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1. Introduction
1.1. The Crimean-Congo hemorrhagic fever virus: taxonomy and discovery

The Nairoviridae virus family belonging to the order Hareavirales consists of eight genera
including the Orthonairoviruses that are important human pathogens. Among the 51 species
within the Orthonairovirus genus, the most significant is the Crimean-Congo hemorrhagic
fever serogroup, including the Orthonairovirus haemorrhagiae species (historically called as
Crimean-Congo hemorrhagic fever orthonairovirus; CCHFV) [1, 2].

CCHFV was first identified in the Crimean Peninsula in the 1940s in patients with
hemorrhagic symptoms. In 1944, ticks were confirmed to play an important role in virus
transmission as vectors. In 1965, the virus was also isolated in the territory of the Democratic
Republic of the Congo. In 1969, it was confirmed that the two virus strains are identical and
were named Crimean-Congo hemorrhagic fever virus [3]. Since 2015, CCHFV has been
identified as one of the most significant emerging tick-borne pathogens, and was categorized

as a priority disease with pandemic potential listed by the World Health Organization (WHO)
[4].

1.2. Genetic properties and virus structure

CCHFV virions are enveloped, spherical, approximately 100 nm in diameter, and have a host
cell-derived lipid envelope [1, 2, 5, 6]. The viral genome consists of three circular RNA
segments of negative polarity with complementary non-coding regions present at the 5’ and
3’ termini of the segments functioning as viral promoters (Figure 1) [5, 6]. Non-coding
regions (NCRs) facilitate the binding of RNA-dependent RNA polymerase (RdRp or L
protein) to the viral genome during replication, thereby initiating viral transcription and
replication. NCRs function to initiate the encapsidation, transcription, replication and
genome packaging. The small segment (S; 1.6 kb) encodes the nucleocapsid protein (NP)
and the non-structural S protein (NSs). The NSsis encoded in the opposite orientation relative

to the NP gene, indicating that CCHFV might be considered an ambisense virus. The size of


https://wwwnc.cdc.gov/eid/article/29/2/22-0976_article#r16

the NP is 54kD and its main role is during virus replication: the NP together with the viral
RNA (VRNA) and the RdRp (459 kDa) encoded by the large segment (L; 12.1 kb) form the
ribonucleoprotein. In terms of its spatial structure, the L protein is most comparable to the
right hand with "finger", "palm" and "thumb™ domains. The palm domain contains four main
conserved motifs (A-D), of which the active center responsible for polymerase activity is
located on domain C. On the surface of the virion, the mature glycoproteins (Gc and Gn) are
present, which are responsible for the receptor binding and virus entry. Gn and Gc are
encoded by the medium segment (M; 5.4 kb) in a single open reading frame (ORF) as one
glycoprotein complex (GPC) that is processed post-translationally into several structural and
non-structural proteins. The name Gn refers to the terminal end of the protein with an amino
group, located on the surface of the virion, while Gc denotes the end containing the carboxyl
group of the glycoprotein, embedded in the lipid envelope of the virus. The non-structural
protein encoded on the M segment (NSm) is also produced during the posttranscriptional
cleavage of the GPC. NSm is responsible for virus “motion”, and it also serves as a virulence
factor by potentially increasing viral fitness, pathogenicity in humans and persistence in tick

reservoirs [5-8].
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Figure 1. The three genome segments (S, M and L) of the CCHFV [7].



1.3. Genetic diversity

In correspondence with the wide geographical distribution, CCHFV is a genetically diverse
virus. Although the NP and L proteins are conserved among all CCHFV strains with
approximately 95% amino acid identity, the GPC is much variable with less than 75% amino
acid conservation [5, 6].

Genetic clades of CCHFV separate based on geographical location, however, the nature of
the selective pressures driving this diversity is still unknown [5, 6]. According to
phylogenetic analysis of the S segment, CCHFV is divided into seven genetic clades: two
lineages originate from Asia, two from Europe, and three from Africa [9]. The mutation rates
were estimated to be 1.09E-04, 1.52E-04 and 0.58E-04 substitutions/site/year for the S, M,
and L segments, respectively [10].

Inter- and intra-host genetic diversity of RNA viruses, such as CCHFV can be described by
the complex interactions between de novo mutations and selection that includes adaptation
mutations to the host organism, thereby allowing the virus to evade host immunity. A
frequently used method to study virus diversity is through mutation accumulation
experiments, which involve propagating the virus over many generations intervened with
severe bottlenecks in order to reduce the effectiveness of selection. Consequently, mutations
within the virus genome can accumulate at the virus-specific unbiased basic mutation rate.
One very commonly used bottleneck is infecting the susceptible cells at a very low MOI
(multiplicity of infection; the ratio between the infective virus particles and the cells), as it
promotes the selection for the fittest genomes within a viral cloud [11]. Codon usage bias as
a descriptive phenomenon regarding the evolutionary characteristics of the CCHFV was
analyzed by Rahman et al. Based on the relative synonymous codon usage (RSCU) and other
indicators, the codon usage bias of CCHFV was shown to be relatively low. However, the
comparative analysis between the RSCU of CCHFV and the host suggests that the virus tends

to evolve to the host’s codon usage pattern [12].



1.4. Pathogenicity

The incubation period for the development of symptoms in humans depends on the mode of
exposure. Following tick bite, the incubation period generally lasts from 1-3 days (up to 9
days) whereas, the incubation period is 5-6 days with a maximum of 14 days following
transmission from infected body fluids [3, 7, 13].

The entry receptor for CCHFV was recently discovered to be the low-density lipoprotein
receptor (LDLR) [14, 15]. After the attachment, the virus enters the cell via clathrin-mediated
endocytosis [14]. Primary transcription from the VRNA occurs by using host-cell-derived
primers and the virus-associated RdRp. Then, translation of the three genome segments
occurs along with the co-translational cleavage of the M segment polyprotein and the post-
translational cleavage of the precursors. Dimerization of Gn and Gc takes place in the
endoplasmic reticulum (ER). After the membrane-associated RNA replication (synthesis and
encapsidation of the copy RNA that serves as a template for VRNA synthesis), the dimerized
Gn and Gc are transported to the Golgi apparatus, where the newly synthetized NP is
localized and the virus assembly takes place. The modified host-membrane is acquired by
budding into the Golgi cisternae. After the vesicular transport and virus maturation, the
cytoplasmic vesicles containing the virions fuse with the plasma membrane and the mature
virus particles are released from the cell [5].

CCHEFV infection can cause a wide range of symptoms. In certain hyper-endemic areas, such
as Turkey and the Balkan region, the rate of asymptomatic infection is estimated around 80%
[3, 13, 35]. In the case of symptomatic infection, the incubation phase is followed by the pre-
hemorrhagic phase lasting for 2-4 days, with abrupt onset of nonspecific symptoms such as
fever, headache, myalgia, dizziness, neck pain and stiffness, sore eyes and photophobia, sore
throat, abdominal pain, nausea, vomiting, and diarrhea [3, 13]. The subsequent hemorrhagic
stage is typically short (2-3 days), presenting with petechiae and extended ecchymoses on
the mucous membranes and skin. In addition to these symptoms, hemorrhaging from the
gums, nose, internal organs, and gastrointestinal system may occur. Severe cases are marked
by the rapid progression of disseminated intravascular coagulation (DIC), excessive

bleeding, multi-organ failure, and shock. In fatal cases, death typically occurs in the second
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week of illness. In survivors, convalescence begins approximately 9 days after symptoms
onset [13]. It is estimated, that the case fatality rate among patients seeking hospital treatment
is around 5-40% [3, 13]. Due to the expanding geographical distribution of CCHFV, the
number of annual cases and seroprevalence are increasing worldwide [3]. Considering the
high risk posed by CCHFV infection to the individual and the community, and as there is no
licensed vaccination or treatment available, CCHFV is categorized as a risk group 4 (RG4)

pathogen, and must be handled under biosafety level 4 (BSL-4) conditions.
1.5. Epidemiology

CCHEFV is endemic to the Balkan region, Eastern and Southern Europe, the Middle East,
Africa and Asia [16]. Over 30 tick species have been described as potential virus carriers
worldwide (Hyalomma spp, Rhipicephalus spp, Ornithodoros spp, Dermacentor spp, Ixodes
spp ticks, Ambylomma variegatum, Boophilus decoloratus, etc.) [17, 18], but the predominant
vectors are the ticks of the Hyalomma genus (H. marginatum, H. truncatum, H. impeltatum,
H. impressum, H. lusitanicum, etc.) distributed up to the 50° North latitude (Figure 2) [19].
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Figure 2. The latest map (2023) on the geographic distribution of the H. marginatum tick, the
predominant vector of the CCHFV [19].

The natural cycle of CCHFV includes trans-ovarial and trans-stadial transmission among

ixodid ticks and involve different wild and domestic animals, such as hares, rodents, cattle,

sheep, goats, etc. (Figure 3). The role of animals as virus reservoirs and source of infection

has been highlighted by many publications reporting the presence of asymptomatic viremia
lasting up to 7-15 days [20, 21, 27]. As CCHFV is maintained through a tick-vertebrate-tick

transmission cycle, the major route for human infection is through tick bite or direct exposure

to body fluids of infected animals, including removing infected ticks from animals. Human-

to-human transmission can also occur, especially as a nosocomial infection (Figure 3) [22-

27].
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Figure 3. The natural epizootic cycle of CCHFV transmission, including an enzootic cycle,
and transmission to humans through tick bite or via direct contact with infected body fluids

of animals, and occasional human-to-human transmission [27].

The expanding geographical distribution of the main tick vectors due to climate change and
through migratory birds, and the movement of livestock vertebrates as potential virus hosts
are serious concerns for virus spread [28-30]. In correspondence with the geographical
distribution of the virus, which overlaps with the expanding spatial spread of the principal
tick vectors, CCHFV is a genetically diverse pathogen [7-10]. Three out of seven distinct
lineages are circulating in Europe: the Europe-1 lineage (the most affected countries are
Albania, Bulgaria, and Turkey), the Europe-2 lineage (isolated in Greece and Turkey), and
the Africa-3 lineage (recently affecting the West-Mediterranean region, including Spain,
Portugal and France) [28-38]. The spread of the Europe-2 lineage (including the Aigai virus
— previously called as CCHFV AP92 strain — circulating in Greece and associated with less
severe infections) is attributed to the Rhipicephalus bursa tick [32]. Due to global warming
and the movement of migratory birds, the distribution of Mediterranean tick species has
shifted further north in the previous decade [32-34].

CCHF cases have been reported from over 30 countries worldwide, with 10,000-15,000

infections per year, of which 500 were fatal [35]. The most affected countries are Albania,
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Bulgaria, Georgia, Afghanistan, Kosovo, Russia, Spain, Portugal, Ukraine, Irag, Pakistan,
India, Turkey, Uganda and Sudan. Further serological evidence was found on potential virus
circulation in Greece, Croatia, France, and Romania, as well. In Europe, approximately 6,000
CCHF cases were reported between 1953 and 2010. During this period, outbreaks were
identified in Russia and Ukraine (including the Crimean Peninsula), Bulgaria, Albania,
Kosovo, and Turkey [35, 36]. CCHF was first diagnosed in Bulgaria in the mid-1950s and
became endemic in several regions of the country. In Greece, the first and so far only
autochthonous case was reported in 2008, meanwhile the seroprevalence in specific regions
of the county is over 5% [35]. In 2016, Spain reported its first autochthonous cases, and a
retrospective study conducted in 2020 showed that another CCHF case had occurred in the
same province in 2013 [37, 38]. Since 2016, 17 cases have been confirmed in three different
regions of Spain, including one secondary nosocomial infection and 6 fatal cases [38]. Since
2002, Turkey reported over 16,500 confirmed cases, including 787 deaths. In North
Macedonia, three cases were reported in 2023, one of which was fatal [35].

