty three adultdienDorper cross sheep, younger than one year,
were used. The sheep were divided into groups ssrided in table 5.1. All sheep were inoculated
subcutaneously (s.c.) and received identical bodasteulations as described in table 5.1. Serum was

collected at regular intervals, as given in table #r monitoring of immune responses.

Table 5.1. Group assignments and immunization sdaeaf sheep.

RVFV Blood collection
Group | Number recNP Immunization schedule (day after
number | of sheep | dose (ug)| Adjuvant/Inoculum schedule immunization/booster)
la n=2 175 ISA50
1b n=2 350 ISA50
2a n=2 175 Alhydrogel
2b n=2 350 Alhydrogel Day O (initial)
3a n=2 175 TiterMax Gold® Day 21 (booster)
3b n=2 350 TiterMax Gold® Day 0, Day 14, Day 26
da n=2 175 SaponinQ Day 14 after booster
4b n=2 350 SaponinQ
ISA50, Alhydrogel, I
TiterMax Gold® or Dal):/);) (g]itl?*gncok(:k)
5 n=4 0 SaponinQ gooster)
6 n=3 0 PBS

5.2.1.2 Monitoring of immune responses

Immune responses in sheep after immunization wastared by an indirect ELISA based on
the recNP as follows: Immunoplates (Maxisorb, NuBenmark) were coated with RVFV recNP
antigen at a dilution of 1:2000 in Carbonate-Bicawdte buffer (pH 9.6) and incubated overnight at
4°C. After washing three times with a washing hutfensisting of phosphate buffered saline (PBS)
pH7.2 and 0.1% Tween-20, the plates were blockel 200l of 10% fat free milk powder (“Elite”,




Clover SA, Pty, Ltd.) in PBS at 37°C for 1h andrtlveashed as before. Control and test sera were
diluted 1:400 in diluent buffer consisting of 2% feee milk powder in PBS, 100ul added to each well
and incubated for 1h at 37°C. Sheep internal clsntvere generated as described by Paweska et al. in
2003 [36]. Controls were tested in quadruplicate @st samples in duplicate. After washing as legfor
100 pl of rabbit anti-sheep IgG HRPO (Zymed Labarias, Invitrogen, USA) at 1:6000 dilution was
added to plates. After 1h incubation at 37°C platese washed as before and 100 pl of 2,2-
azinodiethylbenzthiazoline sulfonic acid (ABTS, KRaboratories, Inc.) added to each well. After 30
min incubation in the dark the reaction was stopipgdhe addition of 100 pl of 1% sodium dodecyl
sulphate (SDS) to each well. Optical density (ORpwletermined at 405nm and the results expressed
as mean OD values. Means and standard deviations thie means were determined based on two

animals per group.

5.2.2 Results

All sheep immunized with recNP combined with adjugaproduced detectable anti-NP 1gG
responses by day 14 after one immunization (Figutg The anti-NP antibodies in immunized sheep
were consistently equal to or higher than the santdodies in the high positive control serum from
an experimentally infected sheep (dotted verticad In figure 5.1). The second immunization of all
sheep had the desired effect of boosting immungorees. The combination of recNP with
Alhydrogel (group 2 and 6) was the least immunogénit still induced strong responses compared to
the positive control. The larger recNP dose (350jid)not induce much stronger responses in any of
the immunized groups when compared to the lowee @d35ug). As expected, the adjuvant and PBS

control groups did not develop any anti-NP respsiging the immunization period.
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Figure 5.1. Average anti-NP responses in sheep edteNP first and booster immunizations;
error bars indicate standard deviations from theam& 1) 175ug recNP/ISA50 (n=2); 2)
175ug recNP/Alhydrogel (n=2); 3) 175pg recNP/TitetM Gold (n=2); 4) 175ug
recNP/SaponinQ (n=2); 5) 350ug recNP/ISA50 (n=2);360ug recNP/Alhydrogel (n=2); 7)
350pg recNP/TiterMax Gold (n=2); 8) 350ug recNP/8apQ; 9) Adjuvant controls (n = 4);
10) PBS controls (n=3); 11) 350ug recNP (n=2). Meetical dotted line indicates the average
OD reading for a high positive control serum. Tlodéicsvertical line indicates the average OD

reading for a negative control serum.

5.2.3 Discussion

The recNP combined with adjuvants was highly imngeroc in sheep, even after a single
immunization. The strength of the responses diddepend so much on the dose of recNP used (175
vs. 350uQ), but seemed more dependent on the adjused. The highest immunogenicity was
achieved when combining recNP with SaponinQ orriieex Gold. Alhydrogel seemed to be the least
effective of the adjuvants in inducing humoral arttNP responses. None of the anti-recNP responses
in sheep were neutralizing.

The responses measured were IgG antibodies, amddaolier results in this study it became
clear that humoral immunity against the RVFV NPgloet play a role in protection against infection.
Some of the adjuvants used are known to inducelaelimmunity and although the cellular response

was not measured in this study, based on the strexighe humoral responses one would think they

#



were activated. In a recent study it was shownghaep, immunized with a DNA construct expressing
the RVFV NP, developed strong humoral as well agplyoproliferative responses (IFN{Lorenzo et
al., 2008).

5.3 Rift Valley fever virus challenge of immunizedheep

5.3.1 Materials and methods
5.3.1.1 Cells and virus

Cells and virus were cultured as described befwetion 4.3.1.1).

5.3.1.2 RVFV challenge

All sheep were challenged s.c. with 2 ml challengas (1 ml on both sides of the neck).
Sheep were challenged at different times as fotlaw® sheep from each sub-group (group la,b —
4a,b), all sheep from group five and one sheep fgooup six were challenged on day 37 after the
booster immunization (total = 13 sheep); the remairsheep were challenged on day 168 after the
booster immunization (total = 10 sheep). Sheep weoeitored daily for the first two weeks after
challenge and blood taken daily for the first sedegs, and at regular intervals thereafter to noonit

viremia and immune responses until day 70.

5.3.1.3 Immune response monitoring after RVFV @k

Immune responses in sheep after challenge weretonedi by IgM capture ELISA as
described previously (Paweska et al., 2003a). Asvineutralization test (VNT) was performed as
described before (section 2.1.2.3). Means and atdrdkviations for IgM ELISA percentage positivity

values and VNT titres were based on data from mininwo animals per group.

5.3.1.4 Virus titrations
Virus titrations of sheep sera collected after lemgle were performed as described before
(section 3.2.7). Means and standard deviations fl@rmeans were determined based on two or more

animals per group.

5.3.1.5 Statistical methods

The significance of differences between immune @asps and viremia in sheep was
confirmed using the Fisher F-test giving a twoddilprobability value (Excel, Microsoft Office). P-
values lower than 0.01 were considered to be sogmif. Mean values and standard deviations from

the means were calculated using at least two gberegroup.




5.3.2 Results
5.3.2.1 Immune responses in sheep after RVFV aigele

Because the dose of recNP did not have a significapact on the strength of the humoral
responses, groups that were immunized with the saniéP/adjuvant combination, regardless of dose,
were grouped together for the RVFV challenge expeni. All adjuvant control sheep were regarded
as one group, and all PBS control sheep were redaad one group, regardless of when they were
challenged with RVFV.

The sheep IgM responses after challenge are shofigure 5.2a and in figure 5.2b. None of
the immunized or control sheep had any detectabE&VRspecific IgM antibodies on the day of
challenge. High levels of RVFV specific IgG, howevweas detected in all immunized sheep on the
day of challenge, but as expected not in contrekph(results not shown). Control sheep developed
typical IgM responses after RVFV challenge. All inmnized sheep developed lower IgM responses
after challenge when compared to control sheepgpmxthe recNP/Alhydrogel immunized sheep that
were challenged on day 168, which developed eldvig® responses when compared to other
immunized sheep. Incidentally, these recNP/Alhydtognmunized sheep had decreased RVFV
specific IgG on the day 168 when they were chabkeingesults not shown).

The virus neutralizing antibody responses aftetlehge are shown in figure 5.3a and figure
5.3b. Immunization did not have significant effeatdecreasing the development of virus neutralizing
antibodies when compared to PBS control sheep:RAEA50 (day 37, p = 0.883; day 168, p = 0.825
Fisher F-test), recNP/Alhydrogel (day 37, p = 0,928y 168, p = 0.850), recNP/TiterMax Gold (day
37, p =0.881; day 168, p = 0.975) and recNP/Sapiday 37, p = 0.682; day 168, p = 0.858).
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sheep per group.



5.3.2.2 Viremia in sheep after RVFV challenge

The viremia in sheep after RVFV challenge is shawifable 5.2. Immunization of sheep did
not result in significant decrease of viral loadssera when compared to PBS control sheep. Viremia
was, however, of two to four days duration whereae PBS control sheep developed prolonged

viremia up to day seven. None of the sheep, inolydontrols, displayed any clinical signs.

5.3.3 Discussion

Despite the recNP being highly immunogenic in shelbpn combined with adjuvants (section
5.2), immunity against recNP was not able to desgeéhe replication of challenge virus in sheep. The
IgM responses in immunized sheep after challenge aeasiderably lower when compared to naive
sheep that were challenged with the same virus.edtew this is most probably due to the fact that th
IgM ELISA detects antibodies against the whole RY¢luding the glycoproteins. When taking into
consideration that virus neutralizing antibody etr which consists solely of anti-glycoprotein
antibodies, were equal in immunized and controbph@ appears that the decrease in IgM responses
in immunized sheep versus control sheep was be@sdlP IgM antibodies were not produced by
immunized sheep since they had already been exgostuls antigen during immunization. This is
further substantiated by the fact that there wassigmificant decrease in viremia in serum of

immunized sheep after challenge when comparedrtoasheep.



Table 5.2. Viremia in immunized and control sheieréRVFV challenge.

Inoculum Number | Days post | Viremia Significance of
of sheep | infection Mean decreased viremid
Log,0TCID s¢/ml+Standard
deviation (Range)
recNP/ISA50 (1a-b) 1 4.5+0.4 (4.310 4.8)
(175 and 350pg 2 4.4+0.2 (4.3 to 4.5) B
combined) 2 3 0.8+1.1 (0.0 to L.5) p=055
4-7 Negative
Challenge day 37 T 3.6+0.5 (3.3 10 4.0)
2 2 6.1+0.5 (5.8 t0 6.5) p=0.37
Challenge day 168 3-7 2.0+£1.8 (08 to 33)
recNP/Alhydrogel (2a-b) 1 2.6+2.7 (0.8 to 4.5)
(175 and 350ug 2 2.0+2.8 (0.0 to 4.0) _
combined) 2 3 1.1+1.6 (0.0 to 2.3) p=037
4-7 Negative
Challenge day 37 1 3.4+0.2 (3.3 10 3.5)
2 4.4+2.7 (2.5 10 6.3)
2 3 2.4+3.4 (0.0 t0 4.8) p=0.79
4 0.5+0.7 (0.0 to 1.0)
Challenge day 168 5-7 Negative
recNP/TiterMax Gold 1 4.3+1.1 (3.51t0 5.0)
(3a-h) 2 2 2.6+1.2 (1.8 t0 3.5) p=0.88
(175 and 350ug 3-7 Negative
combined) 1 4.3+0.4 (4.0 to 4.5)
Challenge day 37 2 5.0+1.1 (4.3 t0 5.8)
2 3 1.9+1.2 (1.0 to 2.8) p = 0.49
4-7 Negative
Challenge day 168
recNP/SaponinQ (4a-b) 1 4.4+0.5 (4.0t0 4.8)
(175 and 350pg 2 4.8+0.4 (4.5 t0 5.0) B
combined) 2 3 1.6+2.3 (0.0 to 3.3) p=052
4-7 Negative
Challenge day 37 1 1.9+2.7 (0.0 to 3.8)
2 2.0+2.8 (0.0 to 4.0) B
2 3 0.4+0.5 (0.0 t0 0.8) p=019
Challenge day 168 4-7 Negative
Adjuvant control 1 5.1+0.3 (4.8 10 5.5)
g_SAEI;)AO, Agy%rogzl, 2 4.8+1.1 (3.8 10 6.0)
iterMax Gold an + _
SaponinQ combined) 4 2_7 %S;t'iie(o'o - p=0.40
Challenge day 37
1 4.5+0.3 (4.3 t0 4.8)
2 5.3+2.3 (3.310 7.8)
PBS control 3 2.3+4.0 (0.0 to 7.0)
3 4 1.943.3 (0.0 to 5.8) Control group
Challenge day 37 and 168 5 1.843.2 (0.0 to 5.5)
6 1.5+2.6 (0.0 to 4.5)
7 0.8+1.4 (0.0 to 2.5)

% Indicates the statistical significance of decreiaseiral load as compared to PBS control sheep, as

calculated by the Fisher F-test. P-valugk01 indicate a statistically significant decreemseiremia.

%



54 Conclusion

This chapter describes the first evaluation of teeNP, combined with adjuvants, as an
immunogen in a RVF host species, sheep, and pimteegainst viral replication after RVFV
challenge. Vaccination against arthropod bornesdésushould ideally aim to decrease morbidity and
mortality, but even more importantly it should stitye spread of the virus by inducing sterilizing
immunity. The only study on record where immuneposses against specifically the NP were
evaluated (Lorenzo et al., 2008) reported on huhard lymphoproliferative responses induced after
immunization with a DNA construct expressing the. NRe protective ability of these responses was
not evaluated. The findings from this study hightigome important aspects that should be considered
for future research and development of vaccine idatels for RVF. Firstly the anti-nucleocapsid
response alone, although protective in mice, doéseem to play a role in the protection of an actu
host species against RVFV infection. It must beedahough that in mice protection was evaluated as
survival and decrease of viral replication in orgawhereas in sheep protection was based solely on
viremia in the blood. The reason for this is thaisialmost impossible to produce disease in sheep
older than a few months with experimental RVFV atifien. For this reason viremia, which is also an
important factor in protection since high viremiawld lead to subsequent infection of feeding
mosquitos, was measured in this study. Thereforgoitld be more accurate to state that anti-NP
responses were not able to curb viremia in thedbtiicsheep. Secondly, the results show that results
mice cannot necessarily be extrapolated to a hpestiss with the expectation of achieving the same
level of protection. It must be remembered thatengice merely used because in some cases the disease
caused by viral infection mimicks some of the syonpg seen in actual host species, in addition to
their ease of handling and low cost. Therefore R\é&xdidate vaccines should always be evaluated in
a host species first before conclusions can bermwout its efficacy. Although the target protewhs
choice for RVFV vaccines are glycoproteins becaisaducing neutralizing antibody, RVFV vaccine
candidates targeting the glycoproteins which wer@uated in mice have also yielded inconsistent
protection against challenge (Wallace et al., 20@&andell et al., 2009, Naslund et al., 2009). In a
recent study it was shown that immunization withPéLcombining the glycoproteins and nucleocapsid
protein yielded better protection (Mandell et &009). Therefore it appears that vaccine candidates

combining glyco- and nucleocapsid proteins shoeldunther investigated.
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6.1 Introduction

As shown in Chapters 4 and 5, the bacterially esg@e recombinant RVFV N-protein was
highly immunogenic in mice and sheep, and elicit8@% protection against lethal challenge in mice
when combined with certain adjuvants. However, ritechanism by which immunization with this
protein elicits protection is still not clear, howee. A deeper look into these mechanisms might also
reveal the discrepant results between mice andposhdéis study. The N-protein is not a viral suda
protein and therefore does not play any role insvigntry into host cells. It is therefore not sisipg
that anti-recNP humoral antibodies from immunizeidarand sheep in this study were not able to
neutralize the virugn vitro or in vivo (Chapter 4). The N-protein is the main RVFV immueognd
strong humoral responses have been detected imugagpecies against the RVFV recNP (Jansen van
Vuren et al., 2007, Paweska et al., 2007, Paweaséh, 008b) which has led some to suggest that N-
protein acts as a decoy protein (Lorenzo et aD820This theory is, however, not supported by the
successful protection of mice by recNP immunizationthis study. Low level N-protein specific
cellular responses have been noted in sheep aftaumization with a DNA vaccine expressing NP
(Lorenzo et al., 2008). However, in this study tteeNP/adjuvant combination that induced the
weakest IgG2a isotype response (indicative of wEak cellular immunity), but still a strong 1gG1
isotype response (indicative of activation of Thamoral immunity) (Figure 4.1 e-f), in mice after

immunization resulted in the best protection agat\éFV challenge. This indicates that the activatio




of cellular immunity against NP might not play suglsubstantial role in protection against RVFV
infection.

The host defence against viral infection is a caxplkesponse consisting of two categories:
innate and adaptive immunity. The innate immunéesyds the first line of defence against infections
but is not pathogen specific and is mainly compkisé the complement system, cytokines, natural
killer cells, macrophages and apoptosis (StraudsSairauss, 2008). Cytokines are a family of pr&ein
that also have a regulatory role in the host adagthmune system, especially interleukins, whereas
interferons also have direct antiviral action. Typeénterferons, IFN and IFN, are especially
important in vertebrates for controlling viral icfens and are produced by almost all cell typethén
host. Type | interferons are induced mainly by dietection of double-stranded RNA, an intermediate
product in viral replication, by Toll-like receptoon the surface of cells or helicases within thk ¢
(Strauss and Strauss, 2008, Haller and Weber, 2@8¢e induced, type | interferons not only
stimulate the adaptive immune response by incrggsiaduction of class | major histocompatibility
complex (MHC ) molecules, but they also createaativiral state in host cells, thus preventing or
decreasing viral replication in those cells. Thigiaral state involves antiviral pathways such as
protein Kinase R (PKR), 2-5 OAS/RNaseL and the Mxtqns (Strauss and Strauss, 2008, Haller and
Weber, 2009) that interferes with viral mMRNA tramigdn. RVFV is sensitive to the actions of type |
interferons (Anderson and Peters, 1988, Morrillet1990, Sandrock et al., 2001, Peterss et @9Y
but the virus has developed several mechanismsHighwit counteracts the actions of thereof. The
NSs protein of RVFV forms filaments in the nucléiinfected cells and interacts with a repressor
complex (Sin3A/NCoR/HDAC) inhibiting transcriptiohactivation of the IFN gene (Le May et al.,
2008, Bouloy and Weber, 2010). A more general shwidof cellular gene expression is also caused
by interaction of NSs with the p44 subunit of tHellH basal transcription factor, resulting in reddc
transcriptional activity in RVFV infected cells (IMay et al., 2004). The NSs has also been shown to
act on a post-translational level by degrading PKRprotein responsible for the shutdown of
translation of viral proteins (Habjan et al., 20D9mterferon gamma (IFN is the only type Il
interferon and is produced by natural killer T sdINKT) and NK cells as part of the innate immune
response, and by cytotoxic T lymphocytes (CTL) drndl cells as a part of the memory cellular
response (Strauss and Strauss, 2008). BN strong immunoregulator altering the trangiipof a
number of genes which, amongst others, leads t@ased production of MHC | and Il molecules,
suppression of Th-2 humoral immunity and activatioih NK cells. It also has direct antiviral
properties. However, the role that IFilays in protection of the host against RVFV itif@c is
debatable. A study in rhesus monkeys showed thgthgtactic treatment with recombinant human

IFN before RVFV infection protected monkeys from dadi disease, and decreased viremia




significantly (Morrill et al., 1991b). A recent sty, however, showed that there was no marked
difference in pathogenicity of RVFV MP-12 or Clof8-in wild type mice compared to mice deficient
in IFN receptor (IFNGR) suggesting that IFNonly plays a negligible role in RVFV attenuation
(Bouloy et al., 2001).

