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Abstract
Shuni virus (SHUV), an insect-transmitted orthobunyavirus of the Simbu serogroup 
within the family Peribunyaviridae, may induce severe congenital malformations when 
naïve ruminants are infected during gestation. Only recently, another clinical presen-
tation in cattle, namely neurological disease after postnatal infection, was reported. 
To characterize the course of the disease under experimental conditions and to con-
firm a causal relationship between the virus and the neurological disorders observed 
in the field, six calves each were experimentally inoculated (subcutaneously) with 
two different SHUV strains from both clinical presentations, that is encephalitis and 
congenital malformation, respectively. Subsequently, the animals were monitored 
clinically, virologically and serologically for three weeks. All animals inoculated with 
the ‘encephalitis strain’ SHUV 2162/16 developed viremia for three to four consecu-
tive days, seroconverted, and five out of six animals showed elevated body tempera-
ture for up to three days. No further clinical signs such as neurological symptoms 
were observed in any of these animals. However, four out of six animals developed a 
non-suppurative meningoencephalitis, characterized by perivascular cuffing and glial 
nodule formation. Moreover, SHUV genome could be visualized in brain tissues of the 
infected animals by in situ hybridization. In contrast to the ‘encephalitis SHUV strain’, 
in animals subcutaneously inoculated with the strain isolated from a malformed new-
born (SHUV 2504/3/14), which expressed a truncated non-structural protein NSs, a 
major virulence factor, no viremia or seroconversion, was observed, demonstrating 
an expected severe replication defect of this strain in vivo. The lack of viremia further 
indicates that virus variants evolving in malformed foetuses may represent attenu-
ated artefacts as has been described for closely related viruses. As the neuropatho-
genicity of SHUV could be demonstrated under experimental conditions, this virus 
should be included in differential diagnosis for encephalitis in ruminants, and cattle 
represent a suitable animal model to study the pathogenesis of SHUV.
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1  | INTRODUC TION

The insect-transmitted Shuni virus (SHUV) is a member of the Simbu 
serogroup within the family Peribunyaviridae, genus Orthobunyavirus 
(Plyusnin & Elliott, 2011). Besides SHUV, several viruses of veteri-
nary importance such as Akabane virus (AKAV) or Schmallenberg 
virus (SBV) are assigned to the Simbu serogroup. SHUV was firstly 
isolated in Nigeria in 1960 from apparently healthy cattle (Causey 
et al., 1972), and, thereafter, it was also detected in further African 
countries. In 2014, the virus was reported for the first time outside 
of the African continent, namely in the Middle East, where it was 
isolated from malformed lambs in Israel (Golender et al., 2015). In 
the following years, SHUV was repeatedly detected in aborted and/
or malformed calves or lambs in this country (Golender et al., 2018); 
hence, the virus established an endemic status in Israel. As SHUV 
is transmitted by biting midges (genus Culicoides) (Möhlmann 
et al., 2018), which occur worldwide, a further spread of the virus 
into hitherto unaffected regions seems very likely.

In general, Simbu serogroup virus infections can cause two dif-
ferent types of clinical manifestation in ruminants. Acute infections 
of animals of all age groups are either asymptomatic or mild, associ-
ated with unspecific signs like fever, diarrhoea or loss in milk yield 
for a few days (Kirkland, 2015; Wernike et al., 2015). However, when 
naïve dams are infected during a critical phase of gestation, severe 
congenital defects referred to as arthrogryposis-hydranencephaly 
syndrome (AHS), abortion, premature birth, mummification or still-
birth can occur (Beer & Wernike, 2019; Kirkland, 2015; Wernike 
et al., 2015).

For SHUV and AKAV, another clinical presentation is described 
after natural infection. In rare cases, some strains of AKAV may in-
duce encephalitis in newborn calves and the Iriki strain has been 
occasionally associated with encephalitis in young and adult cat-
tle (Miyazato et al., 1989). Only recently, severe neurological signs 
have been described in young cattle naturally infected with SHUV 
(Golender et al., 2019). However, for SHUV the pathogenesis of this 
clinical presentation is largely unknown. In addition to the disease 
induced in ruminants, SHUV has also been associated with neuro-
logical diseases in horses in South Africa (van Eeden et al., 2012). 
Apart from animals, SHUV was isolated from a febrile child in Nigeria 
(Moore et al., 1975) and specific antibodies were found in veterinari-
ans in South Africa. Hence, a zoonotic potential cannot be excluded; 
however, no clear histories of disease compatible with SHUV infec-
tions could be determined from antibody-positive veterinarians (van 
Eeden et al., 2014).