To detect the potential geographic spread and circulation of CCHFV, many
seroepidemiological surveillance and local serosurvey studies have been performed and
published worldwide [39, 40]. As the antibody prevalence in the general human and animal
populations are good indicators for the presence or absence of the virus in a specific region,
seroepidemiological studies are used to define risk areas of CCHFV circulation [40].
Furthermore, serological surveys in the animal populations are also the principal source of
information to monitor areas with natural virus transmission and to identify exposed species
[41]. Surveys among high-risk occupations for CCHFV infection, such as veterinarians,
farmers, foresters, hunters and abattoir workers who are in close proximity to livestock or
can acquire tick bite, also bear important predictive value [42].

Although there haven’t been any confirmed human cases in Hungary so far, the principal
vectors, H. marginatum and H. rufipes were identified multiple times and in various places
in Hungary (Budapest, Veszprém, Pest, Somogy, Békés, Bacs-Kiskun and Vas counties)
between 2011 and 2021, and other potential tick vectors are also present in the country [20,
47-52]. Furthermore, local studies performed in Békés and Baranya counties between 2008

and 2013, focusing on rodents and brown hares (Lepus europaeus) showed seropositivity
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among the animal population as well [53, 54]. Based on this data, in terms of the One Health
approach, Hungary was categorized as a high evidence consensus country with no CCHF
cases reported and no robust surveillance established. However, available data point toward
the possibility of undetected CCHF cases and/or potential virus introduction to the country
[55-57].

1.6. Diagnosis and treatment

According to the 18/1998. (VI. 3.) NM decree on the necessary epidemiological measures to
prevent infectious diseases and epidemics, CCHFV diagnosis in Hungary is performed
exclusively in the National Biosafety Laboratory (NBL), at the National Center for Public
Health and Pharmacy (NCPHP), Budapest, under BSL-4 containment [58]. Work with
appropriately inactivated samples (heating to 56°C for at least 30 minutes, gamma irradiation,
or the addition of fixatives or disinfectants, including formalin, lysis buffer and absolute
ethanol, sodium dodecyl sulfate, TRIzol or Triton-X100, etc.) can be performed in BSL-2
laboratory environment with precautions. Care should be taken when choosing an
inactivation method to avoid interference with the diagnostic assay intended to be used. The
diagnosis of human CCHFV infection must be confirmed by direct detection of virus nucleic
acid or antigens, or by measurement of serological responses consistent with acute infection
[21].

Viremia is the most common in the first few days after symptoms onset, but rapidly decreases
after the first week. The primary method for diagnosis of CCHFV infection is nucleic acid
detection by reverse-transcription polymerase chain reaction (RT-PCR) within the first two
weeks after symptoms onset. Many different nucleic acid amplification tests (NAATS) have
been published for the diagnosis of CCHFV infection including commercially available kits.
Quantitative reverse-transcription polymerase chain reaction (RT-gPCR) targeting the
conserved S segment is a commonly used and sensitive method in the first 10-12 days after
symptom onset, and is generally more widely available than virus isolation. NAATS are
performed from whole blood and serum samples, and saliva and/or urine samples are also

suitable for follow-up testing. Quantification of the viral load may be useful for disease
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prognosis, as viral loads among survivors tend to be lower than among cases with a fatal
outcome and may correlate with symptom severity [59, 60].

In vitro virus isolation may be performed from samples taken within the first week of illness,
in different cell lines with enhanced susceptibility (BHK-21, SW13, Vero, Vero E6, MDBK
etc. cell lines) combined with either fluorescence focus or (pseudo)-plaque-based assays. In
vivo virus isolation may be performed via intracerebral inoculation of suckling mice, or 4-6
weeks old mice deficient in type | interferon responses [21, 59, 60].

Serological testing is based on the detection of anti-CCHFV IgM antibodies or a 4-fold
increase in anti-CCHFV 1gG titers between serial serum samples. In the very early phase of
the disease, the use of serological tests is less recommended, as specific antibodies can only
be detected later, between days 5-14 after symptoms onset. Anti-CCHFV IgG antibodies are
detectable for a maximum of 5 years in the serum of infected individuals [59-61].

Point of care rapid tests developed in recent years are currently being evaluated in endemic
areas. Neutralizing antibody assays are not routinely used for CCHF diagnosis, however
using cytopathic effect (CPE)-based pseudo-plaque or plaque reduction neutralization tests
can be used for validation of other serological results [59-61]. Not only kits suitable for
human diagnosis are available, but there are also novel assays for serological testing of
animals, including cow and multi-species ELISA kits [62].

There is currently no licensed vaccine available against CCHFV infection. The only way of
prevention is to protect against tick bites with repellents and to use appropriate protective
clothing. Supportive therapy is used in the case of infection, but ribavirin has proven to be
an effective antiviral agent in case of early administration [63].
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2. Objectives

Due to the epidemic potential and the lack of sufficient countermeasures, the WHO identified
CCHEFV as one of the priority pathogens that pose great individual and public health risk [5].
Consequently, a Research and Development Blueprint was published to promote the
development of diagnostics, therapeutics, vaccination and vector control strategies against
CCHEFV [5]. Such developments require standardized, well-characterized and reproducible
laboratory protocols and models at the level of applied and fundamental research. Thus, by
incorporating the international standards and requirements into our CCHFV research, we set
out the following goals in my thesis:

1. Phenotypic and genetic characterization of the CCHFV Afg09-2990 laboratory strain
in a stable and controlled cellular environment, in order to

i. describe virus growth Kkinetics in different cell lines;

ii. determine the optimal conditions for virus propagation in different cell
lines for the purpose of downstream diagnostic development and
application (multiplicity of infection, day to harvest, cell lines with
high permissivity);

iii. determine the degree of growth-induced mutations in specific cell
lines by revealing the phenotypic changes and genetic variations in the
virus genome.

2. As part of the One Health concept, by using well-established and validated in-house
and commercial serological assays, we aimed to perform the first broad-range
CCHFV serological surveillance studies in Hungary among

i. the general human population (healthy blood donors); and

ii. free-range vertebrates as indicator animals (cattle and sheep).
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3. Materials and methods
3.1. Cell cultures

Four different cell lines susceptible for CCHFV were used in our experiments; Vero E6
(European Collection of Cell Cultures (ECACC), Porton Down, Salisbury, United Kingdom),
Vero (Nuvonis Technologies GmbH, Vienna, Austria), and SW13 (ECACC) cells were
maintained in the Dulbecco-modified Eagle medium (DMEM; VWR International bv,
Leuven, Belgium) supplemented with 10% fetal bovine serum (FBS; Euroclone S.p.A., Pero,
Italy) at 37°C under 5% CO2. BHK-21 (ECACC) cells were grown in Glasgow Minimum
Essential Medium (GMEM; Biowest SAS, Rue de la Caille, France) supplemented with 10%
FBS at 37°C under 5% COx. In order to minimize bias introduction by the cell passaging and
morphological changes, cells were passaged for a minimum of two and a maximum extent

of 15 passages.
3.2. Virus strain and propagation

The CCHFV Afg09-2990 strain (Genbank acc. No. HM452305.1, HM452306.1,
HM452307.1) used in our experiments was provided by the Bernhard Nocht Institute for
Tropical Medicine (Hamburg, Germany) through the European Virus Archive (EVA) [64].
The initial virus stock (passage 0; PO) was prepared from infected Vero E6 cell supernatant
at the NBL, NCPHP under BSL-4 containment. The virus RNA copy number and tissue
culture infectious dose 50% (TCID50) per mL of the initial virus stock were determined using

RT-gPCR and infective titration as described later.

3.3. Serial passaging and virus growth kinetics

Virus propagation was performed in 6-well plates (TPP Techno Plastic Products AG,
Trasadingen, Switzerland). For the first passage (P1), suspensions of all four cell lines (at an
initial 3,0E+05 cells/well density) were inoculated in three biological and three technical
replicates by using three different multiplicity of infection values (MOI 0.005, 0.01 and 0.1).
Supernatant of each sample was collected directly after inoculation (day post infection; dpi

0), then in every 24 hours until day 7 (dpi 0-7). Prior to titration, samples were stored at
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— 80°C. Virus RNA copy number and TCID50 per mL were calculated for each sample.
Based on virus growth, the optimal MOI and dpi for harvesting the supernatant were
determined and used for the subsequent passages (Appendix Figure 1). After the first passage,
the virus was further propagated in the same cell lines for an additional four passages using
the previously determined MOI and dpi for harvesting the supernatant (P2 - P5). Thereafter,
the virus was further cross-passaged in every cell line for five additional times (P6 - P10).
During the first cross-passage (P6), virus growth Kinetics was assessed again. The optimal
MOI and dpi were re-evaluated and used for subsequent passages accordingly (P7-P10).
Virus RNA copy number and infective titer per mL were determined for each sample after
every passage. During the first cross-passage (P6) and the final passage (P10) viral growth

kinetics was also determined as described above.
3.4. Nucleic acid extraction and RT-gPCR

Nucleic acid was extracted from 50 pL cell culture supernatant by adding 280 uL of AVL
buffer (Qiagen, Hilden, Germany). After 10 minutes of incubation at room temperature, 280
uL ethanol (Szkarabeusz Laboratoriumi Kft., Pécs, Hungary) was added to each sample.
Viral RNA was extracted using the Chemagic Viral DNA/RNA Kit special H96
(PerkinElmer, Waltham, Massachusetts, USA) on the Chemagic 360 Instrument
(PerkinElmer, Waltham, Massachusetts, USA) running the Chemagic Viral300 360 H96
prefilling 18 min VD210204.che protocol. RT-gPCR was conducted on the LightCycler 480
Instrument Il platform (Hoffmann-La Roche, Basel, Switzerland) using the LightCycler
Multiplex RNA Virus Master kit (Hoffmann-La Roche, Basel, Switzerland). The applied
primers and probes specific for the S segment (clade V) were previously described by Sas
et al [65].

3.5. Infective titration

SW13 cells in DMEM with 10% FBS were seeded into 96-well plates (TPP Techno Plastic
Products AG, Trasadingen, Switzerland) at a 10E+04 cells/well density. Cells were then
inoculated in triplicates with the 10-fold serial dilutions of each sample. After incubating for

5 days at 37°C under 5% CO., the supernatants were aspired and cell monolayers were
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inactivated and fixed with 4% formaldehyde solution. Fixated cells were stained by using
crystal violet to observe cytopathic effect (CPE). Infective titers were calculated by the

Spearman and Kéarber method [66].
3.6. Whole genome sequencing (WGS)

Viral RNA extracted from the cell culture supernatants of PO, P1, P5, P6 and P10 samples
were subjected to DNase | digestion (Turbo DNAse; Invitrogen, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) followed by AMPure XP bead (Beckman Coulter, Brea,
California, USA) purification performed according to manufacturer’s instructions and eluted
in 10 uL nuclease-free water. To avoid primer bias, randomly amplified DNA products were
prepared from the purified RNA samples of all three biological replicates by using the single-
primer sequence-independent amplification (SISPA) protocol and K/K8N primers as
previously described [67]. After the enrichment, parallel samples were pooled together for
the Illumina Nextera XT V2 library preparation (Illumina, Waltham, Massachusetts, USA)
and sequenced on the Illumina MiSeq instrument (Illumina, Waltham, Massachusetts, USA)
using 2 x 150 bp paired-end chemistry (Reagent Kit v2 Micro; Illumina, Waltham,
Massachusetts, USA).