Another non-structural protein of RVFV, encoded thg M segment (NSm), was recently
implicated in the pathogenesis of RVF by actingaasanti-apoptotic protein (Won et al., 2007).
Apoptosis is a controlled process in the host amdaof eliminating cells that are infected beftrey
can produce a large progeny of virus (Strauss anduss, 2008). Another antigen-independent
mechanism of killing infected cells is carried dayt NK cells. These cytolytic cells express two
separate sets of receptors. One of these setsagtoes interacts with MHC | molecules on hostsell
which inhibits killing of the host cell. The othset of NK receptors interacts with activating males
on infected hosts cells, resulting in the stimuolatof NK cells to kill the target cell. NK cellssal kill
any cells that are not expressing MHC | (or low ants thereof) as a result of the ability of some
pathogens to inhibit MHC | expression in infectedlto evade CTL responses (Strauss and Strauss,
2008). NK cells can also play a role in adaptivenimnity by means of antibody-dependent cell-
mediated cytotoxicity (Weiner and Adams, 2000). sTis a process by which antigen specific
antibodies form a bridge between a virus infectelt displaying that viral antigen on its surfacada
NK cells which bind the Fc portion of antibodieglaesults in lysis of the target cell.

The adaptive immune response consists of a cellatar, making use of cytotoxic T
lymphocytes (CTL), and a humoral arm, making useBdymphocytes (B-cells) that secrete
antibodies, with helper T-lymphocytes (Th-1 or Th&ztivating these cells and directing responses
(Strauss and Strauss, 2008). Humoral immunity gontant against extracellular pathogens, such as
for example RVFV circulating in the bloodstreamitsf host. A B-cell displaying an antibody on its
surface would recognize an extracellular viral gani, leading to activation, followed by a second
signal from a Th-2 cell after recognition of a fnagnt of the antigen displayed by MHC Il molecule,
causing the activated B-cell to proliferate anddoice more cells capable of producing and secreting
the same antibody (Strauss and Strauss, 2008hdkhés play an important role in the control ofavir
infections by direct inhibition of virus entry inthost cells (neutralization), coating of virus for
subsequent removal by macrophages and activationhef complement cascade that leads to
opsonisation, phagocytosis, chemotaxis or lysisdi8sussed earlier, strong humoral responses dgains
the RVFV NP is elicited after RVFV infection butede antibodies are not neutralizingvitro or in
vivo (Jansen van Vuren et al., 2010, Lorenzo et aL.OR0most probably because the NP plays no role
in viral entry into host cells and is not found the envelope of the virus and thus cannot be coated

with antibodies for removal by macrophages. Huiheoesponses generated against the RVFV




glycoproteins are, however, neutralizing and aetate of protection against viral challenge (Wadlac
et al., 2006, Heise et al., 2009, Kortekaas et28l10a, Lorenzo et al., 2010, Mandell et al., 2010a
Cellular immunity is important against intracellul@athogens, such as for example RVFV infecting
host cells. Infected cells present peptide fragmehviral proteins in a class | MHC context, whish
recognized by T-cell receptors (TCR) on CD8cells (cytotoxic T cells) that consequently baeo
activated when a second co-stimulatory signalésgmt (Strauss and Strauss, 2008). An activated CTL
requires further stimulation by cytokines (i.e. 2LFN ), supplied by Th-1 cells, to enable it to
proliferate and mount a vigorous cellular respoagainst infection. The activation of the cellulama

of the adaptive immune response to RVFV infectias hot been shown. A recent study, evaluating
RVF virus like particles (VLP) containing both gbmroteins and NP as a vaccine, showed the
secretion of some cytokines from RVFV induced spleells of mice 31 days post immunization with
VLP (Mandell et al., 2010a). These cytokines inelddhose associated with Thl cellular immunity
(IL-2, IFN and IL-12) and Th2 humoral immunity (IL-4 and I).-5

A few recent studies have utilized microarrays aamitative PCRs to analyze host gene
expression in response to arboviral infections (®eret al., 2005, Calzavara-Silva et al., 2009,
Nascimento et al., 2009, do Valle et al., 2010, Meeet al., 2010). One study in particular utilized
microarray and quantitative PCR to show a criticdé for host innate immunity in resistance to RVF
(do Valle et al., 2010). The study showed that acsgg strain of mice, BALB/cByJ, was more
resistant to RVFV infection when compared to a widuse strain, MBT/Pas. The study analyzed the
expression of genes involved in the innate imm@sponse by infecting mouse embryonic fibroblasts
(MEF) from both mouse strains with RVRY vitro, with results indicating a more significant type |
IFN response in the BALB/cByJ MEFs. The resultsrfrthis study are a further indication of the
involvement of innate immunity, especially typeFN, in the host’s fight against RVFV infection. The
activation of adaptive immunity after RVFV infeatioon a gene expression level, andvivo in a
known RVFV target organ, has not been shown yebefter understanding of the activation of
memory humoral and cellular immune responses nypgbvide some useful information for future
RVFV vaccine developments, or even show some gdmasmight be targets of gene therapy or
antivirals. The role that anti-NP responses playhi@ protection of vaccinated individuals against
RVFV infection is also not well understood.

In an attempt to elucidate the protective mecharmitanti-recNP responses, the regulation of
expression of certain genes involved in the adtwabf T- and B-cell immunity, and innate immunity,
were analysed by Real-Time PCR and relative queatién in three organs known to be important in
RVFV pathogenesis. Relative quantification is almdtby which expression levels of genes in treated

subjects are related to expression levels of theeggenes in untreated subjects (Livak and Schmittge




2001, Schmittgen and Livak, 2008). In this studye tkthree treated groups, consisting of
recNP/Alhydrogel immunized mice, Alhydrogel mockAmnized mice and PBS mock-immunized
mice, were challenged with RVFV. The untreated grdid not receive any immunization and was
mock-challenged with tissue culture supernatarteats of RVFV. In this study we report that mice
immunized with recNP combined with Alhydrogel adjnt induced a strong IgG1 immune response,
but weak IgG2A, indicating that the response wasdi towards Th-2 humoral immunity rather than
Th-1 cellular immunity. This humoral immunity stilucceeded in protecting mice against clinical
disease and decreasing viral load up tbf@ld in liver, the main target organ during RVFMeéction,
compared to control mice, which is consistent vgitbvious results (Jansen van Vuren et al., 2010).
The expression of type | IFN is upregulated in tiver of immunized mice shortly after RVFV
challenge, compared to an initial downregulatiod aanbsequent delayed upregulation of the same
gene in the liver of non-immunized mice. In the tacphase of liver infection, however, a massive
upregulation of type | and Il interferon occurstie presence of high viral titres in non-immunized
mice, compared to immunized mice. It also shows upe and downregulation of several genes
involved in the activation of B- and T-cells in div of non-immunized mice at the acute phase of
RVFV infection, confirming that both cellular andirhoral immunity are activated during RVFV
infection in a mouse model. Some of these genesnamved in other immune functions as well.
Various genes with pro-apoptotic effects were glpnupregulated, and anti-apoptotic genes
downregulated in non-immunized mice. There was afgegulation of several genes involved in pro-

inflammatory responses in liver of non-immunizeaeni

6.2 Materials and Methods

6.2.1 Immunization and Rift Valley fever virus chalenge of mice
6.2.1.1 Mouse immunization

The recombinant RVFV nucleocapsid protein (recNRp wroduced as described in section
2.1.2.4. Four-week old female BALB/cOlaHsd (Harlaaboratories, U.K LTD) mice were used as an
experimental animal model. The immunized group (M®onsisted of 85 mice each immunized with
a 200ul inoculum containing 70ug RVFV recNP in camabion with Alhydrogel (Sigma, U.S.A). The
adjuvant control group (MS-2) consisted of 40 nfic®ck’-immunized with Alhydrogel in PBS. The
placebo control group (MS-3) consisted of 40 midecl were “mock’-immunized with PBS buffer.
The normal control group (MS-4) consisted of 40 enéxd was not inoculated with anything at this
point but kept as a control group for the challeegeeriment.

All mice (except for MS-4) were inoculated subcaamsly (s.c) and received identical booster

iImmunizations at 14 days after the initial immuni@a. Three mice from the immunized group MS-1




was sacrificed and heart-bled on the following diysnonitor immune responses: day 0, 3, 5, 7, 10
and 12 after the immunization and day 0, 3, 52718, 21 and 27 after the booster.

6.2.1.2 Cells and virus

Cells and virus were cultured as described befsetion 4.3.1.1).

6.2.1.3 RVFV challenge

The remaining mice in each group (MS-1 = 40 mic&-#1= 38 mice and MS-3 = 40 mice)
after the immunization period were challenged VRMFV on day 28 after the booster immunization.
Mice were inoculated subcutaneously (s.c.) with0@ ful inoculum containing £6 TCIDsyml RVF
challenge virus, and after challenge examined twliaidy for signs of clinical illness. The normal
control group (MS-4 = 39 mice) was “mock’-infectadth tissue culture medium (EMEM) without
virus to act as an untreated control group for camspn of up- and downregulation of genes. Animals
displaying severe illness were euthanized and argafiected. Three (3 biological replicates) mice
were euthanized from each group and liver, spl@ehbaain tissues collected into RNAlater (QIAgen,
Germany), to preserve RNA integrity, at the follogitime points after infection/’"mock”-infection: 3
hours, 6 hours, 12 hours, 24 hours, 72 hours afdhbRrs. The same tissues were also collected for
virus titration (thus not into RNAlater). All tissusamples were stored at -70°C until RNA extraction

(tissues in RNAlater) or virus titration (tissuest m RNAlater).

6.2.1.4 Determination of viral loads in mouse tessu

Mouse liver, spleen and brain tissues were homagdms 10% (w/v) suspensions in EMEM
containing L-Glutamine, non-essential amino acia&l antibiotics (100 IU penicillin, 100 pg
streptomycin and 0.25 pug amphotericin B). After tafugation at 3000 x g, 4°C for 15 minutes,
supernatants were collected and stored at -70%Ctested. Three mice per group were analyzed per
time point, and average values calculated.

Virus titrations of mouse tissue homogenates wendopmed as described before (section
3.2.7). Briefly, four 100pl replicates of 10-foldutions (10" to 10%) of homogenates were transferred
into flat bottomed 96-well cell culture microplatésunc, Denmark) and equal volumes of Vero cell
suspension in EMEM containing 2 x*1€ells/ml, 8% FBS and antibiotics were added. Tlatep
were incubated at 37°C in G@nd observed microscopically for cytopathic e§g@PE) for 10 days
post inoculation. Virus titres, calculated by th@rBer method (Karber, 1931) were expressed as

median tissue culture infectious dose (Té&)Pper gram of tissue.




6.2.1.5 Monitoring mouse immune responses afterumaation

Mouse immune responses after immunization were unedsby a recNP based indirect
ELISA. Immunoplates (Maxisorb, Nunc, Denmark) wem@ated with RVFV recNP antigen at a
dilution of 1:2000 in Carbonate-Bicarbonate buffpH 9.6) and incubated overnight at 4°C. After
washing three times with a washing buffer consistifi PBS pH7.2 and 0.1% Tween-20, the plates
were blocked with 200ul of 10% fat free milk powd&Elite”, Clover SA, Pty, Ltd.) in PBS at 37°C
for 1h and then washed as before. Test sera whitedlil:400 in diluent buffer consisting of 2% fat
free milk powder in PBS, 100ul added to each wedl ancubated for 1h at 37°C. Samples were tested
in duplicate for each isotype-specific HRPO conjagased. After washing as before, 100 ul of goat
anti-mouse IgG (H+L), goat anti-mouse IgG1l or gaati-mouse IgG2a HRPO conjugate (Zymed
Laboratories, Invitrogen, U.S.A.) at 1:2000 dilutivas added to respective plates testing for thesa
serum specimens in parallel. After 1h incubatioB#C plates were washed as before and 100 ul of
2,2’-azinodiethylbenzthiazoline sulfonic acid (ABT&PL Laboratories, Inc., USA) added to each
well. After 30 min incubation in the dark the reantwas stopped by the addition of 100 ul of 1%
sodium dodecyl sulphate (SDS) to each well. Optieadsity (OD) was determined at 405nm and the

results expressed as the mean OD value for thediaall triplicates tested.

6.2.2 Measuring up- and downregulation of genes ug] gRT-PCR
6.2.2.1 Selection of genes to be analyzed (Quahtk&-PCR)

A total of 5 genes, involved in the immune res@oagainst viral infections, were chosen as
target genes for measuring up- and downregulafiablé 6.1). An additional housekeeping gene was

included for normalization of data.



Table 6.1. Genes analyzed by Quantitect RT-PCR

Gene Gene name Function of transcript Accession nuwer
glyceraldehyde-3-
Gapdh phosphate Housekeeping gene NM_008084
dehydrogenase
nuclear factor of kappg
Nfikb light ponpgptide gene Transcr!pt!on factlor involved NM_008689
enhancer in B-cells 1, in immunity
p105
Casp3 caspase 3 Involved in cell apoptosig NM_ 009810
interleukin 10
110 [cytokine synthesis Anti-inflammatory cytokine NM_010548

inhibitory factor (CSIF)]

Cytokine involved in
innate/adaptive immunity
Ifng interferon gamma against viral infections, direq¢ NM_008337
antiviral activity, activation

of macrophages

Cytokine with antiviral
activity involved in innate NM_010510

immunity

Interferon beta 1,

Iinb1 fibroblast

Optimized and validated primer sets were ordereifipally for use with the QlAgen SYBR
Green-based real-time RT-PCR kit (Quantitect primassay, QIAgen, Germany)

(https://www.giagen.com/geneglobe/default.gspx

6.2.2.2 RNA extraction from mouse tissues (Quattti®r-PCR)

Liver, spleen and brain tissues were transfemeah RNAlater directly into 2ml centrifugation
tubes containing 800ul buffer RLT (RNeasy Mini KitlAgen, Germany) and one 5mm stainless steel
bead for tissue disruption and homogenization ughmg Tissuelyser 1l (QlAgen, Germany) as
recommended by the manufacturer (4 min, 25 Hz). éfgenates were centrifuged for 3 minutes at 13
200 rpm, and the supernatant transferred to a nbe. tRNA was extracted from these supernatants
using the RNeasy Mini kit (QlAgen, Germany) as sgigd by the manufacturer. As suggested, 50%
ethanol was used for extraction from liver tissteincrease RNA vyield, and 70% ethanol for spleen
and brain tissues. The optional on-column DNasedfign was performed using the RNase-free
DNase set (QIAgen, Germany) as suggested by thefatarer, to remove genomic DNA. The RNA
was eluted in the supplied RNase-free water, tineeatration determined using a NanoDrop ND-1000

spectrophotometer (Thermo Scientific, U.S.A) armexd at -70°C until further testing.




6.2.2.3 Determination of RT-PCR efficiency usinff&tent primer sets

Determination of RT-PCR efficiencies for the diffat primer sets was necessary to enable
data analysis as described below (6.2.2.5). RNA exaracted as described above (6.2.2.2) from the
liver, spleen and brain of a mouse collected beRW#-V challenge to use as tissue specific RNA
standards. Dilution series were prepared and thewimg amounts of RNA standard from all organs
tested in duplicate using all primer sets: 30 rignd, 7.5 ng, 3.75 ng and 1.875 ng.

The real time RT-PCR reactions were performed asrimd by the manufacturer (Quantifast
SYBR Green RT-PCR kit, QlAgen, Germany) using aht@ycler 1.5 (Roche, Germany). Shortly, a
reaction mix was prepared by mixing 2 x Quantifa¥BR Green RT-PCR Master Mix (HotStarTaq
Plus DNA Polymerase, Quantifast SYBR Green RT-PQRfeb, dNTP mix and ROX passive
reference dye), 10 x Quantitect Primer sets (GalNfith1, Casp3, I110, Ifng or Ifnbl), Quantifast RT-
Mix (Omniscript RT and Sensiscript RT), template REBO ng; 15 ng, 7.5 ng, 3.75 ng or 1.875 ngQ)
and RNase-free water to a final volume of 20ul peaction. This mix was transferred to 20ul
LightCycler Capillaries (Roche, Germany) and runtloa LightCycler 1.5 using the following cycles:
1 x reverse transcription (10 min, 50°C), 1 x hasPCR activation (5 min, 95°C) and 40 x cycles of
denaturation (10 sec, 95°C) and annealing/exten80rsec, 60°C), with fluorescence data collection
just after the annealing/extension step. The tluldshycle (G) values were determined using the
second derivative maximum method (LightCycler Datelysis Software version 3.5.28, Roche). The
Cr values and their corresponding template amouniegalwere then used to determine the PCR
reaction efficiencies wusing the Relative Expressidsoftware Tool (REST, QIAgen,
(http://www.giagen.com/Products/REST2009Softwapx@8s=-8043 (Pfaffl et al., 2002). The
calculated PCR efficiencies were subsequently wisezhlculate fold changes in gene expression as
described in 6.2.2.5.

6.2.2.4 Quantitect RT-PCR on mouse tissues colleattelifferent time points

Quantifast SYBR Green RT-PCR reactions were peror on RNA extracts from mouse
tissues collected at different time points (3,8, 24, 72 and 120 hours p.i.) as described abowept
that 10 ng of RNA was used as template for alltieas. Three mice per group were analyzed per time

point, and average values calculated.

6.2.2.5 Data analysis (Quantitect RT-PCR)

"%



Threshold values (Ct) for the five different gersemlyzed as determined for the immunized
mice, adjuvant control and PBS control mice wenstlfi normalized to the Ct values of the
housekeeping gene in the same samples, and themalimed to the normalized Ct values from the
non-infected control mice to determine the relatfianges in gene expression compared to age related
normal mice. This is called the ' method. Fold changes in gene expression of speisues at
specific collection times were calculated usingv@lues and the REST software. Fold change values
equal, or close to 1, indicate no change in ger@ession. Values > 1 indicate up-regulation, and
values < 1 indicate down-regulation. The softw@gtermines fold changes by using the2 method
(Livak and Schmittgen, 2001, Pfaffl, 2001). Thdtware also uses randomizations and a hypothesis
test, P(H1), to determine the statistical signifima of fold changes in gene expression (Pfaffll.et a
2002). Genes were only regarded as statisticallyegplated when the following requirements were
met: p-value 0.05 and fold change 2.0. For values < 1 the negative inverted valus determined,
and genes were only regarded as statistically degatated when these values were2.0 and the p-
value 0.05. Where fold changes were2.0 or -2.0, but p-values not 0.05, the results were

regarded as indicative of an up- or downregulatead but not statistically significantly so.

6.2.2.6 RNA extraction (SABiosciences PCR Array)

RNA that was extracted from mouse livers collecaed?2 hours (Group MS1,2,3 and 4) after
infection as described above (6.2.2.2) were cleamedurther using the RTqPCR-Grade RNA
Isolation Kit (SABiosciences, QIAgen, U.S.A) as oetnended by the manufacturer. On-column
DNase treatment was performed to remove genomic DRMA was eluted in RNase-free;®l and

RNA concentration determined. All RNA extracts wdreited to 150 ng/pl in nuclease-free water.

