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Chapter 1: Introduction 
 

The genus Orthonairovirus within the family Nairoviridae, belongs to the order 

Bunyavirales and currently comprises 41 virus species, the majority of which are tick-

borne arboviruses (arthropod-borne viruses) [1].  

Orthonairoviruses are spherical, enveloped viruses with a diameter of approximately 

100 nm [2,3]. Genomes of the orthonairoviruses are single-stranded, negative-

orientated ribonucleic acid (RNA), which is divided into three segments, designated 

small (S), medium (M) and large (L) [4,5]. The genome size (~19 kbp) is significantly 

larger than that for other viruses of the order Bunyavirales [6]. The S segment encodes 

for the viral nucleocapsid (N) protein, which oligomerizes and encapsidates the three 

RNA segments [7,8]. The N protein is the most abundant viral protein and hence, 

thought to be the predominant antigen during virus infections. Therefore, recombinant 

N proteins are routinely utilized in serological assays to detect virus-specific antibody 

responses in both humans and animals [9-13]. The M segment encodes for a 

glycoprotein precursor protein (GPC), which is cleaved and post-translationally 

processed into structural (Gn, Gc) and non-structural proteins [8,14]. The glycoproteins 

Gn and Gc are thought to be the major target for neutralizing antibodies during virus 

infections [14,15]. The L segment encodes for the RNA-dependent RNA polymerase 

(RdRp), which carries out transcription and replication [8,16].  

The cellular receptors required for the attachment and fusion processes are unknown 

for these viruses, although nucleolin has been proposed as a putative receptor [17]. 

Following the clathrin-dependent, receptor-mediated endocytosis and uncoating of 

virus particles, the viral replication cycle takes place in the cytoplasm of infected cells. 

The three genome segments serve as a template for transcription of viral mRNAs and 

production of the replication intermediary, complementary RNA, which in turn serves 

as the template for newly synthesized viral genomes. Whereas the N and L proteins 

are synthesized on cytoplasmic ribosomes, the GPC polyprotein is synthesized on 

endoplasmatic reticulum (ER) associated ribosomes. This polyprotein undergoes 

processing in the ER and Golgi to produce the mature glycoproteins. Following the 

assembly of new virions and budding through the Golgi, the virus particles exit the host 

cells [3-5].  

The different virus species within the genus Orthonairovirus are classified into seven 

serogroups according to their antigenic relationships [5,8,18-20]. Two of these 

serogroups constitute viruses, which can induce fatal disease in animals or humans, 

respectively. Nairobi sheep disease orthonairovirus (NSDV) – the eponymous 

representative of the whole virus family – makes up the NSDV serogroup along with 

Dugbe orthonairovirus (DUGV) and Kupe orthonairovirus (KUPV). The human 

pathogen Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV) constitutes the 

CCHFV serogroup, together with the non-pathogenic Hazara orthonairovirus (HAZV) 

[5]. Interestingly, serological investigations as well as phylogenetic analysis have 
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revealed that members of these two serogroups are indeed more closely related to 

each other than to members of other serogroups [18,21,22]. 

Whilst NSDV is one of the most pathogenic viruses for small ruminants in Africa and is 

classified as an OIE notifiable disease [23], CCHFV is an important human pathogen 

and part of the WHO R&D Blueprint for priority diseases, which outlines diseases that 

have the potential to cause future pandemics [24]. The case fatality rates for CCHFV 

range from 5–30% in humans – dependent on the strain, health care system, and 

particularly on the detection and reporting of subclinical infections. Agricultural 

workers, veterinarians, abattoir workers and other people in close contact to livestock 

are mainly affected, as CCHFV is not only transmitted via tick bites, but also through 

direct contact with blood or tissues of viremic livestock [25,26]. Indeed, CCHFV is the 

most widespread tick-borne viral zoonosis worldwide with significant impact for human 

health [27]. Moreover, CCHFV is particularly associated with the potential to emerge in 

further regions. Global warming, including the spread of competent tick vectors, as well 

as an increase in animal and human movements will likely lead to an increased 

distribution of this zoonosis [27-29]. Same will probably be also true for the animal 

pathogen NSDV, respectively [30].  

Due to the threat posed by these viruses, it is essential to improve our understanding 

of these viral infections and diseases. While CCHFV is a biosafety level (BSL) 4 agent 

and research is limited to high containment facilities, the closely related viruses HAZV 

(BSL 2), DUGV and NSDV (both BSL 3) do not require the highest biosafety standards. 

Therefore, they are predisposed for diverse research questions and can increase our 

knowledge of orthonairoviral infections in general [31]. However, despite the possibility 

of using these viruses as suitable in vitro and in vivo models or as a basis of 

comparison for CCHFV infections, the close genetic and antigenic relationships 

between these viruses may also be a drawback in the field of diagnostics where 

serological cross-reactions may complicate data interpretation.  

One key factor in the surveillance and control of emerging infectious diseases like 

CCHFV or NSDV is the determination of currently affected areas as well as monitoring 

the spread of these viruses. Sensitive and specific diagnostic assays capable of 

detecting viral RNA (quantitative real-time reverse transcription polymerase chain 

reaction (RT-qPCR)) as well as virus specific antibodies (serological assays) are 

therefore crucial [26].  

In order to study the current CCHFV distribution worldwide, a One Health approach is 

essential [32]. In nature, CCHFV is primarily circulating in a silent tick-vertebrate-tick 

cycle, with nymphs feeding on small mammals (e.g., hares, hedgehogs) and adult ticks 

feeding on large vertebrates (mainly ruminants) [25]. Animals do not develop obvious 

clinical signs following CCHFV infections, but a short viremia and a lasting antibody 

response [33]. In order to assess the risk for human CCHFV infections, it is current 

practice to perform serological monitoring studies involving animals as putative 

sentinels and indicators for virus circulation [34]. A recent systematic review and meta-
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analysis has revealed total mean CCHFV seroprevalence of 4.7% and 24.6% in 

humans and animals, respectively. Moreover, a trend of increasing seroprevalence 

was registered over the last decades [35]. High seroprevalence rates in livestock can 

indicate a high risk of CCHFV infections and diseases in humans. Once the high risk 

has been established, health care workers must be educated to recognize and treat 

CCHFV, especially if CCHFV has not or rarely been diagnosed in humans so far in 

these countries. Preventive measures like a tick control management have to be set 

up [26]. Currently, there are neither efficacious vaccines nor specific treatment options 

for CCHFV available, although several vaccine candidates are currently under 

development [36,37]. 

Whereas the detection of viral RNA via RT-qPCRs in ticks, animal or human specimens 

is a highly specific diagnosis for CCHFV, concerns exist that serological assays might 

lack specificity. Some authors even claim, that RT-qPCRs should be used as the 

frontline tool for CCHFV surveillance in animals due to the unvalidated nature of the 

serological assays for animal sera [38]. More precisely, antibodies raised against 

closely related viruses from the same serogroup (HAZV) or even from related 

serogroups (NSDV serogroup) might interfere in CCHFV diagnostic assays and 

thereby lead to false-positive test results. Consequently, the distribution and 

prevalence of CCHFV would be over-estimated. This is of particular importance as 

ruminants are not only hosts for CCHFV [25], but are also susceptible to DUGV [39] and 

NSDV [40]. The natural hosts for HAZV are yet unknown, but as with CCHFV, DUGV 

and NSDV, ruminants could serve as suitable hosts. Moreover, there is an overlap in 

the distribution of these viruses mainly in Africa (CCHFV, NSDV, DUGV), but also in 

parts of Asia (CCHFV, NSDV, HAZV) [29,39,41,42]. This again highlights the need for a 

discriminative diagnostic approach for these viruses. 

Serological cross-reactions have previously been reported, when employing 

serological assays like hemagglutination inhibition (HI), complement fixation (CF) and 

neutralization tests (NT). Multiple mouse or rabbit hyperimmune sera or hyperimmune 

mouse ascitic fluids were incorporated into these analyses [8,18,20]. However, 

nowadays newer assays such as enzyme-linked immunosorbent assays (ELISA) or 

indirect immunofluorescence assays (iIFA) based on CCHFV protein expressing cells 

are used for the serological diagnosis of CCHFV [43-45]. Most of these newer assays 

have been developed for human use, but several assays have been subsequently 

species-adapted for testing animal sera [46,47] or work species-independently (e.g., 

double antigen ELISA [11], competitive ELISA [10]). Unfortunately, most of these assays 

have not been validated using antisera against related viruses. This might reasonably 

be due to the lack of defined seropositive reference sera against HAZV, DUGV and 

NSDV. Nevertheless, it is of prime importance to examine the diagnostic specificity of 

currently used CCHFV diagnostic assays by including such antisera into the assay 

validation process. This will contribute to a more accurate interpretation of 

seroprevalence data. 
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In this project, the three viruses HAZV, DUGV and NSDV were selected to address 

these issues, as these are most closely related to CCHFV [21,22]. Experimental 

infection as well as immunization studies in ruminants were carried out in order to study 

the species-specific pathogenesis of these neglected virus infections. Moreover, new 

diagnostic assays for the detection of viral RNA (RT-qPCR) and antibodies (ELISA, 

iIFA, micro-virus neutralization test (mVNT), plaque reduction neutralization test 

(PRNT)) were developed to characterize the course of infection in sheep and cattle. 

The obtained monospecific reference sera were then utilized to examine putative 

cross-reactivities between these viruses and also to CCHFV. 

In the following sections, these three viruses will be introduced – considering their first 

isolation, the current distribution, the main transmitting vectors, the natural host range 

as well as their possible impact on human health and potential role as a model for 

CCHFV infections.  

Belonging to the same serogroup as CCHFV, HAZV might be presumed to be the most 

obvious cause of cross-reactive antibodies in CCHFV diagnostic assays [8,48,49]. 

Discover in 1964, in the Kaghan valley, Hazara district in West Pakistan, HAZV was 

isolated from a pool of six Ixodes redikorzevi ticks collected from the vole Alticola roylei 

[41,50]. Since then, the virus has not been isolated from further tick, animal or human 

specimens and has not been detected in other regions or countries. Therefore, only a 

single isolate is available and research is limited to this prototype strain (JC280, 

GenBank Accession Number: KP406723, KP406724, KP406725).  

Vector competence studies have revealed, that Ixodes ricinus ticks are also capable 

of transmitting the virus (horizontal and vertical transmission) in an experimental set-

up [51]. This finding might be helpful for further experimental transmission studies. 

However, currently no evidence exists to suggest that these ticks contribute to the 

transmission cycle of HAZV in nature.  

Moreover, it is not clear, which animals actually play a role in the natural transmission 

cycle of this virus, as no disease has been described in animals – except from newborn 

mice or immunodeficient mice in experimental settings [52,53]. However, no large 

studies have been conducted to reveal HAZV virus occurrence and/or seroprevalence 

in animals – not even in Pakistan, where HAZV was first isolated. Only one report 

states the detection of low titers of HAZV antibodies in a jird (Meriones hurrianae) using 

a complement fixation test [54]. In fact, it is not yet clear, whether the natural 

transmission cycle of HAZV involves only small mammals, or rather resembles the 

infection cycle of CCHFV, which also includes large mammals [55]. When 655 animal 

sera from India, including samples from small ruminants, cows, bulls and buffaloes, 

were screened for HAZV antibodies, no complement-fixing antibodies were detected 

[56]. However, this is not a substantial proof for a lacking susceptibility of ruminants, as 

HAZV has never been detected in India. 
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In general, HAZV is thought to be non-pathogenic for humans. Neither field infections 

nor laboratory-acquired infections have been reported. Therefore, HAZV is classified 

as a BSL 2 agent, in contrast to the closely related CCHFV (BSL 4). There are also 

very limited data available concerning HAZV antibodies in humans. The presence of 

HAZV specific antibodies could indicate that humans are in principle susceptible to 

HAZV infections, but do not develop clinical signs. In the Pakistan neighboring India, 

serum samples (643 sera) were screened for HAZV antibodies, but all samples were 

tested negative in a complement fixation test [56]. In South Africa, weak antibody 

reactions could be detected in three human samples using an ELISA, but these results 

are thought to be due to serological cross-reactions as these patients were all 

confirmed CCHFV cases based on virus isolations [57]. In Pakistan, 4 out of 150 human 

sera showed positive reactions in HI and CF assays, implying that humans can indeed 

be infected with HAZV. However, these findings might also be due to serological cross-

reactivities, as CCHFV is also prevalent in Pakistan [58]. 