3.7. Sample selection for the human serosurveillance

As part of the retrospective human serosurveillance, serum samples (n = 2700) kindly
provided by the Hungarian Blood Transfusion Service were screened for anti—-CCHFV IgG
antibodies. Randomly selected volunteer blood donors aged between 18-65 years were
enrolled from all 20 NUTS3 regions (Nomenclature of Territorial Units for Statistics) of
Hungary. Sample size was fitted to the Hungarian demographic data registered by the
Hungarian Central Statistical Office, taking the region of residency, age, and gender
distribution into consideration to reach 0.04% prevalence of the population (KSH data, 2018)
[68]. Only registered Hungarian citizens were enrolled. Serum samples were taken during
the regular blood donation process between 2008 and 2017. Obtained data (date of birth,

gender, residence, and history of previous infectious diseases) were anonymized before blood
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donation; however, no information about travel history was available. Samples were stored

at -20°C before serological testing.
3.8. Sample selection for the animal serosurveillance

To perform the first broad-range animal serosurveillance in Hungary, blood specimens were
collected from healthy free-range animals (cattle and sheep) as part of monitoring programs
for various animal diseases in 2017. The samples were tested by the Laboratory of
Immunology of the Veterinary Diagnostic Directorate, National Food Chain Safety Office
(Budapest, Hungary). Subsequently, archived specimens were made available to the NBL,
NCPHP by the National Food Chain Safety Office. In total, 1905 serum specimens were
tested for the presence of anti—-CCHFV IgG antibodies, comprising 1391 serum samples
obtained from cattle and 514 samples from sheep.

3.9. Serological testing
3.9.1. Screening the human serum samples

All serum samples obtained from healthy blood donors were screened for anti—-CCHFV-
specific 1gG antibodies by using in-house IIFA detecting all CCHFV-specific antibodies
including polyclonal immune response. The immunofluorescence slides were produced at the
NBL, NCPHP under BSL-4 containment, using the CCHFV Afg09-2990 strain to inoculate
Vero E6 cells. During the validation process, the immunofluorescence slides were tested to
reveal potential cross-reactions with human IgG and IgM antibody positive samples of
previously confirmed patients for tick-borne encephalitis virus, Hantavirus, Coxiella
burnetii, Leptospira sp., Francisella sp., Mycoplasma sp., Epstein—Barr virus, and
Cytomegalovirus.

During the first screening, heat inactivated (56°C for 30 minutes) sera were diluted at 1:20
in phosphate-buffered saline (PBS), and reactive samples were further titrated to determine
the final antibody titer. Diluted serum samples were added to the IIFA slides, and incubated
for 1 h at 37°C. After incubation, slides were washed three times in PBS+Tween 20 (PBST)
and stained with Anti-Human IgG (whole molecule) —FITC antibody secondary antibody
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(Merck KGaA, Darmstadt, Germany) diluted at 1:50. Slides were incubated for 30 min at
37°C. After washing three times in PBST, slides were air-dried and mounted with glycerin
and covered with glass. For the positive control, anti-CCHFV IgG-positive polyclonal mouse
serum was used in 1:160 dilution.

Fluorescence read-out was performed with the Leica DMi8 (Leica Microsystems, Wetzlar,
Germany) microscope system. Images were processed with the LAS X Life Science
Microscope Software (Leica Microsystems, Wetzlar, Germany) software. Fluorescence was
evaluated for anti-CCHFV IgG-specific staining compared to the positive control by two
independent individuals.

IIFA—positive results were verified by using a commercially available recombinant
nucleoprotein (rNP) ELISA kit (VectorBEST, Novosibirsk, Russia). For the ELISA, a
sample dilution of 1:100 was used and processed according to the manufacturer’s
instructions. Reactive samples were also screened for serological IgG reactivity against
Hantavirus, West Nile virus, tick-borne encephalitis virus, and IgM reactivity against
Epstein—Barr virus and Cytomegalovirus, to exclude non-specific reactions.

3.9.2. Screening the animal serum samples

Serum specimens obtained from cattle and sheep were inactivated (56°C for 30 minutes) and
centrifuged at 7000xg. The sera of animals from the same geolocation were combined into
pools of a maximum of five samples.

To screen the cattle, the Cow Crimean—Congo Hemorrhagic Fever Virus IgG (CCHF-IgG)
ELISA Kit (Abbexa Ltd., Cambridge, United Kingdom) was used according to the
manufacturer’s instructions in 1:5 sample dilution. Samples of the positive or equivocal pools
were tested further individually with the same ELISA kit (in two-fold dilution) and two types
of immunofluorescent assays. The IIFA slides were produced and validated as described
above (see Section 3.9.1.). Samples and sample pools were diluted in 1:20 in PBS, added to
IIFA slides, and incubated for 1 h at 37°C. After incubation, slides were washed three times
in PBST and stained with the FITC-conjugated Anti-Bovine IgG (whole molecule) secondary
antibody (Merck KGaA, Darmstadt, Germany) diluted 1:300. Slides were incubated for 30
min at 37°C. For the EUROIMMUN CCHFV Mosaic 2 1gG immunofluorescence assay

22



(EUROIMMUN Medizinische Labordiagnostika AG, Liibeck, Germany), which contains
transfected Vero cells expressing the CCHFV NP and GPC antigens, samples were diluted
1:20. The slides were stained with the FITC-conjugated Anti-Bovine IgG (whole molecule)
secondary antibody at the dilution 1:300. Otherwise, the EUROIMMUN assay was
performed according to the manufacturer’s instructions. Read-out of the IIFA slides was
performed as detailed above (see Section 3.9.1).

To investigate the sheep serum pools, samples were pooled and diluted 1:20 in PBS for the
in-house IIFA screening. Reactive pools were then tested further individually at the dilution
1:20 with two immunofluorescent assays. The in-house and the EUROIMMUN CCHFV
Mosaic 2 IgG IIF assays were performed as described above, and slides were stained with
the FITC-conjugated Anti-Sheep 1gG (whole molecule) secondary antibody (Merck KGaA,
Darmstadt, Germany) at the dilution 1:400.

End-point serum titration of the individual positive samples was performed in a two-fold
serial dilution (dilution range 1:10-1:640) using the in-house IIFA. Among the cattle
samples, those that showed reactive results in ELISA and both IIFA assays were considered
positive, and among the sheep samples, positivity was concluded if reactivity was detected

in both the in-house and the commercial 1IFA.
3.10. Data analysis
3.10.1. Virus growth Kinetics

Virus growth kinetics during the first passage (P1), the first cross-passage (P6) and the final
passage (P10) was determined by the mean virus RNA copy number per mL and geometric
mean TCID50 per mL of the replicates at each sampling time point (dpi 0 — 7). Kinetic curves
(x: days post inoculation, y: virus titer) and standard deviations (SD) were visualized using
the GraphPad Prism 9.5.0 software (GraphPad Software Inc., Boston, MA, USA).

To analyze the effect of the different cell lines, the MOI and the passage number on the log
virus growth during P1, P6 and P10, and an ordinary two-way analysis of variance (ANOVA)
was performed within the GraphPad Prism 9.5.0 software. Reported P values are significant

at the 5% level. Cell susceptibility — described as the initial (d0) virus RNA copy number
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used for inoculation over the generation of 1 TCID50 per mL — was also determined during
P1, P6 and P10.

3.10.2. Whole genome analysis and variant call

For the genome analysis, forward and reverse sequencing reads in fastq files were quality
trimmed by TrimGalore and mapped to reference S (Accession No: HM452305.1), M
(accession No: HM452306.1), and L (accession No: HM452307.1) segments using bowtie2
and SAMtools. Variants were called in cDNA sequences. High-frequency variants occurring
at a rate equal to or above 10% of all reads were called in the regions that met the minimum
sequencing depth criteria set at 100. Distribution of nucleotide variants by segment and
genome position for each sample was determined using R and the Geneious Prime 2021.2.2
software (Biomatters, Auckland, New Zealand). Average variant frequency (VF) and the
number of single nucleotide polymorphisms (SNPs) were determined for each sample and
visualized using the GraphPad Prism 9.5.0 software. Analysis of the nucleotide variants and
manual annotation of high-frequency mutations over 40% frequency (consensus level) were
performed and compared to the whole genome sequence of the PO inoculum virus stock.

3.10.3. Descriptive analysis and geographical distribution: human serosurveillance

For the descriptive analysis, the number of reactive samples and seroprevalence (defined as
the percentage of identified anti-CCHFV IgG-positive samples in the study groups and 95%
confidence intervals [CI]) were determined for each NUTS3 region, age, and gender group
by using the SPSS Statistics v17.0 software (SPSS Inc., Chicago, USA). To describe the
geographical distribution of seroprevalence, results were visualized at the NUTS3 level using
the EMMa tool (ECDC European Map Maker) [69]. The location of blood donation and

residency of seropositive donors were also assessed and visualized.
3.10.4. Descriptive analysis and geographical distribution: animal serosurveillance

Prevalence was defined as the percentage of anti—-CCHFV IgG-positive samples in the study

groups with 95% Cls in each NUTS3 region and district using GraphPad Prism 9.5.0
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software. To describe the geographical distribution of seropositive animals at the district
level, results were visualized by Quantum GIS 3.0 software (ESRI Inc., Redlands, California,
USA) with district administrative borders obtained via the OpenStreetMap database [70].
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4. Results
4.1. In vitro growth-induced adaptation to cell lines
4.1.1. MOI-dependent virus growth kinetics

During the first passage of the CCHFV Afg09-2990, we determined the MOI-dependent virus
growth Kinetics in Vero E6, Vero, SW13 and BHK-21 cell lines (Figure 4). CPE caused by
virus replication was detected only in SW13 cells. When comparing the cell lines, the highest
virus RNA copy number per mL was determined in SW13 at all three MOls (Appendix Table
1). Virus growth Kkinetics showed similar trends in BHK-21 cells as in SW13 (Figure 4A-C),
however, without producing CPE in the cells. Similar Kinetics were seen in Vero and Vero
E6 cells with an average of 0.457 log higher virus copy number per mL in Vero cells at all
MOiIs (Figure 4A-C, Appendix Table 1). According to our results, the maximum virus RNA
copy number per mL increased to the same extent at all MOls, but depended on the cell line
(Figure 4A-C). Consequently, the logarithmic increase in virus RNA copy number per mL
was higher when inoculated at MOI 0.005 compared to the higher MOIs. According to the
ordinary two-way ANOVA, the MOI and the cell line factors had significant effect on the
logarithmic increase in virus RNA copy number (P < 0.0001 and P

= 0.0319, respectively).
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Figure 4. Virus growth kinetics during P1 at three different MOIs. A-C. Kinetic curves on
the virus RNA copy number per mL at the three MOIs examined during this study (MOI
0.005 (A), 0.01 (B) and 0.1(C)). D-E. Kinetic curves on the TCID50 per mL supernatant at
the three MOIs (MOI 0.005 (D), 0.01 (E), 0.1 (F)). The four cell lines are indicated with
different colors: Vero E6 (dark blue), Vero (blue), SW13 (green), BHK-21 (orange). Dpi:
day post infection. Standard deviation (SD)/geometric SD is visualized by error bars. Full
cytopathic effect (CPE) in SW13 cells is indicated with red * on the respective dpi in the
graph.

When comparing the infective titers (Appendix Table 1), the highest TCID50 per mL was
measured when passaged in SW13 cells (Figure 1D-F), which started to decline rapidly after
producing CPE. The logarithmic increase in the infective titer was the highest at MOI 0.005
in all cell lines, however it was reached on a later day post infection (dpi) compared to MOI
0.1 (48h later on average, Appendix Table 1). Interestingly, the cell line factor had no effect
on the logarithmic increase in the infective titer (P = 0.2818), while the MOI affected it
significantly (P < 0.0001).

We also compared how the dpi with the highest infective titers depended on the MOI
(Appendix Table 1). Both the MOI and the cell line showed significant effect (P = 0.0039
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and P = 0.0122, respectively). Based on the results of the MOI-dependent virus growth
kinetics, we chose MOI 0.005 for the subsequent (P2-P10) passages for all cell lines and dpi
5 (Vero E6), 6 (Vero), 3 (SW13) and 4 (BHK-21) for harvesting the supernatant of the
subsequent four (P2-P5) passages.

4.1.2. Effect of serial passaging and cell line on the virus growth and permissivity

After the first cross-passaging (P6), the dpi with the highest infective titers were assessed
again (Appendix Table 2), and the subsequent cross-passages and harvesting the supernatant
were performed accordingly. No clear trend was observed in the maximum virus RNA copy
number per mL, when compared during P1, P6, and P10, however deviation decreased among
cell lines (Appendix Table 2). Based on the ANOVA, the cell line factor affected the
logarithmic increase of virus RNA copy number per mL significantly (P < 0.0038), when
comparing P1, P6 and P10 passages on the same cell lines (without cross-passaging).