Similar to other orthobunyaviruses, SHUV is spherical, about 
100 nm in diameter and comprises a tri-partite single-stranded 
negative-sense RNA genome that encodes for four structural and 
two non-structural proteins (Walter & Barr, 2011). The small (S) ge-
nomic segment encodes for the nucleocapsid protein N and in an 
overlapping reading frame for the non-structural protein NSs. The 
medium (M) segment encodes for the glycoproteins Gn and Gc, and 
the non-structural protein NSm, and the large (L) segment encodes 
for the RNA dependent RNA polymerase (Walter & Barr, 2011). The 

NSs protein acts as an interferon antagonist and induces a shut-off 
of protein synthesis in mammalian cells; hence, it represents a major 
virulence factor in vertebrate hosts (Elliott & Blakqori, 2011). For the 
insect vector, the function of both non-structural proteins remains 
largely unknown.

From ovine and bovine samples collected during the recent 
SHUV outbreak in Israel, infectious viruses could be successfully 
isolated (Golender et al., 2015, 2019). Sequence analysis revealed 
that the amino acid (aa) sequences of the viral N protein are highly 
conserved. Israeli SHUVs show an overall identity of 99.3 to 100%, 
however, when compared to the more ancient African sequences, 
aa identity decreases to about 90.5% (Golender et al., 2016). 
Nevertheless, single point mutations in the nucleotide sequences 
found in Israeli isolates from foetal brains led to changes in aa se-
quence or resulted in stop codons. A SHUV isolate with mutations 
leading to a truncated NSs protein showed a loss of function of the 
NSs protein in vitro (Golender et al., 2016). Whether this mutation 
also effects the function in vivo remains unknown.

In the present study, cattle were experimentally inoculated with 
two recent Israeli SHUV isolates and clinically, virologically, sero-
logically and pathologically investigated to characterize the course 
of the disease. The first isolate represented the virus displaying a 
truncated, non-functional NSs protein, and the second isolate was 
obtained from acutely infected cattle showing neurological symp-
toms including compulsive circling, ataxia, swallowing difficulties 
and dysstasia.

2  | MATERIAL S AND METHODS

2.1 | Viruses

Viruses from both previously described clinical pictures, namely 
encephalitis and congenital malformation, were selected. The first 
virus strain ‘SHUV 2162/16’ was isolated on Vero cells from the 
brain homogenate of a heifer showing neurological symptoms such 
as compulsive circling, ataxia, swallowing difficulties and later on 
dysstasia and recumbency (Golender et al., 2019). The second virus 
strain ‘SHUV 2504/3/14’ was obtained from the brain of a mal-
formed, aborted sheep foetus using suckling mice and Vero cells 
(Golender et al., 2015). The latter isolate expresses a truncated NSs 
protein due to a stop codon in the NSs open reading frame (Golender 
et al., 2016). Both isolates were passaged once each on Culicoides 
sonorensis cells (KC, L1062, collection of cell lines in veterinary 
medicine (CCLV), Friedrich-Loeffler-Institut, Greifswald-Insel Riems, 
Germany) and baby hamster kidney cells (BHK 21, L0164 CCLV).

2.2 | Animals and experimental design

Fourteen cattle between 7 and 11 months of age (13 females, one 
castrated male) were obtained from a commercial supplier and re-
housed to an insect-proof high containment stable. The animals 
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were kept in two infection groups of six cattle each, and the two 
remaining negative-control animals were kept separately. Before the 
experimental inoculation, sera of all animals were tested by a com-
mercially available SBV antibody ELISA (ID Screen Schmallenberg 
virus competition multispecies; IDvet, Grabels, France) that also 
detects antibodies against several other Simbu serogroup viruses 
(Oluwayelu et al., 2018; Wernike et al., 2017) and by a microneutrali-
zation test against SHUV isolate 2162/16. All sera tested negative.