6.2.2.7 Mouse T- and B-cell activation PCR arrafBi®sciences)

Complementary DNA (cDNA) was prepared from the Réracted in 6.2.2.6 using the RT
First Strand kit (SABiosciences, QIAgen, U.S.A)dascribed by the manufacturer. A total of 1.2 ug of
each RNA preparation was mixed with 5 x genomic DEAmination buffer and the reaction
incubated at 42°C for 5 minutes (total volume 1) After the incubation the reactions were placed o
ice immediately and subsequently an equal volum@Totocktail mix added (5 x RT buffer, primers
and external control mix, RT-enzyme mix and RNase-fvater). These reactions were then incubated
at 42°C for 15 minutes and 95°C for 5 minutes. Témultant cDNA of each preparation was then
diluted 1:10 with nuclease-free water and store@@tC until the assays were run.

The diluted cDNA was then mixed with the mastex (& x SABiosciences RTgPCR Master

Mix) and nuclease-free water, and aliquoted on®RER array plates containing primer pairs (25 pl




of reaction mix per well). Plates were run on anl ABOO cycler (Applied Biosystems, U.S.A). The
following cycling program was used: 1 x 95°C for rhihutes, 40 x 95°C for 15 seconds and 60°C for
1 minute, followed by the default melting curve gmam. Fluorescence was measured just after the 1
minute / 60°C step. The cycle threshold)(@alues were determined using the cycler softvase an
automatic baseline adjustment (ABI 7500 Softwaresiém 2.0.1, Applied Biosystems, U.S.A). Three

mice per group were analyzed per time point, artage values calculated.

6.2.2.8 Data analysis (SABiosciences PCR Array)

Data from the immunized mice, as well as adjuveontrol and PBS control mice, were
normalized to the data from the non-infected cdntrize to determine the relative changes in gene
expression compared to age related normal miceaRalysis of data from the PCR array plates, the
Cq values were exported into Microsoft Excel from &l software and subsequently copied into the

SABiosciences PCR Array Data Analysis Template Exdidity, which is freely available on the

manufacturer's website (http://sabiosciences.corafpgydataanalysis.phpThis template calculates
fold changes in gene expression using thé"2method, as well as the statistical significancedjue)

of results by using a T-test. Fold change valuasakor close to 1, indicate no change in gene
expression. Values > 1 indicate up-regulation, ealdes < 1 indicate down-regulation. Genes were
only regarded as up-regulated when the followingurements were met: p-value0.05 and fold
change 2.0. For values < 1 the negative inverted value determined, and genes were only regarded
as down-regulated when these values wef2.0 and the p-value 0.05. Where fold changes were
2.0 or -2.0, but p-values not 0.05, the results were regarded as indicative rofup- or

downregulated trend but not statistically signifitta so.

6.3 Results

After recNP/Alhydrogel immunization serum was cold from three mice at each collection
point to monitor immune responses. Immunizationmi€e with recNP combined with Alhydrogel
adjuvant yielded an almost identical profile ofalotgG, IgG1 and IgG2a responses as shown in
Chapter 4 (Figure 4.1 f). Strong total IgG and Ig@dponses were elicited, with a much weaker lgG2a
response. High levels of total IgG and IgG1l weil detectable on day 27, a day before RVFV
challenge (Figure 6.1).

The expression levels of 5 genes involved in theime response against viral infections,
normalized to a housekeeping gene (Gapdh), werézammhin liver, spleen and brain tissues of

recNP/Alhydrogel immunized mice, adjuvant contraten PBS control mice and uninfected normal




control mice, by gqRT-PCR at 3, 6, 12, 24, 72 and &@urs post infection. Data from the other three
groups were normalized against the data from tihefected normal control group to show the changes
in gene expression relative to age-related normaknvViral loads were also determined in the
corresponding tissues. The results of the geneesgjmn analysis and virus titration are shown in
Table 6.3 (liver), Table 6.4 (spleen) and Table (B/&in) for the following collection times: 3, 62,

24, 72 and 120 hours. Statistically significanuitss(p-value 0.05) are indicated by an asterisk.

160.00

140.00

120.00

100.00

80.00

60.00

40.00

ELISA percentage positivity {PP) value

20.00

0.00

Figure 6.1. Detection of total IgG ( ), IgG1 ( ) and IgG2A (----) specific antibodies against the
RVFV recNP in mice after recNP immunization witthy@élrogel. Error bars indicate standard

deviation from the mean (3 mice per time point).



Table 6.2. Fold changes in gene expression anbleads in liver specimens from all treated groapdifferent time points.

Gene recNP immunized mice Alhydrogel control mice PBS attrol mice
Mean fold Standard Up/down Mean fold Standard Up/down Mean fold Standard Up/down
change error P-value re%ulated change error P-value re%ulated change error P-value re%ulated
NFKB -1.3 -1.7t0 1.0 0.30 - 1.2 1.0to 1.5 0.4( - 1.1 -1.1t0 1.3 0.65 -
g CASP3 1.3 1.0t01.8 0.20 - 1.1 -1.3t01)3 0.5p - 1.0 -1.4101.3 0.85 -
e IL10 -1.3 -3.3t02.3 0.60 - 4.5 21to11p 0.0 uUp* 2.3 -1.4t07.5 0.38 UP
™ IFN -1.85 -2.3t0-1.3 0.07 - -1.1 -251t01.8 0.8% - 1.3 10t01.9 0.20 -
IFNb1 7.7 5.0t0 10.8 0.03 Up* -2.0 -5.0t01.3 0.38 DOWN -2.5 -10.0to0 1 0.69 O\WWN
NFKB 1.2 -1.3t01.8 0.71 - 1.3 -1.3t02.8 0.4( - 1.0 -1.7t01.7 0.78 -
” CASP3 1.9 15t02.2 0.01 - 1.4 1.1tol.f 0.0 - .0 2 1.7t02.4 0.02 uUp*
’g IL10 -1.3 251015 0.58 - -3.3 -10.0to 1|5 0.4 DOWN -3.3 -5.0t0-1.3 0.03 DOWN?*
g IFN 17.2 4.91094.2 0.00 Up* 11.7 3.31t076.9 0.00 uUp* 9.3 2.41046.3 0.00 uUp*
IFNb1 34.9 6.6 t0 263.8 0.00 Up* 4.5 1.2t010.9 0.05 Up* 2.0 -1.7t05.1 0.31 UP
TCIDs¢ 0 0 - - 0 0 - - 0 0 - -
NFKB 1.1 -1.3t01.5 0.80 - -1.1 -1.7t01.1 0.46 - 1.2 -1.3t01.7 0.42 -
4% CASP3 1.1 -1.4t01.7 0.65 - 1.0 -1.7t01{5 0.9 - 1.3 -1.1t01.9 0.31 -
3 IL10 -1.1 -14t01.1 0.73 - 1.6 -1.4t03.1 0.33 - 1.0 -2.0t01.6 0.94 -
i IFN 11.0 6.1 to 25.0 0.06 UP 5.6 3.4 to 10|5 0.0 Up* 5.8 3.2t011.1 0.08 UP
- IFNb1 5.9 2.3t012.8 0.07 UP 1.0 -2.0t01/8 0.9 - 2.0 15t02.8 0.04 Up*
TCIDsc 0 0 - - 0 0 - - 0 0 - -
NFKB 1.2 -1.3t01.5 0.55 - 1.1 -1.3t01.5 0.67 - 14 -1.1t01.8 0.34 -
4% CASP3 1.0 -1.7t01.8 0.97 - -1.3 -2.0to 1|7 0.6 - -1.3 -20t0 1.5 0.55 -
3 IL10 -1.3 -3.3t01.9 0.64 - 1.0 -2.5t02.2 0.9 - 3.8 1.7t0 8.6 0.09 UP
fr IFN 5.3 411t07.0 0.04 Up* -2.0 -5.0t01.0 0.10 DOWN -1.7 -251t0-1 0.02 -
N IFNb1 1.0 -2.5t02.2 0.94 - 1.2 -2.0t0 2.6 0.71 - -3.3 -10to-1.4 0.09 DOWN
TCIDsc 0 0 - - 10! 10 - - 0 0 - -
NFKB 1.3 1.1t01.6 0.10 - 11.7 5.3t020)2 0.0 uUp* 8.5 4.71t014.9 0.0 uUp*
CASP3 -1.1 -1.3t01.1 0.44 - 25 19t030 0.0 P U 1.3 -1.1t01.7 0.37 -
n IL10 24.4 10.6 to 75.0 0.00 uUp* 808.3 275.8 to 0.03 up* 243.2 107.9 to 0.0 up*
3 2521.9 844.4
i IFN 8.4 3.4 10 30.9 0.03 Up* 5.8 2.41015.0 0.03 Up* 4.4 1.51t010.0 0.03 Up*
™~ IFNb1 -2.0 -3.3t0-1.1 0.16 DOWN 2171.7 1044.3t0 0.03 Up* 2524.1 1016 to 0.02 up*
4208 6214
TCIDsc 1079 104> - - 10 1003 - - 10°% 100+ - -
NFKB -1.3 -20t01.1 0.33 - 1.3 1.0t0 2.3 0.54 - 1.6 1.3t02.0 0.02 -
CASP3 1.3 10tol1.4 0.23 - 1.1 -1.1to 14 0.5 - 1.5 1.2t01.9 0.09 -
g IL10 24.3 7.4t054.7 0.03 up* 54.7 14.1to 0.00 up* 99.3 29.9to 0.03 Up*
o 321.6 244.4
2 IFN 23.4 10.2t0 65.3 0.03 up* 224.0 92.6to 0.00 up* 237.0 100.3to 0.03 Up*
— 531.0 655.4
IFNb1 -2.0 -3.3t01.0 0.24 DOWN 8.7 5.2t016(3 09. up* 9.0 5.1t020.3 0.00 uUp*
TCIDsc 0 0 - - 10°* 107 - - 10*" 100% - -




Table 6.3. Fold changes in gene expression anbleads in spleen specimens from all treated gratgfferent time points.

Gene recNP immunized mice Alhydrogel control mice PBS atrol mice
Mean fold Standard p.value Up/down Mean fold Standard P.value Up/down Mean fold Standard p.value Up/down
change error regulated change error regulated change error regulated
NFKB -1.7 -251t01.0 0.28 - 1.2 10to14 0.34 - -1.1 -14t01.1 0.60 -

g CASP3 -1.4 -1.7t01.0 0.26 - 11 -1.3t01)6 0.8 - 1.0 -1.4t01.2 1.00 -

S IL10 1.1 -1.3t01.7 0.71 - 1.1 -1.3t0 1.5 0.71 - -1.1 -1.7t01.4 0.55 -

™ IFN -2.5 -3.3100.9 0.05 DOWN* -1.4 -2.0t01.0 0.21 - -1.7 -2.0t0-13 0.04 -
IFNb1 12.0 3.6t056.9 0.03 Up* 15 -1.7t04.1 0.44 - 14 -2.0t0 5.5 0.62 -
NFKB -1.4 -20to-1.1 0.12 - -1.1 -1.4t01.8 0.34 - -1.4 -1.7t0-1.1 0.08 -

" CASP3 -1.4 -1.7t0-1.1 0.21 - -1.1 -1.4t01]1 50.3] - 1.1 -1.1t01.2 0.59 -

‘g IL10 1.0 -1.7t01.4 0.79 - -1.3 -1.4t0 1.1 0.317 - -1.1 -1.3t01.2 0.39 -

< IFN -1.7 -25t0-1.1 0.12 - -1.3 -1.7t01.0 0.09 - -1.7 -25t01.1 0.22 -

© IFNb1 5.7 2.5t015.9 0.06 UP 10.6 2.1to44.6 0.0 UP 9.7 5.0 t0 29.3 0.02 Up*
TCIDso 0 0 - - 0 0 - - 0 0 - -
NFKB 1.0 -1.7t01.4 0.95 - 1.2 -1.1t0 1.8 0.54 - 1.1 -1.3t01.5 0.69 -

0 CASP3 1.2 10to1.3 0.10 - 11 10to1B 0.4 - 11 -1.3t01.5 0.96 -

3 IL10 1.2 -1.3t01.8 0.50 - -1.1 -1.4t01.5 0.8( - 1.1 -1.1t01.3 0.84 -

ﬁ IFN -1.25 -1.41t01.0 0.00 - -1.3 -1.4t01.0 0.0 - 11 10t01.3 0.00 -

A IFNb1 14 -1.1t02.5 0.52 - 2.1 1.0t0 4.0 0.2 upP 1.2 -2.0t03.1 0.56 -
TCIDso 0 0 - - 0 0 - - 0 0 - -
NFKB -2.0 -25t0-1.7 0.01 DOWN* -2.0 -2.0to-1.7 0.02 DOWN* -1.1 -1.4t01.0 0.00 -

o CASP3 1.3 11to15 0.17 - 1.1 -1.1t0 1|3 0.3 - 1.2 -1.1t01.6 0.54 -

3 IL10 -1.1 -1.4t01.3 0.64 - 1.1 -1.1t0 1.6 0.74 - 1.7 1.1t02.3 0.11 -

fr IFN -2.0 -3.3t0-1.7 0.07 DOWN 1.0 -1.4t01.p 0.97 - -1.1 -1.7t01.4 0.47 -

N IFNb1 -10.0 -10.0 t01.2 0.19 DOWN -3.3 -10 to -1|7 0.00 DOWN* -2.5 -10.0to 1.5 0.31 DOWN
TCIDso 0 0 - - 107% 107% - - 0 0 - -
NFKB -2.0 -10to-1.4 0.00 DOWN* -1.7 -3.3t01.6 0.37 - -2.5 -5.0t0 1.0 0.29 DOWN
CASP3 1.3 11t01.6 0.18 - -3.3 -5.0t0-3.3 0.00 DOWN* -2.5 -2.51t0-2.0 0.04 DOWN*

%) IL10 -1.4 -3.3t01.8 0.50 - 46.0 25.2to 0.00 up* 55.0 30.2to 0.00 up*

3 119.2 139.9

ﬁ IFN 20.0 1.2t0214.4 0.10 UP -1.4 -3.3t01|8 0.6 - -1.3 -5.0t0 3.4 0.68 -

~ IFNb1 16.1 10.7 to 26.6 0.07 UpP 542.3 372.2tp 0.00 up* 510.3 336.7 to 0.00 Up*

808.5 714.3
TCIDsc 10°* 107 - - 10> 107 - - 10> 100 - -
NFKB -10.0 -10to -3.3 0.00 DOWN* -5.0 -10to -1.7 0.10 DOWN -5.0 -10to -1.B 0.13 Y

g CASP3 -5.0 -10to -2.0 0.00 DOWN* -2.0 -5.0to-1.1 0.10 DOWN -3.3 -10to 1.2 0.2 \U®

S IL10 -5.0 -10to -3.3 0.03 DOWN* -1.4 -3.3t01.4 0.55 - 5.2 14t017.3 0.20 UP

Q IFN -1.3 -5.0t0 2.6 0.81 - 2.3 1.2t05.6 0.00 up* 15 -2.0t0 3.0 0.57 -

I IFNb1 4.4 15t025.4 0.03 Up* 2.1 -1.41t011.8 0.81 upP 2.3 -1.4t0 154 0.6 UP
TCIDsc 0 0 - - 10°% 10°% - - 100" 10°* - -




Table 6.4. Fold changes in gene expression anbleads in brain specimens from all treated groafpdifferent time points.

Gene recNP immunized mice Alhydrogel control mice PBS aurol mice
Mean fold Standard Up/down Mean fold Standard Up/down Mean fold Standard Up/down
change error P-value re%ulated change error P-value re%ulated change error P-value re%ulated
NFKB 11 -11t01.4 0.69 - -1.1 -1.4t01.2 0.87 - 11 10t0o14 0.12 -
4% CASP3 1.3 1.0t0 2.0 0.24 - 1.1 -1.1to 143 0.40 - 1.0 -1.3t01.3 0.97 -
3 IL10 2.2 1.5t03.5 0.13 UP 2.7 1.7t04.4 0.07 UP 1.3 -2.5t03.4 0.71 -
fr IFN 2.2 1.8102.6 0.05 UpP* 14 11t01.7 0.14 - 1.8 1.5102.] 0.03 -
N IFNb1 6.0 34t011.1 0.08 UP 4.5 3.2t06.[/ 0.0p Up* 1.6 -1.4t03.6 0.45 -
TCIDsc 0 0 - - 10-% 10-% - - 0 0 - -
NFKB -1.1 -1.7t01.1 0.61 - -2.5 -2.5t0-20 0.00 DOWN* -2.0 -2.5t0-1.7 0.04 DOWN*
%) CASP3 11 10to14 0.50 - -1.3 -1.4t0-11 0.1p - -1.7 -2.0t0-1.4 0.08 -
3 IL10 1.3 -1.3t02.4 0.79 - 2.7 1.8105.9 0.09 UP 7.0 4.11t013.5 0.09 UP
ﬁ IFN 2.2 15t02.7 0.03 UpP* 1.3 1.0t01.8 0.25 - 1.1 -1.3t0 2. 0.89 -
™~ IFNb1 24 1.0t0 4.2 0.20 UP 4.6 2.11t09.3 0.06 UP 4.9 20t08.2 0.03 Up*
TCIDsc 107 10 - - 10°% 100 - - 10°* 10> - -
NFKB -1.7 -2.5t0-1.3 0.12 - 1.0 -1.4t01.% 0.87 - -1.1 -1.7t01.4 0.76 -
%’ CASP3 -1.7 -25t0-1.3 0.04 - -1.7 -2.0t0-1l3  060. - -2.5 -3.3t0-1.7 0.02| DOWN*
2 IL10 15 -1.3103.2 0.38 - 14 -2.0t03.1 0.64 - 1.8 -1.3t03.4 0.45 -
Q IFN 4.0 22t07.1 0.07 UP 4.1 291t06.1 0.09 UP 3.9 2.61t05.3 0.07 UP
= IFNb1 -3.3 -10to -1.4 0.13 DOWN -1.3 -20t01p .49 - -2.5 -10.0t0o 1.4 0.55 DOWN
TCIDs 0 0 - - 10°% 104* - - 104% 10>+ - -

St




The virus was detected at the earliest in liveleesp and brain tissues of Alhydrogel control
mice at 24 hours post infection (table 6.3, 6.4 éri)(figure 6.2 a — b). The average titre of virus
detected was £0 TCIDsy/g tissue. Replication of challenge virus was cqosetly detected in livers
of all infected groups at 72 hours (3 days) po&tdton. Average viral load was drastically lower
(+4000 to 20 000 fold lower) in recNP immunized eni€10%*> TCIDsy/g tissue) compared to
Alhydrogel control (16°® TCIDsy/g tissue) and PBS control mice {0 TCIDsy/g tissue). At 120
hours (5 days) post infection viremia was undet#etin recNP immunized mice, whereas infectious
virus could still be detected in Alhydrogel cont(@D?° TCIDsy/g tissue) and PBS control mice {10

TCIDsd/g tissue) at lower titres compared to 72 hours.
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mice per group per time point, are indicated ascRe immunized (—), adjuvant control (—o—) and

PBS control mice (—-). Livers are indicated in panel a, and spleenpanel b.