In the case of the infective titers, there was no clear trend between P1, P6 and P10, however
slightly higher infective titers with larger overall deviation between cell lines were observed
during P10 compared to P6 (Appendix Table 2). The overall highest infective titer was
obtained in Vero cells during P10 (4.38E+03 — 2.72E+05 TCID50 per mL) on dpi 2-4,
depending on the cell line. The highest deviation in the infective titers was observed when
the virus was cross-passaged from Vero E6 cells to other cell lines.

Permissivity of cell lines for CCHFV (determined as the ratio of the initial virus RNA copy
number per mL over the generation of 1 TCID50 per mL) was calculated and compared
during P1, P6 and P10 (Figure 5) [73]. According to our results, the highest initial
permissivity (at P1) was found in SW13 cells (1.09E+02 copies/TCID50), however that
reduced by 0.81 log by P10 (Figure 5C). The highest increase in permissivity (1.99 log on
average) between P1 and P10 was seen when the virus was passaged in Vero cells, suggesting
adaptation to Vero cells after cross-passaging from other cell lines (Figure 5B). For Vero ES6,
we obtained a slightly lower initial permissivity compared to SW13 (2.31E+02
copies/TCID50, respectively), and serial passaging did not result in enhanced permissivity

over time (Figure 5A). The lowest initial permissivity was observed in BHK-21 (5.16E+03
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copies/TCID50),
(Figure 5D).
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Figure 5. Permissivity of the cell lines for CCHFV. Graphs are shown by new cell lines after
cross-passaging. Original cell lines are indicated with colors (Vero E6: dark blue, Vero: blue,
SW13: green, BHK-21: orange). P1: passage 1. P6: passage 6. P10: passage 10. Baseline
permissivity (control cells lacking cross-propagation) is indicated with dashed trend line. y-
axis (labeled as copies/TCID50) representing cell permissivity for CCHFV is visualized in

reverse. Thereby, increasing permissivity is characterized by a curve with a positive slope.
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4.1.3. Growth-induced variant distribution in the viral genome

The overall average genome coverage with sequencing depth over 100x was 99.55% (91.95%
- 100%) in the coding regions. During the study, we identified an overall number of 953
SNPs, including 256 unique mutations with frequency over 10%. The average variant
frequency (VF) based on all samples was 16.35% (95% CI 11.66 — 21.04%), 15.53% (95%
Cl 12.87 — 18.18%) and 33.74% (95% CI 27.43 — 40.04%) in the S, M and L segments,

respectively.
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In the S segment, the average VF increased from 11.12% (P1) to 19.61% (P10) (Figure 6A-
D). In the M segment, the average VF was 13.93% (P1), and increased to 16.27% (in the
range of 13.20% in SW13 and 19.17% in BHK-21, Figure 6E-H) by P10, significantly
depending on the new cell line (P = 0.0301). In the L segment, the average VF showed strong
increase (from 16.27% (P1) to 39.23% (P10), P < 0.0001) during serial passaging (Figure 61-
L). The number of SNPs with frequency over 10% was 1.2, 1.77 and 1.13 per kb in the S, M

and L segments, respectively.
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Figure 6. Average variant frequency by genome segments and by cell lines used for
propagation. New cell lines after cross-passaging are shown in separate graphs (A-L),
previous (original) cell lines are highlighted in colors. Data is shown for each passage (P1,
P5, P6, P10). Error bars represent standard deviation (SD).

We also determined the distribution of all identified nucleotide variants over 10% frequency
along the genome segments by genome position for each sample (Figure 7). Variants within
the PO inoculum CCHFV stock were also examined in order set the genetic baseline and track
the evolvement of the subclonal diversity of the virus, but were excluded from the
visualization.

In the S segment (Figure 7A), we found two individual nt variations with frequencies over
40% (highlighted with red arrows). Both variations emerged when the virus was cross-
passaged from BHK-21, and when passaged from Vero to BHK-21. Despite that the average
VF did not show strong cell-specificity in this segment (P = 0.167, Figure 6A-D), the number
of mutations increased (with 0 — 2.5 nt variations per kb, depending on the cell line) during
serial passaging, especially when passaged in Vero E6 and SW13 (Figure 6A and 6C, Figure
7A). In the M segment (Figure 6E-H), a constant average VF was found during serial
passaging, independent of the passage number (P = 0.0556), however it was affected by new
cell lines (P = 0.0301). Interestingly, the number of individual SNPs was higher during P1
for all cell lines compared to subsequent passages (see Figure 7B, first column green dots).
During P10, an increase in the number of nt variations was also observed, compared to
previous passages (Figure 7B, purple dots). Interestingly, most SNPs with frequency over
40% emerged when the virus was previously passaged in Vero cells (Figure 4B row 3, high
frequency SNPs highlighted with red arrays). In the L segment (Figure 61-L), VF increased
significantly by P10, compared to P1 (P < 0.0001), in addition to the high number of SNPs
seen during the first passage (Figure 7C, green dots, 35 — 41 nt variations, depending on the
cell line), which decreased during the subsequent passages. This indicates the rapid
emergence of low-frequency quasi-species during P1, and positive selection and fixation of
certain consensus-level mutations in the L segment due to serial passaging and possible

adaptation to the cell lines.
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Figure 7. Distribution of all identified variants with rounded frequency over 10% along the
whole genome of the CCHFV for the P1, P5, P6 and P10 samples (A. S segment, B. M
segment, C. L segment). First column shows the P1 (green) and P5 (orange) passage results
by cell line. Columns 2-5 represent P6 (blue) and P10 (purple) cross-passages indicated as
original cell line>new cell line. Mutations of particular interest emerging with frequency over

40% (indicated by a dashed line) are highlighted with red arrows.
4.1.4. Analysis of nucleotide change preferences

Nucleotide change preference among variants over 10% was also determined in all three
genome segments compared to the nt variants identified in the PO inoculum stock genome
(Appendix Figure 2). In the inoculum stock (previously amplified in Vero E6 cells), an
overall number of 18 high-frequency SNPs were identified compared to the reference
sequence of the CCHFV Afg09-2990 strain; including 4 (G>A, T>C and C>T) variations in
the S segment, 4 (A>G, G>A, T>A) in the M segment, and 10 mutations (A>G, A>T, C>T,
T>A and T>C) in the L segment.

When further passaged, the most common high-frequency nt change in the S segment was
T>C for all cell lines (42.11% (95%CI: 32.64 — 51.57%). A>C nt change occurred
specifically when passaged to Vero E6 cells (18.42%, 95%CI 8.96 — 27.88%), and T>G nt
change was mostly identified when passaged in BHK-21 cells (15.79%, 95%CI 6.33 —
25.25%).

In the M segment, the most common nt changes were A>C and A>G with 24.76% (95%Cl:
20.21 — 29.32%) and 20.95% (95%ClI: 16.40 — 25.51%) frequency of occurrence,
respectively, for all cell lines. Interestingly, C>A change was more abundant in the viral
genome when passaged in Vero E6 and SW13 cells.

No high abundance cell line-specific nucleotide change preferences were seen in the L
segment; the most common SNPs were T>C with 26.33% (95%CI: 21.69 — 30.96%) and
A>G with a 23.18% (95%Cl: 18.55 — 27.82%) frequency of occurrence. Interestingly, C>A
nt change occurred only when the virus was passaged in SW13 cells (1.38%, 95%CI 0 —
6.01%), whereas C>G (3.73%) and T>G (8.25%) nt variations showed BHK-21 specificity.
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4.1.5. Annotation of consensus level mutations

Annotation of the nucleotide variants with frequency over 40% was performed and compared
to the consensus sequence of the PO inoculum virus stock (Table 1). We found two SNPs in
the S segment, of which one mutation is a probable consequence of adaptation to the BHK-
21 cell line (see also Figure 7A). The silent mutation 14481 (nt 1399, ATT>ACT) was present
in the PO virus genome with 3.65% frequency, and emerged when passaged in the BHK-21
cells to 26.51% by P5. After cross-passaging in Vero E6, Vero and SW13, the average
frequency was 42.4 — 52.4% during P6, depending on the cell line, and the mutation persisted
through P10 (VF was between 26.9 — 37.2%, depending on the cell line, see Figure 7A row
1).

In the M segment we found no variations with frequency over 40% during the first five serial
passaging (Figure 7B, column 1). After cross-passaging, the probability of adaptation to
specific cell lines arose in the case of three mutations (out of 6 unique SNPSs). Silent mutation
L276L (nt 920, TTA>TTG) in the GP38 region of the M segment emerged Vero cell-
specifically to 24.3% by P5, and persisted further in the Vero (50.3%), Vero E6 (53.47%)
and BHK-21 (99.5%) cells by P10. The mutation showed slow reversion in SW13 cells
decreasing to a 12.4% frequency by P10. Mutation E594K (nt 1872, GAG>AAG) in the Gn
coding region emerged when the virus was passaged in Vero cells (P5: 23.80%) and it
emerged in Vero E6 (46.0%), Vero (44.5%) and BHK-21 (64.7%) cells, but reverted in SW13
cells (33.3% by P6 and 10.6% by P10). Mutation D1168G (nt 3595, GAC>GGC) in the Gc
region emerged when the virus was passaged in Vero E6 cell line, and persisted with a
frequency around 10% when serially passaged in Vero E6, SW13 and BHK-21. The mutation
emerged with higher frequency (54.5%) by P10 when passaged in Vero cells. Other high-
frequency mutations identified in the M segment showed no cell-line specificity, but there
were mainly A>G, G>A, T>A and C>T nucleotide changes.

In the L segment, an overall number of 16 individual SNPs with over 40% frequency
occurred. Among them 10 mutations can be linked specifically to a cell line. Two nt
variations were present in the original PO sequence as ambiguities; the A2279V (nt 6913,
GTA>GCA) mutation in the RdRp region with a frequency of 77.11%, that further persisted
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in all cell lines with 12.06 — 100.0% frequency depending on the cell line. A2279V emerged
with high VF when passaged from or to BHK-21 cells (over 90.0%), but showed reversion
when passaged to SW13. Silent mutation E1093E (nt 3352, GAG>GAA) with a 42.17%
frequency in the PO genome persisted further with high frequency (over 53.0%) when the
virus was passaged in Vero cells. E1093E showed complete reversion in BHK-21 cells.
Mutation D618E (nt 1931, GAT>GAA) in the zinc-finger domain also emerged when
passaged in all cell lines after P1, and persisted throughout the long-term passaging, but with
higher frequency when passaged in BHK-21 (over 90% frequency) compared to the other
cell lines. Similar to the D618E mutation, P899P (nt 2774, CCT>CCC) in the NP-binding
region, and F2576F (nt 7805, TTT>TTC) in the RdRp motif emerged with high frequency
when the virus was passaged in BHK-21 cells, and persisted further in all cell lines. Besides
E1093E, two further SNPs were identified that emerged exclusively when the virus was
passaged in Vero cells (A1159T and T3667A), and fixed in the viral genome and persisted
after cross-passaging to other cell lines. In the L segment, three additional SNPs emerged
specific to Vero E6 and SW13 cell lines. Silent mutation N2025N (nt 6152, GAC>GAT)
persisted only in Vero E6 and SW13 cells with a frequency of 38.20 — 68.60%. Mutations
A3879V (nt 11713, GCA>GTA) and R837S (nt 2588, AGA>AGT) both emerged in the NP-
binding site as quasi-species Vero E6 and SW13-specifically, and persisted by P10 in all cell
lines with over 40% VF.