Six animals each were subcutaneously injected with 1 ml con-
taining 106 TCID50/mL of SHUV strain 2162/16 (cattle numbers C1 
to C6) or strain 2504/3/14 (cattle C7 to C12), respectively. The two 
control animals (C13 and C14) were subcutaneously injected with 
1 ml of phosphate-buffered saline (PBS). Throughout the study, the 
animals were monitored daily by veterinarians using a clinical scoring 
system (depending on the severity of clinical signs, up to 3 points 
were awarded for changes in activity, posture, gait and feeding be-
haviour). Rectal body temperatures were measured daily.

Whole blood and serum samples were collected daily for 10 days, 
on day 14 and on day 21. After three weeks, all animals were killed and 
tissue samples were collected (duodenum, jejunum, ileum (including 
Peyer's patches), caecum, rectum, spleen, tonsil, mesenteric, tracheo-
bronchial, mandibular and retropharyngeal lymph nodes, spinal cord, 
cerebrum and cerebellum, liver, kidney, heart, ovary, muscle).

The experimental protocol was evaluated by a state ethics com-
mission and approved by the competent authority (permission num-
ber LALLF M-VTSD/7221.3–2-010/18).

2.3 | RNA extraction and real-time RT-PCR

Tissue samples were homogenized in 1 ml of Modified Eagle Medium 
(MEM) using a TissueLyzer (Qiagen, Hilden, Germany). Total RNA 
from the tissue homogenates, serum and whole blood samples was 
extracted using the King Fisher 96 Flex purification system (Thermo 
Scientific, Braunschweig, Germany) in combination with the 
NucleoMag Vet kit (Macherey-Nagel, Düren, Germany) according 
to the manufacturers’ instructions. The extracts were subsequently 
tested for SHUV genome using an S-segment-based generic Simbu 
serogroup real-time RT-PCR (Golender et al., 2018). To control for 
efficient RNA extraction and amplification, thereby avoiding false-
negative results, an internal control based on the beta-actin gene 
was additionally tested (Toussaint et al., 2007).

2.4 | Serology

The sera collected at weekly intervals were heat inactivated at 
56°C for 30 min and analysed by a standard microneutralization 
test against the virus isolate used for inoculation, sera obtained 
from the control animals were tested against both isolates. Each 
serum was tested in quadruplicate. The serum samples were first 
diluted in MEM in a 1/5 ratio and titrated in two-fold dilutions. 
Subsequently, 50 µl of the diluted sera were incubated with 50 µl 

of MEM containing approximately 100 TCID50 of SHUV, which was 
confirmed by performing back-titrations, in microtiter plates for 2 hr 
at 37°C. Thereafter, 100µl of a BHK21 cell suspension was added 
to the virus-serum mixture and incubated at 37°C for 3 to 4 days. 
Evaluation was done by assessing the cytopathic effect. The anti-
body titres were calculated as ND50 (neutralization dose 50%) ac-
cording to Behrens and Kaerber (Behrens & Kärber, 1934).

In addition, the sera were tested in an indirect immunofluores-
cence assay against the virus isolate used for inoculation. Sera of the 
control animals were tested against both SHUV strains. As antigen 
matrix, Vero cells (VERO 76, L0228 CCLV) were cultivated in 96-well 
microtiter plates. Odd-numbered columns were either infected with 
SHUV strain 2162/16 or 2504/3/14, while even numbered columns 
were left uninfected to control for unspecific reactions of the sera. 
After a 24-hr incubation period at 37°C, cells were heat-fixed at 
80°C for 2 hr.

The cells were incubated with the sera pre-diluted in PBS (serial 
dilution of 1/50 to 1/400 in steps of 50). Binding of serum antibodies 
to the SHUV-infected and uninfected cells was visualized by adding 
a fluorescein-labelled secondary anti-bovine antibody (Anti-Bovine 
IgG (whole molecule)-FITC produced in rabbit, Sigma life sciences, 
St. Louis, USA). The assay was evaluated using a fluorescence micro-
scope (Eclipse Ti-U, Nikon, Melville, USA). A comparison of infected 
and uninfected cells facilitated to exclude unspecific reactions.