At 24 hours post infection virus to an averageetitf 1G> TCIDsy/g tissue was detected in
spleens of Alhydrogel control mice. Replicationcbillenge virus was consequently detected in spleen
tissues of all infected groups at 72 hours (3 dpgsy infection. Average viral load was lower (+100
fold) but still high in recNP immunized mice €8 TCIDsy/g tissue) compared to Alhydrogel control
(10>°® TCIDsyg tissue) and PBS control mice {20TCIDsyg tissue). At 120 hours (5 days) post
infection viremia was undetectable in recNP immadimice, whereas infectious virus could still be
detected in Alhydrogel control (3& TCIDsy/g tissue) and PBS control mice {10TCIDsy/g tissue) at
similar titres compared to 72 hours.

At 24 hours post infection virus to an averageetitf 13- TCIDsy/g tissue was detected in
brains of Alhydrogel control mice. Replication dfailenge virus was consequently detected in brain
tissues of all infected groups at 72 hours (3 dagst infection. Average viral load was drastically
lower (+ 500 to 1000 fold) in recNP immunized m{@€’** TCIDsy/g tissue) compared to Alhydrogel
control (1% TCIDsy/g tissue) and PBS control mice {#®TCIDsy/g tissue). At 120 hours (5 days)
post infection viremia was undetectable in recNBiimized mice, whereas infectious virus could still
be detected in Alhydrogel control ¢ TCIDsy/g tissue) and PBS control mice {#bTCIDsy/g
tissue) at similar titres compared to 72 hours.

Survival rates of mice in this specific study couldt be compared due to the regular
euthanasia of mice for collection of organs. It wated, however, that remaining mice from the recNP
immunized group remained healthy throughout alleation time points. On the other hand mice from
the PBS control group displayed illness from daga3t infection, and 4 mice from the same group
were found dead on day 3 post infection, and amathelay 4 (these mice were excluded from further
gene expression experiments). Three mice from thgdéogel control mouse group were also found
dead on day 3 post infection. Remaining mice frbesé two groups continued displaying sings of
illness due to RVFV infection until the end of tleeperiment, but not sick enough to warrant
unscheduled euthanasia.

At 3 hours post infection (p.i.) the expressionta IFN gene was upregulated with statistical
significance (7.7 fold, p = 0.03) in liver tissué recNP immunized mice, whereas expression was
decreased in adjuvant control (-2.0 fold, p = 088 PBS control (-2.3 fold, p = 0.69) groups, ot
with statistical significance (figure 6.3). Exprigss of the gene remained upregulated in immunized
mice until 12 hours p.i., after which it waned asubsequently decreased. In adjuvant control mice
IFN was briefly upregulated at 6 hours p.i. (4.5 fgids 0.048), but levelled out after that until 72
hours p.i. when it was significantly upregulated{2.7 fold, p = 0.03). In PBS control mice on the
other hand expression was increased at 6 hoursfd@lQp = 0.313) and 12 hours p.i. (2 fold, p =
0.036), with a sudden significant decrease in esgpo@ at 24 hours p.i. (-3.6 fold, p = 0.09), and a




sudden upregulation at 72 hours post infection 426Zold, p = 0.02). At 120 hours p.i. IFN
expression was still upregulated in control micgju@ant control 8.7 fold, p = 0.032; PBS control (9
fold, p < 0.01).

The expression of IL-10 was upregulated signifisad.5 fold, p < 0.01) in liver tissue of
adjuvant control mice, and higher than normal irSRBntrol mice (2.3 fold, p = 0.38), but unaffected
in recNP immunized mice (-1.2 fold, p = 0.6) at@its p.i (figure 6.3). Just three hours later th®es
gene was decreased in control mice (adjuvant é8d p = 0.48; PBS -3.1 fold, p = 0.03), returning
normal at 12 hours p.i. At 72 and 120 hours powéwver, IL-10 expression was upregulated in the
adjuvant (72 hours, 808.3 fold, p = 0.033; 120 bp66.0 fold, p < 0.01) and PBS control groups (72
hours, 243.3 fold, p < 0.01; 120 hours, 99.3 fpld; 0.034), and upregulated in immunized mice (72
hours, 24.4 fold, p < 0.01; 120 hours, 24.3 fold, .033).

The expression of IFNwas unaffected in liver tissue of all mice at 3 but upregulated in
all groups at 6 hours (recNP immunized, 17.2 fple,0.01; adjuvant control, 11.7 fold, p < 0.01;3°B
control, 9.3 fold, p < 0.01) and 12 hours postdtifn (recNP immunized, 11.0 fold, p = 0.06; adjuva
control, 5.6 fold, p = 0.03; PBS control, 5.8 fold,= 0.08) (figure 6.3). Expression remained
upregulated with relative stability in recNP immzeal mice until 120 hours p.i., with a slight ingea
at 120 hours (23.4 fold, p = 0.03). In adjuvant &85 control mice, however, there was a decrease in
expression at 24 hours p.i. (adjuvant control, i@, p = 0.1; PBS control, -1.7 fold, p = 0.02),
followed by upregulation at 72 hours, and 120 hdadjuvant control, 224.0 fold, p < 0.01; PBS
control, 237.0 fold, p = 0.029).

The expression of the transcription factor NF-kBsvesable in liver tissue of all mice at all
time points up to 72 hours. At 72 hours, howeveere¢ was a significant upregulation of the gene in
adjuvant control (11.7 fold, p < 0.01) and PBS oaintmice (8.5 fold, p < 0.01) while expression
remained unaffected in immunized mice throughoutcallection points. At 120 hours expression
returned to constitutive levels in control mice.tdhe expression of the gene encoding Caspase-3 was
relatively normal in liver tissue at all time panin all groups. There was only a brief upregulaiio
PBS control mice at 6 hours (2.0 fold, p = 0.02d & adjuvant control mice at 72 hours (2.5 fqld;
0.07).
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Figure 6.3 (a-f).Fold changes in expression of IL10, IFEnd IFN genes in tissues of mice after
RVFV infection. RecNP immunized mice (n = 3 peetpoint) are indicated by solid black bars,

adjuvant control mice (n = 3 per time point) by gigars and PBS control mice (n = 3 per time point)
by white bars. The horizontal dotted lines indicdltee cut-off values for upregulation (+2) or

downregulation (22). The asterisk (*) indicates wh¢he P-value is smaller than or equal to 0.05
(statistically significant results). Standard errealues are indicated by the error bars. Note the
differences in the Y-axis scales. The following tpuints are indicated: 3, 6, 12, 24, 72 and 120rko

The expression of IFN was also significantly upregulated in spleen tssof recNP
immunized mice at 3 hours p.i. (12.0 fold, p = §,0@hile expression was normal in adjuvant control
(1.5 fold, p = 0.44) and PBS control mice (1.4 fgdc= 0.62). By 6 hours p.i. expression of IFiNas
upregulated in control mice as well (recNP immudjZ&7 fold, p = 0.06; adjuvant control, 10.6 fold,
p = 0.06; PBS control, 9.7 fold, p = 0.02). At 2duhs p.i. there was a sudden decrease in IFN
expression in all groups (recNP immunized, -1016,fp = 0.19; adjuvant control, -3.3 fold, p < G.01
PBS control, -2.5 fold, p = 0.31), after which tiene was upregulated in recNP immunized mice (16.1
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fold, p = 0.07) and upregulated in adjuvant con{édl2.3 fold, p < 0.01) and PBS control mice (510.3
fold, p < 0.01). Expression was still upregulatéd20 hours p.i., but to much lower levels compared
to 72 hours (recNP immunized, 4.4 fold, p = 0.G8uwaant control, 2.1 fold, p = 0.81; PBS contraB 2
fold, p = 0.66). The expression of the IL-10 geamained normal in spleen tissue of all groups until
72 hours p.i. when it was upregulated significamlyadjuvant control (46.0 fold, p < 0.01) and PBS
control mice (55.0 fold, p < 0.01). Interestinglg iexpression was downregulated significantly in
recNP immunized mice at 120 hours p.i. (-5.0 fpld; 0.03).

There was almost no change in the expression of IiENspleen tissue of control mice
throughout the experiment, until 120 hours p.i. witewas upregulated in adjuvant control mice (2.3
fold, p < 0.01). In immunized mice, however, itmssion was inconsistent, being downregulated
shortly after infection (3 hours, -2.5 fold, p #68) and again higher than normal at 72 hours 20.Q(
fold, p = 0.1). The expression of NF-kB in sple&sue was not different between immunized and
control groups, being downregulated at 24 hoursNReimmunized, -2.0 fold, p = 0.01, adjuvant
control, -2.0 fold, p = 0.02), 72 hours (recNP immzed -2.0 fold, p < 0.01; PBS control, -2.5 faids
0.29) and 120 hours p.i. (recNP immunized, -1016,fp < 0.01; adjuvant control, -5.0 fold, p = 0.1;
PBS control, -5.0 fold, p = 0.13). Expression os@ase-3 remained normal in spleen tissue of ak mic
until 72 hours p.i. when it was downregulated digantly in adjuvant control (-3.3 fold, p < 0.0ahd
PBS control mice (-2.5 fold, p = 0.04), but unaféetin recNP immunized mice. At 120 hours p.i.
expression was significantly downregulated in recitfnunized mice (-5.0 fold, p < 0.01) and
decreased in adjuvant control (-2.0 fold, p = @ig PBS control mice (-3.3 fold, p = 0.2).

The expression of IFNwas upregulated in brain tissue of recNP immuninéck (6.0 fold, p
= 0.08) and adjuvant control mice (4.5 fold, p 69).at 24 hours p.i., but normal in PBS controlenic
At 72 hours p.i. its expression was upregulatedigantly in PBS control mice (4.9 fold, p = 0.03)
and increased in recNP immunized (2.4 fold, p 5 aritl adjuvant control mice (4.6 fold, p = 0.06).
The expression of IFNwas upregulated in brain tissue of recNP immunizeécke at 24 hours (2.2
fold, p = 0.05), 72 hours (2.2 fold, p = 0.03) a@®0D hours (4.0 fold, p = 0.07), but only increaaed
120 hours p.i. in adjuvant control (4.1 fold, p A% and PBS control mice (3.9 fold, p = 0.07). The
expression of Caspase-3 was only significantly degyanlated in brain tissue of PBS control mice at
120 hours p.i. (-2.5 fold, p = 0.02) and normadlabther time points and other groups. The exjoess
of NF-kB was significantly downregulated in braisstie of adjuvant control (-2.5 fold, p < 0.01) and
PBS control mice (-2.0 fold, p = 0.04) at 72 hoprs but normal at all other time points and in
immunized mice.

The relative expression levels of 84 genes invoivedarious facets of the immune response

against viral infections, normalized to four houseing genes, were analyzed in liver of




recNP/Alhydrogel immunized mice, adjuvant contraten PBS control mice and uninfected normal
control mice, by qRT-PCR at 72 hours post infecti@ata from the other three groups were
normalized against the data from the uninfecteanabrcontrol group to show the changes in gene
expression relative to age-related normal mice. réselts of the gene expression analysis of theethr

different experimental groups are shown in Fig@@s 6.3 and 6.4.

Table 6.5. Genes analyzed by SABiosciences PCR &fraand B-cell activation). Fold change in
expression of 84 genes involved in activation ofiBd T-cell immunity and other immune functions in

immunized mice versus control mice after RVFV oladje at 72 hours in liver, relative to expression

in an age-related control group of mice. * = stat#ly significant result.

Gene Gene name Transcript recNP Adjuvant PBS
accession Immunized control control
number Fold change | Fold change Fold
and and change
P-value P-value and
P-value
Adaptor-related protein complex 3, beta 1.65 -1.09 1.13
Ap3bl 1 subunit NM_009680 p=0.21 p =0.83 p=0.58
. . 1.06 -2.19* -1.64*
Bad BCL2-associated agonist of cell death NM_007522 D= 062 b = 0.0004 b = 0.001
. . 1.56 553 5.23
Cxcr5 Chemochine (C-X-C motif) receptor 5| NM_007551 p =088 p=0.18 b =023
E3 Ubiquitin Ligase Casitas B-lineage 1.07 7.16* 8.65*
Cblb lymphoma b NM_001033238 p=0.68 p = 0.006 b = 0.001
. 1.02 112 1.27*
Ccnd3 Cyclin D3 NM_007632 D= 0.86 p=0.29 D = 0.02
. 1.27 -6.27* -6.88*
Cdid1 CD1d1 antigen NM_007639 p=041 b = 0.005 b = 0.003
) 1.02 2.56* 2.66*
Cd2 CD2 antigen NM_013486 p = 0.90 D= 0.02 b= 0.04
Cd28 CD28 antigen NM_007642 6.48 22.33* 21.41*
p=0.13 p = 0.002 p = 0.005
Cd3d CD3 antigen, delta polypeptide NM_013487 1.15 2.39 1.86
p=0.23 p =0.07 p =0.06
Cd3e CD3 antigen, epsilon polypeptide NM_007648 1.58 3.44 3.28*
p =0.30 p = 0.06 p =0.02
Cd3g CD3 antigen, gamma polypeptide NM_009850 1.34 1.14 -1.47
p =0.20 p=0.57 p=0.12
Cd4 CD4 antigen NM_013488 1.06 -1.89 -1.01
p=0.74 p=0.45 p=0.92
Cd40 CDA40 antigen NM_011611 291 29.40* 25.87*%
p = 0.06 p = 0.002 p =0.003
Cd40lg CDA40 ligand NM_011616 141 142 1.83
p=0.48 p=044 p=0.11
S| major histosompatiilty complex, class 203 L3e" 136
Il antigen-associated) p=012 p=0012 p=013
Cdsl CD8L1 antigen NM_133655 1.04 -2.17* -1.77*
p =0.68 p = 0.002 p = 0.002
Cd8a CD8 antigen, alpha chain NM_001081110 2.33 4.88 2.81
p=0.40 p=0.13 p=0.23
Cdsbl CD8 antigen, beta chain 1 NM_009858 -1.05 4.08 2.39
p=0.99 p=0.14 p =0.40
Cd93 CD93 antigen NM_010740 114 83.91 144.67*
p =0.85 p = 0.06 p = 0.001
Cdknla Cyclin-dependent kinase inhibitor 1A NM_007669 9.02* 127.19* 145.01*
(P21) p=0.02 p = 0.0000 p = 0.0006
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Clcfl Cardiotrophin-like cytokine factor 1 NM_019952 1.27 33.92* 52.10*
p =0.89 p=0.01 p = 0.002
Cr2 Complement receptor 2 NM_007758 -2.0 1.07 1.61
p=0.15 p=0.74 p =0.10
Csf2 Colony stimulating factor 2 NM_009969 -1.56 2.37 2.09
(granulocyte-macrophage) p =0.66 p =0.45 p =0.58
Cxcl12 Chemokine (C-X-C motif) ligand 12 NM_021704 1.24* -2.21* -1.64*
p =0.03 p =0.02 p = 0.008
Cxcrd Chemokine (C-X-C motif) receptor 4 NM_009911 1.66* 22.12* 22.84*
p = 0.006 p=0.01 p = 0.002
Dock2 Dedicator of cyto-kinesis 2 NM_033374 111 4.85* 3.47*
p=0.43 p =0.04 p = 0.003
Egrl Early growth response 1 NM_007913 -5.00* 3.88* 4.54*
p =0.01 p = 0.005 p = 0.004
FIt3 FMS-like tyrosine kinase 3 NM_010229 -1.06 12.62* 9.19*
p =0.87 p = 0.004 p =0.03
Gadd45g Growth arrest and DNA-damage- NM_011817 7.26 5.35*% 4.37*
inducible 45 gamma p=0.26 p = 0.002 p = 0.008
Glmn Glomulin, FKBP associated protein NM_133248 1.08 -1.03 1.05
p =0.59 p=0.82 p=0.73
H2-Aa Histocompatibility 2, class Il antigen A NM_010378 1.84 2.01* 1.56
alpha p=0.11 p =0.014 p=0.16
H60a Histocompatibility 60a NM_010400 -1.51 16.50* 13.99*
p =0.70 p = 0.046 p = 0.036
Hdac5 Histone deacetylase 5 NM_010412 1.05 -1.46 -2.18*
p =0.65 p =0.04 p =0.02
Hdac7 Histone deacetylase 7 NM_019572 -1.07 4.83* 5.58*
p =0.68 p =0.012 p = 0.0007
Hells Helicase, lymphoid specific NM_008234 1.34 2.15 2.64*
p =0.46 p =0.08 p = 0.007
Hsp90aal| Heat shock protein 90, alpha (cytosolig), NM_010480 1.08 1.33 1.48*
class A member 1 p =0.67 p=0.13 p =0.012
Icosl Icos ligand NM_015790 2.33 3.48 3.29
p =0.30 p=0.25 p =0.07
Ifng Interferon gamma NM_008337 4.05 4.90 3.10
p=0.32 p =0.09 p=0.12
Igbpl Immunoglobulin (CD79A) binding NM_008784 -1.23 -2.39* -2.37*
protein 1 p=0.15 p = 0.002 p = 0.002
Igbp1b Immunoglobulin (CD79A) binding NM_015777 1.39 7.26% 4.53
protein 1b p=0.37 p =0.04 p=0.10
1110 Interleukin 10 NM_010548 3.99 17.64* 10.65*
p=0.21 p =0.04 p =0.02
111 Interleukin 11 NM_008350 1.93 275.80 772.47*
p =0.20 p=0.13 p = 0.007
1112b Interleukin 12B NM_008352 2.59 11.75* 20.35*
p =0.25 p =0.02 p = 0.005
1115 Interleukin 15 NM_008357 112 -1.64* -1.54*
p=0.48 p = 0.026 p =0.04
1118 Interleukin 18 NM_008360 121 -3.52* -4.91*
p=0.12 p = 0.0002 p = 0.0001
127 Interleukin 27 NM_145636 3.25 5.73 11.42
p =0.63 p=0.32 p=0.10
l12ra Interleukin 2 receptor, alpha chain NM_008367 3.18 5.66* 4.41
p =0.09 p =0.04 p =0.06
14 Interleukin 4 NM_021283 2.04 21.42 8.73*
p =0.35 p=0.24 p =0.03
17 Interleukin 7 NM_008371 1.64* -1.70 -2.38*
p = 0.05 p = 0.06 p = 0.009
Impdh1 Inosine 5'-phosphate dehydrogenase|1 NM_011829 2.13* 3.26 4.92*
p = 0.004 p=0.25 p =0.02
Impdh2 Inosine 5'-phosphate dehydrogenase|2 NM_011830 1.18 1.00 1.10
p =0.15 p =0.99 p=0.48
Inha Inhibin alpha NM_010564 -1.16 4.49 3.12
p=0.74 p = 0.06 p=0.17
Irf4 Interferon regulatory factor 4 NM_013674 151 2.59 1.95
p = 0.96 p =0.39 p=0.79
Jag2 Jagged 2 NM_010588 1.67 6.79* 7.46*
p=0.18 p =0.02 p =0.02