Table 1. Annotation of the nucleotide variants with frequency over 40%. aa: amino acid, nt:

nucleotide.
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silent ) nt variation.
site

4.2. Human serosurveillance
4.2.1. Study population, sample selection, and data collection

A total of 2700 samples were received from 73 municipalities within all 20 NUTS3 regions
of Hungary. Donors were categorized into three age groups (18-34, 35-50, and 51-65 years),
and the sample size was fitted to correspond to the Hungarian demographic data. Group |
(18-34 years) comprised 902 donors (33.41%); Group Il (35-50 years) comprised 904
donors (34.48%); and Group Il (51-65 years) comprised 894 donors (33.11%). Overall,
1463 male (54.19%) and 1237 female (45.81%) donors were tested. Due to the low number
of female blood donors aged between 51 and 65 years, male donors were overrepresented in
Group 111 (18.81%) when compared with the Hungarian population as a whole (14.19%).

4.2.2. Serological screening

Altogether, 12 samples (0.44% seroprevalence; 95% CI, 0.19-0.69%) were positive for
anti—-CCHFV 1gG antibodies by IIFA (Table 2). The mean age of blood donors with reactive
results was 37 years (range, 22—64 years). Two samples showed high 1gG positivity up to a
dilution of 1:160, five were positive at a final dilution of 1:80, and five were positive at a
final titer of 1:40. To confirm the IIFA results, reactive samples were also tested using a
commercially available rNP ELISA kit. The ELISA results were concordant with the 1IFA
results for eight samples (l1IFA titers of 1:160 and 1:80) and two borderline samples (IIFA
titers of 1:80 and 1:40), but were discordant (negative) for two IIFA-reactive samples with
an antibody titer of 1:40 (OD values not shown). Anti—-CCHFV IgG-positive samples showed
no cross-reactivity with Hantavirus, West Nile virus, tick-borne encephalitis virus, or
Leptospira sp. IgG antibodies, or with Epstein—Barr virus and Cytomegalovirus IgM
antibodies in the confirmatory ELISA and IIFA testing.
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Table 2. Seropositive donors identified during the study [71].

Gender | Age NUTS3 Place of Residency of | IIFA rNP
F: female region donation the donor titers ELISA
M: male
M 22 Bécs- Kecskemét Kecskemét 1:160 | Positive
Kiskun
M 31 Jasz- Szolnok Szolnok 1:160 | Positive
Nagykun-
Szolnok
F 26 Gyor- Sopron Gyor 1:80 Positive
Moson-
Sopron
F 43 Veszprém Veszprém Hajmaskér 1:80 Positive
M 25 Budapest Budapest Budapest 1:80 Positive
M 33 Fejér Székesfehérvar | Nagyvenyim 1:80 Positive
M 38 Jéasz- Szolnok Tiszanoka 1:80 Borderline
Nagykun-
Szolnok
M 39 Vas Répcelak Répcelak 1:40 Positive
M 25 Vas Répcelak Nick 1:40 Positive
M 64 Somogy Siofok Balatonszemes | 1:40 Borderline
M 60 Gyor- Sopron Gyor 1:40 Negative
Moson-
Sopron
F 33 Jasz- Szolnok Szolnok 1:40 Negative
Nagykun-
Szolnok
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4.2.3. Descriptive analysis

Among the ten positive samples detected by both assays (0.37%; 95% CI, 0.14-0.6%), eight
were from male donors (80.0%) and two were from female donors (20.0%). The calculated
seroprevalence was 0.55% (95% CI, 0.17-0.93%) among male donors and 0.16% (95%Cl,
0-0.38%) among female donors. The mean age of positive male donors was 34.6 years
(range, 22—64 years), whereas that of female donors was 34.5 years (range, 2643 years).
When comparing the different age groups, seven donors belonged to Group I, two to Group
I, and one to Group Ill. The most affected age group was Group I, with a calculated
seroprevalence of 0.78% (95% CI, 0.21-1.35%). Seroprevalence in Groups Il and Ill was
0.22% (95% CI, 0-0.53%) and 0.11% (95% CI, 0-0.33%), respectively. The highest
prevalence (1.04%; 95% ClI, 0.13-1.95%) was observed among male donors in Group 1. No

seropositivity was identified among female donors aged between 51 and 65 years (Group 111).
4.2.4. Geographical distribution

Serum samples were received from all 20 NUTS3 regions of Hungary (Appendix Table 3).
Positive samples were identified in 8 NUTS3 regions, with a prevalence of between 0.20%
and 2.97% (with mean prevalence of 1.38%). The highest seroprevalence was observed in
Jasz-Nagykun-Szolnok county in central Hungary (the Great Plain), with two confirmed
samples and one probable sample (2.97%; 95% CI, 0-5.71%). The western and central parts
of the Transdanubian region were also affected (Gydr-Moson-Sopron, Vas, Veszprém,
Somogy, and Fejér counties), together with Bacs-Kiskun county in the South-Central part of
Hungary (0.68% prevalence; 95% CI: 0-2.0%) (Figure 8). Positive samples were identified
in eight out of 73 blood donating locations. The most affected cities were Szolnok (Jasz-
Nagykun-Szolnok county), Sopron (Gy6r-Moson-Sopron county), and Répcelak (Vas
county), with three (two confirmed and one probable cases) and two seropositive donors,
respectively. In the countryside, we found one seropositive donor each in Veszprém, Siofok,

Kecskemét, and Székesfehérvar, and there was also one donor with a reactive result in the
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capital, Budapest. The registered residency of positive donors was in close proximity to the
place of blood donation (average distance, 21.28 km).
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Figure 8. CCHF seroprevalence in Hungary and location of blood donation. Affected NUTS3
regions: 1-Gyér-Moson-Sopron, 2-Vas, 3—Veszprém, 4-Somogy, 5-Fejér, 6-Budapest, 7—
Bacs-Kiskun, and 8-Jasz-Nagykun-Szolnok. Light blue circle: no positive sample, Yellow:
1 positive sample, Orange: 2 positive samples, Red: 3 positive samples [71]. Visualization:
EMMa Tool [69].

4.3. Animal serosurveillance
4.3.1. Sample pooling and screening

In total, 1905 serum samples were tested for anti—-CCHFV IgG antibodies. From the cattle
serum specimens (n = 1391), 287 pools were made, including 2-5 samples per pool based on
geolocation. From the sheep serum specimens, 105 pools with 2-5 samples per pool were
created. During the first screening, six pools of cattle samples and one pool of sheep samples
were reactive (n = 3) or equivocal (n = 4). Serum specimens of the reactive or equivocal pools
were tested further individually. Among the cattle, a total of eight samples (from five pools)
showed anti—-CCHFV IgG reactivity in all three assays (the Abbexa ELISA Kit, the in-house
IIFA, and the EUROIMMUN Mosaic IIFA) with titers of 1:20 and 1:40 (Table 3).
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Among the sheep, three reactive samples (with both I1IFA assays) originated from a single
sample pool with final anti-CCHFV IgG titers of 1:160 and 1:320 (Table 4). In the seventh

pool, which gave equivocal result in the first screening, no individual sample was confirmed

to be reactive (Appendix Table 4 and Appendix Figures 3 and 4).

Table 3. Results of the serological screening for anti-CCHFV IgG antibodies among cattle,

including the number of tested samples and the number of reactive samples for each NUTS3
region and district of origin, and the final anti-CCHFYV IgG titer obtained with the I1FA tests.

Samples that gave reactive results in all three assays (Abbexa ELISA Kit, in-house IIFA, and
EUROIMMUN Mosaic 1IFA) were classified as seropositive [72].

NUTS3 o o Number of Number of )
) District of origin ] - ) I1FA titers
region tested animals | positive animals
Kecskemét 14 0 n.a.
Baja 14 3 1:40
Bacs-Kiskun | Kiskunfélegyhaza 14 0 1:40
Kiskunhalas 28 0 n.a.
Kalocsa 2 0 n.a.
Gyula 65 0 n.a.
Mezdékovacshaza 18 0 n.a.
Békés

Sarkad 1 0 n.a.
unknown 50 0 n.a.

Borsod-
Abauj- Szerencs 5 0 n.a.

Zemplén
Hoédmezdvasarhely 28 0 n.a.

Csongrad
Csongrad 18 1 1:40

Gyo6r-Moson- | Csorna 14 3 1:20 - 1:40

Sopron Mosonmagyarovar 1 0 n.a.
Hajdu-Bihar | unknown 11 0 n.a.
Torokszentmiklos 54 0 n.a.
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Jaszberény 13 0 n.a.
Jasz-
Szolnok 79 0 n.a.
Nagykun-
Karcag 3 0 n.a.
Szolnok
unknown 457 0 n.a.
Mor 1 0 n.a.
Fejér Sarbogard 2 0 n.a.
unknown 30 0 n.a.
Komarom- Komarom 30 0 n.a.
Esztergom | Esztergom 12 0 n.a.
Nograd Salgotarjan 15 0 n.a.
Papa 6 0 n.a.
Ajka 28 0 n.a.
Veszprém
Veszprém 17 0 n.a.
Varpalota 26 1 1:40
Aszdd 14 0 n.a.
Monor 57 0 n.a.
Pest
Dabas 215 0 n.a.
Cegléd 16 0 n.a.
Zala unknown 33 0 n.a.
SUM 1391 8

*n.a.: not applicable.
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Table 4. Results of the serological screening for anti—-CCHFV IgG antibodies among sheep,
including the number of tested samples and the number of reactive samples for each NUTS3
region and district of origin, and the final anti-CCHFYV IgG titer obtained with the I1FA tests.
Samples that gave reactive results in both assays (in-house 1IFA and EUROIMMUN Mosaic

IIFA) were classified as seropositive [72].

Number of
] o o Number of )
NUTS3 region District of origin tested . _ IIFA titers
_ positive animals
animals
Tiszakécske 44 0 n.a.
_ 1:160 —
) Kiskunfélegyhaza 60 3
Bacs-Kiskun 1:320
Kecskemét 96 0 n.a.
Kiskunhalas 62 0 n.a.
Békés Gyula 62 0 n.a.
' ] Nyiradony 95 0 n.a.
Hajdu-Bihar
Piispokladany 35 0 n.a.
Fejér Dunatjvaros 60 0 n.a.
SUM 514 3

*n.a.: not applicable.
4.3.2. Geographical distribution

Samples were received from 13 NUTS3 regions, including 34 districts, mainly from the
eastern and central parts of Hungary, with only a limited number of samples being available
from the western and northern regions (Figure 9). For 514 cattle samples, the origin was
known only at the NUTS3 region level. Among these cattle, seropositive samples were
identified in five districts from four NUTS3 regions: one animal from the Csongrad district
(Csongrad county), three animals from the Baja and Kiskunfélegyhdza districts (Béacs—
Kiskun county), three animals from Csorna district (Gyér—Moson—Sopron county), and one

from Varpalota district (Veszprém county) showed seropositivity.
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Figure 9. Map of Hungary showing administrative districts. Cattle and sheep serum samples

0

were received from districts highlighted in orange and green, respectively. From four
districts, both cattle and sheep samples were available for testing (highlighted in blue). The
whole NUTS3 region is highlighted if the origin of the samples was known only at the
NUTSS3 level. Streaked districts represent regions with seropositive animals (1-Csorna,
Gydr-Moson—Sopron county; 2—Varpalota, Veszprém county; 3—Kiskunfélegyhdza, Bacs—
Kiskun county; 4-Csongrad, Csongrad county; 5-Baja, Bacs—Kiskun county) [72]. Red dots
represent data of identified CCHFV seropositive human blood donors. Blue squares show

historical data on the identification of Hyalomma spp. ticks in Hungary [47, 49-51].

Sheep serum samples were received from four NUTS3 regions, including eight districts. We
found three seropositive samples from the Kiskunfélegyhaza district (Bacs—Kiskun county)
(Figure 9).

The highest number of seropositive animals, including both cattle and sheep were found in

Bacs—Kiskun country in the south—central part of Hungary, with an average seropositivity of
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1.8% (95% CI: 1.60-1.99%) among the tested animal population. The overall seropositivity
of the tested animals in the affected NUTS3 regions (Csongrad, Bacs-Kiskun, Gyér-Moson-
Sopron and Veszprém) was 2.33% (95% CI: 2.12-2.54%).