Moreover, the sera were tested by a commercially available SBV 
antibody ELISA (ID Screen Schmallenberg virus competition multi-
species; IDvet, Grabels, France) that also detects antibodies against 
several other Simbu serogroup viruses (Oluwayelu et al., 2018; 
Wernike et al., 2017).

2.5 | Autopsy, histopathology and in situ 
hybridization

Full autopsies were performed on all animals according to a standard 
protocol. The brain and cervical spinal cord were collected and fixed 
in 10% neutral-buffered formalin. Coronal sections of the following 
brain regions were processed: cortex (frontal and parietal lobe), the 
periventricular area of the lateral ventricle (region of caudate nu-
cleus), hippocampus region, cerebral aqueduct with periaqueductal 
grey and white matter, cerebellum and cervical spinal cord. Tissues 
were embedded in paraffin, cut at three μm and stained with hae-
matoxylin and eosin for light microscopic analyses. Meningeal infil-
trates and perivascular immune cell cuffing in the grey and white 
matter were evaluated using a semi-quantitative scoring system, 
considering the most severely affected area: no lesion; up to three 
cell layers = mild; 4–9 cell layers = moderate; ≥10 layers = severe. 
The presence of glial nodules was recorded for the grey and white 
matter: no nodules, few (one focus per 20× field), multiple (two to 
three foci), abundant (≥ four foci).

Consecutive slides of areas with the most abundant inflamma-
tion were processed for immunohistochemistry. T-cell, B-cell and mi-
croglia/macrophage markers were applied, apoptosis was detected 
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by active-caspase-3 labelling and potential astrogliosis was tested 
by using glial fibrillary acidic protein (GFAP) immunohistochemistry, 
according to standardized procedures (see Table 1). Non-specific 
antibody binding was blocked with undiluted goat normal serum 
for 30 min at room temperature. Immunolabeling was visualized 
by 3-amino-9-ethylcarbazole substrate (AEC, Dako, Agilent, Santa 
Clara, CA, USA) producing a red-brown signal, and sections were 
counter-stained with Mayer's haematoxylin.

On additional consecutive sections, conventional staining proto-
cols were applied, including Luxol Fast Blue Cresyl Violet for detec-
tion of myelin sheaths and Nissl substance, von Kossa stain to show 
mineralization and Prussian blue reaction for demonstration of ferric 
iron, indicating hemosiderin.

RNA in situ hybridization for the detection of SHUV RNA in brain 
tissue sections was performed with the RNAScope® 2–5 HD Reagent 
Kit-Red (ACD, Advanced Cell Diagnostics, Newark, CA) according 
to the manufacturer's instructions. For hybridization, RNAScope® 
probes were custom-designed for the nucleocapsid protein. The 
specificity of the probes was verified using a positive control probe 
peptidylprolyl isomerase B (cyclophilin B, ppib) and a negative con-
trol probe dihydrodipicolinate reductase (DapB). Histopathology 
and RNAScope® interpretation were performed by a board-certified 
pathologist (DiplECVP).

3  | RESULTS

3.1 | Clinical manifestation

After inoculation, all animals were monitored daily for clinical 
signs. All cattle inoculated with SHUV strain 2162/16 except for 
C3 showed elevated rectal body temperatures (>39.5°C), reaching 
values as high as 40.4°C (C1), for one to three days starting at the 
earliest at day four post-infection (dpi). The course of fever varied 
markedly between the individual animals of this group (Figure 1). In 
contrast, the body temperature of the animals inoculated with SHUV 

strain 2504/3/14 and of the uninfected control cattle remained in a 
normal temperature range (<39.5°C) throughout the study (Figure 1). 
Further clinical signs such as neurological changes were never ob-
served in any animal.

3.2 | Detection of viral genome

Viral genome was detected by real-time RT-PCR in the blood of all 
animals inoculated with SHUV strain 2162/16 for three to four con-
secutive days starting two or three days after infection (Figure 2). 
No remarkable differences between whole blood and serum sam-
ples were observed. The whole blood and serum samples of animals 
inoculated with strain 2504/3/14 and of the control animals tested 
negative for all animals at all time points.