Due to their close relationship – genetically and antigenically – HAZV has been 

proposed as a model to study CCHFV infections in vitro as well as in vivo. Sequencing 

analysis have revealed an amino acid sequence identity difference of 15% for partial 

genome sequences (442 bp) of the L segment, and 40% for complete sequences of 

the S segment, respectively [59,60]. Given that different CCHFV strains differ by around 

20–31% depending on the analyzed segment, HAZV is considered a quite close 

relative of CCHFV [61]. Recently, minigenome and reverse genetics systems for HAZV 

have been established and several molecular mechanisms were investigated in detail 

[62-66]. Comparison of several characteristics (e.g., when studying promotors and non-

translated regions, the replication cycle, apoptosis pathways, cellular trafficking 

networks) between the non-pathogenic HAZV and the human pathogen CCHFV may 

shed light on the determinants of pathogenicity. Moreover, animal trials have been 

conducted with the aim to establish a model for CCHFV infections, which does not 

require high containment levels. Immunodeficient type-I interferon receptor knockout 

mice (B6-IFNARtmAgt) showed comparable clinical signs and pathologies following both 

HAZV or CCHFV infections [52,67]. Nevertheless, especially for the development of 

vaccines for CCHFV, a fully immuno-competent model is preferential and therefore, 

this HAZV mouse model was established, but not widely utilized so far [51,68,69]. 

Additionally, it might be of interest having an animal model at one´s disposal to mirror 

the pathogenesis of CCHFV in natural host species under a low containment level. 

Although many BSL 4 laboratories have facilities to handle small mammals where 

CCHFV infections can be carried out, very few are able to accommodate large animals. 

As a result it would be especially attractive to have a BSL 2 model for CCHFV/ 

orthonairovirus infections in ruminants with HAZV infection being the obvious 

candidate e.g., for tick transmission studies involving natural host species or the 

development of animal vaccines [33]. 
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The second virus involved in this project is DUGV, which belongs to the NSDV 

serogroup. The virus was first isolated in 1964 from a pool of Amblyomma variegatum 

ticks, removed from cattle at the Dugbe market in Ibadan, Nigeria [39]. Indeed, DUGV 

is thought to be the most often isolated arbovirus in Nigeria [70]. However, the 

distribution of DUGV is not limited to this country and seems to encompass many 

African countries. Serological evidence for virus circulation exists from Egypt [71] to 

South Africa [57], with most of the virus isolations originating from Central African 

countries (Nigeria, Kenya, Central African Republic (CAR), Ethiopia, Uganda, 

Cameroon, Ghana, Chad, Senegal, Sudan, Guinea) [55,72-79]. In fact, DUGV might be 

present in even more countries and the lack of virus isolations or seroprevalence data 

are more likely due to an absent DUGV monitoring rather than due to the absence of 

virus circulation. Furthermore, many studies were conducted at abattoirs, where 

animals not only from the surrounding regions, but also from neighboring countries 

were slaughtered and sampled. Due to a lacking backtracking of positive samples it 

often remains unclear whether the isolates (tick or host originated) or seropositive 

samples were not actually from foreign ruminants [71,80,81]. Besides the prototype 

strain (IbAr1792, GenBank accession number: KU925455, KU925456, KU925457), 

several other strains have been isolated and characterized. It has been shown, that 

the virulence in mice, as well as the extent of neutralization by monoclonal antibodies 

significantly differs between divergent strains, implying the circulation of strains with 

differing pathogenicity [82].  

The main vectors in the transmission cycle are Amblyomma variegatum ticks, which 

are not only able to transmit the virus transstadially, but also transovarially to their 

offspring [83,84]. The virus could also be frequently isolated from Boophilus decoloratus 

and Hyalomma truncatum ticks and more uncommon from Amblyomma lepidum, 

Amblyomma cohaerens, Hyalomma marginatum rufipes, Hyalomma impeltatum, 

Hyalomma nitidium, Boophilus annulatus, Rhipicephalus pulchellus and Rhipicephalus 

sulcatus ticks [85]. In more recent studies, DUGV was isolated from Amblyomma 

hebraeum and Amblyomma gemma ticks [86,87]. Although several experimental tick 

infection studies have been carried out, it remains unclear, whether all these tick 

species are really vector-competent [85,88,89]. Additionally, DUGV has been isolated 

from other arthropods (Culicoides spp. and Aedes aegypti), but these isolations are 

considered to be rather a result of previous ingestion of viremic blood, than indicative 

for a role in the natural transmission cycle [39,70]. Mechanical transmission might occur, 

but vector competence studies revealed that Aedes aegypti mosquitoes are refractory 

to DUGV infection [90]. 

Whilst most of the isolates were obtained from ticks, the virus has also been isolated 

from vertebrates. Of 2199 specimens from Nigerian cattle, 164 positive samples were 

detected [39]. This finding, combined with the fact that most of the positive tick samples 

were collected from ruminants, indicates that cattle may play an important role in the 

infection cycle of DUGV. Moreover, DUGV was isolated out of two rodent samples: in 

Nigeria, DUGV was isolated from the serum of a giant pouched rat (Cricetomys 
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gambianus) [91] and in Ethiopia, from the spleen of a multimammate rat (Praomys 

natalensis) [74]. In addition, DUGV was detected in an avian sample, as a liver sample 

from a puffback shrike (Dryoscopus gambensis) was revealed to be DUGV positive 

[74]. According to a Russian report from Guinea, DUGV was detected in the brain of a 

patas monkey (Cercopithecus pata) [79]. These findings indicate, that DUGV can infect 

a fairly wide range of hosts. However, no disease related clinical signs have been 

reported in any of these animals. Whereas clinical signs in wild mammals and birds 

might not raise interest, an obvious disease in livestock would more likely be detected 

and reported. Therefore, the pathogenesis of virus infections in ruminants might 

resemble that of CCHFV, inducing only subclinical infections in ruminants. If only 

subclinical signs were seen, ruminants could still serve as indicators for virus 

occurrence, as these develop a specific antibody response, which can easily be 

detected via serological assays. Antibodies have been detected not only in cattle 

[39,57,73], but also in small ruminants, buffaloes and camels [39,92]. 

Due to its zoonotic relevance, DUGV is classified as a BSL 3 agent. A few field 

infections of humans as well as a laboratory-acquired infection have been reported, 

mainly leading to a mild febrile illness. In Nigeria, DUGV was isolated out of three 

febrile children and two adults [39,93]. Another patient was a laboratory associated 

case: the technician became infected with DUGV due to the neglect of safety 

precautions in the laboratory. After an incubation period of five days the man developed 

fever, anorexia, nausea, weakness and lassitude. The symptoms lasted for two weeks 

and the recovery was without sequelae. Virus was successfully isolated from the 

patient and the generation of DUGV antibodies confirmed the DUGV infection [94]. In 

the CAR, a further three cases were documented. Between 1967 and 1973, DUGV 

was isolated from the serum of a febrile boy, the cerebrospinal fluid of an adult with 

meningitis and from the serum of an adult with headache, diarrhea, vomiting and rash 

[95]. To date, only one severe human case including hospitalization has been reported 

in detail. In South Africa, one patient was admitted to hospital following multiple tick 

bites. He suffered from prolonged thrombocytopenia, encephalitis and orchitis. Clinical 

symptoms included high fever, headache, weakness, fatigue, severe myalgia, 

tachycardia, hyperpnoea, petechiae and ecchymoses. Unfortunately, no virus could be 

isolated, but a specific rise of IgM and subsequently IgG DUGV antibodies without 

detection of CCHFV antibodies led to the assumption that this disease was indeed 

caused by DUGV [57]. However, the zoonotic significance of DUGV should not be 

overestimated as only 9 out of 251 human serum samples contained DUGV antibodies 

during a survey in Nigeria. Moreover, between 1964 and 1970, DUGV was isolated 

only rarely out of the blood of febrile patients with unknown origin there (4 positives out 

of 10500 cases) [93]. A serosurvey conducted in Kenya, revealed an DUGV antibody 

prevalence in human sera of only 2.1% [96]. Nevertheless, DUGV should be considered 

as a causative agent of fever of unknown origin in Africa, especially if previous tick-

bites have been reported. No specific treatment options are available yet. 
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The described disease symptoms in the South African patient mirror the clinical signs 

of a viral hemorrhagic fever, which is often seen in CCHFV patients. This similarity as 

well as shared characteristics in the natural transmission cycle (tick-borne, subclinical 

infection in ruminants, disease in humans) and the distant genetic relationship, 

propose DUGV as an additional model virus for studying CCHFV infections. Recently, 

several molecular and cellular mechanisms have been studied and compared between 

these viruses involving apoptosis pathways [97], activation profiles of antigen-

presenting cells [98] and the comparative characterization of viral ovarian tumor domain 

(vOTU) proteases [99]. In vivo studies including interferon-knockout mice infected with 

DUGV revealed, that in contrast to the HAZV mouse model (which resembles the 

CCHFV pathogenesis), DUGV infections led to neuro-invasion in mice [100]. Large 

animal models, representing a subclinical course of CCHFV infections in ruminants, 

would be useful for diverse research questions (e.g., species-specific immune 

responses, tick transmission studies), but are yet to be established. 

Belonging to the same serogroup as DUGV, the third virus involved into this study is 

NSDV. This virus was first recognized in 1917 as the causative agent of a disease of 

sheep associated with hemorrhagic gastroenteritis in Kenya [101]. Ganjam 

orthonairovirus (GANV) was isolated from a pool of Haemaphysalis intermedia ticks 

collected in 1954 from goats in Ganjam province in Orissa state, India [102]. A strong 

serological relatedness between these two viruses was demonstrated soon [20]. 

Surprisingly, more recent genetic analysis have revealed that these viruses are 

actually identical. Sequencing of several isolates showed, that around only 10% 

nucleotide or 3% amino acid differences between the respective N proteins of NSDV 

and GANV exist. Hence, NSDV is not only present in Africa, but also in Asia [42,60]. In 

this thesis – for simplification – the term “NSDV” is predominantly used and 

encompasses isolates from both continents. All described experiments were carried 

out with the prototype strain of GANV (IG619, GenBank accession number: KU925466, 

KU925465, KU925464).  

In Africa, NSDV occurs mainly in East African countries, namely Kenya, Somalia, 

Ethiopia, Uganda, Tanzania and Rwanda [40,103-106]. NSDV antibodies have also been 

detected in other countries (e.g., South Africa, Mozambique), but these findings are 

considered likely to be due to cross-reactivities, as no clinical disease has yet been 

reported south of Tanzania [57]. In Asia, GANV has been frequently isolated in India 

and Sri Lanka, but recently viral RNA was detected in China – implying a further spread 

and wider distribution of this arbovirus [107,108]. An ecological-niche model, based on 

landscape data linked to previous NSDV cases, tried to predict further regions and 

countries at risk and identified suitable areas for disease occurrence encompassing 

various African and Asian countries (e.g., Malawi, Zimbabwe, Taiwan, Vietnam) [30]. 

The distribution of NSDV is directly linked to the presence of the transmitting tick 

vectors [109]. Whereas Rhipicephalus appendiculatus ticks represents the main vectors 

for disease transmission in Africa, Haemaphysalis intermedia ticks seem to play the 
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predominant role in Asia [59]. In addition to these main vectors, NSDV has also been 

isolated from Amblyomma variegatum, Rhipicephalus haemaphysaloides, 

Rhipicephalus pulchellus, Rhipicephalus simus, Haemaphysalis longicornis, 

Dermacentor silvarium, Dermacentor nuttalli, Ixodes persulcatus and even bird 

associated Haemaphysalis wellingtoni ticks [72,107,110,111]. Vector competence studies 

have revealed, that the virus can be detected for up to 871 days in Rhipicephalus 

appendiculatus ticks – highlighting the role of ticks not only as the disease transmitting 

vectors, but also as the reservoir for NSDV [112]. Moreover, transstadial as well as 

transovarial transmission of NSDV has been demonstrated in these ticks [101]. 

Furthermore, NSDV could be isolated from Culex vishnui mosquitoes and Culicoides 

tororensis midges, but these observations are rather a result of a previous blood meal 

on viremic animals than an indicator for warranted vector competence [113,114].  