47



5. Discussion

Crimean-Congo hemorrhagic fever virus is a great public health concern in many countries
worldwide, as it is one of the most widespread tick-borne viral pathogens with potentially
severe symptoms and high consequence infection. In Hungary, only limited historical data
was available regarding CCHFV circulation, and no human infection has been confirmed so
far. As multiple species of the principal tick vectors have been identified in the country, it
was highlighted as an area in need of CCHFV surveillance among the human and animal
populations in 2015 [22, 47, 49-51]. To strengthen the capacity of CCHFV diagnosis in
Hungary, the National Biosafety Laboratory developed and validated diagnostic methods,
including an unbiased NGS protocol and an indirect immunofluorescent assay produced in-
house.

5.1. In vitro growth-induced adaptation to cell lines

By introducing CCHFV WGS in our laboratory, we aimed to investigate the links between
infectivity and phenotypic properties of the CCHFV and long-term genetic virus
conservation or host-adaptation. As genome-based virus research forms the basis of robust
and reliable approaches of novel diagnostics, antiviral and vaccine development, the highly
variable genetic properties of the CCHFV makes it particularly important to identify potential
genotypic and phenotypic changes during in vitro routine propagation of the virus [11, 64].
We designed a mutation accumulation study with serial virus propagation over ten
generations and subsequent whole genome sequencing to map genetic diversity and promote
the selection and emergence of different virus variants within a viral cloud. Cell susceptibility
to CCHFV has been previously demonstrated in the case of a wide range of cell lines,
however the changes in the genetic composition of the virus caused by in vitro serial
passaging and adaption has not been studied before [73-78]. We compared three different
MOI values during the first infection (MOI 0.005, 0.01, 0.1) in four different cell lines that
are commonly used for CCHFV propagation (Vero E6, Vero, SW13 and BHK-21 cells).
Our results showed that, the maximum virus copy number per mL was independent of the

initial MOl as it increased to the same level due to the limiting effect of the susceptible cell
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count. Furthermore, the inhibiting effect of the defective interfering particles (DIPs), as
products of spontaneous error-prone virus replication of RNA viruses, such as CCHFV was
also described in the literature. DIPs play important role during in vitro and in vivo infection,
interfering with active virus replication and prompting persistence, especially during
infection initiated at high MOI. Therefore, emergence of DIPs during replication can
influence the logarithmic increase in virus titers [80]. We also compared the maximum
infective titers for each cell line and it was the highest in SW13 cells. Furthermore, we
detected CPE only in SW13 cells, which was consistent with the findings of Dai et al. and
Agol etal. [73, 79]. The infection in SW13 cells may induce a host-encoded necrotic program
as an anti-CCHFV response, while the CPE may be attributed to host-defense and anti-viral
defense, not directly caused by viral reproduction [73]. Virus infective titer rapidly decreased
after CPE, which may because the virus stability shows rapid reduction in wet conditions
(cell-free culture medium) at 37°C, and loses infectivity completely after 7 hours [81].
Considering that the highest logarithmic increase in the infective titers and viral RNA copies
were found when infected at MOI 0.005, we performed the subsequent serial passages (P2-
P10) at MOI 0.005, as producing higher virus yield favors diversity and mutation
accumulation [11]. Our data strongly corresponded with the findings of Dai et al., who
showed that SW13, Vero and Vero E6 cells are highly permissive, and BHK-21 is a
permissive cell line for CCHFV [73]. In our experiment, the highest increase in permissivity
was seen in Vero cells with a 1.99 log growth attributed to long-term adaptation.

In order to map the genetic variations potentially underlying these phenotypic changes, whole
genome sequencing was performed by using the unbiased SISPA enrichment methodology
followed by paired-end Illumina sequencing. While it has been suggested that the SISPA
technique has the potential to introduce sequencing errors [66, 82, 83], it was shown that the
methodology can affect the sequencing depth in genome regions of high complexity and GC-
content rather than the amplification bias [66, 82-85].

During the whole genome analysis, we calculated the average VF and plotted the variant
distribution against genome segments in all the samples. Whereas higher VF based on low
number of mutations suggests host-adaptation and gain of fitness, lower VF over high

number of mutations could indicate the persistence of quasi-species serving the basis for the
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selection of virulent variants [86]. The highest increase in the average VF over serial
propagation was seen when passaged in BHK-21 cells (4.9%), which can also explain the
significant increase in the permissivity of the cell line to CCHFV (1.3 log) through host-
adaptation. In contrast, average VF decreased in SW13 cells (0.42%) along with permissivity
to CCHFV (0.81 log) during serial propagation.

Growth-adaptive mutations were described for other RNA viruses, as well. Gain-of-entry
function mutations were identified in the Ebola virus Makona strain glycoprotein region
when passaged in Huh-7 and Vero E6 cell lines. Furthermore, a tissue culture-specific
spontaneous mutation (T5441) recognized in the Ebola virus GP showed no effect in the
pathogenesis, but remained fixed in the viral genome after three passages in vivo [87, 88]. In
the case of West Nile virus, the replicative fitness increased significantly and resulted in non-
synonymous mutations in a temperature-dependent manner, when the virus was in vitro
passaged 12 times in Culex tarsalis cells at 25°C and 30°C [89]. Furthermore, as Nemirov et
al. demonstrated for Puumala Hantavirus, which also belongs to the Nairoviridae family, that
mutations in the L segment and the non-coding region of the S segment emerged during serial
passaging in Vero E6 cells. They found that the population of L RNA molecules is
represented by quasispecies. It was also shown that one mutation in the L segment
contributes to a better replication of Hantaan virus in suckling mice and thus increases its
virulence, which phenomenon indicated fluctuating levels of quasispecies that evolve and
adapt to the host cell [90]. In the present study, we also found the highest average VFs in the
CCHFV L segment with high deviation among cell lines.

In the S segments, we found only one unique synonym SNP (14481) with a frequency over
40% attributed to virus adaptation to BHK-21 cell line, however the overall average
frequency was low (16.35%) is this segment. Our data indicates that adaptation to specific
cell lines attributed to the variations in the viral nucleoprotein emerge at the low-frequency
quasi-species level, and not at consensus level. In the M segment, we found three nt
variations with frequencies over 40% (L276L, E594K and D1168G) that emerged only after
the first cross-passages. All consensus level mutations emerged when the virus was
propagated in Vero cells (L276L, E594K, D1168G) might also supporting enhanced
permissivity. Non-synonym mutations E594K and D1168G emerged in the Gn and Gc
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regions, respectively, and might have potential effect on cell entry or virus neutralization
efficacy. Furthermore, mutation D1168G falls on the glycoprotein nucleolin binding site [7].
However, biological relevance of these mutations needs further investigation. We found the
lowest average VF in the M segment (15.53%) compared to the other genome segments, but
the number of nt variations per kb genome was the highest (1.77 SNP/kb); suggesting that
adaptation to new host cell lines may be attributed to the slow emergence of viral quasi-
species in the Gn and Gc proteins responsible for receptor binding. In the L segment, the
overall average frequency was the highest (33.74%) among segments, with low mutation
number per kb (1.13 SNP/kb). The highest increase in the VF was observed when cross-
passaged from BHK-21 cells, suggesting the emergence of new, high-frequency nt variants.
Non-synonym mutation A2279V (that emerged when serial passaging in BHK-21 cells) close
to the RdRp catalytic region is particularly interesting, and needs further studying to unfold
biological relevance.

The results of the genomic variations comply with the phenotypic changes observed in the
virus permissivity, which also showed an increase for BHK-21 and Vero cells due to serial
passaging. It is also important to note, that CPE caused by virus propagation was only
observed in SW13, in which cells with the highest initial permissivity was seen.

To further investigate host-adaptation, we analyzed the abundance of nucleotide change
preferences of CCHFV. Codon usage bias as the product of mutation pressure and/or natural
selection for accurate and efficient translation, protein secondary motifs, replication, etc. was
previously demonstrated to be weak in the case of CCHFV. Some similarities were found
between the codon usage patterns of the virus and its natural hosts such as humans and ticks,
but the viral adaptation mechanisms was not investigated further [91-93]. We identified T>C
as the most common nucleotide change, which accounts for 22.44% of all SNPs, while A>G
accounts for 21.44%. Both mutation types are transitions. A>C transversions were also
common (13.44% overall prevalence), especially in the M segment (24.76%). Growth-
adaptive high frequency nt change was affected by the new host cell line, which correlates
with the results of Rahman et al., who found the nucleotide composition of the virus to be
host-dependent, based on the analysis of 179 CCHFV whole genomes derived from infected

human (Homo sapiens), Hyalomma tick, cattle (Bos taurus) and sheep (Ovis aries) samples
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[91]. It is important to note that the new cell line also affected the virus growth kinetics after
cross-passaging, which may be related to the nt change preference in certain cell lines.
Silent mutations in the third nucleotide position are often retrieved from adaptation
mechanisms to the host organism to evade immunological response [94]. We found that the
majority of the silent mutations (3 out of 4) above 40% frequency are linked to BHK-21 or
Vero adaptation. One silent mutation (14481) in the S segment emerged when passaged in
BHK-21, but reverted in all other cell lines. In the M segment, one silent consensus level
SNP (L276L) was identified and attributed to Vero-adaptation. Two additional non-silent
mutations (E594K, D1168G) emerged Vero E6-specifically in the Gn and Gc regions. In the
L segment, silent (n = 4) and non-silent (n = 6) mutations have evolved in a cell line specific
manner. Among silent nt mutations, two emerged when passaged in BHK-21 cells (P889P,
F2576F).

5.2. Human and animal serosurveillance

With the use of our IIFA test, we set up a pilot retrospective serosurvey among defined human
and animal populations (healthy volunteer blood donors and free-range indicator animals,
including cattle and sheep) to obtain information about the seroprevalence of CCHFV
infection in Hungary. A systematic review published in 2019 summarized worldwide
CCHEFV seroprevalence data obtained between 1969 and 2018. Seroprevalence in the general
human population was estimated between 0.1-14.4% with higher seropositivity rates in
hyperendemic countries, such as Turkey, Iran, and Afghanistan. The mean seroprevalence in
the examined areas was 4.4% (SD +2.4) calculated based on published data, and showed an
overall increasing tendency in the last decade [43, 107]. For example, in Bulgaria,
seropositivity increased between 2011 and 2015 from 2.8% to 3.7% among the general
human population with simultaneous increase in the geographic spread [43-46].

According to the WHO, there is no standardized serological method for human CCHF
diagnosis; however, IIFA based on the whole virus is the most commonly used method [3,
60]. Two independent studies published in 2012 and 2014 state that most of the European
reference laboratories with the capacity to diagnose CCHFV infection use in-house I1FA Kits

for serology [95, 96]. Fifty percent of the laboratories that use commercially available ELISA
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kits also claim to combine the results of commercial kits with those of in-house serology
assays, which may compensate for potential reductions in sensitivity caused by the antigenic
diversity of CCHFV [95]. Retrospective serological testing is also complicated by the unique
phenomenon that in the case of certain individuals, antibodies are produced either only
against the NP antigen, while in others only against the GPC. Many in-house and commercial
ELISA kits have been published containing mostly the NP or GPC viral antigens. In the case
of indirect immunofluorescent assays (IIFA), in-house I1FA slides contain the whole virus
with all its antigens, while commercial assays contain transfected cells with NP and/or GPC
viral antigens [97].