From the diverse panel of tissue samples collected during au-
topsy, only lymphatic and nervous tissue samples of the animals in-
oculated with strain 2162/16 tested positive by real-time RT-PCR. 
In samples collected from cattle C1, SHUV RNA was found in the 
spleen (quantification cycle (Cq) value: 38.7), the spinal cord (Cq 
35.7) and in the cerebellum (Cq 34.8). In animal C2, SHUV RNA was 
detected only in the cerebrum (Cq 39.4), while in C3 viral RNA could 
be detected only in the spleen (Cq 33.5). In cattle C4, viral RNA was 
found in the spinal cord (Cq 35.1), cerebellum (Cq 32.8) and cere-
brum (Cq 33.8). In cattle C6, viral RNA was found in spleen (Cq 35.5), 
spinal cord (Cq 38.5) and cerebellum (Cq 34.3). No viral genome 
could be detected in any other tissue sample of the aforementioned 
cattle. Animal C5, as well as all cattle inoculated with SHUV strain 
2504/3/14 and the uninfected control animals tested negative by 
real-time RT-PCR in every tissue sample.

3.3 | Antibody detection

On the day of inoculation, the sera of all animals reacted negative 
in the neutralization test. All animals inoculated with SHUV strain 

TA B L E  1   Immunohistochemical markers and applications. HIER: heat-induced epitope retrieval, RT: room temperature

Marker Antibody Pre-treatment Secondary reagents

CD79a Mouse anti-CD79A (LifeSpan BioSciences, 
Seattle, WA, #LS-B8330), 1/50, overnight

HIER, 10mM Tris/ 1mM EDTA 
buffer pH 9.0, 20 min

Dako EnVision+ System- HRP Labelled 
Polymer Anti-mouse, 30 min (Dako, 
Agilent, Santa Clara, CA, USA)

CD3 Rabbit anti-CD3 polyclonal (Dako, 
#A045229−2), 1/100, overnight

HIER, 10mM Tris/ 1mM EDTA 
buffer pH 9.0, 20 min

Dako EnVision+ System- HRP Labelled 
Polymer Anti-rabbit, 30 min

Iba−1 Rabbit anti Iba1 (FUJIFILM Wako Pure 
Chemical Corporation, Osaka, Japan, # 
019–19741), 1/800, overnight

HIER, Citrate buffer pH 6.0, for 
20 min

Dako EnVision+ System- HRP Labelled 
Polymer Anti-rabbit, 30 min

GFAP Rabbit anti GFAP (abcam, Cambridge, UK, 
#ab16997), 1/200, overnight

HIER, Citrate buffer pH 6.0, for 
20 min

Dako EnVision+ System- HRP Labelled 
Polymer Anti-rabbit, 30 min

active caspase 3 Rabbit anti-active caspase 3 (Promega, 
Madison, WI, USA, #G7481), 1/200, 
overnight

No pre-treatment Anti-Rabbit IgG Biotinylated, 1/200, 
30 min. RT; and ABC Kit Vectastain Elite 
PK 6100, 30 min (Vector Laboratories, 
Burlingame, CA, USA)
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2162/16 seroconverted; neutralizing antibodies could be detected 
from day seven onwards, reaching titres as high as 1/320 at 14 or 
21 dpi (Table 2). In the group that was inoculated with SHUV strain 
2504/3/14, neutralizing antibodies were only detectable in the 
serum of cattle C7, albeit at very low titres of 1/17 (14 dpi) and 1/24 
(21 dpi), respectively (Table 2).

The results of the neutralization assay were confirmed by an 
indirect immunofluorescence assay. A fluorescence signal was vis-
ible for all cattle infected with SHUV strain 2162/16 from day 14 
onwards, reaching the highest titres on day 21 (1/350). No fluores-
cence could be seen in samples of the cattle inoculated with SHUV 
strain 2504/3/14 or the control animals. The commercially available 
SBV antibody ELISA scored positive in three cattle inoculated with 

strain 2162/16 (C1, C3 and C6) at 14 and/or 21 dpi. No antibodies 
were detected in cattle inoculated with SHUV strain 2504/3/14 or 
the control animals (Table2).