The clinical picture of NSDV infections in small ruminants is variable and dependent 

on the involved virus strain as well as the animal breed [103]. In Africa, fatal cases were 

significantly increased in indigenous breeds (e.g., Masai) with mortality rates of 72% 

in comparison to 31% for exotic breeds (e.g., Merino) [101]. The reverse seems to apply 

for Asia, as in India, exotic breeds were affected more severely [115]. This may indicate 

that NSDV was once imported from Asia to Africa comparable to the previous 

introduction of Rinderpest morbillivirus [40]. Following an incubation period of 2–6 days, 

sheep develop a high fever and show lethargy, depression, loss of appetite and stand 

apart with their heads lowered. The subsequent diarrhea often begins profuse and 

watery, becoming mucoid and hemorrhagic later on. Conjunctivitis and nasal discharge 

are also common. In pregnant ewes abortions might occur. Animals can die peracute 

following the onset of fever or as a consequence of the severe diarrhea and 

dehydration [101,116]. Pathological lesions are mainly observed in the gastrointestinal 

tract including extensive ulceration and hemorrhages, but can also be found in various 

other organs [117]. The clinical signs and pathologies following a NSDV infection 

resemble those of other diseases such as Rift-Valley-Fever, peste des petits 

ruminants, heartwater, coccidiosis and salmonellosis. Therefore, laboratory tests are 

crucial to exclude these differential diagnosis [118]. The OIE Diagnostic Manual for 

Terrestrial Diseases outlines the yet described diagnostic assays (mainly virus 

isolation and immunofluorescence assays), but so far no commercial assays are 

available for the detection of NSDV or NSDV antibodies [119]. No established vaccines 

against NSDV exist, even though mouse-brain or cell-culture attenuated strains have 

been developed [120]. Furthermore, there is a lack of effective treatment options. 

Elimination is virtually impossible once the virus has become established in the local 

tick population. 

Goats are also susceptible hosts for NSDV, but published reports are rather 

contradictory as to whether the corresponding disease is less severe or even more 

fatal than in sheep [101,117]. Several other livestock including cattle, buffaloes, mules, 

donkeys, pigs and horses have been experimentally infected, but are categorized as 

resistant and refractory to NSDV infections [101]. In Uganda, two fatal cases among 
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grey duikers (Cephalophus monticola) were reported and NSDV was considered the 

causative agent [106]. In a serosurvey conducted in Kenya, low-titre antibodies were 

detected in ruminants (e.g., wildebeest, cokes hartebeest, grants gazelle and giraffe). 

However, it remains unclear, whether game animals contribute to the natural 

transmission cycle or whether these antibodies are rather a result of serological cross-

reactions [109]. Similar to CCHFV, small mammals may also play an important role in 

the natural transmission cycle, but so far no subclinical host for NSDV in wildlife has 

been identified although experimental infections of African grass rats (Arvicanthis 

abyssinicus nairobiae) induced a short viremia, which was sufficient to infect ticks 

[40,121].  

In recent decades, NSDV outbreaks have been rarely reported . This is believed to be 

due to the particular epidemiological situation in endemic regions. It is hypothesized 

that virtually all sheep in endemic regions are immune to NSDV [109]. Lambs become 

infected with NSDV when they are still partially protected by maternal antibodies. 

Therefore, they develop their own adaptive and long-lasting immune response without 

any disease manifestation. Outbreaks mainly occur when one of two options are 

considered: if naïve animals from non-endemic regions are moved to endemic regions, 

these animals can suffer from the disease. This is likely to occur when increased 

animal movements occur e.g., for breeding or trading purposes. The second option is 

an increasing distribution of the transmitting tick vectors, which is also likely to occur 

due to global warming which can lead to the spread of diverse arthropods into new 

habitats. When these virus- transmitting tick vectors establish themselves in previously 

non-affected areas, sheep will rapidly become infected and outbreaks will occur until 

the endemic steady-state is reached [30,116]. 

NSDV is not only pathogenic for small ruminants, but is also classified as a zoonotic 

agent and as a result is categorized as a BSL 3 agent. Natural, as well as laboratory-

acquired infections of humans have been reported, leading to mild flu-like illnesses. 

Detailed case reports have mainly been published from India involving GANV infection, 

but NSDV likely leads to similar human diseases in Africa. To date, only a single case 

report following a natural infection in India was documented. In Vellore, a 12-year old 

European boy showed high fever and nausea and – as his father was a surgeon – this 

case was further investigated. GANV could be successfully isolated and a specific 

antibody response was detected. Furthermore, a laboratory technician became 

infected handling the patient samples in the laboratory [122]. Indeed, seven laboratory 

associated cases have been reported in India. The laboratory workers developed mild 

non-specific clinical signs including fever (approx. two days), joint pains, lethargy, 

headache and body ache. For five of these cases, no history of injury or vector bite 

was reported, leading to the assumption that the virus can also be transmitted via 

aerosols [123,124]. In addition to these case reports, serological evidence exists that 

NSDV infections in humans occur. Antibodies could be detected in human sera from 

agricultural workers, laboratory personnel and the general public in India, Sri Lanka, 

Kenya and Uganda [96,103,122,125]. In summary, human infections with NSDV do occur, 
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but will probably – due to the mild non-specific clinical signs – be missed or classified 

as a fever of unknown origin. 

Due to the distant genetic and antigenic relationship between NSDV and CCHFV, as 

well as striking similarities in the pathogenesis of NSDV infections in sheep compared 

to CCHFV infections in humans, NSDV has repeatedly been proposed as a model for 

CCHFV [31,40]. It is not uncommon to use animal specific pathogens as a model for 

related human diseases [126]. For instance, both viruses can induce fatal, hemorrhagic 

fevers in animals (NSDV) or humans (CCHFV), respectively. A study revealed, that 

NSDV induces a pro-inflammatory response in infected sheep, which resembles the 

response in CCHFV patients, with changes in cytokine levels similar to those observed 

during CCHFV infection [127]. Compared to the above-mentioned mouse models 

involving HAZV, DUGV and CCHFV, the study of NSDV infections in sheep as a 

surrogate for human CCHFV infections has considerable advantages. Whereas the 

use of IFNAR knock-out mice is obligatory to establish a lethal disease model in mice, 

sheep represent a fully immunocompetent lethal infection model. This circumstance 

enables researchers to study the pathogenesis of a highly pathogenic hemorrhagic 

fever caused by an orthonairovirus in detail, without the requirement to modulate the 

hosts immune response [31]. However, working with NSDV in large animal models is 

associated with significant challenges and is therefore limited to facilities, which can 

conduct large animal trials under BSL 3 containment level. 

In summary, all three viruses – HAZV, DUGV and NSDV – can be considered 

neglected viruses. This is despite the pathogenic potential of NSDV and the zoonotic 

potential of both NSDV and DUGV. The majority of studies reporting virus isolation or 

seroprevalence in animals or humans were published in the last century. Moreover, 

the methods for virus detection (e.g., suckling mouse or sheep sub-inoculations) and 

serology (e.g., CF, HI) are outdated. Despite their relative neglect these viruses still 

maintain significant importance. First of all, especially NSDV might emerge to further 

regions and cause severe outbreaks in small ruminant populations [30]. Therefore, 

similarly to CCHFV, the serological monitoring of endemic, and particularly also those 

neighboring regions is indicated. Furthermore, all three viruses (HAZV, DUGV and 

NSDV) should be kept in mind, when considering putative cross-reactivities in CCHFV 

serological assays.  

Hence, the detailed characterization of HAZV, DUGV and NSDV infections is aim of 

the here presented study. During pathogenesis studies in ruminants, the course of 

infection as well as the consequent antibody responses following these infections were 

investigated using up-to-date techniques. Moreover, putative cross-reactivities 

between these viruses were analyzed. Field sera with an unknown infection history are 

unfortunately not suitable for this research issue, as cross-reactive antibodies might 

probably be rather the result of previous subsequent infections in regions, where 

multiple viruses are prevalent. Consequently, mono-specific defined positive reference 

sera are needed for an appropriate approach. These sera can only be obtained during 
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experimental immunization as well as infection studies. Such animal experiments and 

all subsequent investigations were conducted in the course of this project.  

Ruminants are thought being the major target animals for these viruses and 

corresponding monitoring programs and therefore, sheep and cattle were involved in 

this study [34]. Detailed pathogenesis studies were carried out in order to characterize 

the course of infection in ruminants following HAZV, DUGV and NSDV challenges, 

respectively. The species-specific susceptibility to these viruses as well as the 

pathogenesis were investigated, and several new diagnostic assays were developed. 

Virus specific RT-qPCRs were set up to reveal the viremic state, viral shedding and 

the viral organ distribution pattern. Seroconversion was investigated with multiple 

assays: indirect ELISAs based on recombinant N proteins were developed, as well as 

iIFAs and two neutralization test formats (mVNT and PRNT). Several mono-specific 

ruminant sera post infection as well as post immunization were subsequently available 

to validate these new assays and investigate putative cross-reactivities to CCHFV. 

Finally, the suitability of HAZV, DUGV and NSDV infections in ruminants to serve as a 

model for CCHFV infections was assessed.  

In manuscripts I–III the experimental infection and immunization studies in ruminants 

involving HAZV (manuscript I), DUGV (manuscript II) and NSDV (manuscript III) are 

presented, respectively. Each manuscript contains a detailed description of the newly 

developed assays and the results of the species-specific pathogenesis studies. For 

HAZV and DUGV, data concerning cross-reactivities in currently used CCHFV assays 

are included. 

In manuscript IV, cross-reactions between HAZV, DUGV and NSDV themselves were 

investigated. All sera obtained during the animal trials and all serological assays, which 

were developed during this project were cross-tested with each other. Aim of these 

investigations was to select appropriate assays, which should further be used and 

validated utilizing (African) field sera. Furthermore, cross-reactivities of NSDV 

antibodies within CCHFV assays are addressed to in this manuscript. 

In manuscript V, serum samples from Nigerian cattle were used to validate the newly 

developed assays for the detection of DUGV antibodies. Again, the focus was set on 

possible cross-reactivities to CCHFV and therefore, confirmed CCHFV seropositive 

and CCHFV seronegative sera were pre-selected for this study. Results for both 

groups were compared and conclusions were drawn concerning cross-reactivities in 

the individual assays utilizing field samples.
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Abstract: 
Hazara orthonairovirus (HAZV) is a tick-borne arbovirus closely related to Crimean–
Congo hemorrhagic fever orthonairovirus (CCHFV). Whereas CCHFV is a biosafety 
level (BSL) 4 agent, HAZV is classified as BSL 2, as it is not known to cause any 
disease in humans. Belonging to the same serogroup as CCHFV, HAZV might act as 
a model which can provide a better understanding of this important zoonosis. 
Furthermore, the serological relatedness may cause diagnostic problems if antibodies 
against HAZV interfere with current CCHFV serological assays. Therefore, sheep and 
cattle—important natural hosts for CCHFV—were experimentally infected with HAZV 
to prove their susceptibility and evaluate potential antibody cross-reactivities. 
According to this study, neither sheep nor cattle are susceptible to experimental HAZV 
infections. Consequently, the HAZV infection in ruminants is clearly distinct from 
CCHFV infections. Sera of immunized animals weakly cross-reacted between HAZV 
and CCHFV in immunofluorescence and immunoblot assays, but not in commercial 
CCHFV ELISAs commonly used for field studies. 
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Orthonairovirus, a Neglected African Arbovirus Distantly Related to 

CCHFV 

 
Julia Hartlaub 1, Felicitas von Arnim 1, Christine Fast 1, Ali Mirazimi 2,3, Markus 
Keller 1 and Martin H. Groschup 1,*  
 

1 Institute of Novel and Emerging Infectious Diseases, Friedrich-Loeffler-Institut, 

Suedufer 10,17489 Greifswald–Insel Riems, Germany 

2 Department of Medicine, Karolinska Institutet, SE-171 77 Stockholm, Sweden 

3 National Veterinary Institute, SE-751 89 Uppsala, Sweden 

* Author to whom correspondence should be addressed. 