Ms4al Membrane-spanning 4-domains, NM_007641 1.39 7.26* 4.53
subfamily A, member 1 p=0.37 p =0.04 p=0.10
Nkx2-3 NK2 transcription factor related, locus NM_008699 1.10 1.56 1.16
(Drosophila) p=0.72 p=0.26 p =0.59
Nos2 Nitric oxide synthase 2, inducible NM_010927 1.05 25.71 32.07*
p=0.97 p = 0.06 p = 0.001
Pawr PRKC, apoptosis, WT1, regulator NM_054056 1.06 2.68* 3.05*
p =0.57 p = 0.0003 p = 0.0006
Pdcd1lg2 Programmed cell death 1 ligand 2 NM_021396 1.90 12.42* 9.47
p=0.1 p = 0.0004 p =0.08
Pik3cd Phosphatidylinositol 3-kinase catalytig NM_008840 3.59* 5.77 7.53*
delta polypeptide p =0.04 p=0.13 p = 0.002
Pik3r1 Phosphatidylinositol 3-kinase, NM_001024955 110 -3.80* 3.63*
) ) d . . .
regulatory subl;?gtt,];)olypeptlde 1 (p8Y p =063 p = 0.007 b = 0.005
Prkcd Protein kinase C, delta NM_011103 1.30 3.73* 4.01*
p=0.1 p =0.03 p = 0.002
Prkcq Protein kinase C, theta NM_008859 1.92 4.63 3.89
p=0.18 p =0.09 p = 0.06
Prir Prolactin receptor NM_011169 1.15 -62.79* -59.16*
p=0.42 p = 0.0003 p = 0.0003
Ptprc Protein tyrosine phosphatase, receptor ~ NM_011210 2.07 8.14 3.69
type, C p =0.57 p = 0.055 p=0.13
Ragl Recombination activating gene 1 NM_009019 -1.05 4.98* 3.11
p =0.98 p =0.05 p=0.13
Relb Avian reticuloendotheliosis viral (v-rel) NM_009046 2.50* 12.30* 15.85*
oncogene related B p =0.04 p = 0.002 p =0.002
Rgsl Regulator of G-protein signalling 1 NM_015811 1.67 41.67* 24.76*
p =0.25 p = 0.006 p =0.016
Sftpd Surfactant associated protein D NM_009160 1.30 20.40* 26.35*
p=0.41 p =0.03 p = 0.0006
Sitl Suppression inducing transmembrange NM_019436 1.92 3.64 2.96
adaptor 1 p=0.24 p =0.07 p=0.25
Sla2 Src-like-adaptor 2 NM_029983 1.08 2.38 2.30*
p =0.66 p=0.16 p = 0.007
Socs5 Suppressor of cytokine signalling 5 NM_019654 -1.01 2.55*% 3.63*
p =0.90 p = 0.006 p = 0.0007
Sppl Secreted phosphoprotein 1 NM_009263 -1.10 29.12* 26.97*
p =0.62 p = 0.003 p = 0.001
Tirl Toll-like receptor 1 NM_030682 1.82 8.68 5.55
p=0.2 p =0.07 p =0.06
Tir4 Toll-like receptor 4 NM_021297 3.46 14.13* 8.28*
p = 0.06 p =0.03 p = 0.005
TIré Toll-like receptor 6 NM_011604 1.30 211 1.77
p=0.43 p=0.14 p=0.12
Tnfrsfl3b Tumor necrosis factor receptor NM_021349 -1.35 6.67* 4.27
superfamily, member 13b p=0.76 p = 0.0006 p=0.15
Tnfrsfl3c Tumor necrosis factor receptor NM_028075 1.23 2.88 2.46
superfamily, member 13c p =0.68 p=0.12 p=0.15
Tnfsf13b Tumor necrosis factor (ligand) NM_033622 1.32 8.74* 5.75*%
superfamily, member 13b p =0.60 p=0.014 p = 0.005
Tnfsfl4 Tumor necrosis factor (ligand) NM_019418 2.14 24.66* 16.80*
superfamily, member 14 p =0.08 p =0.04 p =0.001
Traf6 Tnf receptor-associated factor 6 NM_009424 1.53 1.72* 2.34
p = 0.06 p =0.03 p = 0.06
Vavl Vav 1 oncogene NM_011691 2.20 7.50* 8.00*
p=0.13 p =0.03 p =0.02
Was Wiskott-Aldrich syndrome homolog NM_009515 1.53 4.33 4.64*
(human) p =0.50 p =0.07 p = 0.004
Wwpl WW domain containing E3 ubiquitin NM_177327 -1.07 -9.16* -11.99*
protein ligase 1 p=0.38 p = 0.0001 p = 0.0001

Only one gene, Egrl (early growths response 1 iploteas downregulated with statistical
significance in the recNP immunized mouse grouptinat to the untreated control group (Table 6.2)

(upper left quadrant of Figure 6.2). A total of f@enes were upregulated with statistical signifaza
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in the same group (Table 6.2) (upper right quadddrfEigure 6.2). A total of nine (9) genes were
downregulated with statistical significance in thiaydrogel control group relative to the untreated
control group (Table 6.2) (upper left quadrant mjufe 6.3). A total of 28 genes were upregulateith wi
statistical significance in the Alhydrogel contgioup relative to the untreated control group (€abl
6.2) (upper right quadrant of Figure 6.3). A tathkight (8) genes were downregulated with statsti
significance in the PBS control group relative e untreated control group (Table 6.2) (upper left
quadrant of Figure 6.4). A total of 37 genes weareegulated with statistical significance in the PBS
control group relative to the untreated controlugr¢Table 6.2) (upper right quadrant of Figure 6.4)
Selected genes that were significantly up- or degualated in any of the experimental groups
and indicating a clear difference or interestingikirity between immunized and control mice were
grouped according to known effects on specific immtunctions and shown in Figure 6.5 (a-f). Note

that some genes are involved in multiple immunecfions and are thus present in more than one

figure.
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Figure 6.4. Volcano plot displaying average kdgld changes in expression of 84 genes in thedlive
of three recNP immunized mice at 72 hours postiitfie, relative to an untreated control group of
mice. Different genes are indicated by black dofs Black dots above the horizontal double line
(representing a p-value of 0.05) indicate statatic significant results. The vertical dotted lines
indicate the fold change margins, with dots to lgfe representing downregulated genes, and dots to

the right indicating upregulated genes.
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Figure 6.5. Volcano plot displaying average kdgld changes in expression of 84 genes in thedlive
of three Alhydrogel control mice at 72 hours padection, relative to an untreated control group of
mice. Different genes are indicated by black dofs Black dots above the horizontal double line
(representing a p-value of 0.05) indicate statatic significant results. The vertical dotted lines
indicate the fold change margins, with dots to lgfe representing downregulated genes, and dots to

the right indicating upregulated genes.
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Figure 6.6. Volcano plot displaying average kdgld changes in expression of 84 genes in theslive
of three PBS control mice at 72 hours post infectrelative to an untreated control group of mice.
Different genes are indicated by black dots).(Black dots above the horizontal double line
(representing a p-value of 0.05) indicate statestic significant results. The vertical dotted lines
indicate the fold change margins, with dots to léfe representing downregulated genes, and dots to

the right indicating upregulated genes.
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Figure 6.7 (a-f). Changes in expression of gerthénliver of experimental groups at 72 hours aR&FV infection. RecNP immunized mice are
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off values for upregulation (+2) or downregulati¢i2). The asterisk (*) indicates where the P-vakismaller than or equal to 0.05 (statistically

significant results). Standard deviation from theam fold changes are indicated by the error bars.

%



a)

recNP ADJUVANT PBS
IMMUNIZED CONTROL CONTROL
MICE MICE MICE

Pro-apoptotic

Anti-apoptotic

Pro-inflammatory

T-cell immunity

B-cell immunity

LA

NK cell activation

<-10 -2 0 2 10>
Fold change
b)
recNP ADJUVANT PBS
IMMUNIZED CONTROL CONTROL
MICE MICE MICE
==—— =8 rroapoplotic
Anti-anontotic
] Pro-inflammatory
EE—
T-cell immunity
[
[
E———
B-cell immunity
NK cell activation

<-10 10 >

Fold change

Figure 6.8 (a-b). Heat maps showing fold changedivar and spleen at 72 hours after RVFV
infection. Expression of genes in RecNP immuniaégyvant control and PBS control mice are
organized according to function. Livers are ind&tin panel a, and spleens in panel b. The genes
shown in orange are upregulated, those in bluedam@nregulated and those in black or darker shades

of orange and blue have fold-change values betw2end 2 and/or have p-values.0.05.

There was a significant upregulation of severalegethat have pro-apoptotic effects in

adjuvant and PBS control mice, whereas these genaes normally expressed in recNP immunized
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mice (figure 6.7a and 6.8a) (Cho et al., 2006). @ere, encoding the early growth response 1 protein
(Egr-1) which is a transcription factor involved pnoliferation, differentiation and activation oélt
death pathways (Kiebala et al., 2010), that wasgydated in adjuvant (3.9 fold, p = 0.005) and PBS
control mice (4.5 fold, p = 0.004) was downregudaite recNP immunized mice (-5.0 fold, p = 0.01).
Only one gene encoding the transcription factorBR@art of the NF-KB family of proteins and
responsible for counter-regulating the effects 6f#B, was upregulated in immunized (2.5 fold, p =
0.04) and control mice (adjuvant control, 12.3 fgbd= 0.002; PBS control, 15.9 fold, p = 0.002)
(figure 6.7a) (Yu-Lee, 2002, Kong et al., 2004, Bnd Mackall, 2005, Kittipatarin and Khaled, 2007,
He et al., 2008, Jackson et al., 2008, Li et @&I0& Lomonosova and Chinnadurai, 2008, Ajay et al.,
2010). Several genes with anti-apoptotic effecteevawnregulated in the control mice but normal in
recNP immunized mice (figure 6.7b) (Li et al., 2R08ost notably of these were the genes encoding
the prolactin receptor (Prlr) (recNP immunized,51fald, p = 0.42; adjuvant control, -62.8 fold, p =
0.0003; PBS control, -59.2 fold, p = 0.003), ani-aritammatory protein known to promote
proliferation, protect against apoptosis and enbamdl survival, and the WW domain containing E3
ubiquitin protein ligase 1 (Wwpl) (recNP immunizetl,1 fold, p = 0.38; adjuvant control, -9.2 fojd,

= 0.0001; PBS control, -12.0 fold, p = 0.0001) aati-apoptotic protein playing a role in prolifeoat
(Senaldi et al., 1999, Denhardt et al., 2001, Calen2002, Mazzali et al., 2002, Senaldi et al.,2200
Curnow et al., 2004, Zhou et al., 2004, Dalakaal.e005, Leth-Larsen et al., 2005, Cho et alQ&20
Prince et al., 2007, Pritchard et al., 2007, Gual.e2008, Lee et al., 2008, Peterss et al., 200%re
was also evidence of severe liver inflammation djueant and PBS control mice, but not in recNP
immunized mice (figure 6.7c) (Denhardt et al., 20Mazzali et al., 2002). Despite this the gene
encoding the anti-inflammatory cytokine interleuli (IL-10) was upregulated (recNP immunized,
4.0 fold, p= 0.21; adjuvant control, 17.6 fold, pGs04; PBS control, 10.7 fold, p = 0.02). The
expression of osteopontin (gene Sppl), importamt tissue damage healing, was upregulated
significantly in control mice, compared to normapeession in immunized mice (Table 1) (Choi et al.,
2001, Gartel and Radhakrishnan, 2005). The geneessipg the Cyclin-dependent kinase inhibitor
P21 (Cdknla), a protein with pro- or anti-apoptatftects and normally upregulated in response to
liver injury, was upregulated in immunized (9 foldipnd control mice (127 to 145 fold) (Table 1)
(Lowenstein and Padalko, 2004). The gene expresbmgnducible nitric oxide synthase (Nos2), an
effector of the innate immune system targeting lvindteases and inhibiting viral replication, was
normal in recNP immunized mice (1.1 fold, p = 0,9rgreased in adjuvant control mice (25.7 fold, p
= 0.06) and highly upregulated in PBS control n(@2.1 fold, p = 0.001) (Li et al., 1998, Senaldi et
al., 1999, Senaldi et al., 2002, Kong et al., 200drsworthy et al., 2004, Bohlson et al., 2005,edéay

et al., 2006, Kunisaki et al., 2006, Kasler anddier2007, Qiao et al., 2007, Zhu et al., 2007, g&wvu
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et al., 2008, Qiao et al., 2008, Zhang et al., 2@Bsteanu and Katsikis, 2009, Duttagupta et al.,
2009, Khan, 2009, Miletic et al., 2009, Peterssl e2009).

Both arms of the adaptive immune response, hunfdhél) and cellular (Thl), were activated
in control mice, but normal in immunized mice, & hours (Durand et al., 2009). The gene encoding
the Phosphatidylinositol 3-kinase catalytic deltdypeptide (Pik3cd), involved in the regulation®f
cells and antibody production, was upregulatece@NP immunized mice (3.6 fold, p = 0.04) and PBS
control mice (7.5 fold, p = 0.002), and increasadadjuvant control mice (5.8 fold, p = 0.13)
(Renukaradhya et al., 2005, Kunisaki et al., 20R&smar et al., 2009). The genes encoding the
Dedicator of cyto-kinesis 2 (Dock2) protein (rechkfmunized, 1.1 fold, p = 0.43; adjuvant control,
4.9 fold, p = 0.04; PBS control, 3.5 fold, p = @P@nd interleukin-12b (recNP immunized, 2.6 fqid,
= 0.25; adjuvant control, 11.8 fold, p = 0.02; P&%itrol, 20.4 fold, p = 0.005), which are involvied
the development and induction of NKT cells, wereegplated in control mice. Some important genes
were, however, downregulated in control mice (fegr7 d-e). The gene encoding the Cdldl antigen,
which is important for the presentation of antigemsand activation of NKT cells, was downregulated
with statistical significance in control mice (reeNimmunized, 1.3 fold, p = 0.42; adjuvant control,
6.3 fold, p = 0.005; PBS control, -6.9 fold, p ©@3) (Figure 4 d) (Palmer et al., 2008). The exgors
of the gene encoding interleukin-7, necessary fer aBd T-cell and NK cell survival, was
downregulated in PBS control mice (-2.4 fold, p 80®) (LeVine et al., 2001). The expression of
surfactant protein D, a member of the collectinifgmmportant role player in innate immunity and
inhibitor of T lymphocyte proliferation, was uprdgted in control mice (adjuvant control, 20.4 fqid,
= 0.03; PBS control, 26.4 fold, p = 0.0006) butmal in immunized mice (1.3 fold, p = 0.41) (figure
6.7 d) (Qiao et al., 2007, Qiao et al., 2008, Zheingl., 2008). The expression of the gene encdtieg
E3 Ubiquitin Ligase Cbl-b, capable of negativelyukating T-cell activation, was upregulated in
control mice (adjuvant control, 7.2 fold, p = 0.0®&S control, 8.7 fold, p = 0.001) but unaffected
immunized mice (1.1 fold, p = 0.68) (Figure 4 d)#Ge et al., 2003). The expression of the gene
encoding interleukin-18, responsible for biasingmiomity towards Th-1 cellular immunity and
enhancing T-cell cytotoxicity, was downregulatedciontrol mice (adjuvant control, -3.5 fold, p =
0.0002; PBS control, -4.9 fold, p = 0.0001) but fieeted in immunized mice (1.2 fold, p = 0.12)
(figure 6.7 d) (Seki et al., 2002). The expresgibthe suppressor of cytokine signalling 5 (Socp&jt
of a family of proteins that negatively regulateatyne signalling (Kong et al., 2004), was upretgda
in control mice (adjuvant control, 2.6 fold, p 9©06; PBS control, 3.6 fold, p = 0.0007) but norinal
immunized mice (-1.01 fold, p = 0.9). The gene @y the immunoglobulin binding protein 1
(Igbpl), a component of receptor cell signallingBinand T-cells (Meroni et al., 2007, Palmer et al.
2008), was downregulated in control mice (adjuwvaottrol, -2.4 fold, p = 0.002; PBS control, -2.4
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fold, p = 0.002) but unaffected in immunized mic&.Z3 fold, p = 0.15). Other genes (Cd81 and
Pik3rl) involved in activation, signalling and difentiation of B- and T-cells were also downregdat
in control mice but normal in immunized mice (Tallle(Li et al., 1998, Mavoungou et al., 2005,
O'Connor et al., 2006).

An important role player in innate immunity, NK Islwas also activated in control mice
(figure 6.7 f) (O'Connor et al., 2006). The geneasting the histocompatibility 60 A protein, a ligan
for an activating receptor on NK cells (Gracielet2003, Mavoungou et al., 2005), was upregulated
control mice (adjuvant control, 16.5 fold, p = 604#BS control, 14.0 fold, p = 0.036) but unaffecte
in recNP immunized mice (-1.5 fold, p = 0.7). Howewexpression of two important genes in NK cell
activation and maturation, interleukin-18 (lI-18)dathe prolactin receptor (Prlr), were downregulate
in control mice but normal in immunized mice (Jamssand Beyaert, 2003). The expression of three
genes encoding Toll-like receptors, a componentthef innate immune system responsible for
recognizing conserved structures, were analyzed arnly TIr4, responsible for recognizing patterns
present on viral antigens, being upregulated introbmice (recNP immunized, 3.5 fold, p = 0.06;
adjuvant control, 14.1 fold, p = 0.03; PBS cont&B fold, p = 0.005) (Bouloy et al., 2001, Billecp
et al., 2004, Le May et al., 2004).

6.4 Discussion

The immune evasion mechanisms known for RVFV drdigdcted against the innate immune
response, more specifically the type | interferesponse (Won et al., 2007) and programmed cell
death (apoptosis) (do Valle et al., 2010). Desjhigeproven involvement of the NSs protein of RVFV
in inhibition of the type | interferon responsedahus increase in pathogenicity, it was recertiyven
in vitro that RVFV is not able to completely inhibit thepegssion of type | interferon (Lorenzo et al.,
2008). It was shown that mice displaying an eadied stronger type | interferon response were less
susceptible to RVFV infection than mice with a geld and partial response. The fact that RVFV does
not cause a complete inhibition of the type | ifesrn response would suggest that the virus must ha
some additional evasive or regulatory effects, sagtother innate immune mechanisms or adaptive
immunity, to enable sufficient unhindered replioati

To gain some knowledge on the effects of RVFV oes¢hother immune functions it was
decided to test the expression of genes involvadlyni the activation of the B- and T-cell immuwit
but also other immune functiorig, vivoin the liver of mice experimentally infected wiRVFV at the
time of acute infection. The expression of five ggimportant in RVFV pathogenicity and involved in

innate and adaptive immunity (nuclear factor kappt, caspase-3, interleukin-10 and interferon-
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gamma and -beta) was also tested at consecutieepomts early and late after RVFV infection in
mouse liver, spleen and brain to gain some indightthe dynamics of the expression of these genes
during the extent of infection. At the same time #xpression of all the genes mentioned above were
compared between experimentally infected mice arwk rthat were vaccinated with a recombinant
RVFV nucleocapsid protein (recNP), combined witle #djuvant Alhydrogel, before experimental
infection. As shown previously, immunization of miwith recNP combined with Alhydrogel resulted
in complete protection against disease and sigmificeduction in viral replication (Chapter 4). The
RVFV NP does not have any neutralizing epitopesapdevious study suggested that a cellular (Th-
1) response to the RVFV NP might be responsiblepfotection (do Valle et al., 2010). However,
results shown in Chapter 4 suggested that the mespafter recNP/Alhydrogel immunization was
biased towards Th-2 humoral immunity. The resultesented in this chapter shows that recNP
immunized mice were able to launch a stronger amiiee, but more controlled later type | interferon
response compared to non-immunized mice, most phpbaontributing to the protection of
immunized mice. More importantly the results shatihvation of several genes with pro-apoptotic and
pro-inflammatory effects, but suppression of apijatotic genes, at the time of acute RVFV infection
in the liver of infected mice, possibly contribigimo hepatic damage which is the main pathological
feature of RVF. Also, the expression of severalangnt genes involved in the activation and funrctio
of Natural Killer cells (innate immunity) and B- @&nT-lymphocytes (adaptive immunity) were
suppressed in infected mice, indicating possibtétexhal immune evasion tactics of RVFV.