3.4 | Histopathology and in situ hybridization

Histopathology revealed a mild (C2) to moderate (C1, C4, C6) non-
suppurative meningoencephalitis in the animals, in which SHUV 
RNA was detected by real-time RT-PCR in samples of the central 
nervous system. The grey and white matter was equally affected 
by perivascular cuffing and glial nodule formation. The most con-
sistent, moderate inflammation and glial reaction were recorded in 

F I G U R E  1   Rectal body temperature of 
cattle inoculated with either Shuni virus 
strain 2162/16 (red) or 2504/3/14 (blue). 
Uninfected control animals are shown 
in green [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  2   Real-time RT-PCR results 
for whole blood (shown in black) and 
serum samples (shown in red). Samples 
taken from the same animal are depicted 
by the identical line type. No Shuni virus 
RNA was detected in C7 - C12, which 
were inoculated with strain 2504/3/14, 
or in the uninfected control animals at 
any time [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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the periductal matter of the cerebral aqueduct (3 out of 4 animals). 
The spinal cord was mildly affected in all infected animals. The hip-
pocampus and cerebellum showed mild to moderate lesions in 3 out 
of 4 animals. In individual cases, mild perivascular infiltrates or glial 
reaction was detected in the frontal or parietal lobe or in periven-
tricular area of the lateral ventricle.

Consistently, perivascular infiltrates as well as glial nodules 
were composed of CD3-positive T-cells and Iba-1-labelled microg-
lia/macrophages in comparable amounts. T-cells were also present 
in increased numbers, scattered within the grey and white matter. 
CD79a-positive B cells were only rarely detected. Representative le-
sions are shown in Figure 3. Apoptosis was not a significant feature 
with only scattered labelled cells (supplementary Figure S1). Further, 
astrogliosis was not identified; the number and distribution of GFAP-
positive astrocytes did not differ between inoculated animals and 
the control (supplementary Figure S1). Neither haemorrhage, nor 
mineralization, nor demyelination, or loss of Nissl substance was 
found.

Shuni virus RNA was detected by in situ RNA hybridization, 
within the lesions in the periductal white matter of the cerebral 
aqueduct, phenotypically consistent with neuronal cell processes 
(Figure 4).

4  | DISCUSSION

The spread of SHUV from the African continent to Israel (Golender 
et al., 2015) or the unexpected emergence of SBV in Central Europe 
in 2011 (Hoffmann et al., 2012) proved the ability of Simbu sero-
group viruses to cause large-scale epidemics after incursion into 
previously not affected areas (EFSA, 2012; Golender et al., 2018). 

When naïve, pregnant ruminants are infected, SHUV is known for 
its ability to cause severe congenital malformations, abortion, pre-
mature birth, mummification or stillbirth (Golender et al., 2015). 
However, during its spread through the Middle East, another clinical 
presentation became evident, when neurological signs and fatalities 
were described in young and adult cattle (Golender et al., 2019). In 
addition to ruminants, SHUV has been associated with neurological 
disease in other animals such as horses (van Eeden et al., 2012) and 
was detected in several other domestic and wildlife species (Steyn 
et al., 2020), demonstrating the broad host range of SHUV.

In our study, virus isolates obtained from representative cases 
of both clinical presentations from recent outbreaks in Israel, that 
is a malformed ovine foetus and a heifer showing neurological 
symptoms, were injected into cattle to compare the outcome under 
standardized experimental conditions. When comparing the two 
virus strains used in this study on a molecular level, few but cru-
cial differences have been found. In the S segment, the sequences 
differ by only three nucleotides, which does not lead to changes of 
amino acids within the N protein (Golender et al., 2019). However, 
for the non-structural protein NSs, which is coded in an overlapping 
alternative reading frame (Walter & Barr, 2011), the varying nucle-
otide at position 50 in the NSs open reading frame ORF results in 
a stop codon in strain SHUV 2504/3/14 instead of a tryptophan in 
strain 2162/16 (Golender et al., 2016, 2019). In vitro, this mutation 
led to a loss of the protein function (Golender et al., 2016), that is 
to prevent the activation of the host's innate immune response 
of releasing interferons (Elliott & Blakqori, 2011). In this study, it 
was demonstrated by a lack of viremia in all inoculated animals 
that the NSs function of strain 2504/3/14 is also impaired in vivo. 
The inability of NSs deletion mutant viruses to induce viremia in 
interferon-competent mammalians was already demonstrated for 