 
 
Abstract: 
Dugbe orthonairovirus (DUGV) is a tick-borne arbovirus within the order Bunyavirales. 
DUGV was first isolated in Nigeria, but virus isolations in ten further African countries 
indicate that DUGV is widespread throughout Africa. Humans can suffer from a mild 
febrile illness, hence, DUGV is classified as a biosafety level (BSL) 3 agent. In contrast, 
no disease has been described in animals, albeit serological evidence exists that 
ruminants are common hosts and may play an important role in the transmission cycle 
of this neglected arbovirus. In this study, young sheep and calves were experimentally 
inoculated with DUGV in order to determine their susceptibility and to study the course 
of infection. Moreover, potential antibody cross-reactivities in currently available 
diagnostic assays for Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV) 
were assessed as DUGV is distantly related to CCHFV. Following subcutaneous 
inoculation, none of the animals developed clinical signs or viremia. However, all 
ruminants seroconverted, as demonstrated by two DUGV neutralization test formats 
(micro-virus neutralization test (mVNT), plaque reduction (PRNT)), by indirect 
immunofluorescence assays and in bovines by a newly developed DUGV recombinant 
N protein ELISA. Sera did not react in commercial CCHFV ELISAs, whereas cross-
reactivities were observed by immunofluorescence and immunoblot assays. 
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Abstract: 
Nairobi sheep disease orthonairovirus (NSDV) is a zoonotic tick-borne arbovirus, 
which causes severe gastroenteritis in small ruminants. To date, the virus is prevalent 
in East Africa and Asia. However, due to climate change, including the spread of 
transmitting tick vectors and increased animal movements, it is likely that the 
distribution range of NSDV is enlarging. In this project, sheep and cattle (hitherto 
classified as resistant to NSDV) were experimentally infected with NSDV for a 
comparative study of the species-specific pathogenesis. For this purpose, several new 
diagnostic assays (RT-qPCR, ELISA, iIFA, mVNT, PRNT) were developed, which will 
also be useful for future epidemiological investigations. All challenged sheep (three 
different doses groups) developed characteristic clinical signs, transient viremia and 
virus shedding—almost independent on the applied virus dose. Half of the sheep had 
to be euthanized due to severe clinical signs, including hemorrhagic diarrhea. In 
contrast, the course of infection in cattle was only subclinical. However, all ruminants 
showed seroconversion—implying that, indeed, both species are susceptible for 
NSDV. Hence, not only sheep but also cattle sera can be included in serological 
monitoring programs for the surveillance of NSDV occurrence and spread in the future. 
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Abstract: 
Antibody cross-reactivities between related viruses are common diagnostic 
challenges, resulting in reduced diagnostic specificities and sensitivities. In this study, 
antibody cross-reactions between neglected members of the genus Orthonairovirus—
Hazara (HAZV), Dugbe (DUGV), and Nairobi sheep disease orthonairovirus (NSDV)—
were investigated. Mono-specific ovine and bovine sera following experimental 
infections as well immunization trials with HAZV, DUGV, and NSDV were tested in 
homologous and heterologous virus-specific assays, namely indirect ELISAs based on 
recombinant N protein, indirect immunofluorescence assays (iIFA), and two 
neutralization test formats (plaque reduction neutralization test (PRNT) and micro-virus 
neutralization test (mVNT)). The highest specificities were achieved with the ELISAs, 
followed by the mVNT, iIFA, and PRNT. Cross-reactivities were mainly observed within 
the Nairobi sheep disease serogroup–but surprisingly, HAZV antibodies in PRNT did 
also neutralize NSDV and DUGV. In conclusion, we recommend ELISAs and mVNTs 
for a discriminative diagnostic approach to differentiate between these antibodies. 
NSDV antisera were also used in serological assays for the detection of antibodies 
against the human pathogen Crimean-Congo hemorrhagic fever orthonairovirus 
(CCHFV). Interestingly, all CCHFV ELISAs (In-house and commercial) achieved high 
diagnostic specificities, whereas significant cross-reactivities were observed in a 
CCHFV iIFA. Previously, similar results were obtained when analyzing the HAZV and 
DUGV antisera. 
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Abstract: 
Dugbe orthonairovirus (DUGV) and Crimean-Congo hemorrhagic fever orthonairovirus 
(CCHFV) are tick-borne arboviruses within the order Bunyavirales. Both viruses are 
endemic in several African countries and can induce mild (DUGV, BSL 3) or fatal 
(CCHFV, BSL 4) disease in humans. Ruminants play a major role in their natural 
transmission cycle. Therefore, they are considered as suitable indicator animals for 
serological monitoring studies to assess the risk for human infections. Although both 
viruses do not actually belong to the same serogroup, cross-reactivities have already 
been reported earlier—hence, the correct serological discrimination of DUGV and 
CCHFV antibodies is crucial. In this study, 300 Nigerian cattle sera (150 CCHFV 
seropositive and seronegative samples, respectively) were screened for DUGV 
antibodies via N protein-based ELISA, indirect immunofluorescence (iIFA) and 
neutralization assays. Whereas no correlation between the CCHFV antibody status 
and DUGV seroprevalence data could be demonstrated with a newly established 
DUGV ELISA, significant cross-reactivities were observed in an immunofluorescence 
assay. Moreover, DUGV seropositive samples did also cross-react in a species-
adapted commercial CCHFV iIFA. Therefore, ELISAs seem to be able to reliably 
differentiate between DUGV and CCHFV antibodies and should preferentially be used 
for monitoring studies. Positive iIFA results should always be confirmed by ELISAs. 
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Chapter 7: General discussion 
 

In this thesis, the species-specific pathogenesis of HAZV, DUGV and NSDV infections 

in sheep and cattle were investigated. Several new diagnostic assays were developed 

during the conducted animal trials and were used to characterize the course of these 

orthonairovirus infections in ruminants. The main focus was set on serological 

investigations including the evaluation of cross-reactivities of antibodies raised against 

these viruses and also to the human pathogen CCHFV.  

In manuscript I, II and III the results of the pathogenesis studies are presented for 

HAZV, DUGV and NSDV, respectively. For HAZV and DUGV, the evaluation of 

antibody cross-reactivities to CCHFV proteins was included in these manuscripts.  

Manuscript IV focuses on cross-reactivities between antisera raised against HAZV, 

DUGV and NSDV to viral proteins from the other non-CCHFV orthonairoviruses. 

Moreover, cross-reactivities between NSDV and CCHFV are addressed. In manuscript 

V, DUGV serological assays were validated with Nigerian cattle sera. 

In the following sections, the susceptibility of sheep and cattle to these viral infections, 

the results of the pathogenesis studies (considering clinical signs, viremia, virus 

shedding and viral organ distribution), the antibody responses as well as cross-

reactivities between these viruses will be comparatively discussed. 

Recommendations concerning the application of newly developed assays as well as 

implications for future research will be outlined.  

The susceptibility of sheep and cattle to these viral infections showed clear 

differences. Whilst NSDV infected sheep developed severe clinical signs and clear 

seroconversion, DUGV infected sheep as well as NSDV/DUGV infected calves 

showed seroconversion in the absence of clinical manifestation. Neither sheep nor 

cattle could successfully be infected with HAZV in this experimental setting (manuscript 

I–III). No clinical signs, no viremia and no seroconversion could be demonstrated, 

although the functionality of the newly developed HAZV assays was proven employing 

effective positive controls (RT-qPCR: synthetic RNA standard, spiking of negative 

samples; serology: post-immunization sera). Actually, a previous study has mentioned 

the successful experimental HAZV and CCHFV infection of multiple animals, including 

ruminants, but no detailed information of the experimental set-up and results for the 

individual viruses are presented [128]. Hence, this report cannot be held as reliable 

proof of the susceptibility of ruminants to HAZV infections. 

The fact that several differences exist between experimental challenge studies and 

natural infections has to be taken into consideration. This applies not only to explaining 

the absence of HAZV susceptibility, but also to the other animal trials. Even though 

ruminants have been shown to be susceptible to NSDV and DUGV, natural infections 

in the field might vary in several characteristics e.g., clinical outcome and antibody 
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levels. Several reasons should be taken into account concerning the limits of 

comparability of field infections with experimental challenges. 

Firstly, the animals were infected via subcutaneous inoculation instead of via actual 

tick bite. This inoculation route was chosen, as the majority of studies involving these 

tick-borne diseases employed this method successfully in the past [52,127,129]. 

However, the tick vector may play an essential role and as a result, the applied 

inoculation route might still be suboptimal. Molecules contained in the tick saliva are 

thought to modulate virus transmission and subsequent local immune responses in an 

effect known as saliva-assisted transmission (SAT) [130]. Nevertheless, as we could 

effectively infect animals via subcutaneous injection with DUGV and NSDV, the 

inoculation route might not be the key point when discussing the lack of HAZV 

susceptibility in ruminants. In addition, a recent report describes the infection of type-I 

interferon receptor knockout mice with HAZV with an artificial tick-feeding system and 

the results do not support the hypothesis of an enhanced transmission via tick bites 

[51]. However, the immunodeficient nature of this mouse model limits the explanatory 

power of these observations. 

Secondly, the applied challenge dose should be considered. At present, it is unknown, 

how many virus particles are transmitted during a tick bite and whether a higher 

challenge dose would at least have led to a subclinical infection and seroconversion 

against HAZV. As 106 TCID50 DUGV or NSDV were sufficient to induce specific 

antibody responses in sheep and bovines, we assume that this dose would have been 

adequate for the HAZV infections. 

Additionally, breed specific differences in the susceptibility to virus infections might play 

an essential role. We challenged German breeds of sheep and cattle with these 

African/Asian viruses and these might show a different predisposition compared to 

indigenous breeds. For instance, the susceptibility and subsequent mortality rates of 

sheep vary considerably between different breeds for NSDV infections. Whereas in 

Africa, exotic breeds are more disease-resistant, the reverse is true in India, where 

exotic breeds develop more severe clinical signs [101,115]. Therefore, it cannot be fully 

excluded that other ruminant breeds are susceptible to HAZV infections. However, no 

field infections have been reported to date, not even in Pakistan where HAZV was first 

isolated [41].  

One crucial point concerning our challenge experiments were the available virus 

stocks. Whereas for the DUGV and NSDV infection experiments, virus strains with 

limited mouse brain passages were available, for HAZV only a tissue-culture passaged 

strain was available. Extensive cell-culture passaging of virus stocks often leads to a 

cell-culture adaptation and thereby attenuation. This phenomenon is valuable when 

considering the development of cell-culture adapted vaccine strains. For NSDV, it has 

been shown that an extensive passaging (74th BHK cell culture passage) results in a 

virus that does not induce clinical signs in vaccinated sheep compared to an earlier 

passage of the same virus strain, which has proven to be still virulent [131]. The same 
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observation was confirmed in a more recent NSDV challenge study involving one high 

and one low passaged virus strain [127]. Therefore, the virus passage history might 

offer a possible explanation for the results of the HAZV challenge study.  

Nevertheless, it is still likely that ruminants are not susceptible to HAZV. Indeed, no 

serological or virological evidence exists to suggest that ruminants are common hosts 

for HAZV, other than the inference from the fact they play an essential role in the 

natural infection cycle of related viruses such as CCHFV, DUGV and NSDV. Different 

reasons for such species barriers can be considered. The species-specific interferon 

system which is crucial for the early immune response, as well as the presence of 

differing cell receptors for viral entry might play an important role [132].  

In summary, the susceptibility of ruminants to these viral infections can be summarized 

as follows. Ruminants were resistant to experimental HAZV infections and therefore, 

HAZV infections are clearly distinct from infections caused by the closely related 

CCHFV [33]. Hence, HAZV is not a suitable model to mirror CCHFV infections in 

ruminants (manuscript I). In contrast, ruminants showed low susceptibility to DUGV 

infections (only seroconversion) (manuscript II). Sheep were highly susceptible to 

NSDV, as a challenge dose of only 10 TCID50 was sufficient to induce fatal disease. 

Cattle have so far been classified as resistant to NSDV. As bovines developed NSDV 

antibodies in our study, this is the first indication that they are indeed susceptible to 

NSDV (manuscript III).  

In the following section the results of the pathogenesis studies will be summarized.  

First of all, the course of infection can be compared between the different viruses 

and animal species. Whereas all NSDV infected sheep developed characteristic 

clinical signs including high fever, dullness, anorexia, weakness and diarrhea, the 

course of NSDV infections in cattle as well as the DUGV infections in both species 

induced only a subclinical course of infection (manuscript II, III). 

No disease related clinical signs in ruminants have been reported for DUGV, even 

though this virus seems to occur widespread throughout Africa [55,72-79]. Therefore, 

we did not expect a severe course of infection in ruminants, because an obvious 

disease course in livestock would likely have attracted attention. For example, in South 

Africa, where DUGV antibodies have been detected in cattle sera, no severe DUGV 

related disease has been reported [57]. However, in many African countries, animals 

sent to slaughter are not healthy. Many of them are lame or have infections e.g., with 

blood parasites or arboviruses. Therefore, it is difficult to assess whether DUGV 

actually induces any clinical signs, despite having been isolated from attached ticks or 

the blood of slaughtered, (ill) animals [80].  

Previous DUGV experimental infection studies with sheep and cattle came to similar 

conclusions as within our study and reported that apart from a mild fever no further 

clinical signs were detectable [129,133]. Hence, it is likely that DUGV infection results in 
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only subclinical infections – comparable to the pathogenesis of CCHFV infections – in 

ruminants.  

The course of NSDV infections in calves was comparable to the one observed for 

DUGV. In contrast to the long-standing state of knowledge that ruminants play a role 

in the DUGV infection cycle, cattle have so far been considered refractory to NSDV 

infections. Only one experimental infection study has been carried out so far, and as 

no clinical signs were recognized, cattle were categorized as resistant to NSDV [101]. 

As with DUGV, a disease associated with cattle in NSDV endemic regions would 

probably have attracted attention, with infestation with a NSDV transmitting tick 

species likely giving a crucial clue to suggest the same causative agent. Taking this 

assumption with our experimental data it is highly like that cattle do not develop disease 

following NSDV infection. 