During our work, we tested 2700 serum samples taken from healthy volunteer blood donors
between 2008 and 2017 and screened them for anti—-CCHFV IgG antibodies using an IIFA
and a commercial recombinant ELISA kit. Our results show that male donors were more
affected, with a seroprevalence of 0.55% compared with 0.16% among female donors. This
may be due to the fact that men are more likely to work in professions with an occupational
risk of exposure to infected ticks or animals. As Chinikar et al. suggested, high-risk behaviors
and professions often associated with men, such as foresting, hunting, slaughtering, or animal
handling can facilitate transmission of the disease [100]. However, we obtained no
information about the profession of the donors. In hyperendemic areas of Kosovo that have
high seroprevalence, 70% of seropositive individuals are men who have probably been
exposed to CCHFV infection during professional activities such as farming or slaughtering
[98]. As Nasirian et al. determined the total mean of CCHFV seroprevalence for at-risk
professionals in endemic areas (including Iran, Turkey, Georgia and Greece) was 30.3%
among animal workers, 16.5% among butchers and slaughterhouse workers, and 36.5%
among farm workers. The total mean of CCHFV seroprevalence of confirmed patients or
patient-related contact populations in Turkey was 85.0%. Furthermore, animal contact was
also often associated with increased CCHFV seropositivity [107].

Regarding age, the seroprevalence was higher in the youngest group in our study.
Considering geographical distribution, positive samples were found in 40% of NUTS3
regions in Hungary, with a prevalence of between 0.20% and 2.97%, with the western and

central parts of the country being the most affected. The highest seroprevalence was observed

53



in Jasz-Nagykun-Szolnok region (2.97%), which is situated in the Great Plain of central
Hungary. However, we cannot rule out the possibility that the place of donation and/or
residence, and/or the place of exposure to CCHFV were different; this is because many
donors donate blood near their residency, but may have been exposed while visiting rural
areas. The registered residency of positive donors was in close proximity to the place of blood
donation (average distance, 21.28 km).

Serological surveys among animals also bear important predictive value, as they serve as the
principal source of information to monitor areas with natural virus transmission and to
identify exposed species. Among vertebrates, the highest seropositivity was found among
sheep and goats (24.3% and 29.3%, respectively), while it was lower among cattle (18.9%)
based on historical data reported from multiple endemic or potentially endemic counties [43,
107].

Several publications found evidence of CCHFV circulation in Hungary among animals; a
local study focusing on the southeastern region of the country found serological evidence of
CCHFV among European brown hares (Lepus europaeus) collected between 2008 and 2009
[53]. Another survey testing wild rodents captured between 2011 and 2013 in the Mecsek
Mountain region found 0.96% seroprevalence using dot-blot and immunofluorescence assays
[54]. The number of seropositive animals is also high in some neighboring areas of Hungary.
In southern Romania, a study performed between 2019 and 2020 assessed the seroprevalence
of CCHFV in 250 sheep and goats using ELISA; the results showed an overall 37.7%
antibody positivity [101]. In Albania, a study published in 2014, reported 46% seropositivity
in sheep and 28% in goats [24]. In North Macedonia, the seropositivity among cattle was
estimated to be as high as 80% in the northeastern part of the country, including 75% in sheep
and 59% in goats [102]. In Bulgaria, high CCHFV seroprevalence was also detected in cattle,
goats, and sheep, with 19.6%, 22.7%, and 7.7% IgG positivity, respectively [103].

Gaining data on the levels of seropositivity among animals is particularly important from the
One Health aspect, as several cases of primary human infections are described where the
person came into direct contact with the infectious body secretions of the infected animal or
removed an infected tick and consequently became infected with CCHFV [26, 100, 104,
105]. Furthermore, secondary nosocomial infections have also been described where the
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index case occurred due to direct contact with an infected animal or tick bite. Then, the
medical staff involved in the treatment also acquired CCHFV infection [38, 106]. According
to a systematic review published in 2019, the global trend of CCHFV seroprevalence in
livestock showed an increase over time (between 1969 and 2018), with 10.0-27.0%, 19.0—
41.0%, and 0.5-37.0% for camels, sheep, and livestock, respectively. In cattle and goats it
exhibited a slightly increasing trend, with 16.5-21.0 and 22.0-27.0%, respectively [107].
Tendency of CCHFV infections attributed to secretion exposure also increased between 2009
and 2017 in the CCHFV endemic areas (Turkey, Afghanistan, Georgia, Iran) and ranged
between 18.5 and 57.9% of all detected cases [107]. Furthermore, investigations into human
infections in endemic areas often revealed elevated CCHFV seroprevalence in local livestock
[42, 107].

During our serosurvey among free-range vertebrates, sera from the same geolocations were
tested in pools containing two to five samples per pool, which may lead to reduced sensitivity.
To overcome this, we used multiple serological assays with low initial sample dilutions (1:5
for the ELISA kit and 1:20 for the IIFA Kits) to increase sensitivity. Among 1391 tested cattle
and 514 sheep serum samples, we found 0.57% and 0.58% to be seropositive, respectively.
We found CCHFV seropositive animals in the south—central (Bacs-Kiskun) and (north)-
western (Gyor-Moson-Sopron and Veszprém) regions of Hungary. The overall seropositivity
was 2.33% in the affected NUTS3 regions. Interestingly, all identified seropositive sheep
samples (n = 3) were received from the same location (Kiskunfélegyhaza), where we also
detected a seropositive cow and found anti—-CCHFV 1gG positive human blood donors as
well. Regarding geographical distribution, our data obtained in the frame of the animal
serosurveillance correlate with our results on the CCHFV seroprevalence among the general
human population, and are also comparable with the historical reports of the primary vector,
the Hyalomma ticks in Hungary. Although the seroprevalence determined both in the human
population and among indicator animals can be considered low, especially compared to the
seroprevalence data in certain hyper-endemic areas, it clearly indicates some degree of
CCHFV presence in the country. As more than 80% of CCHFV infections are asymptomatic
or with mild symptoms and remain undiagnosed, potential virus circulation can only be

monitored through retrospective serosurveillance.
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6. Conclusions

Based on previously reported data, Hungary stands within high evidence consensus in the
aspect of CCHFV transmission and circulation. Thus, we aimed to incorporate international
recommendations and requirements into our CCHFV research. To do so, we studied
phenotypic and genotypic changes in the CCHFV genome in a stable and controlled cellular
environment. The methods of serial passaging and next generation sequencing allowed us to
identify mutations at low frequency arising across the entire viral genome, as expected for
RNA viruses with a high error rate during replication. By focusing on the mutations that
reached consensus level frequency concomitant with the adapted phenotype, we were able to
combine CCHFV propagation in controlled laboratory settings with phenotypic
characterization, in order to better understand in vitro viral evolution and possible adaptation
to commonly used cell lines, that might influence the approaches of novel diagnostic,
antiviral and vaccine development in laboratory settings. As changes in the viral genome and
the emergence of new viral quasi-species can affect virus properties, such as pathogenicity,
fitness, host-adaptation, evasion of the immune response, enhanced host-cell permissivity,
etc., genetic variations have impact on the sensitivity and specificity of certain diagnostic
tests. Any mutation in the primer-binding region can reduce primer-binding affinity, leading
to decreased specificity and sensitivity of the NAATS and result in false negativity, especially
in the case of clinical samples with low initial viral load. Therefore, it is particularly
important to recognize the appropriate non-variable genome regions as potential diagnostic
targets in the case of highly diverse RNA viruses, such as CCHFV. Genetic variations can
interfere with viral antigen and antibody detection assays as well. The altered genetic
properties can lead to altered antigenic properties that may result in weakened antigen-
antibody binding reaction that serves as basis for serological assays. Hence, tests containing
all viral antigens and polyclonal antibodies against multiple epitopes can be considered better
and more feasible diagnostic options.

As part of our research, we performed the first retrospective and systematic CCHFV
serosurveys focusing on human and animal populations in Hungary covering a significant

geographical area, in order to address the gap in the serosurveillance programs, highlighted
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by several publications [55-57]. Although the serum samples were taken before 2017, we
obtained essential data on the CCHFV serological status in Hungary from a few years ago.
In relation to the increasing seropositivity in the south and south-east of Hungary, and based
on other risk factors, such as vector presence, climatic features, and serological evidence, the
probability of the potential introduction and subsequent human CCHFV infection in the
country is significant [22, 47-54]. The results of our pilot serosurveys can serve as a basis for
a systematic, cross-sectorial serosurveillance program focusing on at-risk human, animal,
and tick populations. Furthermore, based on our newly generated data, Hungary is now
categorized as a level 3 (high potential) country considering the risk of CCHFV introduction
and future human infections. As next step, we would like to assess the current seroprevalence
in the country to gain important information regarding the spatio-temporal emergence of
CCHFV since 2017. We also aim to perform active and comprehensive surveillance focusing
on the principal tick vectors present and the CCHFV strains that potentially circulate in the
affected geographical areas of Hungary. Moreover, our results highlight the importance of
raising awareness among healthcare workers and other at-risk populations of the emerging
threat of CCHFV in Hungary and Central Europe.
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7. Summary

As CCHFV shows enhanced genetic diversity that can result in the emergence of viral quasi-

species, one of our aims was to determine the replication kinetics and genetic variations

resulted by in vitro serial passaging in susceptible cell lines. This task is an important quality

management issue, as genetic variations may lead to phenotypic changes regarding

infectivity and viral fitness. In the frame of this thesis:

We established a mutation accumulation experiment in four susceptible cell lines (Vero
E6, Vero, SW13, BHK-21), followed by deep sequencing and analysis to map signature
mutations.

We found that all tested cell lines are susceptible for CCHFV, and permissivity increased
due to serial passaging in Vero and BHK-21 cells.

Growth-induced mutations emerged in a cell-line specific manner, as the applied cell
lines had significant effect on the mutation variant frequency. By mapping growth-
induced mutations, we were able to combine viral evolution in controlled laboratory

settings with phenotypic characterization.

As Hungary stands within high evidence consensus for future CCHFV introduction and

human infection, we aimed to assess CCHFV seropositivity among humans and indicator

animals in the country. In the frame of this thesis:

In total, 2700 human and 1905 serum samples taken from free-range cattle and sheep
were tested for anti-CCHFV IgG antibodies using a range of commercial in-house
assays. We found a total of 10 reactive samples among humans (0.44%) and 11 reactive
samples (0.58%) among animals comprising 8 cattle and 3 sheep. The most affected
regions were the south-central and northwestern parts of the country.

Based on our newly generated data, Hungary is now categorized as a level 3 (high
potential) country considering the risk of CCHFV introduction and future human
infections.

Accordingly, a more extended surveillance is advised, especially in the affected areas,
and there should be greater awareness among clinicians and other high-risk populations
of the emerging threat of CCHFV in Hungary and Central Europe.
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11.1. Figures
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Appendix Figure 1. Our mutation accumulation study design. For the first passage (P1),
suspensions of all four cell lines (at an initial 3,0E+05 cells/well density) were inoculated in
three biological and three technical replicates using three different multiplicity of infection
values (MOI 0.005, 0.01 and 0.1). Supernatant of each sample was collected directly after
inoculation (day post infection; dpi 0), then in every 24 hours until day 7 (dpi 0-7). Based on
virus growth, the optimal MOI (MOI = 0.005) and dpi for harvesting the supernatant were
determined and used for the subsequent passages. After the first passage, the virus was further
propagated in the same cell lines for an additional four passages (P1 - P5). Thereafter, the
virus was further cross-passaged in every cell line for five additional times (P6 - P10). During
the first cross-passage (P6) and the final passage (P10) the viral growth kinetics was also
determined as described above. CCHFV whole genome sequencing was performed from the
samples of PO, P1, P5, P6 and P10.
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Appendix Figure 2. Nucleotide change preferences in the CCHFV genome induced by the
host cell line by each segment: S (A), M (B) and L (C). Nucleotide change types are shown
on the x-axis. First columns show the P1 (green) and P5 (orange) passage results by cell line.
Columns 2-5 represent P6 (blue) and P10 (purple) cross-passages indicated as original cell
line>new cell line: columns 2. Passaged to BHK-21, column 3. to SW13, column 4. to Vero,
column 4. Vero EG6 cells.
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Appendix Figure 3. Results (OD values) obtained with Cow Crimean—Congo Hemorrhagic
Fever Virus 1gG (CCHF-IgG) ELISA kit for the A. pooled and B. individual samples of the
reactive pools. ELISA testing was performed according to manufacturer’s instructions with
pool samples diluted in 5-fold. Reactive individual samples were two-fold titrated (dilution
range 1:5 — 1:160) and end-point titer was determined compared to cut-off OD to validate
results. Read-out was performed at 450 nm. Cut-off value was determined as ODnegative control
[marked as A in the figure] + 0.15 according to the manufacturer’s instructions. Test is valid
If ODpositive control > 1.0. Sample pools and individual samples with OD > cut-off value were
considered reactive. OD values of the reactive samples (in dilution 1:5) were significantly
higher compared to the OD of negative samples (unpaired t-test, P <0.0001, GraphPad Prism
9.5.0 software).
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Appendix Figure 4. Results obtained with the different immunofluorescent assays among A.
cattle, B. sheep serum samples. Individual samples were diluted 1:20 for the EUROIMMUN
IIFA testing. To determine the final anti-CCHF IgG antibody titer of the individual samples,
two-fold serial dilution was tested in the range of 1:10 — 1:640 (shown on x-axis) using the
in-house 1IFA. Number of reactive samples at each dilution rate is shown in the graph (y-
axis). Among the cattle samples, those that showed clear reactive results in all three tests
were considered positive (n = 8), and among the sheep samples, positivity was confirmed if
reactivity was detected in both in-house and commercial IIFAs (n = 3).