Immunization of mice with recNP combined with Alltgdel resulted in a strong 1gG1
subclass response, compared to a weak IgG2A respoasfirming that the immune response was
biased towards Th-2 humoral immunity (Figure 6Al)hough tracking of the development of clinical
disease in immunized and non-immunized mice aftéF\R challenge was already previously shown
(Chapter 4) and thus not a priority of the studgsented in this chapter, it is worth noting thatenof
the recNP/Alhydrogel immunized mice developed aliyiaal illness during the course of the study,
compared to non-immunized mice which displayeddsisigns from day 3 p.i. to the end of the study
(day 5). This corresponds to the viral loads detbdn the different experimental groups (Table 6.3,
6.4 and 6.5) which shows that recNP/Immunized rdieecloped a very short and low viremia on day
3 post infection compared to much higher and ex@dndgremia in non-immunized control mice (day 3
— 5). These results also confirmed that day 3 weedd the point in acute infection with the highest
viral replication in these mice and that analydish®e expression of genes at this point the most
applicable.

The induction of expression of IFNhas been shown to ocduarvitro at 3 — 6 hours p.i, and it

is therefore surprising that the results presehtze show inductiom vivo in liver and spleen tissue
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of immunized mice already at 3 hours p.i., takingpiaccount that after host infection the virus is
likely conveyed to lymph nodes where it first replies before it can spread to the liver and other
organs (Haller and Weber, 2009). The expressidih@fsame gene was, however, decreased (but not
significantly downregulated) in liver tissue, artdcanstitutive levels in spleen tissue, of adjuvamd
PBS control mice at 3 hours p.i. This decrease traffeady have been a result of the action of NBs o
the type | interferon response of the host. Theegyiation of IFN expression in immunized mice
cannot be a direct result of anti-recNP memoryesithee innate response is general and not antigen
specific, and this needs to be further investigatiechight, however, be as a result of some indirec
actions. The fact that the anti-recNP response largely humoral and that these antibodies are not
neutralizing might indicate that some other fornmaafibody dependent mechanism, such as antibody-
dependent cell-mediated cytotoxicity (ADCC) or cdempent-dependent cytotoxicity (CDC), was
responsible. Antibody-dependent cell-mediated oydiotty is an NK cell mediated mechanism
making use of specific antibodies, rather than nrgnagtotoxic T-cells, to form a link between the
effector cell and an infected cell presenting atigen on its surface, leading to lysis of infectedls.
Complement-dependent cytotoxicity relies on therittion of the C1g molecule binding to 19G or
IgM already bound to an antigen. The lysis of itdéeccells that would have otherwise produced
progeny virus, because of the inhibitory actiofN&s, by these mechanisms might have resulted in the
activation of the type | interferon response inghbiouring uninfected cells as a result of the seaat
dsRNA (Morrill et al., 1990, do Valle et al., 2010}he expression of IFNremained upregulated in
immunized mice up to 12 hours p.i., compared toief land much lower upregulation in control mice
between 6 and 12 hours p.i. At 72 and 120 hourdhN expression in liver tissue was decreased but
still within the constitutive range in immunizedaaicompared to over expression in control mice live
and spleen tissue. This over expression of IfiNcontrol mice liver and spleen tissue was nad¢ &b
curb the replication of the virus and was probahtyre detrimental than valuable, contributing to the
pathology of the liver. The sudden downregulatibfFd expression in spleen tissue of all mice at 24
hours probably contributed to the inability to gohtviral replication, as shown by high viral tisrat

72 hours p.i. in spleen tissue, and was probabésalt of the type | interferon inhibitory effect the

NSs protein. It has been shown previously thagatly type | interferon response is protective agfai
RVFYV infection (Bouloy et al., 2001) and it is thiaghly likely that the early and correctly regedt
expression of IFN in immunized mice contributed to effective virdé&rance and protection from
liver pathology. The fact that IFNexpression was upregulated in brain tissue ofvadjucontrol mice

at 24 hours p.i., yet still the virus replicatedhigh titres, indicates that IFNdid not play such an

important role in innate immunity against RVFV idfien in the brain.
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There was not such a striking difference in theresgion of type Il interferon (IFN between
immunized and non-immunized control mice early raftédection in liver and spleen tissue. Its
expression was more or less similar up to 24 haiirsr which there was a sudden decline of
expression in control mice liver tissue, while egsion remained upregulated in immunized mice.
This drop preceded the peak of viremia in contratemso it might be that the decreased IFN
expression at this critical time point during theute infection might have contributed, or even have
been a result of, uncontrolled viral replicatiomterestingly the expression of IFNh immunized and
control mice was again similar at 72 hours, bul2® hours expression was upregulated in control
mice which might have contributed to the patholodythe liver. Interestingly, IFN expression was
upregulated much earlier in the brain tissue oNRRimmunized mice compared to control mice, also
corresponding to much less viral replication, whigight indicate that IFNplays an important role in
protection against RVFV infection in brain tissuehas been suggested that the role of IKNRVFV
pathogenesis is negligible (Morrill et al., 199bhbit this suggestion was basediowitro results. It has
been showiin vivothat IFN does indeed play a role in the attenuation of R{EWuper et al., 2008).
There was a dysregulation of IL-10 expressionvarlitissue of control mice very early after infeati
with expression being upregulated at 3 hours ng again downregulated at 6 hours. The
dysregulated expression of IL-10 during a virakotfon might actually contribute to immune escape
since IL-10 is an anti-inflammatory cytokine thahibits the actions of Th-1 cells, NK cells, decea
antigen presentation by cells and limits the préidacof various important cytokines (i.e. IL-12,-118
and TNF-) (Bai et al., 2009). It has been shown that ILid@pregulatedn vivo andin vitro after
West Nile virus (WNV) infection, and that IL-10 d&&nt mice are less susceptible to WNV infection
than mice expressing the gene constitutively (Ldl., 2010). Dengue virus has also been shown to
replicate less efficientlin vitro when IL-10 expression is suppressed (Hsu et @90.1Spencer, 2007,
van Putten et al., 2009). Some viruses even expke$8 homologs to enable them to modulate the
host immune system and escape viral clearance @aipal., 2008). At 72 and 120 hours p.i. there
was again over expression of IL-10 in control miadiich might have led to immune escape by
RVFV, although the anti-inflammatory effects of 110- might also have been an attempt by the host to
counteract severe inflammation of the liver. Ondtieer hand, expression of IL-10 seemed to follow a
constitutive pattern of expression in liver tissafarecNP immunized mice, with the gene only being
upregulated at 72 hours p.i. when there was véplication in the liver, and onwards. The interplay
between IL-10 and IFN which are counter regulatory of each other, alsemed to be at constitutive
levels in recNP immunized mice, with IFNbeing upregulated early to counter viral infectiand IL-

10 only being upregulated later to curb immunoplatipy of the liver (Afford et al., 2001). The

upregulation of IL-10 expression at 72 hours mi.spleen tissue of control mice is possibly an
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indication of inflammation of the spleen and thetsattempt counteract inflammation, but might have
contributed to the virus being able to escape imendatection and thus replicate efficiently. The
downregulation of IL-10 expression in spleen tissfieecNP immunized mice at 120 hours p.i., and
the absence of replicating virus at the same timen indication that decreased IL-10 expression is
advantageous to the host.

The activation of several genes with pro-apoptetnz pro-inflammatory effects, and the
suppression of several genes with ant-apoptotactsf in the liver of control mice 72 hours p.i.sho
probably contributed to severe hepatic disease.oMeeexpression of CD40, a member of the TNF
receptor superfamily and potent activator of nucfeator kappa beta, is of particular importance to
apoptosis in the liver. CD40 has been shown todadapoptosis in hepatocytes via a FAS dependent
mechanism, the key mechanism for hepatocyte dadtteiliver (Gold et al., 2003). Mice deficient in
the expression of CD40 has been shown to have iradrsurvival during bacterial sepsis as a result of
decreased induction of IL-6, IL-10, IL-12 and IFxpression (Peterss et al., 2009). Apart from its
role in apoptosis of hepatocytes, CD40 plays a \uergortant role in mediating B- and T-cell
responses, thus the hosts attempt to launch arntie@lammune response to RVFV might actually
contribute to immunopathology (Matsui et al., 2082and et al., 2006). The expression of a TNF
receptor superfamily ligand (Tnfsfl4) was also gptated in control mice. This protein is able to
block TNF mediated apoptosis but not FAS mediated apoptass,is a co-stimulatory factor that
enhances T-cell mediated immunity leading to seirdtemmation (Denhardt et al., 2001, Mazzali et
al., 2002). The upregulation of the genes exprgsesteopontin (Sppl) and the Cyclin-dependent
kinase inhibitor P21 (Cdknla) is evidence of thetlsoattempt to counteract the damaging effects of
the infection. Osteopontin is a cell survival factind influences tissue repair at sites of severe
inflammation (Gartel and Radhakrishnan, 2005). Tlgelin-dependent kinase inhibitor P21 (Cdknla)
is a protein that plays a role in cell cycle cohtwath overexpression of P21 leading to cell cyateest
(Choi et al., 2001, Gartell and Tyner, 2002). Thetgin has pro- or anti-apoptotic effects, has the
ability to inhibit proliferation of cells and is tggulated in response to tissue injury (Dong et al.
2005). P21 interacts, amongst others, with the tiraavrest and DNA damage-inducible gene 45
(Gadd45) (Chung et al.,, 2003), which was also udedgd in control mice. Gadd45 has been
implicated in DNA repair, apoptosis, regulation signal transduction and cell cycle control
(Mansuroglu et al., 2010). The NSs protein of RVIFds been shown to interact with some specific
regions of host cell DNA, causing defects in hdsbmosome structure and segregation (Gracie et al.,
2003). Therefore it might be that these DNA damiagecible proteins are upregulated in an attempt

to arrest the cell cycle of affected cells and pravapoptosis. The fact that P21 is upregulated in
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healthy immunized mice (9 fold) is probably as suteof the very low level of viral replication in
their livers.

Despite several genes involved in the activatigifiergntiation and proliferation of B- and T-
cells being upregulated in control mice and indigaBctivation of adaptive immunity, several genes
with important functions in immune activation weaéso downregulated. Interleukin-18 (II-18) is
involved in the maturation and cytotoxicity of THseand NK cells, which are important cells in
cellular and innate immunity respectively, and wagvnregulated in control mice (Mavoungou et al.,
2005). The prolactin receptor is important in thedtioning of NK cells but was downregulated in
control mice (Kasmar et al., 2009). The expressio@dldl antigen, which activates Natural Killer T-
cells, was downregulated in control mice (Palmexl ¢2008). Interleukin-7, which is important the
development and survival of B-cells, T-cells and-bidls were also downregulated in PBS control
mice. The decreased expression of these importardsy and overexpression of other genes that have
the ability to negatively regulate T-cell respong€blb and Sftpd), might have contributed to the
inability of the control mice to clear virus froingir liver despite the activation of other genes.

In summary this study shows that expression of [iEN\upregulated later and to a lesser extent
in the liver of non-immunized mice compared to inmzed mice after RVFV challenge, but over
expressed in control mice during acute infectiorthef liver. This expression pattern of the type |
interferon, which is very important in the pathogéy of RVF, possibly resulted in immunized mice
being able to clear the viral infection much mofécently than non-immunized mice. The over
expression of IFN during acute liver infection was probably detrinario the health of the control
mice too. The expression of interleukin-10 was atsegular in the liver of control mice, possibly
leading to the virus escaping detection to a aer@tent and thus leading to excessive viral
replication. The results also indicate activatidnapoptosis in infected liver at the acute stage of
infection, and severe inflammation which probalbdyniributed to the pathology of the infection. The
results for some of the genes also indicate inatitim of the induction of important immune cells
which could have contributed to immune evasion. Témults from this study will be useful for the
evaluation of future candidate vaccines as gerasatte regulated in naive mice in response to RVFV
infection have been identified. Host gene respondestified in this study may serve as potential
targets for development of therapeutic interverstiby suppressing inflammatory and apoptotic effects
of RVFV infection in the liver. It would also betaresting to determine whether the same patterns of

expressed genes are achieved in a host animal mockelas sheep.




CHAPTER SEVEN

CONCLUSIONS

At the advent of this project, all available teaugs for the detection of antibodies against
RVFV relied on the use of reagents that were pezpdrom infectious virus, thus requiring high
biocontainment facilities and/or vaccinated pergbnvhich restricts their production to a very liedt
number of laboratories in the world. In this stuglyecombinant RVFV nucleocapsid protein was
utilized to develop several ELISA-based assaysdpid and safe diagnosis of RVF. An ELISA was
developed and validated for the detection of Ig@badies in wildlife species. There is still some
controversy regarding the maintenance of RVFV dutong inter-epidemic periods. One school of
thought is that the virus is transmitted transaiirito mosquito eggs where it can survive for many
years until the next sufficient flooding occurs.w&ver, evidence to support this phenomenon is very
limited and, in fact, transovarial transmission Heeen demonstrated only once and could not be
reproduced ever since. The more likely explanataynnatural transmission mechanism of RVFV is
that there is low level inter-epidemic circulatiohthe virus between mosquitoes and wildlife that a
not as closely monitored by farmers or game war@srdomestic livestock. Exceptional rainfall might
then lead to spill-over of RVFV into domestic litesk and humans. This hypothesis seems to be
supported by the presence of anti-RVFV antibodiesdrious wildlife species. The ELISA for IgG
detection in wildlife developed in this study wilkk a valuable tool for facilitating cost-effectivarge-
scale sero-surveys which data might contribute étteb understanding of RVF epidemiology,
including natural transmission cycles. Understagdime inter-epidemic transmission of RVFV will
contribute to more effective control of the diseaseother useful ELISA that was developed as phrt o
this study is the human anti-RVFV IgM detectionttbased on a horseradish peroxidase labelled
recombinant RVFV nucleocapsid protein. This testnamprovement on the traditional whole RVFV
based ELISA, which carries some safety risks amxkpensive to produce. An IgM detection ELISA is
an essential part of the repertoire of tests nacgdsr successful diagnosis of a viral hemorrhagic
fever, since it is indicative of a recent infectidm ELISA was also developed for the safe deteotib
RVFV antigen in human and animal specimens, andthportant addition to the array of tests for
RVF diagnosis. The assay is based on a complesaddyset of reagents and thus does not have to be
prepared in a high containment facility. It enalites detection of antigen in decaying tissue loibera
infectious virus has been inactivated, which isiportant tool for example when dead animals or
foetuses are not immediately discovered in thedfiél study was done to compare the diagnostic
accuracy of the assays developed as part of thity 4o traditional assays, and it was found that th

recombinant NP based ELISAs performed satisfagtoril




There is no vaccine available for commercial humge, and the vaccines available for
animal use are only available from a single faciiih Africa, making supply inconsistent, have
potential serious drawbacks in terms of adversectffon animals when live-attenuated vaccines are
administered or require multiple immunizationscase of inactivated vaccines, to enable protection.
Recombinant DNA technology and reverse genetic® lmen used extensively in recent times to
develop vaccine candidates. Many of these candidad®e shown promising results in preliminary
studies but needs further evaluation before theybeaused for large-scale vaccination. Most ofdhes
candidates have focussed on the glycoproteins df\R\because they contain neutralizing epitopes
and neutralizing antibodies against RVFV is a kngwotective correlate. Studies on related viruses
from theBunyaviridaefamily have, however, shown that immunity genedatgainst the nucleocapsid
proteins of these viruses also offered some prioteeigainst subsequent viral challenge. A prelimjina
study was also done using a recombinant RVFV ngelesid as an immunogen in mice, which
resulted in partial protection against lethal RVEhallenge.

Therefore it was decided to do a more in-depth uatadn of a recombinant nucleocapsid
protein of RVFV as an immunogen in a mouse moddlalso in an actual host animal model, namely
sheep. The results from this study pointed out regwportant findings that could aid future RVFV
vaccine development. It was shown that the chofcaduvant is very important when using subunit
immunogens, not only for enhancing immune resporiags more importantly to bias immune
responses towards a certain branch of the host maraystem. Immunization of mice with recNP and
certain adjuvants resulted in complete protectimmf lethal RVFV challenge. Two commercially
available adjuvants, Saponin and Aluminium hydrexigel (alum), yielded the best protection.
Saponin is known to activate Thl and Th2 immundgiast antigens, and this was confirmed in this
study with strong IgG1 and IgG2A responses agdft\4FV NP measured in mice. Although mice
immunized with a high dose of recNP combined widp&in yielded 100% protection, a lower dose
only partially protected mice against lethal RVFNatienge. When recNP was combined with alum,
known to strictly bias responses towards Th2 huhionaunity, even the lower dose resulted in 100%
protection against challenge. The fact that rechiffliined with alum in this study also activated Th2
humoral rather than Th1l cellular immunity, yetlstielded 100% protection, was surprising since-ant
NP responses are not neutralizing and the comma@uothgsis was that it was cellular responses
against the NP that was responsible for proteclitiere are, however, mechanisms known in addition
to physical neutralization of virus by which antilies can target and destroy pathogens. These are
antibody-dependent cell-mediated cytotoxicity (ADC@nd complement-dependent cytotoxicity
(CDC). These mechanisms work by using pre-existintjbodies against a foreign antigen to link

adaptive immunity to innate immune mechanisms saklthe complement cascade and NK cells.




Whereas physical neutralization requires antibodiesbind to surface proteins of the virus,
glycoproteins in the case of RVFV, blocking epitopecessary for entry into host cells by specific
receptors, ADCC and CDC utilizes the recognitioranfigens presented on the surface of host cells,
which would include antigens not necessarily presenthe virus surface, and subsequent lysis of
those infected cells before virus replication. Efiere it might be that pre-existing anti-NP antitesd

in recNP immunized mice resulted in the lysis deated cells by either of these mechanisms before
RVFV could replicate efficiently and cause a systenmfection, resulting in protection. This
hypothesis is based on elimination of other possibéchanisms and not on concrete scientific data,
and thus needs further investigation. This wasfitsestudy showing complete protection in a mouse
model using the RVFV NP as vaccine candidate, awdrifirmed the importance of including NP in
RVFV vaccine candidates.