In contrast, all NSDV infected sheep developed severe clinical signs and half of the 

sheep (6/12) had to be euthanized around one-week post-infection due to humane 

endpoint considerations. No infectious dose dependent effects could be seen, as all 

animals of the middle dose group (M1–4) had to be euthanized, whereas three animals 

of the low and high dose group survived the NSDV challenge (N1, N3, N4, P1, P2, P3). 

The fatality of one sheep of the low dose group (N2) underlines the extremely high 

pathogenicity of NSDV for sheep. The observed clinical signs and fatalities resemble 

those previously reported from NSDV outbreaks or experimental infection studies 

[101,116,127]. 

One crucial factor in the transmission of arboviruses is the viremia in the 

corresponding host species. Attached, feeding ticks then become infected during their 

blood meal. Whereas all NSDV infected sheep developed a viremic state, which 

coincided with the respective fever period, NSDV infected calves, as well as, all DUGV 

infected ruminants did not develop viremia assessed by RT-qPCR (manuscript II, III). 

This observation raises concerns about the capability of the latter animals to contribute 

to the natural transmission cycle of these arboviruses and may implicate them as dead-

end hosts. However, as mentioned previously, field infections might differ significantly 

from experimental infections and actually lead to a viremic state. DUGV has been 

frequently isolated out of cattle sera in Nigeria and also during previous infection 

studies from the blood of experimentally infected calves [39,133]. NSDV has not yet 

been isolated out of cattle sera, but as bovines are/were considered resistant to NSDV, 

no large studies have been conducted [134]. Hence, future epidemiological 

investigations should investigate whether these viruses can indeed induce viremia in 

ruminants. However, the viremic state is likely transient and might last a matter of days 

and therefore, the serological monitoring is still preferential for epidemiological studies. 

The same is true for CCHFV monitoring studies which focus on serological data, as 

viremia typically only lasts up to two weeks in different vertebrates [33]. 

Moreover, a second mode of arbovirus transmission can be considered. Without the 

requirement of a viremic host species, arboviruses can be transmitted between ticks 



22 | C h a p t e r  7 :  G e n e r a l  d i s c u s s i o n  

 

 

while cofeeding in close proximity attached to the same host [135]. This effect is called 

non-viremic transmission (NVT) and has for example been demonstrated for CCHFV 

in a study involving non-viremic guinea pigs [136]. As sheep and cattle are frequently 

infested by multiple ticks in parallel, they might therefore also contribute to the natural 

transmission cycle of DUGV and NSDV (cattle), even if they do not develop a long- 

lasting viremia. In fact, ticks seem to be not only the vectors, but also the main reservoir 

for these arboviruses and therefore, they play the major role in the maintenance of 

these viruses in nature [137]. For example, one tick feeding on a viremic mammal can 

stay infected for a long time period (e.g., NSDV in Rhipicephalus appendiculatus for 

more than 871 days), and many infected ticks can then also transmit the virus 

transovarially to their offspring, consequently leading to a huge population of virus 

carrying and transmitting ticks [83,112]. 

Some arboviruses are meanwhile also transmitted via direct contact, e.g., CCHFV 

during nosocomial outbreaks [138]. Therefore, we took nasal and rectal swab samples 

during the animal trials to examine potential virus shedding. All swab samples 

collected during the DUGV trials tested negative, which is not surprising as the animals 

even did not exhibit a viremic state (manuscript II). In addition, all swab samples of 

NSDV infected calves tested negative. In contrast, NSDV RNA was detectable via RT-

qPCR in nasal and rectal swab samples in all infected sheep (manuscript III). 

Nevertheless, no viable virus could be isolated out of these swab samples and 

therefore, NSDV should still be considered as non-contagious. We did not include 

contact animals in our study, but others have shown that direct contact was not 

sufficient to infect other sheep [101]. However, nasal swab sampling could be 

implemented as a further diagnostic sampling method, without the requirement to 

handle infectious blood samples. Aerosol transmission to humans cannot be fully ruled 

out and therefore safety precautions should be considered anyway when dealing with 

sick animals or samples suspected to be positive for NSDV [123].  

As the clinical signs of NSDV in sheep often resemble those of other infections (e.g., 

RVFV, SRM), it is not uncommon that only necropsies and further virus isolations 

from various organs allow for a correct diagnosis [119]. Whereas no gross lesions or 

viral RNA could be detected in organ samples from ruminants infected with DUGV, 

NSDV elicited pathological changes in sheep, and viral RNA could be detected in 

multiple organ samples via RT-qPCR in infected sheep and scattered in bovines 

(manuscript II, III).  

All sheep and cattle inoculated with DUGV were kept for 27 or 28 days, respectively. 

Although the virus would likely have been present in some organs during the acute 

phase of infection, it is likely that it was eventually cleared by the end point of the trail. 

Therefore, the negative RT-qPCR results for the organ samples are not surprising. 

Previous reports have described successful DUGV isolation from cattle liver 

specimens in Nigeria. It is likely that these samples were collected during an acute 

phase of infection [39].  
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In calves infected with NSDV, no gross lesions were identified, but low genome copies 

were detected in lymphatic tissues. This could indicate that the NSDV RT-qPCR is 

more sensitive than the DUGV RT-qPCR, but may also be a chance finding. As only a 

tiny piece of each organ was submitted to RT-qPCR analysis, it is possible that by 

chance the sample formed part of a reactive center in a lymph node, where residues 

of viral RNA could be detected. 

For the NSDV infected sheep, there were two distinct groups: animals which were 

seriously ill and necropsied one-week post infection while other animals were less 

affected and survived until the end of the observation period. The first group revealed 

several gross lesions including hemorrhages in the gut, enteritis, distinct depletion of 

Peyer´s patches and subepicardial hemorrhages. In this group all organ samples were 

tested positive via RT-qPCR, which is most likely due to the viremic state. However, 

virus could be isolated from multiple organs even in sheep in which viable virus was 

not isolated from their endpoint serum samples. Therefore, we assume that NSDV 

infects a fairly wide range of organs and leads to a generalized infection. Highest viral 

loads were observed in the liver and spleen which is in accordance with previous 

studies [103]. Nevertheless, detailed pathohistological investigations including immuno-

histochemistry have to be carried out in the future in order to determine in which organs 

the virus is detectable in the parenchyma [139]. The sheep which survived the NSDV 

challenge showed limited lesions in the gross pathology (e.g., a distinct increase of 

solitary follicles in the gut). Viral RNA was detectable as traces in several lymphatic 

tissues and also in other organs in an animal-specific pattern. However, no viable virus 

could be isolated out of these tissue samples. When comparing the observed gross 

lesions with pathological investigations of previous outbreaks or experimental 

infections, several shared characteristics, but also differences were noted. For 

example, splenomegaly is thought to be one of the main diagnostic findings according 

to several studies [101,116,127]. In contrast, other studies reported, that the spleen of 

NSDV infected sheep was not enlarged and this is also true in our study [103]. 

Therefore, diagnosis should not rely on pathological findings only, but include virus 

isolations and RT-qPCR analysis. We have shown that human SW13 cells are highly 

susceptible to NSDV and recommend this cell line for virus isolations and growth of 

virus stocks. Others have recently compared different cell culture systems for the 

propagation of this virus isolate, but none of their growth kinetics lead to equivalent 

high titers and rapid virus growth. However, viral titers were determined using different 

cell lines for the TCID50 titrations and therefore, these differences should not be 

overinterpreted [127]. The newly developed one-step RT-qPCR with a specific probe is 

preferential to the previously published SYBR-Green two-step RT-qPCR as only one 

qPCR run is needed. Moreover, a second primer pair can be included as an extraction 

control (Bacteriophage MS2, β-actin) which can be used simultaneously in a multiplex 

approach. 

In parallel to the new assays for virus detection, several new serological assays have 

been developed to allow serological investigations. Mono-specific sera were 
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obtained following immunization with inactivated HAZV, DUGV and NSDV, as well as 

sera from the infection trials (manuscript I–III). The seroconversion of individual 

animals was analyzed as well as putative serological cross-reactions of the antisera 

between these viruses. For all viruses, various serological assays were developed. 

Indirect ELISAs were based on recombinant N proteins, whereas the iIFAs used 

inactivated infected cells, and the neutralization assays (mVNT, PRNT) using 

infectious virus. All sera collected during the animal trials were subsequently tested 

with these assays in order to analyze the individual immune responses. The first 

detection of antibodies by the individual assays allowed conclusions to be drawn about 

the diagnostic sensitivity of each assay (manuscript II, III). The specificity of these 

assays was further evaluated when sera were cross-tested with the heterologous 

assays (manuscript IV). 

Due to the lacking susceptibility to HAZV infections, no post-infection sera for HAZV 

are available. Instead, two post-immunization sera (ovine, bovine) served as positive 

controls in all HAZV serological assays to demonstrate that these are indeed capable 

to detect HAZV antibodies (manuscript I). 

For DUGV, seroconversion in bovines could be demonstrated by indirect ELISA, iIFA, 

mVNT and PRNT (manuscript II). Two calves (J5, K5) developed significantly higher 

antibody titers than the other two calves (J6, K6) in all of these assays. This is most 

likely due to the differing origins, but does not impact the informative value of this study. 

Indeed, these differences showed that the newly developed assays are indeed 

sensitive enough to detect the weak antibody responses of calf J6 and K6. Immune 

responses in the sheep were less distinct, as all sheep were tested negative with the 

DUGV ELISA and iIFA. However, DUGV neutralizing antibodies could be detected with 

mVNT and PRNT – implying that these neutralization assays are indeed more 

sensitive. During DUGV serosurveys involving ruminants in Africa, mainly HI, CF and 

agar gel precipitation (AGPT) tests have previously been routine. A few ELISAs based 

on whole virus antigen have been utilized [39,57,73,92,140].  

For NSDV, surprisingly not only the sheep, but also all four infected calves developed 

specific antibody responses (manuscript III). All sheep kept until the end of the 

experiment and all calves tested positive with the newly developed ELISA, iIFA, mVNT 

and PRNT. Moreover, sheep N2 (necropsy 8 days post infection (dpi)) tested positive 

with the iIFA, mVNT and PRNT and the sheep of the middle infectious dose group 

(M1–4, necropsy 7 dpi) were positive in the PRNT. In a single sheep (P4, necropsy 7 

dpi) no NSDV antibodies were detected when tested with any assay. For CCHFV, it is 

assumed that the antibody responses in humans correlate with survival [141], but in this 

NSDV study the presence of antibodies, even neutralizing one, detected in five out of 

six sheep euthanized one-week post infection was not sufficient to prevent a fatal 

disease outcome. However, the presence of in vitro neutralizing antibodies is probably 

not directly linked to in vivo protection. For the detection of NSDV antibodies in 

ruminants, multiple assays have been developed, but none of them has been 
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commercialized so far. The OIE Manual for Terrestrial Diseases summarizes the 

hitherto utilized assays (iIFA, CF, agar gel immunodiffusion assay (AGID), NT, ELISA) 

and recommends the iIFA as the most suitable diagnostic serological tool [119]. ELISAs 

based on recombinant proteins are yet to be included in the manual and neutralization 

assays were classified unsuitable, even though our study revealed that both mVNT 

and PRNT are very sensitive with the mVNT also being a quite specific diagnostic 

assay. It is postulated that orthonairoviruses induce lower amounts of neutralizing 

antibodies than other members of the order Bunyavirales [142]. Contrarily, in our study, 

high levels of neutralizing antibodies were detected in NSDV infected sheep (as well 

as in naturally infected cattle with DUGV, see manuscript V). 

When comparing the initial detection of DUGV or NSDV antibodies by the individual 

assays, a preliminary ranking order of the diagnostic sensitivities can be established 

(manuscript II, III). As the PRNT is very labor-intensive and just few samples can be 

tested in parallel, only end-point sera were analyzed with this assay. However, the 

PRNT appears to be the most sensitive assay for the detection of DUGV and NSDV 

antibodies. Four sheep of the NSDV middle infectious dose group, which were 

euthanized 7 dpi tested positive in the PRNT, with titers up to 1/32. Comparably, in the 

DUGV infected sheep no antibodies were detected using the ELISA or iIFA and only 

very weak mVNT titers were established, this was despite a clearly positive result in 

the DUGV PRNT with titers up to 1/64. The indirect ELISAs are slightly less sensitive 

than the other assays. The first detection of N protein specific antibodies was between 

13–19 days post-infection for the DUGV cattle, 13–15 days for the NSDV sheep, and 

11–23 days for the NSDV calves. All DUGV sheep tested negative, as well as all NSDV 

sheep which were necropsied around one-week post infection. Moreover, the first 

detection of respective NSDV antibodies was roughly shifted one time point later than 

the first detection via iIFA or mVNT. The sensitivity of the iIFA and mVNT were quite 

similar and the first detection of respective antibodies were concurrent for the majority 

of animals. For the DUGV infected sheep only with the PRNT and mVNT could 

antibodies be detected reproducibly as the iIFA results were inconclusive.  