Appendix Figure 5. Detection of anti-CCHFV 1gG with in-house (produced at the NCPHP
NBL) IIFA slides containing whole-virus (CCHFV Afg09-2290 strain) infected Vero E6
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cells. A. Reactive sheep sample pool (S86, dilution 1:20) with high background. Samples
within the pool were tested further individually to verify anti-CCHFV IgG positivity. B.
Negative sheep sample pool (dilution 1:20) with moderate background noise. C. Reactive
sheep serum sample (S86/5, dilution 1:80). D. Positive cattle sample (C135/1, dilution 1:20).
E. Negative cattle sample (dilution 1:20). F. Indeterminate cattle sample (C83/5, dilution
1:20) with high background, sample was discarded and concluded as seronegative.
Immunofluorescence slides were stained with the respective secondary antibody (FITC-
conjugated Anti-Sheep IgG (dilution 1:400) or FITC-conjugated Anti-Bovine 1gG (dilution
1:300)). Fluorescence read-out was performed with the Leica DMi8 (Leica Microsystems,
Wetzlar, Germany) microscope system. Images were processed with the LAS X Life Science
Microscope Software (Leica Microsystems, Wetzlar, Germany) software. Fluorescence was
evaluated for anti-CCHFV IgG-specific staining compared to the positive control (anti-
CCHFV IgG positive polyclonal mouse serum) by two independent individuals. Photo: Leica
DMi8 20x.
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11.2. Tables

Appendix Table 1. Virus growth descriptive measures obtained during P1 in the different cell

lines (maximum virus RNA copy number per mL, infective titer described as TCID50 per

mL, and logarithmic increase in virus growth between dpi 0 and dpi with maximum virus

RNA copy numbers and infective titers).

P1 MOI 0.005 MOI 0.01 MOI 0.1
Virus
RNA copy ) Logarithmic ) Logarithmic ) Logarithmic
number meimem increase Maximem increase eI increase
per mL
VeroE6 | 4.88E+08 2.49 5.03E+08 1.96 5.57E+08 1.43
Vero 1.25E+09 2.84 1.44E+09 2.48 1.62E+09 1.93
SW13 2.39E+09 2.84 1.62E+09 2.44 2.44E+09 1.80
BHK-21 | 8.23E+08 2.55 8.92E+08 191 7.13E+08 1.37
TCIDS50 ) Logarithmic ) Logarithmic ) Logarithmic
maximum maximum maximum
per mL increase increase increase
VeroE6 | 6.81E+03 3.83 1.47E+03 3.17 3.16E+03 1.00
Vero 3.16E+03 3.80 3.16E+03 3.50 3.16E+04 2.00
SW13 3.16E+04 4.50 6.81E+03 3.83 6.81E+04 2.33
BHK-21 | 4.47E+03 3.65 6.81E+03 3.83 3.16E+04 2.00
Dpi with
maximum
R MOI 0.005 MOI 0.01 MOI 0.1
per mL
Vero E6 5 6 3
Vero 6 7 3
SW13 3 4 2
BHK-21 4 3 2
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Appendix Table 2. Maximum virus RNA copy number per mL and maximum infective titer

(TCID50 per mL) by original cell lines (P1-P5) and after the cross passages (P6-P10) to the

new cell lines.

Maximum virus RNA copy number per mL

new cells (P6-P10) Vero E6 Vero

‘F’,g')g'”a' sl Vero E6 Vero SW13 BHK-21 | VeroE6 | Vero SWI13 | BHK-21

P1 5,43E+08 1,25E+09

P6 277E+07 | 2,01E+08 | 2,41E+08 | 6,15E+08 | 1,31E+08 | 1,29E+08 | 2,16E+08 | 3,15E+08

P10 1,58E+08 | 2,74E+08 | 7,28E+07 | 3,08E+08 | 4,23E+08 | 4,09E+08 | 4,03E+08 | 4,23E+08

new cells (P6-P10) SW13 BHK-21

‘F’,;')g'”a' celsPl- | veroEs | Vero SW13 | BHK-21 | VeroE6 | Vero | SWI3 | BHK-21

P1 2,39E+09 9,67E+08

P6 1,13E+09 | 1,13E+09 | 9,90E+08 | 8,65E+08 | 2,62E+08 | 2,14E+08 | 1,98E+08 | 3,55E+08

P10 701E+08 | 7,01E+08 | 542E+08 | 1,62E+09 | 2,10E+08 | 2,36E+08 | 3,28E+08 | 1,81E+08

Maximum TCID50 per mL

new cells (P6-P10) Vero E6 Vero

‘F’,g')g'”a' el (L Vero E6 Vero SW13 BHK-21 | VeroE6 | Vero SW13 | BHK-21

P1 6,81E+04 6,81E+03

P6 438E+02 | 4,38E+02 | 4,38E+02 | 4,38E+02 | 2,21E+03 | 2,21E+03 | 2,21E+03 | 2,21E+04

P10 701E+03 | 7,01E+03 | 1,21E+03 | 2,78E+04 | 2,72E+05 | 5,59E+04 | 2,72E+04 | 4,38E+03

new cells (P6-P10) SW13 BHK-21

‘F’)g')g'”a' eelEiEl- Vero E6 Vero SW13 BHK-21 | VeroE6 | Vero SWI13 | BHK-21

P1 3,16E+04 3,16E+03

P6 1,6E+04 | 3,16E+03 | 1,26E+03 | 2,12E+04 | 3,16E+03 | 3,16E+03 | 3,16E+03 | 1,26E+04

P10 438E+02 | 1,21E+03 | 644E+03 | 1,39E+04 | 559E+03 | 3,16E+03 | 2,33E+03 | 2,60E+03
dpi used for determination of infective titers (TCID50 per mL)

new cells (P6-P10) Vero E6 Vero

‘F’,g')g'”a' eRlBiE- Vero E6 Vero Swi3 BHK-21 | VeroE6 | Vero SW13 | BHK-21

P1 5 6

P6 6 5 5 5 6 6 7 7

P10 4 4 4 3 4 5 5 4

new cells (P6-P10) SW13 BHK-21

‘F’,g')g'”a' cells (P1- | \sero E6 Vero SWI13 | BHK-21 | VeroE6 | Vero | SWI3 | BHK-21

P1 3 4

P6 3 4 2 2 4 6 4 4

P10 2 2 2 2 3 4 2 2
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Appendix Table 3. Number of selected and tested serum samples by NUTS3 region, age

group and gender based on the Hungarian demographic data obtained from the Hungarian

Central Statistical Office website (www.ksh.hu/interaktiv_korfa). F: female, M: male

donors.

NUTS3 region 18-34y 35-50y 51-65y Total
M* F* M F M F

Bacs-Kiskun 31 15 24 30 26 22 148
Baranya 22 12 21 21 29 11 116
Békés 16 15 16 15 16 15 93
Borsod-Abauj- 34 28 40 16 35 26 179
Zemplén
Budapest 84 84 73 76 83 97 497
Csongrad 18 21 20 16 19 20 114
Fejér 21 19 19 19 27 12 117
Gyo6r-Moson-Sopron 22 18 27 17 23 13 120
Hajdu-Bihar 25 26 25 24 25 34 159
Heves 14 13 13 12 14 10 76
Jasz-Nagykun-Szolnok | 17 17 17 16 18 16 101
Komarom-Esztergom 19 8 15 13 13 9 77
Nograd 9 8 9 9 9 8 52
Pest 44 54 60 53 75 26 312
Somogy 16 9 14 14 16 13 82
Szabolcs-Szatmar- 28 25 21 27 19 16 136
Bereg
Tolna 12 8 10 13 10 9 62
Vas 18 11 11 21 16 7 84
Veszprém 12 19 23 8 18 11 91
Zala 18 12 17 9 17 11 84
Total 480 422 475 429 508 | 386 2700
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http://www.ksh.hu/interaktiv_korfa)

Appendix Table 4. Detailed results of the reactive pools and individual samples by the

initial screening and verification testing with ELISA or in-house IIFA testing. * Cattle

sample pools were screened with the Cow Crimean—Congo Hemorrhagic Fever Virus IgG

(CCHF-IgG) ELISA Kit (Abbexa Ltd, Cambridge, United Kingdom). To test sheep

samples pools, the in-house IIFA slides stained with FITC-conjugated Anti-Sheep 1gG

(whole molecule) were used. n.a.: not applicable

NUTS3 | District of origin | ELISA/IIFA Pool and ELISA in-house | Euroimmun Final
of origin of the pool* sample 1D result IHFA HHFA result
(titer) (titer)

Pest Monor Equivocal C127/1 negative <1:20 negative negative
negative

C127/2 negative <1:20 negative negative
negative

C127/3 negative <1:20 negative negative
negative

C127/4 negative <1:20 negative negative
negative

C127/5 negative <1:20 negative negative
negative

Bacs- Baja Reactive C135/1 1:20 1:40 reactive positive
@ Kiskun reactive reactive

z:“i C135/2 1:40 1:40 reactive positive
reactive reactive

C135/3 1:20 1:40 reactive positive
reactive reactive

C135/4 negative <1:20 indeterminate | negative
negative

C135/5 negative <1:20 negative negative
negative

Gyo6r- Csorna Reactive C36/1 negative <1:20 negative negative
Maoson- negative

Sopron C36/2 negative <1:20 negative negative
negative
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C36/3 1:20 1:40 reactive positive
reactive reactive
C36/4 negative <1:20 negative negative
negative
C36/5 1:40 1:20 reactive positive
reactive reactive

Gyo6r- Csorna Equivocal C371 negative <1:20 negative negative

Moson- negative

Sopron C37/2 negative <1:20 negative negative

negative
C37/3 negative <1:20 negative negative
negative
C37/4 1.5 1:20 reactive positive
reactive reactive
C37/5 negative <1:20 negative negative
negative
Veszprém Varpalota Equivocal C57/1 1:20 1:40 reactive positive
reactive reactive
C57/2 negative <1:20 negative negative
negative
Csongrad Csongrad Equivocal C83/1 negative <1:20 negative negative
negative
C83/2 negative <1:20 negative negative
negative
C83/3 1:10 1:40 reactive positive
reactive reactive
C83/4 negative <1:20 negative negative
negative
C83/5 negative <1:20 indeterminate | negative
negative
Bécs- Kiskunfélegyhaza Reactive S86/1 n.a. 1:160 reactive positive
2 Kiskun reactive
% S86/2 n.a. <1:20 negative negative
negative
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S86/3 n.a. <1:20 negative negative
negative

S86/4 n.a. 1:160 reactive positive
reactive

S86/5 n.a. 1:320 reactive positive
reactive
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