Although the recNP/adjuvant combinations were highimunogenic in sheep, this immunity
was not able to significantly decrease viral regiln. The reason why the same recNP/adjuvant
combinations that protected mice from RVFV infegticould not protect sheep is unclear, but it is
important to point out that mice were consideregrasected once they did not develop clinical digea
and did not have viral replication in specific angésues, whereas in sheep we could only use edsen
of virus in the blood as an indication of protentidlthough it might therefore seem that a proper
comparison wasn’'t done between mice and sheepwtssot the aim of the study. Because RVFV is
a mosquito borne virus, the decrease in concemtrati infectious virus in the blood is a very
important indicator of the effectiveness of a vaectandidate since the aim of the vaccine would not
only be to protect the immunized host animal froevelopment of disease, but more importantly to
decrease the risk of transmitting virus amongstespisble vertebrate hosts and competent mosquito
vectors. Based on this information, the specifd\fé/adjuvant combinations and concentrations used
in this study can therefore not be considered pstantial vaccine candidate in RVF host species.
Whether increasing the recNP doses, increasinguh#er of immunizations or changing the route of
immunization would result in better protection itknown, but the results from this study highlighted
the very important fact that any potential RVF viaeccandidate should be properly evaluated in & hos
species before any conclusions can be made regdtsdliefficacy.

To enable more efficient development of vaccined tneatments against any infectious
disease, one first needs a better understandintigeopathogenesis of that disease. Until recently th
pathogenesis of RVF was poorly understood but sevgenetics enabled scientists to determine the
RVFV NSs protein as the virulence marker of theisirThis protein acts by counteracting the effects
of the very important innate immune system compgnipe | interferon. Another RVFV protein,

NSm, was also recently shown to counteract apaptasiother important innate immune mechanism.




Not much, however, was known about the activationepression of other immune functioinsvivo
during RVFV infection. Despite the ability of NSs tounteract type | interferon, it was recently
shown that this system is not completely repressedtro during RVFV infection, and it is therefore
logical to assume that there must be some additineahanisms by which the virus can evade the host
immune response to enable sufficient viral replaratAlthough RVFV is a cytolytic virus that reaglil
causes systemic infections, it was not clear whidthemunopathology might also play a role in RVF
disease progression and to what extent anti-NRonsgs might play a role in protection in this relgar
In this study the expression of several genes imgbin innate and adaptive immunity was evaluated
in important target organs of the virus, at sevéirak points after RVFV infection, and compared
between recNP/Alhydrogel-immunized mice and twotammroups consisting of Alhydrogel and PBS
inoculated mice.

The results clearly indicate that recNP immuningide were able to mount an earlier and
stronger innate immune response compared to botitrotogroups where these responses were
repressed initially. The immunized mice were albbeao control expression of genes with anti-
inflammatory effects that might result in immuneasion when incorrectly regulated more
appropriately than non-immunized mice early aftéection. This resulted in replication being kept t
a minimum in immunized mice compared to non-immediznice that had excessive replication of
virus in their target organs. During the acute phalinfection this excessive replication of vinas
non-immunized mice was accompanied by massive ufaggn of pro-inflammatory responses and
genes with pro-apoptotic effects in their livershe$e effects that very likely contributed to the
pathology of the liver in non-immunized mice, thaimtarget organ of RVFV, were not demonstrable
in immunized mice. In addition to these immunopddfical effects in non-immunized mice, there
was also evidence of up- and downregulation of re@waportant genes that could have translated into
dysregulation of the activation of adaptive immunitvhich very likely contributed to immune
evasion.

In conclusion, this study not only expands the mmpe of safe and validated diagnostic
methods for RVF diagnosis, but also contributes toetter understanding of the role of the NP in
protection against RVF and the pathogenesis ofdisease on a molecular level. There are still,
however, many challenging issues regarding thislecbgd but emerging disease requiring
improvements to be made in the serodiagnosis of ,RdFexample the development of a point-of-
care, or penside tests for rapid detection of adids or antigen. This would not only be a valuable
diagnostic tool during suspected RVF outbreakseimate areas where laboratories are not readily
available, but also for the rapid screening of dteek at import/export stations to enable safe

transportation between endemic and non-endemiomegilhe development of ELISAs utilizing other

%



structural and non-structural recombinant RVFV ganis would also be an important addition to the
current array of tests. This might not only furtlh@prove sensitivity and specificity of detectidoyt

also enable differentiation between vaccinatedreordvaccinated animals, and better understanding of
humoral responses in naturally infected and vatethandividuals.

Although this study showed earlier activation afate immunity in recNP immunized mice,
the memory mechanism responsible for this protaatieeds further investigation. The possibility that
antibody-dependent cell-mediated cytotoxicity ompbement-dependent cytotoxicity is responsible
for this protection needs to be elucidated. Becanighe bi-phasic nature of RVF in some infected
individuals, as a result of virus infection of thein, it would be interesting to gain insight irttee
expression of apoptotic and inflammatory genes his hon-regenerative tissue. It will also be
important to investigate how the virus crosseshtlbed-brain barrier, and why only a limited number
of individuals develop encephalitis as a resultceftral nervous system infection. Future RVFV
vaccine candidates should include glycoproteins taednucleocapsid protein to induce the optimal

humoral and cellular protection mechanisms agéifsttion with field strains of the virus.
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Phase I of the animal experiments have been carried out (210 BALB/c mice and 25 female sheep), but Phase 1I
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extension until 31 December 2010 to allow sufficient time for completing the project.
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100 p inoculum containing 70 pg recNP in an equal volume Alhydrogel adjuvant.

Alhydroge! adjuvant control group MS-2 (n =75): All mice from this group will be mock immunized

subcutaneously with 100 pl containing PBS in an equal volume Alhydrogel adjuvant.

Placebo control group MS-3 (n = 75): All mice from this group will be mock immunized subcutancously with

100 pl sterile PBS without recNP.

Normal mouse control group MS-4 (n = 75): The mice from this group will not be inoculated with anything,

but will be kept with the other mice in order to have a negative control group for the gene expression experiment.




Booster immunization — day 14 after primary immunization
Booster immunization of groups will be carried as descried for primary immunization.

Three mice from the vaccinated group (MS-1) will be sacrificed and bled by cardiac puncture for immune response
monitoring on the following days after the primary immunization: Day 0, 3, 5,7,9, 11 and 14. Three mice from the
vaccinated group (MS-1) will be sacrificed and bled by cardiac puncture on the following days after the booster
immunization: Day 3,5, 7,9, 12, 15 and 21. A total of 78 mice from the vaccinated group (MS-1) and 75 mice from
the other groups will be moved to the BSL-3 animal facility at the SPU-NICD on day 21 after the booster
immunization, and accommodated for at least 7 days before challenge with RVFV or mock inoculation with EMEM.
Another three mice from the vaccinated group (MS-1) will be pre-bled on the day of the challenge experiment (day
28 after the booster). Bleeding of mice will be done according to NHLS Animal Ethics committee approved
methods.

MOUSE CHALLENGE EXPERIMENT
At 3 weeks after booster immunization 78 mice from the vaccinated group (MS-1) and 75 mice from the other
groups (MS-2, MS-3, MS-4) will be moved from the NHLS Animal Unit to the BSL-3 animal facility of the SPU
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Five mice from each group will be euthanized and brain, spleen and liver tissues collected 1 hour, 3 h, 6 h, 12 h, 24
h,48 h, 72 h,96 h, 120 h, 144 h, 168 h, 216 h, 264 h, 312 h and 360 hours after challenge each. These tissues will be
collected into RNAlater and used for the gene expression study.
All mice will be clinically monitored twice daily for symptoms which will be recorded.
All mouse carcasses will be autoclaved and discarded in SANUMED biohazard boxes for incineration after
collection of organs.

The total number of BALB/c mice needed for the Phase 11 experiment after the modification will be 345 instead of
the originally approved 560, which is a significant reduction of 215 mice.

J Motivation for modification / extension:

We would like to apply for a modification to our current approved project which would actually result in us using
less animals than originally planned. This reduction of 215 mice from the Phase II part of the experiment, which still
needs to be done, is because of the results obtained in Phase [ experiments, which have already been completed.
Initially we planned to evaluate three different aspects that could be important in vaccine efficacy studies in the
Phase I1 experiments namely number of immunizations (one or two), determination of lowest antigen dose required
for protection (three different doses) and durability of protection (challenge at 4, 12 and 24 weeks after
immunization). Combined with this we planned to collect tissues at specific time points to evaluate the effect on
gene expression after infection.

Our results from Phase I indicate that although protection against RVFV challenge was induced in some immunized
mouse groups, the challenge virus was still able to replicate in organs of apparently healthy mice. Replication of
virus in immunized animals is a result which indicates that our antigen would not have great use as a vaccine
candidate, and therefore there is no need to evaluate it further as such. Therefore we wish to abandon the
determination of number of immunizations required, determination of lowest protective dose and durability of
protection. However, there is still no clarity regarding the role of the anti-RVFV nucleocapsid response in protection
against disease in animals. For this reason we would like to still carry out the part of the Phase II experiment for the
collection of tissues from mice for gene expression analysis, with some minor modifications as set out in section [
above. We would also like to apply for an extension to the time period allowed for the experiments until 31

December 2010, since experimentation was more time-consuming than originally anticipated.
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Abstract

An indirect enzyme-linked immunoassay (I-ELISA) based on the recombinant nucleocapsid protein (rNp) of Rift Valley fever virus was
validated for the detection of specific IgG antibody in human sera. Validation data sets derived from testing sera collected in Africa (n=296T)
were categorized according to the results of a virus neutralisation test. The assay had high intra- and inter-plate repeatability in routine runs.
No detectable cross-reactions between [gG antibodies generated from mice experimentally infected with viruses representing genus Phiebovirus,
Nairovirus, Orthobunyavirus and Bhanja virus of the family Bunyaviridae were observed. At a cut-off optimised by the two-graph receiver
operating characteristics analysis at 95% accuracy level, the diagnostic sensitivity of the I-ELISA was 99.72% and diagnostic specificity 99.62%
while estimates for the Youden's index (/) and efficiency (Ef) were (1.993 and 99.62%. When cut-off values determined by mean plus two and by
mean plus three standard deviations derived from [-ELISA readings in an uninfected reference population were used, the diagnostic sensitivity
was 100% but estimates of Y, Ef and other combined measures of diagnostic accuracy were lower. The I-ELISA based on rNp is highly sensitive,

specific and robust and can be applied for diagnosis of infection of Rift Valley fever and disease-surveillance studies in humans.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Rift Valley fever virus (RVFV) is a zoonotic mosquito-borne
member of the genus Phlebovirus in the family Bunyaviridae
(Bishopetal., 1980). The recent occurrence of the first confirmed
outbreaks of Rift Valley fever (RVF) in humans and livestock
outside the African region, namely in the Kingdom of Saudi Ara-
biaand Yemen in 20002001 (Juppetal., 2002; Shoemakeretal.,
2002). re-emergence of the disease in East Africa in 2006-2007
(CDC., 2007) and the fact that RVFV replicates in a wide range
of competent mosquito vectors (Turrel et al., 1998) have raised
concern that the virus might spread further into non-endemic
regions of the world. Moreover, RVEFV is considered as a poten-
tial bioweapon agent (Peters, 2000; Sidwell and Smee, 2003;
Lim et al., 2005). These threats emphasize the need for accu-

* Corresponding author. Tel.: 427 11 3866336; fax: 427 11 8823741,
E-mail address: januszp@nicd.ac.za (J.T. Paweska).
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rate, robust, safe and validated diagnostic and surveillance tools
for RVFE.

Highly accurate ELISAs (enzyme-linked immunoassay)
based on B-propiolactone inactivated and/or gamma-irradiated,
sucrose—acetone-extracted antigens derived from tissue culture
or mouse brain have been developed and extensively validated
for serodiagnosis of RVF in humans and animals (Paweska
et al., 2003a,b, 2005a.b). Unfortunately, current whole antigen
preparations have to be manufactured in high bio-containment
facilities to limit the risk of exposure for laboratory personnel
(Kitchen, 1934; Smithburn et al., 1949), and involve the risk of
incomplete inactivation and high production costs.

The indirect ELISA (I-ELISA) based on the recombinant
nucleocapsid protein (rNp) of RVFV have been recently reported
to have high analytical accuracy for the detection of specific
antibodies in humans (Jansen van Vuren et al., 2007), and
in experimentally infected and vaccinated sheep (Jansen van
Vuren et al., 2007; Fafetine et al., 2007). However, the assay
cross-reactivity and other measures of assay performance char-
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acteristics have not been validated. Numerous important reasons
for the test validation are well known, including the need for
reliable estimates of the diagnostic sensitivity and specificity
that are of concern with respect to serological diagnosis, risk
assessment and risk factors studies. Hence, in the present study,
extensive validation of this assay was undertaken, with special
emphasis on test repeatability, cross-reactivity and diagnostic
accuracy.

2. Materials and methods
2.1. ELISA serum controls and internal quality control

Freeze-dried. gamma-irradiated serum controls produced
previously (Paweska et al., 2005a) were used. Means and
standard deviations (5.Ds) of ELISA optical density values
and percentage positivity (PP) of internal controls were cal-
culated from their replicates in each plate and each run of
the assay to assess intra- and inter-plate variation. Addi-
tionally, coefficients of variation [CV =(standard deviation of
replicates/mean of replicates) » 100] were calculated for pos-
itive serum controls. Data obtained from this analysis were
used to estimate the assay repeatability and to establish the
upper and lower control limits for each of the internal con-
trols. During routine runs of the ELISA each plate had four
replicates of high positive (C++), four of low positive (C+),
four of negative serum (C—), and four replicates of conjugate
control (C.).

2.2. Human sera

A total of 2967 sera collected in Kenya (n=982), South
Africa (n=1255), Tanzania (n=360), Uganda {n=210) and
Zimbabwe (n = 160) were used. Sera from South Africa and Zim-
babwe represented post RVF outbreak specimens collected in
the late 1970s and routine diagnostic submissions to the Special
Pathogens Unit of the National Institute for Communicable Dis-
eases (SPU-NICD), Sandringham, South Africa for the period
1999-2005. East African sera were specifically taken to moni-
tor the 1997-1998 outbreak of RVF in the region (Woods et al.,
2002). Sera which tested negative in the virus neutralisation test
were regarded as reference panel from non-infected individuals,
and sera which tested positive as reference panel from infected
individuals. ELISA results obtained on the field-collected sera
were used for the selection of cut-off values and determination
of diagnostic accuracy of IgG I-ELISA.

2.3. Mouse ascetic fluids

Hyperimmune mouse ascetic fluids against viruses repre-
senting genus Phlebovirus, Nairovirus, Orthobunyavirus and
Bhanja virus of the family Bunvaviridae produced as described
by Burt et al. (1993) were obtained from reference serum bank
of the Arbovirus section of the SPU-NICD. These ascetic fluids
were used to evaluate their cross-reactivity with the recombinant
nucleocapsid protein of RVFV in [-ELISA.

2.4, Serum neutralisation test

Duplicates of serial twofold dilutions of sera which had
been inactivated at 56°C for 30 min were tested using a
microneutralisation procedure as previously described (Paweska
et al.. 2005a). Titres were expressed as the reciprocal of
the serum dilution that inhibited >75% of viral cytopathic
effect. A serum sample was considered positive when it
had a titer of = log)p 1.0. equivalent to a serum dilution
=1:10.

2.5. Antigen and procedure for lgG indirect ELISA

Recombinant nucleocapsid protein of RVFV was prepared
and purified. and the ELISA was carried out as described by
Jansen van Vuren et al. (2007). Briefly, immunoplates (Max-
isorb, Nunce, Denmark) were coated with stock rNp diluted
1:2000 in carbonate—bicarbonate buffer pH 9.6 and incubated
overnight at 4°C. After washing three times with a wash-
ing buffer consisting of PBS pH 7.2 and 0.1% Tween 20. the
plates were blocked with 200wl of 10% fat-free milk pow-
der (“Elite”, Clover SA Pvt. Ltd.) in PBS and incubated in a
moist chamber for 1h at 37°C and then washed as described
before. Control and test sera were diluted 1:400 in PBS con-
taining 2% milk powder (diluting buffer) and 100 pl volumes
were added to the plates. Each serum was tested in duplicate
and the control sera and conjugate control were tested in qua-
druplicate. After incubation in a moist chamber for | h at 37°C,
plates were washed three times with the washing buffer and
100wl of the HRPO conjugated goat anti-human IgG (H+L
chain) (Zymed Laboratories, Inc.) or the HRPO conjugated Pro-
tein G (Zymed Laboratories, Inc.) diluted 1:5000, was added.
Plates were incubated for 1h at 37 °C, washed three times,
and 100 pl of 2,2"-azino di-ethyl-benzothiazoline-sulfonic acid
(ABTS) substrate was added to each well. Plates were then incu-
bated in the dark at room temperature for a further 30 min.
The reactions were stopped by the addition of 100l of 1%
sodium dodecyl sulphate (S.Ds) and the optical density (OD)
was determined at 405 nm. The results were expressed as per-
centage of the high-positive control serum (PP) (Paweska et al.,
2005a).

2.6. Selection of cut-off values

The cut-off value at 95% accuracy level was optimised using
the misclassification cost term option (Greiner, 1996) of the
two-graph receiver operating characteristics (TG-ROC) analy-
sis (Grener, 1995; Greiner et al., 1993). In addition, the cut-off
value was determined by mean plus 2 standard deviations (5.Ds)
as well as by mean plus 3 5.Ds derived from PP values in sera
tested negative in a virus neutralisation test (uninfected reference
population).

2.7. Diagnostic accuracy of IeG indirect ELISA

Estimates of diagnostic sensitivity and specificity, Youden's
index (J), efficiency (Ef), positive predictive value (PPV) and
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Table 1
Internal gquality control data and repeatability estimates for Rift Valley fever IgG
I-ELIS A based on recombinant nucleocapsid antigen

IQC parameters
1QC? limits ucL? LCL*
0D C++ 1.7 0.81
PP ot 17 82
PP C+ 39 24
PPC— 98 54
PPC, 72 3
Repeatability®
Intra-plate variation
C++ 5084+245.D. (272-9.83)f
C+ 6.19+3.25 S.D. (2.73-13.65)
Inter-plate variation
C++ 601+ 154 5.D. (3.35-1.7)
C+ 6191233 S.D. (3.98-11.03)

* Internal quality control {(IQC) data were calculated from the mean 2 8.D.
of 420 replicates of each control over seven runs each including five plates.

b Upper control limit.

¢ Lower control limit.

4 Percent positivity.

© Repeatability estimates for high positive serum control (C++) and low pos-
itive serum control (C+) were calculated as the percent coefficient of variation
[%CV =(PP 5.D. of replicates/PP mean of replicates) = 100].

B Range of CV values.

negative predictive value (NPV) were calculated as previously
described (Paweska et al., 2005a).

3. Results
3.1. Internal quality control and repeatability

Upper and lower internal quality limits for controls and esti-
mates of repeatability of the assay are given in Table 1. During
the routine runs of ELISA, internal controls were within upper

and lower limits and there was no evidence for excessive varia-
tions within and between routine runs of the assay (Fig. 1).