To date, no detailed serological studies of DUGV have been conducted employing and 

comparing different serological methods. These comparisons have also been lacking 

in the analysis of infection experiments. In the older animal trials involving sheep and 

cattle, DUGV antibodies were detected solely using in vivo suckling mouse 

neutralization assays in convalescent sheep (21 dpi) and cattle (72 dpi) sera [129,133]. 

In contrast, several studies have been carried out analyzing the course of NSDV 

immune responses in sheep [131,143-145]. Antibodies have been detected 14 days post 

infection with ELISA (whole virus antigen), which is in perfect agreement with our 

results as well as the finding that the antibodies were detectable slightly later than with 

other assays (HI, iIFA) [144,145]. Our study did not include a long-term monitoring of 

antibody presence, but a previous study revealed that antibodies were detectable at 

least until 15 months post-infection using CF, HI and iIFA, but not detectable in a 
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neutralization test [143]. However, as it is assumed that infected sheep are actually 

protected livelong, neutralizing antibodies should indeed also be continuously 

detectable in immune animals. Several studies have revealed NSDV neutralizing 

antibodies in ovine, caprine and human sera and it rather seems unlikely that these 

sera were all collected contemporarily to acute infections [103,115,125,146]. 

Nevertheless, the exact mechanisms of NSDV immunity are not well understood yet. 

Future studies must reveal, whether neutralizing antibodies are detectable with our 

new assays in sheep sera from endemic regions. If for instance only non-neutralizing 

antibodies are present (e.g., positive in ELISA/iIFA, but negative in mVNT/PRNT), 

other mechanisms including T cell immunity should be considered as a predominant 

basis of long-term immunity. For CCHFV, a long-lived T cell response in human 

survivors has been confirmed with T cell epitopes being predominantly mapped to the 

N protein, whereas neutralizing antibodies are thought to be mainly directed against 

the viral glycoproteins [147,148]. However, it has been shown that both the humoral and 

cellular arm of the adaptive immune system are crucial for CCHFV immune responses 

[149]. 

Unfortunately, in some animals non-specific reactions were observed in different 

serological assays. This was of particular concern in the immunized animals which 

received multiple boosts of formalin-inactivated virus stocks. The generated antibodies 

were probably not only directed against viral antigens but also against cell culture 

residues like cell debris or fetal calf serum (FCS) which likely contributed to the non-

specific reactivity. Due to this, some iIFAs could not reliably be evaluated. For the 

immunized sheep and also the DUGV sheep, this effect was most pronounced. As 

these effects (e.g., positive reactions to bovine serum albumin) were not observed for 

the HAZV and NSDV infected sheep, the individual FCS or medium batches might 

have caused the differences. In the future, special emphasis should be put on the 

antigen purity during immunizations and on serum-free cultivation of virus stocks for 

animal experiments. 

For each newly developed N protein specific ELISA, individual cut-off values were 

calculated. As not enough seropositive samples were available, no receiver operating 

characteristic (ROC) analysis could be applied yet. The ELISA cut-offs were 

determined by calculating the mean + 3 × standard deviations for 100 German negative 

bovine or ovine reference sera. A statistical method previously employed by others 

[150]. These cut-offs are sufficient for our study design which involved immunization or 

infection of only German animals. However, the cut-off values for African or Asian sera 

will differ significantly as these sera often cause higher background reactions. 

Sometimes the ELISA protocols have to be adapted for the proper use in the field. For 

example, previously established In-house ELISAs for the detection of CCHFV 

antibodies in cattle were adapted for different regions (Eastern Europe, Africa) [46,151].  

In the course of this thesis, none of the ELISAs were run with field sera, except for the 

DUGV cattle ELISA (manuscript V). In total, 300 Nigerian cattle sera were tested with 
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the DUGV mVNT, which was set as a gold standard due to the high specificity of 

neutralization assays. Subsequently, these sera were all tested with the DUGV ELISA 

and ROC analyses were carried out for the determination of the ELISA cut-off and the 

corresponding specificity (88.5%) and sensitivity (94.7%) values. This ELISA can now 

be utilized during sero-epidemiological studies in Nigeria and further African countries. 

Similar studies for the establishment and implementation of the NSDV ELISAs are 

essential for use in the field. For HAZV, it is questionable whether this effort is 

necessary. If no seropositive field samples are available it is nearly impossible to 

establish such a diagnostic assay. Moreover, as sheep and cattle have not shown to 

be susceptible to HAZV, a ruminant specific HAZV ELISA is not actually required. 

The major issue with serological assays is the correct serological discrimination of 

antibodies raised against related viruses. Having conducted the presented animal 

trials we obtained mono-specific reference sera against the three orthonairoviruses 

HAZV, DUGV and NSDV. We could therefore use these sera to evaluate, whether 

CCHFV diagnostic assays – which are often used in monitoring programs worldwide – 

are specific for the detection of CCHFV antibodies, or whether antibodies directed 

against HAZV, DUGV or NSDV lead to positive test results (manuscript II, II, IV). This 

would of course raise questions about serological monitoring studies in ruminants 

which are common hosts for CCHFV, DUGV and NSDV. All sera were also cross-

tested in the newly developed HAZV, DUGV and NSDV assays and therefore, 

conclusions concerning their specificity could be drawn (manuscript IV). 

To begin, cross-reactivities within CCHFV diagnostic assays will be discussed. These 

results and conclusions are the key findings of this thesis for other researchers 

interested in the monitoring of CCHFV. Cross-reactivities between these viruses have 

been observed previously, but have not yet been confirmed using modern assays and 

ruminant antisera [8,18,20]. The results obtained within this study will therefore 

contribute to a more meaningful and accurate application of CCHFV diagnostic assays 

in the future. All sera were tested with three different CCHFV ELISAs, namely an FLI 

CCHFV In-house ELISA based on recombinant N protein, the Vector-Best ELISA 

(Vector-Best, Novosibirsk, Russia, whole virus antigen, species-adapted protocol) and 

the species-independent N protein based double antigen ELISA (IDVet, Grables, 

France). The sera were also tested with a species-adapted protocol of an indirect 

immunofluorescence assay (Euroimmun, Luebeck, Germany) based on cells 

expressing CCHFV N and GPC proteins.  

In general, the CCHFV ELISAs showed a high specificity and thus can be used during 

future monitoring programs. All sera tested negative with the three ELISAs with only 

two exceptions: the immunized DUGV calf tested positive in the FLI CCHFV In-house 

ELISA and the immunized NSDV calf tested positive in all three CCHFV ELISAs 

(manuscript II, IV). Fortunately, no post-infection sera gave a false-positive ELISA 

result, underlining the overall high specificity of these ELISAs. The false-positive 

immunization sera might actually contain antibodies against non-virus compounds. 
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Particularly the NSDV infected calf always showed high background reactions to 

ELISA plates and coating buffers (data not shown). Moreover, significant higher 

antibody levels were detected, than for the experimentally infected animals, commonly 

referred to as hyperimmune sera. It is unclear, which antibody levels are reached 

during natural infections and whether those resemble more our hyperimmune sera or 

the experimentally infected animals. The question was addressed in our study 

involving Nigerian cattle sera which were shown to have high levels of DUGV 

antibodies, but tested negative in all three CCHFV ELISAs. Vice versa also sera with 

high levels of CCHFV antibodies tested negative in the DUGV ELISA (manuscript V). 

These results represent adequate evidence that the DUGV and CCHFV ELISAs are 

suitable for a discriminative diagnostic approach in the field and that field infections 

lead to higher antibody titers than our experimental infections, but not to the levels of 

a hyperimmune serum. The results for our two immunized calves should therefore be 

classified as kind of outliers. Antibodies might also be directed against different 

epitopes when comparing post-immunization and post-infection sera. Other studies 

involving such hyperimmune sera have also revealed cross-reactivities in ELISAs 

between these viruses, but these findings might similarly not mirror the situation in the 

field [12,152,153]. The NSDV infected sheep produced especially high antibody titers 

(e.g., PRNT80 P2 = 1/4096) and even those sera did not cross-react in the CCHFV 

ELISAs. Therefore, we are quite confident that the absence of cross-reactivity will also 

apply to naturally infected sheep. However, this should be further confirmed on a larger 

serum panel including field sera.  

The presented CCHFV ELISAs are mainly based on the N protein (FLI CCHFV In-

house & IDVet: pure recombinant N protein; Vector-Best: whole virus containing 

predominantly N protein antigen). As the N protein is thought to be the most conserved 

and immunodominant protein, the greater majority of CCHFV diagnostic assays is 

based on this protein [45,61]. Many publications presenting new CCHFV ELISA 

protocols do not include cross-reactivity studies and at most refer to outdated literature. 

Even if assay validation studies for testing animal sera have been conducted in regions 

where DUGV or NSDV might be prevalent, the majority of authors did not address this 

concern [11,47,151,154]. In contrast, several groups are aware of the problem and have 

recently analyzed cross-reactivities employing N protein based ELISAs. In one study, 

CCHFV and NSDV N proteins were expressed in human HEK293T cells and used as 

antigens in an indirect ELISA. Mouse antisera raised against the respective N proteins 

were then tested by serial dilution on the homologous and heterologous antigens. In 

this experimental set-up only limited cross-reactivities were observed [152]. Similar 

experiments were also carried out for HAZV N protein (bacterially expressed) 

employing human CCHFV convalescent sera, as well as, post immunization rabbit and 

mouse CCHFV antisera. Significant cross-reactions were observed in this study and 

the authors even propose using HAZV instead of CCHFV N proteins for diagnostic 

purposes [153]. This report rather contradicts our observations as well as a previous 

report which describes a CCHFV ELISA based on CCHFV N protein (baculovirus 
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expression): no cross-reactivities were observed when DUGV and HAZV mouse and 

rabbit hyperimmune sera were used to challenge this ELISA [13]. However, it might 

also be important whether a selected virus is the actual test antigen or the antigen for 

the immunizations. Possibly, cross-reactivities might be stronger in one direction 

(CCHFV antisera tested with HAZV antigen [153]) than the other way round (HAZV 

antisera tested on CCHFV antigen [13]). Within our study, we did not include 

monospecific CCHFV ruminant antisera, as this requires a BSL 4 animal trial. Hence, 

this experiment will be part of future research. Cross-reactivities have also been 

evaluated with an indirect ELISA based on recombinant DUGV N protein. Limited 

cross-reactivities were observed when hyperimmune mouse ascitic fluids raised 

against CCHFV or HAZV were tested with the DUGV N-based ELISA, emphasizing 

again that marginal cross-reactivities also occur between different serogroups [12]. 

However, as post-infection sera originating from ruminants following experimental 

infection as well as natural infections (DUGV cattle) were used in addition to the 

hyperimmune sera, we are confident that our approach and the respective cross-

reactivity data are more representative than results obtained with hyperimmune mouse 

or rabbit sera alone.  

Contradictory results concerning cross-reactivities of DUGV antibodies to CCHFV 

have been previous reported in ELISAs based on whole virus antigens when probing 

ruminant sera. Two studies, conducted in South Africa and CAR respectively utilized 

β-propiolactone or acetone inactivated CCHFV and DUGV antigens in indirect ELISAs 

[57,73]. Whereas in the South African study the majority of tested ruminants revealed 

only CCHFV antibodies, suggesting no cross-reactivity, in the study from CAR most of 

the ruminants tested positive using both antigens leading to the assumption that cross-

reactions are a major threat to the validity of these assay. As DUGV, but not CCHFV 

was frequently isolated from ticks there, the authors neglect the possibility of former 

successive infections. Our study, involving 150 CCHFV seropositive and 150 

seronegative Nigerian cattle sera, revealed that the DUGV antibody prevalence is 

independent of the CCHFV status and therefore, our results are in support of the South 

African study (manuscript V). 

Although comparison with previous studies appears contradictory it is hard to directly 

compare assays between each other as multiple variables will affect their efficacy. For 

example, the virus strain of the antigen, the antigen purity, the expression system and 

resulting differences in protein folding, ELISA coating and blocking conditions as well 

as the quality of the analyzed sera (field sera vs. hyperimmune sera vs. mouse ascitic 

fluids vs. monoclonal antibodies) can all differ significantly. Moreover, the style of 

interpretation in each study varies. In our study, we focused on a practical use-oriented 

approach for field samples using strict classification in terms of positive or negative 

and evaluated whether sera led to optical density (OD) values above the determined 

ELISA cut-off, rather than comparing and interpreting slight increases in the OD values. 

Indeed, we could re-confirm cross-reactivities by Western Blot analysis with 

recombinant N proteins, but on multiple occasions the same sera did not lead to 
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positive results in the respective ELISAs. Hence, this indicates that shared linear 

epitopes are present, but these were not crucial for the ELISA results. Therefore, slight 

bands in Western Blot assays should not be overinterpreted and do not necessarily 

reflect the antigenic cross-reactions in ELISAs [8].  

Finally, one suggestion for a more standardized evaluation of different ELISAs might 

be the inclusion of defined antisera against related viruses in inter-laboratory ring trials. 

This would shed more light on the individual specificities of utilized assays. 

Continuously referring to other publications which in general addressed the cross-

reactivity issue, but did in fact use other (in-house) assays is probably not the best 

approach. Similarly, the continuous challenge of diagnostic assays for field use with 

hyperimmune small rodent sera might indeed reveal cross-reactivities and lead to 

questioning of the specificity of these assays when it is not warranted. In this respect, 

we should bear in mind that such limited cross-reactivities may only be evident for 

antisera with fairly high antibody levels which never occur in nature. Therefore, assay 

validation processes should rely more on field sera or at least experimental post-

infection sera derived from the target species. 

Interestingly, cross-reactivities in ELISAs based on N proteins have not only been 

reported for orthonairoviruses, but also for members of other genera within the order 

Bunyavirales. The Simbu serogroup (genus Orthobunyavirus) comprises several 

viruses of veterinary importance including Schmallenberg (SBV), Akabane (AKAV) and 

Shuni (SHUV) orthobunyavirus. Strong serological cross-reactions were observed, as 

antibodies directed against many of those viruses lead to positive results in commercial 

N protein based SBV ELISAs [155]. Therefore, an ELISA based on viral glycoproteins 

capable of discriminating between the viruses was established [156]. When comparing 

these results with the situation for orthonairoviruses, cross-reactions between CCHFV 

and related viruses in the tested commercial ELISAs were far less obvious.  

In contrast to the promising ELISA data, our study revealed significant cross-reactions 

in the CCHFV iIFA. Whereas the weak positive signals for the HAZV immunized 

animals can possibly be interpreted as non-specific signals, two DUGV infected calves 

as well as the DUGV immunized animals and the NSDV infected and immunized 

ruminants clearly tested positive. The strongest signal was detected for NSDV sheep 

sera, which not only tested positive on cells expressing the CCHFV glycoproteins 

(GPC), but also the CCHFV N protein. The majority of the other animals only led to a 

specific fluorescence signal on GPC expressing cells. Cross-reactivities in 

immunofluorescence assays based on whole virus antigen have previously been 

reported and therefore, these findings are consistent with these reports [18]. However, 

no publication dealing with novel immunofluorescence assays employing recombinant 

proteins has addressed this issue of cross-reactivities. At most, authors state in their 

papers’ discussion that cross-reactivities have to be further evaluated or refer only to 

ELISA data on cross-reactivities [157]. In fact, several other groups even take 

advantage of iIFA cross-reactivities by using hyperimmune CCHFV or HAZV sera for 
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immunostaining of the other virus (e.g., virus titrations [158], PRNT [159]). Self-evidently, 

these methods are not suitable for a discriminative approach. 

In our study, cross-reactivities were seen for all tested viruses including HAZV, DUGV 

and NSDV antisera from our animal trials as well as Nigerian cattle sera (manuscript I, 

II, IV, V). Several of the latter have been confirmed to have DUGV, but not CCHFV 

antibodies, and yet also tested highly positive with the CCHFV iIFA. Therefore, we do 

not recommend using such immunofluorescence assays during serological monitoring 

programs or at least advise the confirmation of positive iIFA results with other assays 

such as ELISAs. For humans, which are also susceptible to DUGV and NSDV, cross-

reactivities might occur within immunofluorescence assays. However, a recent 

multicenter design study has stated, that this iIFA was 100% specific for the detection 

of CCHFV antibodies in humans, despite the fact that DUGV or NSDV antisera were 

not included [160].  

As cross-reactivities in the iIFA were mainly observed for GPC in our study, the results 

do not contradict the high specificity of CCHFV ELISAs, which are N protein based. 

The few noteworthy cross-reactivities in the iIFA for CCHFV N proteins in comparison 

to the negative ELISA results for the respective sera may indicate that the iIFA is more 

sensitive and less specific, which is coherent with our observations for DUGV and 

NSDV when comparing the ELISAs and iIFAs (manuscripts IV, V). For example, 

several Nigerian cattle sera which were confirmed to only have CCHFV antibodies 

(DUGV mVNT and ELISA negative), tested positive with the DUGV iIFA – underlining 

again the reduced specificity of immunofluorescence assays.  

One possible approach for improved specificity of serological assays would be the 

identification of cross-reactive epitopes using epitope mapping of CCHFV, HAZV, 

NSDV, DUGV (and other orthonairoviral) antisera. If such epitopes could be defined, 

one option would be the expression of truncated or mutated proteins for use in ELISAs 

or immunofluorescence assays to prevent these cross-reactivities. However, these 

modifications might also decrease the sensitivity of these assays as the proper 

antibodies might actually be directed against the excluded epitopes. Moreover, 

common peptide scans focus on linear epitopes only and therefore shared 

conformational epitopes might probably been missed [161,162]. A few studies have 

described the expression of truncated CCHFV N proteins. Whereas several human 

CCHFV antisera tested positive with an ELISA based on truncated protein targeting 

the central region of the N protein, antisera against related viruses including HAZV and 

DUGV tested negative [13]. Other studies confirmed that the central region of the N 

protein is the immunodominant region for CCHFV and therefore future efforts including 

cross-reactivity studies should focus on this fragment [163-165]. Concerning the viral 

glycoproteins, epitope mappings for CCHFV have similarly been conducted 

[147,162,166]. However, as the viral glycoproteins are very diverse within the different 

CCHFV strains, it might be difficult to select epitopes which are at once conserved for 

multiple virus strains and specific for CCHFV [61]. In a recent study, for one of two 
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promising peptides which were located on the CCHFV glycoprotein Gc, basic local 

alignment search tool (BLAST) analyses revealed hits for HAZV, DUGV and NSDV – 

indicative for possible cross-reactivities when utilizing this peptide for diagnostic 

purposes [147]. Moreover, the expression of glycosylated proteins appears to be more 

challenging and bacterial expression often leads to unsatisfactory results due to the 

incorrect glycosylation patterns. In contrast, it has been shown that recombinant N 

proteins from genetically diverse CCHFV strains were suitable for the detection of 

CCHFV antibodies and bacterial expression systems work reliably [167].  

In addition to the presented results concerning CCHFV, we have also cross-tested all 

the antisera with the HAZV, NSDV and DUGV assays (manuscript IV). In contrast to 

the CCHFV diagnostics, not only ELISAs and iIFAs, but also neutralization assays 

could be evaluated as these do not require BSL 4 containment. Determining cross-

reactivity is particularly important for the monitoring of the NSDV occurrence. It is 

crucial that the novel assays can reliably differentiate between NSDV and DUGV 

antibodies, because these are members of the same serogroup. These viruses have 

an overlapping distribution (e.g., Kenya [72,87], Uganda [75,103]) and host (sheep and 

cattle) range. As HAZV antibodies have not been detected in Africa and generally not 

in ruminants, this overall discussion will focus only on the NSDV and DUGV data. 

Detailed results concerning all cross-reactivities including HAZV can be found in the 

original article (manuscript IV). 

The N protein based ELISAs achieved a high specificity as only the DUGV immunized 

calf tested positive with the NSDV ELISA, comparably to the above mentioned cross-

reactivities within the FLI CCHFV In-house ELISA. The same underlying reasons may 

be responsible here, including the hyperimmune status as well as non-specific 

antibody reactivities. Nevertheless, with this sole exception, both ELISAs were able to 

reliably differentiate between DUGV and NSDV antibodies. Future investigations 

involving African field sera will reveal whether this applies also to those samples. 

In the iIFA, significant cross-reactions were observed as several DUGV and NSDV 

antisera were tested positive in the heterologous assays. However, a single serum 

dilution (1/50) was analyzed and a comparative titration of serum samples would have 

probably revealed the correct diagnosis [119]. Nevertheless, for high throughput testing 

such laborious titrations employing different viruses as test antigens are not suitable.  

Cross-reactivities were also observed within the neutralization assays. However, it is 

important to acknowledge that neutralizing activity in vitro might not reflect the situation 

in vivo. This applies not only for the heterologous protection, but also to homologous 

infections. As an example, several CCHFV vaccine trials revealed the formation of in 

vitro neutralizing antibodies, which did nevertheless not lead to sufficient protection in 

vivo (reviewed in [37]).  

In the PRNT, multiple sera would have been classified wrongly when individually tested 

against the heterologous virus. In particular the NSDV sheep sera also neutralized 

DUGV, but this was also the case for a few DUGV sera where they lead to a significant 
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reduction of NSDV plaques. In parallel to the claimed high sensitivity of these PRNTs, 

the specificity seems to be drastically reduced. These results are similar to previous 

observations that rabbit NSDV antiserum effectively cross-neutralized DUGV in a 

similar PRNT [82].  

In the mVNT, these cross-reactivities were still present but far less pronounced. For 

future field studies the cut-off should be increased (e.g., 1/15 instead of 1/7) in order 

to reduce the amount of false positive results. As the majority of NSDV sera lead to 

distinctly higher titers, the sensitivity of the mVNT will probably be only slightly 

decreased. In our Nigerian study, we set the DUGV mVNT as the gold standard (cut-

off 1/10) and calculated the specificity of the ELISA and iIFA alongside to the mVNT 

results (manuscript V). So far, NSDV has not been detected in Nigeria and therefore, 

we state that, even though NSDV antibodies can also lead to weak positive results in 

the DUGV mVNT, this concern does not apply to our study. In a previous study, DUGV 

antibodies were not capable of neutralizing NSDV in micro-culture, but the reverse is 

yet to be verified [20].  

In summary, we recommend the novel ELISAs in combination with mVNTs as 

appropriate serological tools for DUGV and NSDV. However, several limitations of our 

study should be kept in mind. It is obvious that all infected and immunized animals 

developed immune responses of differing strength. Whereas NSDV surviving sheep 

developed high antibody titers, the DUGV antibody response in sheep was very poor. 

Therefore, the direct comparison of these sera may be misleading. Future studies 

involving African field sera may reveal the relevance of putative cross-reactivities. 

However, when dealing with field sera it is always questionable whether these contain 

antibodies against both agents due to simultaneous or successive infections. One 

suitable, but very laborious approach would be the inclusion of sera from regions, 

where so far only one of these viruses has been described and/or transmission 

competent vectors for the other are rather absent, in parallel to the analysis of sera 

from regions where both agents are prevalent. Moreover, the interference with other 

viruses has to be considered, as for example, KUPV is also a member of the same 

serogroup, but its epidemiology is terra incognita [168]. 

In conclusion, limited cross-reactions occur not only within, but also between the NSDV 

and CCHFV serogroup (manuscript I, II, IV, V). Whereas the ELISAs revealed a high 

specificity, significant cross-reactivities were seen in iIFAs in all studies included in this 

thesis. This applies not only to the commercial (IDVet, Vector-Best, Euroimmun) and 

in-house assays (FLI CCHFV in-house ELISA), but also to the novel HAZV, DUGV and 

NSDV serological tests. As a final remark, the former strict classification of these 

serological groupings should be reconsidered. Several recent studies involving genetic 

analysis have independently found, that members of the NSDV serogroup and CCHFV 

serogroup are more closely related to each other than to members of other serogroups 

[21,22,59,60]. Authors even propose considering a new classification into genogroups 

(evolutionary relationships) rather than the antiquated grouping based on antigenic and 
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phenotypic similarities [21]. Several CCHFV studies include HAZV into their 

consideration when discussing cross-reactivities thus lulling themselves into a false 

sense of security, stating that HAZV is not known to infect humans [169]. The generally 

accepted inclusion of DUGV and NSDV into the CCHFV “cluster” would probably lead 

to an increased awareness concerning cross-reactivities also to these viruses, not only 

when investigating animal, but also human sera. 
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Chapter 8: Summary 

 

BEYOND CCHFV – Characterization of Orthonairovirus Infections in 

Ruminants 

Julia Hartlaub 

 

The genus Orthonairovirus (order Bunyavirales) comprises several tick-borne 

arboviruses associated with special impact on human and animal health, respectively. 

Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV, BSL 4) can induce a fatal 

hemorrhagic fever in humans, whereas Nairobi sheep disease orthonairovirus (NSDV, 

BSL 3) is highly pathogenic for small ruminants. Other closely related, but less 

pathogenic viruses such as Hazara orthonairovirus (HAZV, BSL 2, CCHFV serogroup) 

and Dugbe orthonairovirus (DUGV, BSL 3, NSDV serogroup) are not well 

characterized yet, despite they might serve as suitable surrogates. 