120

100 h&f‘%—ﬁ—l—f—l—f’{‘{—f—"#“

1 I

B0

40

ELISA PP value

20

Number of runs

Fig. 1. Upper (—) and lower {———) internal quality control limits for PP values
of high-positive (M), low-positive (4), negative (@) serum controls and conju-
gate control (C0) and means £ 5.1. for these controls during 27 routine runs of
the assays over a period of 12 weeks. Two or three plates were used during each
run with four replicates of controls on each plate.
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Fig. 2. Cross-reactivity of recombinant nucleocapsid protein of RVEV in indi-
rect ELISA with mouse IgG antibody against selected viruses of the family
Bunyaviridae. (a) Mouse 1gG anti Rift Valley fever virus (Phiebovirus). (b) nor-
mal mouse serum and (c) conjugate control. Mouse IgG anti: (d) Saint-Floris
virus (Phlebovirus), (e) Gordil virus (Phlebovirus), (f) Arumowot virus (Phle-
bovirus), (g) Gabek Forest virus (Phlebovirus), (h) Nairobi sheep disease virus
(Nairovirus), (i) Hazara virus (Nairovirus), (j) Crimean-Congo hemorrhagic
fever virus (Nairovirus), (k) Akabane virus (Grthobunyavirus), (1) Bunyamw-
era virus (Qrthobunyavirus), (m) Shuni virus (Orthebunyavirus) and (n) Bhanja
virus (not assigned to a recognized genera of the family Bunyaviridae).

3.2, Cross-reaction with hyperimmune mouse ascetic fluids

The I-ELISA optical density (OD) value of the mouse [gG
positive RVFV ascetic fluid was 1.52 while that of normal mouse
ascetic fluid and conjugate control was 0.072 and 0.068. The
0D readings of hyperimmune ascetic fluids from mice experi-
mentally infected with different viruses of genus Phlebovirus,
Natrovirus, Orthobunyavirus and Bhanja virus were within the
OD values for negative controls (Fig. 2). These results demon-
strate highly specific binding affinity of mouse IgG antibody
against RVFV and the riNp of the virus and lack of cross-reaction
between the rNp and IgG antibody against other bunyaviruses
assayed.

3.3. Cut-off values and diagnostic accuracy

Optimisation of cut-off values using misclassification cost
term option of the TG-ROC analysis was based on the non-
parametric programme option (Greiner et al., 1993) due to
departure from a normal distribution of data sets analysed. At
cut-off value of 28.98 PP the overall misclassification costs were
minimal under assumption of 50% disease prevalence and equal
costs of false-positive and false-negative test results (Fig. 3).
Graphical presentation of the effect of three differently deter-
mined threshold values on distinguishing between sera which
tested negative or positive in the virus neutralisation test is shown
inFig. 4. Atacut-off optimised by the two-graph receiver operat-
ing characteristics analysis at 95% accuracy level, the diagnostic
sensitivity of the [-ELISA was 99.72% and diagnostic speci-
ficity 99.62% while estimates for the I and Ef were 0.993 and
09.62%. When cut-off values determined by traditional statisti-
cal approaches were used, the diagnostic sensitivity was 100%
but estimates of J, Ef and PPV and NPV values were lower

%
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Fig. 3. Optimisation of cut-off for Rift Valley fever IgG I-ELISA in humans
using the misclassification cost term (MCT) option of the two-graph receiver
operating characteristics analysis. At cut-off value of 2898 PP the overall
misclassification costs become minimal under assumption of 50% disease preva-
lence and equal costs of false-positive and false-negative test results. The two
curves represent MCT values based on non-parametric (dashed line) or para-
metric (smooth line) estimates of sensitivity and specificity derived from data
sets in field-collected sera. Optimisation of cut-off values was based on the non-
parametric program option due to departure from a normal distribution of data
sets analysed.

compared to those based on the cut-off derived from TG-ROC
analysis (Table 2).

4. Discussion

Precise diagnoses can be made when serological tests are
used in combination with clinical observations and epidemi-
ological history, and/or when seroconversion is demonstrated.
Serodiagnostic techniques are also widely used to demonstrate
freedom from a disease, and in epidemiological investigations.
The I-ELISA is one of the simplest immunoassay techniques for
the detection of antibodies. but its routine application is often
impeded by non-specific signals arising from the use of semi- or
unpurified antigens (Gravell et al., 1977; Forghani and Schmidt,
1079). Although RVFV replicates to high titres in cell cultures,
production of purified and concentrated stocks of the virus for
I-ELISA antigen by classical virological methods is expensive
and laborious. The results of this study confirm earlier findings
(Jansen van Vuren et al., 2007) that the rNp of RVFV binds

Table 2

200
180
160

ELISA PP values

T 1051 1401 1751 2101 2451
Number of sera tested

Fig. 4. The effect of different ELISA cut-off values on the discrimination
between human sera tested negative or positive in the virus neutralisation test for
antibodies against Rift Valley fever virus. Distribution of [gG I-ELISA PP values
in human sera tested positive (n=3350, 1) or negative (n=2617. ___} in the
virus neutralisation test. Sera ordered according to ELISA PP values. Horizontal
lines: (—) the cut-off value of 28.98 PP determined by the misclassification cost
term option of the two-graph receiver operating characteristic analysis, (——-)
the cut-off value of 21.37 PP determined as mean plus three standard deviations,
and (- --) the cut-off value of 17.18 PP determined as mean plus two standard
deviations of ELISA PP values observed in sera tested negative in the virus
neutralisation test.

readily to ELISA plates, generates minimal background activ-
ity, and effectively identifies sera with different concentrations
of specific RVFV antibodies and therefore constitutes a suitable
antigen for use in indirect ELISA format. The [-ELISA used in
the present study achieved high repeatability estimates within
the statistically predetermined [QC limits.

The performance of a new assay is preferably evaluated by
testing samples from individuals of known infectious status rel-
ative to the disease of interest. The correctness of the diagnostic
discriminator used for initial categorising of subjects as positive
or negative, significantly impacts on the selection of the optimal
threshold, and subsequently on estimates of diagnostic accuracy.
Calculations of diagnostic sensitivity and specificity are most
reliable when a gold standard of comparison is available, and
may be compromised when a relative standard of comparison is
used, because errors in the estimates of diagnostic accuracy are
carried over into the estimates for the new assay (Deshpande.

Diagnostic accuracy of Rift Valley fever IgG I-ELISA based on recombinant nucleocapsid antigen

Measure? Cut-off 28.98 PPt Cut-off 17.18 PP* Cut-off 21.38 ppd
Sensitivity (%) VNT+=35(¢ 09.72 100 100

Specificity (%) VNT—=2617° 09.62 095.3 97.54

Youden's index 0.993 0.953 0.975

Efficiency (%) 09.62 95.84 97.82

Positive predictive value (%) 97.14 73.23 8412

Negative predictive value (%) 99.66 100 100

* Individuals were categorized according to the results of virus neutralisation test (VNT).

P Cut-off value optimised by the misclassification cost term option of the two-graph receiver operating characteristics analysis at 95% accuracy level.
¢ Cut-off value determined by mean plus two standard deviation derived from PP values in uninfected reference population.

4 Cut-off value determined by mean plus three standard deviation derived from PP values in uninfected reference population.

¢ Number of sera tested positive in virus neutralisation test.
 Number of sera tested negative in virus neutralisation test.
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Gene Gene name Transcript recNP Adjuvant PBS
accession Immunized control control
number Fold change | Fold change Fold
and and change
P-value P-value and
P-value
Adaptor-related protein complex 3, betg 1 1.65 -1.09 1.13
Ap3b1 subunit NM_009680 p=021 p=0.83 p=0.58
. . 1.06 -2.19* -1.64*
Bad BCL2-associated agonist of cell death NM_007522 D =062 b = 0.0004 p = 0.001
. . 1.56 5.53 5.23
Cxcr5 Chemochine (C-X-C motif) receptor 5 NM_007551 b =088 p=0.18 p =023
E3 Ubiquitin Ligase Casitas B-lineage 1.07 7.16* 8.65*
Cblb lymphoma b NM_001033238 p =0.68 p = 0.006 p =0.001
. 1.02 1.12 1.27*
Ccnd3 Cyclin D3 NM_007632 b= 0.86 p=0.29 p=0.02
. 1.27 -6.27* -6.88*
Cdid1 CD1d1 antigen NM_007639 D= 0.41 b = 0.005 p = 0.003
. 1.02 2.56* 2.66*
Cd2 CD2 antigen NM_013486 D = 0.90 p = 0.02 p=0.04
Cd28 CD28 antigen NM_007642 6.48 22.33* 21.41*
p=0.13 p = 0.002 p = 0.005
Cd3d CD3 antigen, delta polypeptide NM_013487 1.15 2.39 1.86
p=0.23 p =0.07 p = 0.06
Cd3e CD3 antigen, epsilon polypeptide NM_007648 1.58 3.44 3.28*
p = 0.30 p = 0.06 p =0.02
Cd3g CD3 antigen, gamma polypeptide NM_009850 1.34 1.14 -1.47
p =0.20 p=0.57 p=0.12
Cd4 CD4 antigen NM_013488 1.06 -1.89 -1.01
p=0.74 p =0.45 p =0.92
Cd40 CD40 antigen NM_011611 291 29.40* 25.87*
p =0.06 p = 0.002 p = 0.003
Cd40Ilg CD40 ligand NM_011616 1.41 1.42 1.83
p=0.48 p=0.44 p=0.11
Cd74 CD74 antigen (invariant polypeptide of NM_010545
major hist(?com(patibility CF:)myFIJ)Ieg clasg B 2.03 139" 136
) ; ' p=0.12 p =0.012 p=0.13
Il antigen-associated)
Cdsl CD81 antigen NM_133655 1.04 -2.17* -1.77*
p = 0.68 p = 0.002 p = 0.002
Cd8a CD8 antigen, alpha chain NM_001081110 2.33 4.88 2.81
p =0.40 p=0.13 p=0.23
Cdsbl CD8 antigen, beta chain 1 NM_009858 -1.05 4.08 2.39
p =0.99 p=0.14 p =0.40
Cd9a3 CD93 antigen NM_010740 1.14 83.91 144.67*
p = 0.85 p = 0.06 p = 0.001
Cdknla Cyclin-dependent kinase inhibitor 1A NM_007669 9.02* 127.19* 145.01*
(P21) p =0.02 p = 0.0000 p = 0.0006
Clcfl Cardiotrophin-like cytokine factor 1 NM_019952 1.27 33.92* 52.10*
p =0.89 p=0.01 p = 0.002
Cr2 Complement receptor 2 NM_007758 -2.0 1.07 1.61
p=0.15 p=0.74 p=0.10
Csf2 Colony stimulating factor 2 (granulocytg- NM_009969 -1.56 2.37 2.09
macrophage) p = 0.66 p=0.45 p =0.58
Cxcl12 Chemokine (C-X-C motif) ligand 12 NM_021704 1.24* -2.21* -1.64*
p =0.03 p =0.02 p = 0.008
Cxcrd Chemokine (C-X-C motif) receptor 4 NM_009911 1.66* 22.12* 22.84*
p = 0.006 p=0.01 p = 0.002
Dock2 Dedicator of cyto-kinesis 2 NM_033374 111 4.85* 3.47*
p=0.43 p =0.04 p = 0.003
Egrl Early growth response 1 NM_007913 -5.00* 3.88* 4.54*
p=0.01 p = 0.005 p = 0.004

"




FIt3 FMS-like tyrosine kinase 3 NM_010229 -1.06 12.62* 9.19*
p=0.87 p = 0.004 p =0.03
Gadd45g Growth arrest and DNA-damage- NM_011817 7.26 5.35* 4.37*
inducible 45 gamma p=0.26 p = 0.002 p = 0.008
Glmn Glomulin, FKBP associated protein NM_133248 1.08 -1.03 1.05
p =0.59 p=0.82 p=0.73
H2-Aa Histocompatibility 2, class Il antigen A, NM_010378 1.84 2.01* 1.56
alpha p=0.11 p=0.014 p=0.16
H60a Histocompatibility 60a NM_010400 -1.51 16.50* 13.99*
p =0.70 p = 0.046 p = 0.036
Hdac5 Histone deacetylase 5 NM_010412 1.05 -1.46 -2.18*
p =0.65 p =0.04 p =0.02
Hdac7 Histone deacetylase 7 NM_019572 -1.07 4.83* 5.58*
p =0.68 p =0.012 p = 0.0007
Hells Helicase, lymphoid specific NM_008234 1.34 2.15 2.64*
p =0.46 p =0.08 p = 0.007
Hsp90aal | Heat shock protein 90, alpha (cytosolic), NM_010480 1.08 1.33 1.48*
class A member 1 p =0.67 p=0.13 p =0.012
Icosl Icos ligand NM_015790 2.33 3.48 3.29
p =0.30 p=0.25 p =0.07
Ifng Interferon gamma NM_008337 4.05 4.90 3.10
p=0.32 p =0.09 p=0.12
Igbpl Immunoglobulin (CD79A) binding NM_008784 -1.23 -2.39*% -2.37*
protein 1 p=0.15 p = 0.002 p = 0.002
Igbplb Immunoglobulin (CD79A) binding NM_015777 1.39 7.26* 453
protein 1b p=0.37 p =0.04 p=0.10
1110 Interleukin 10 NM_010548 3.99 17.64* 10.65*
p=0.21 p =0.04 p =0.02
1111 Interleukin 11 NM_008350 1.93 275.80 T772.47*
p =0.20 p=0.13 p = 0.007
1112b Interleukin 12B NM_008352 2.59 11.75* 20.35*
p =0.25 p =0.02 p = 0.005
1115 Interleukin 15 NM_008357 112 -1.64* -1.54*
p=0.48 p = 0.026 p =0.04
1118 Interleukin 18 NM_008360 121 -3.52* -4.91*
p=0.12 p = 0.0002 p = 0.0001
127 Interleukin 27 NM_145636 3.25 5.73 11.42
p =0.63 p=0.32 p =0.10
I12ra Interleukin 2 receptor, alpha chain NM_008367 3.18 5.66* 441
p =0.09 p =0.04 p = 0.06
14 Interleukin 4 NM_021283 2.04 21.42 8.73*
p =0.35 p=0.24 p =0.03
17 Interleukin 7 NM_008371 1.64* -1.70 -2.38*
p = 0.05 p = 0.06 p = 0.009
Impdh1 Inosine 5'-phosphate dehydrogenase (L NM_011829 2.13* 3.26 4,92
p = 0.004 p =0.25 p =0.02
Impdh2 Inosine 5'-phosphate dehydrogenase 2 NM_011830 1.18 1.00 1.10
p =0.15 p =0.99 p=0.48
Inha Inhibin alpha NM_010564 -1.16 4.49 3.12
p=0.74 p = 0.06 p=0.17
Irf4 Interferon regulatory factor 4 NM_013674 151 2.59 1.95
p =0.96 p =0.39 p=0.79
Jag2 Jagged 2 NM_010588 1.67 6.79* 7.46*
p=0.18 p =0.02 p =0.02
Ms4al Membrane-spanning 4-domains, NM_007641 1.39 7.26* 453
subfamily A, member 1 p=0.37 p =0.04 p=0.10
Nkx2-3 NK2 transcription factor related, locus 3 NM_008699 1.10 1.56 1.16
(Drosophila) p=0.72 p=0.26 p =0.59
Nos2 Nitric oxide synthase 2, inducible NM_010927 1.05 25.71 32.07*
p=0.97 p = 0.06 p = 0.001
Pawr PRKC, apoptosis, WT1, regulator NM_054056 1.06 2.68* 3.05*
p =0.57 p = 0.0003 p = 0.0006
Pdcd1lg2 Programmed cell death 1 ligand 2 NM_021396 1.90 12.42* 9.47
p=0.1 p = 0.0004 p =0.08
Pik3cd Phosphatidylinositol 3-kinase catalytic NM_008840 3.59* 5.77 7.53*
delta polypeptide p =0.04 p=0.13 p = 0.002
Pik3r1 Phosphatidylinositol 3-kinase, regulatory NM_001024955 1.10 -3.80* -3.63*
subunit, polypeptide 1 (p85 alpha) p =0.63 p = 0.007 p = 0.005




Prkcd Protein kinase C, delta NM_011103 1.30 3.73* 4.01*
p=0.1 p =0.03 p = 0.002
Prkcq Protein kinase C, theta NM_008859 1.92 4.63 3.89
p=0.18 p =0.09 p = 0.06
Prir Prolactin receptor NM_011169 1.15 -62.79* -59.16*
p=0.42 p = 0.0003 p = 0.0003
Ptprc Protein tyrosine phosphatase, receptqr NM_011210 2.07 8.14 3.69
type, C p =0.57 p = 0.055 p=0.13
Ragl Recombination activating gene 1 NM_009019 -1.05 4,98*% 3.11
p =0.98 p =0.05 p=0.13
Relb Avian reticuloendotheliosis viral (v-rel) NM_009046 2.50* 12.30* 15.85*
oncogene related B p=0.04 p = 0.002 p = 0.002
Rgsl Regulator of G-protein signaling 1 NM_015811 1.67 41.67* 24.76*
p=0.25 p = 0.006 p =0.016
Sftpd Surfactant associated protein D NM_009160 1.30 20.40* 26.35*
p=0.41 p =0.03 p = 0.0006
Sitl Suppression inducing transmembrang NM_019436 1.92 3.64 2.96
adaptor 1 p=0.24 p =0.07 p=0.25
Sla2 Src-like-adaptor 2 NM_029983 1.08 2.38 2.30*
p = 0.66 p=0.16 p = 0.007
Socs5 Suppressor of cytokine signaling 5 NM_019654 -1.01 2.55* 3.63*
p =0.90 p = 0.006 p = 0.0007
Sppl Secreted phosphoprotein 1 NM_009263 -1.10 29.12* 26.97*
p =0.62 p = 0.003 p = 0.001
Tirl Toll-like receptor 1 NM_030682 1.82 8.68 5.55
p=0.2 p =0.07 p = 0.06
Tir4 Toll-like receptor 4 NM_021297 3.46 14.13* 8.28*
p = 0.06 p =0.03 p = 0.005
TIr6 Toll-like receptor 6 NM_011604 1.30 2.11 1.77
p=0.43 p=0.14 p=0.12
Tnfrsf13b Tumor necrosis factor receptor NM_021349 -1.35 6.67% 4.27
superfamily, member 13b p=0.76 p = 0.0006 p=0.15
Tnfrsf13c Tumor necrosis factor receptor NM_028075 1.23 2.88 2.46
superfamily, member 13c p =0.68 p=0.12 p=0.15
Tnfsf13b Tumor necrosis factor (ligand) NM_033622 1.32 8.74* 5.75*
superfamily, member 13b p =0.60 p=0.014 p = 0.005
Tnfsf14 Tumor necrosis factor (ligand) NM_019418 2.14 24.66* 16.80*
superfamily, member 14 p =0.08 p =0.04 p = 0.001
Traf6 Tnf receptor-associated factor 6 NM_009424 1.53 1.72* 2.34
p =0.06 p =0.03 p = 0.06
Vavl Vav 1 oncogene NM_011691 2.20 7.50* 8.00*
p=0.13 p =0.03 p =0.02
Was Wiskott-Aldrich syndrome homolog NM_009515 1.53 4.33 4.64*
(human) p =0.50 p =0.07 p =0.004
Wwpl WW domain containing E3 ubiquitin NM_177327 -1.07 -9.16* -11.99*
protein ligase 1 p=0.38 p = 0.0001 p = 0.0001
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