Due to global warming including the spread of transmitting tick vectors and to increased 

human and animal movements, it is likely that the distribution range of 

orthonairoviruses is enlarging. Thereby, the population of animals and humans at risk 

to suffer from severe diseases is increasing. Hence, further research on the 

pathogenesis of these virus infections is essentially needed. Furthermore, it is 

indicated to determine the current distribution and the further spread of these viruses 

for an appropriate risk assessment and management. One suitable approach is the 

monitoring of affected animals (mainly ruminants) as an indicator for an active virus 

circulation in the environment. For such monitoring programs, sensitive and specific 

assays for testing animal sera are required. 

In this thesis, several experimental infections and immunization trials in sheep and 

cattle were carried out involving HAZV, DUGV and NSDV. A classical pathogenesis 

study in ruminants was conducted, looking for clinical signs, viremia, virus shedding, 

viral organ distribution and pathological lesions in order to increase the understanding 

for these neglected viral infections.  

Specific RT-qPCRs for the detection of HAZV, DUGV and NSDV genomes were 

established and the virus-specific seroconversion was demonstrated by different newly 

developed assays, including ELISAs based on recombinant N proteins, indirect 

immunofluorescence assays (iIFA) and two different neutralization tests (micro-virus 

neutralization test (mVNT) and plaque reduction neutralization test (PRNT)). 

Whereas neither sheep nor cattle were susceptible to HAZV infections, ruminants 

infected with DUGV developed a subclinical course of infection. The sheep infected 

with NSDV showed characteristic clinical signs including high fever and severe 

diarrhea. Cattle – hitherto classified as resistant to NSDV – did not develop any clinical 
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signs, but were still susceptible to the NSDV challenge, as they all showed antibody 

seroconversion.  

The course of antibody titers was evaluated as multiple serum samples were collected 

during the observation period and tested with the newly developed serological assays. 

A preliminary ranking order of the sensitivity could be established, as the initial 

detection of specific antibodies differed between the individual assays. The highest 

sensitivity was achieved with the PRNT, followed by the mVNT, iIFA and ELISAs. 

Summing up, in the course of this study, several mono-specific HAZV, DUGV and 

NSDV ruminant antisera following experimental infections and immunization trials were 

obtained. Such sera are predisposed to serve as specific reference sera for diverse 

research questions. For instance, cross-reactivities between related viruses decrease 

the sensitivity and specificity of serological assays. As HAZV, DUGV, NSDV and even 

CCHFV have an overlapping host and distribution range in Africa and Asia, cross-

reactions might hinder serological investigations. Therefore, one major aim of this 

project was the evaluation of putative serological cross-reactions between these 

viruses. The  experimental mono-specific sera were utilized in different currently used 

CCHFV serological assays as well as in the newly developed serological assays for 

HAZV, DUGV and NSDV.  

Sera were analyzed in three different CCHFV ELISAs and all assays revealed an 

overall high specificity as no HAZV, DUGV or NSDV post-infection serum led to a 

positive test result. In contrast, significant cross-reactivities were observed in a CCHFV 

iIFA. In conclusion, we recommend the CCHFV ELISAs for serological monitoring 

programs and advise the further confirmation of positive iIFA results by additional tests.  

The cross-testing of all HAZV, DUGV and NSDV post-immunization and post-infection 

sera lead to comparable results. High specificities were observed in the indirect 

ELISAs and mVNTs, whereas cross-reactions were seen in iIFAs. Therefore, we 

recommend ELISAs and mVNTs for a discriminative approach of DUGV and NSDV 

antibodies. As ruminants were not susceptible to HAZV, it can be neglected as a cross-

reactive agent. 

Finally, several observations and conclusions made within this study still have to be 

confirmed employing larger serum sets with African/Asian field sera. For DUGV, this 

was already performed within this thesis. In total, 300 Nigerian cattle sera were tested 

for the presence of CCHFV and DUGV antibodies. A new DUGV ELISA cut-off was 

determined and diagnostic specificities and sensitivities were calculated. The 

functionality of the new DUGV serological assays was shown and we could reconfirm, 

that both the DUGV ELISA as well as the CCHFV ELISAs can reliably differentiate 

between these antibodies. Cross-reactivities were again observed within the DUGV 

and CCHFV iIFA. 

In summary, the course of HAZV, DUGV and NSDV infections in sheep and cattle was 

comparatively characterized and valuable insights into the species-specific 
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susceptibility and pathogenesis of these infections were obtained.  Moreover, several 

diagnostic assays for the detection and discrimination of antibodies directed against 

different orthonairoviruses were developed and evaluated. The results and conclusions 

of this study will render possible a justified application of orthonairoviral serological 

assays during further monitoring studies. 
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Chapter 9: Zusammenfassung 

 

Jenseits von CCHFV – Charakterisierung von Orthonairovirus 

Infektionen in Wiederkäuern  

Julia Hartlaub 

Das Genus Orthonairovirus (Ordnung Bunyavirales) umfasst verschiedene durch 

Zecken übertragene Arboviren, die Erkrankungen bei Tieren und Menschen 

hervorrufen können. Das Krim-Kongo-Hämorrhagische-Fieber-Orthonairovirus 

(CCHFV, BSL 4) kann zu einem teils letal verlaufenden hämorrhagischen Fieber beim 

Menschen führen, wohingegen Nairobi Sheep Disease Orthonairovirus (NSDV, BSL 

3) hochpathogen für kleine Wiederkäuer ist. Andere nah verwandte, aber weniger 

pathogene Viren wie Hazara Orthonairovirus (HAZV, BLS 2, CCHFV Serogruppe) und 

Dugbe Orthonairovirus (DUGV, BSL 3, NSDV Serogruppe) sind bisher kaum 

charakterisiert, obwohl sie als geeignete Modellviren dienen können. 

Aufgrund der globalen Klimaerwärmung, die mit der Ausbreitung übertragender 

Zeckenvektoren verbunden ist, und vermehrten Tierbewegungen und Reiseaktivitäten 

ist es wahrscheinlich, dass sich das Verbreitungsgebiet der Orthonairoviren 

ausdehnen wird. Damit vergrößert sich auch der Anteil an Tieren und Menschen, die 

schwer erkranken könnten. Daher ist die Erforschung der Pathogenese dieser 

Virusinfektionen essentiell.  Außerdem ist es für eine angemessene Risikobeurteilung 

und das Risikomanagement angezeigt das aktuelle Vorkommen sowie die weitere 

Verbreitung dieser Viren zu untersuchen. Dafür ist das Monitoring betroffener Tierarten 

(v.a. Wiederkäuer) als Indikator für die tatsächliche Viruszirkulation ein geeigneter 

Ansatz. Für solche Monitoringprogramme sind sensitive und spezifische diagnostische 

Testverfahren für die Untersuchung von Tierseren erforderlich. 

Im Rahmen dieser Dissertation wurden experimentelle Infektions- und 

Immunisierungsstudien mit HAZV, DUGV und NSDV in Schafen und Rindern 

durchgeführt. In klassischen Pathogenesestudien wurden die klinischen Verläufe und 

das Auftreten einer Virämie und Virusausscheidung untersucht und die Virusverteilung 

im Organismus einschließlich pathologischer Veränderungen analysiert um ein 

besseres Verständnis für diese Virusinfektionen zu gewinnen.  

Für die molekularen Nachweise von HAZV, DUGV und NSDV wurden spezifische RT-

qPCRs etabliert. Für die spezifischen serologischen Nachweise von Antikörpern gegen 

diese drei Viren wurden indirekte ELISAs basierend auf rekombinanten N Proteinen, 

indirekte Immunfluoreszenztests (iIFA) und zwei verschiedene Neutralisationstests 

(micro-Virus-Neutralisationstest (mVNT) und Plaque-Reduktions-Neutralisationstest 

(PRNT)) neu entwickelt. 

Weder Schafe noch Rinder erwiesen sich empfänglich für eine HAZV Infektion. Mit 

DUGV infizierte Wiederkäuer erkrankten lediglich subklinisch. Die mit NSDV infizierten 

Schafe entwickelten eine klassische Symptomatik mit hohem Fieber und schwerem 

Durchfall. Rinder, die bisher als resistent für NSDV eingestuft waren, zeigten keine 
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Symptome. Dennoch waren sie empfänglich für die Infektion, was durch den Nachweis 

einer spezifischen Serokonversion gezeigt werden konnte. 

Der Verlauf der Antikörper-Titer wurde vergleichend untersucht, indem wiederholt 

Serumproben im Rahmen der Tierversuche gewonnen und mit den neu entwickelten 

Tests analysiert wurden. Die im zeitlichen Verlauf früheste Detektion von Antikörpern 

in den jeweiligen Tests erlaubte Rückschlüsse auf die Sensitivität der Tests.  Die 

höchste Sensitivität wurde mit dem PRNT erzielt, gefolgt von mVNT, iIFA und ELISAs. 

Zusammenfassend wurden im Rahmen dieser Studie monospezifische 

Wiederkäuerseren nach experimentellen Infektions- und Immunisierungsversuchen 

generiert. Solche Seren dienen als Referenzseren für verschiedene Fragestellungen. 

Beispielsweise vermindern Kreuzreaktivitäten zwischen verwandten Viren die 

Sensitivität und Spezifität serologischer Tests. Da HAZV, DUGV, NSDV und CCHFV 

ein überlappendes Wirtsspektrum und Verbreitungsgebiet in Afrika und Asien haben, 

könnten solche Kreuzreaktionen serologische Untersuchungen beeinträchtigen. Ein 

Hauptziel dieses Projektes war deshalb die Evaluierung dieser Kreuzreaktivitäten. Die 

monospezifischen Antiseren wurden in verschiedenen serologischen Tests für die 

Detektion von CCHFV Antikörpern eingesetzt, ebenso wie in den neu entwickelten 

serologischen Testverfahren für HAZV, DUGV und NSDV. 

Die Tierversuchsseren wurden in drei CCHFV ELISAs getestet und da kein Antiserum 

nach experimenteller Infektion mit HAZV, DUGV oder NSDV zu einem falsch-positiven 

Ergebnis führte, ist die Spezifität dieser CCHFV ELISAs hoch. Im Gegensatz dazu 

wurden deutliche Kreuzreaktionen in einem CCHFV iIFA festgestellt. Deswegen 

empfiehlt sich der Einsatz von CCHFV ELISAs in Monitoring-Studien und positive iIFA 

Ergebnisse durch andere Testverfahren zu bestätigen. 

Die Kreuztestung aller HAZV, DUGV und NSDV Immunisierungs- und Infektionsseren 

führte zu vergleichbaren Ergebnissen. ELISAs und mVNTs zeigten eine hohe 

Spezifität, wohingegen wieder Kreuzreaktionen in dem iIFA auftraten. Deswegen 

sollten ELISAs und mVNTs zur unterscheidenden Diagnostik von Antikörper gegen 

DUGV und NSDV eingesetzt werden. Da Wiederkäuer nicht empfänglich für HAZV 

Infektionen waren, kann HAZV als Auslöser von Kreuzreaktivitäten vernachlässigt 

werden. 

Die Ergebnisse dieser Studie sollten nun noch unter Verwendung von Feldseren 

bestätigt werden. Für DUGV wurden diese Untersuchungen bereits im Rahmen dieser 

Dissertation durchgeführt. Insgesamt wurden 300 nigerianische Rinderseren auf 

Antikörper gegen CCHFV und DUGV untersucht. Ein neuer DUGV ELISA Cut-off 

wurde berechnet und die diagnostische Spezifität und Sensitivität der Tests bestimmt. 

Mithilfe dieser Feldproben konnte die Funktionalität der neuen serologischen Tests für 

die Detektion von DUGV Antikörpern gezeigt werden. Zudem konnte bestätigt werden, 

dass der DUGV ELISA und die CCHFV ELISAs zuverlässig zwischen diesen 

Antikörpern unterscheiden können. Kreuzreaktivitäten wurden wiederum in der DUGV 

und CCHFV iIFA festgestellt. 
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In diesem Projekt wurden HAZV-, DUGV- und NSDV-Infektionen in Schafen und 

Rindern vergleichend untersucht und wertvolle Einblicke in die spezies-spezifische 

Empfänglichkeit und Pathogenese dieser Virusinfektionen gewonnen. Zudem wurden 

verschiedene Tests für die Detektion und Unterscheidung von Antikörpern gegen 

Orthonairoviren entwickelt und evaluiert. Die Ergebnisse und Schlussfolgerungen 

dieser Studie ermöglichen künftig den gezielten Einsatz dieser serologischen Tests im 

Rahmen von Monitoring-Studien. 
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