F I G U R E  3   Histopathology and immunohistochemistry of brain sections of control (a-d) and Shuni virus-infected animals (e-h). 
Haematoxylin and eosin (a, e) or immunohistochemistry with AEC (red-brown) chromogen and Mayer's haematoxylin counterstain (b-d, f-h). 
All scale bars 50 µm, inlays showing details. (a) Unaffected brain, control animal. (b) Iba-1 labelled microglia/macrophages, note the equal 
distribution of slender cells, control animal. (c) CD3-positive, single cell, control animal. (d) Absence of CD79a-labelled B cells, control animal. 
(e) Non-suppurative, moderate encephalitis with mononuclear, perivascular cuffing (arrow, 4 layers) and focal glial nodule formation (arrow 
head), infected animal C6, (f) Iba-1-positive microglial cells/macrophages, note the increased number (hyperplasia) and size (hypertrophy) of 
labelled cells, infected animal C4. (g) CD3-positive cells in high number, perivascularly and scattered within the neuropil, infected animal C4. 
(h) CD79a labelled, single B-cell, infected animal C4 [Colour figure can be viewed at wileyonlinelibrary.com]
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other simbuviruses, such as SBV (Kraatz et al., 2015). However, for 
SBV, the NSs deletion mutant was generated by reverse genetics 
(Kraatz et al., 2015), while the SHUV mutant used in this study 
evolved naturally. This mutant virus occurred in a malformed foe-
tus and not in an acutely infected adult animal, further support-
ing the theory that genetically highly variable Simbu serogroup 
viruses evolving in foetuses represent dead-end artefacts that are 
not fit for the usual transmission cycle. Nevertheless, the inoc-
ulation of strain 2504/4/14 led to the development of neutraliz-
ing antibodies in one of six animals, albeit at low level, which has 
been likewise described for an NSs-deleted SBV mutant (Kraatz 
et al., 2015). In the case of SBV, this was used for the generation 
of live attenuated candidate vaccines, since immunization with the 
NSs deletion mutant conferred protection from virulent virus chal-
lenge. Whether this holds also true for the naturally evolved SHUV 
strain needs to be further evaluated in future vaccination-chal-
lenge experiments.

In contrast to the NSs-deficient virus, SHUV strain 2162/16, 
which was isolated from an acutely infected animal, successfully in-
fected calves leading to a short-lived viremia and seroconversion in 
all six inoculated animals. This, for vector-transmitted agents surpris-
ingly short viremia, was also demonstrated for other simbuviruses 
such as SBV (Hoffmann et al., 2012) and AKAV (Lee et al., 2016) and 
seems to be long enough for the arthropod vector to acquire the 
virus and for the establishment of a successful transmission cycle 
between the vector and the mammalian hosts.

Even though experimentally infected animals did not show clin-
ical signs characteristic for a neurological disease, viral genome was 
detected in the central nervous system of four out of six animals 
by real-time RT-PCR. Furthermore, the histopathological investiga-
tion revealed a non-suppurative meningoencephalitis in all of these 
animals. Perivascular cuffs and glial nodules as common character-
istic features of viral encephalitis were observed in both, naturally 
infected (Golender et al., 2019) and in experimentally inoculated 
cattle. In addition, SHUV RNA was visualized in this study within the 

lesions by in situ hybridization. Hence, SHUV could be determined as 
the causative agent of the encephalitis.

In general, the clinical picture observed in SHUV infected cattle 
mirrors that of the related AKAV, where some strains may induce 
encephalitis in postnatally infected cattle, while others are associ-
ated with abnormal deliveries (Yanase et al., 2018). However, AKAV 
strains found in association with encephalitis were also isolated 
from asymptomatic cattle (Yanase et al., 2018), and SHUV isolates 
likewise did not reveal any specific genomic changes that could be 
associated with neuropathogenicity (Golender et al., 2019).

As acute SHUV infections often seem to be asymptomatic or 
associated with only mild, unspecific clinical signs, the spatial dis-
tribution of the virus might be underestimated. As demonstrated in 
this study, even major histological findings like encephalitis might 
not result in symptoms. To identify the actual distribution of SHUV, 
serological screenings might be considered, especially since the de-
tection of the virus itself is time restricted by the short viremia of 
only a few days. Both assays presented in this study, that is the neu-
tralization test and the indirect immunofluorescence test, proved 
suitable for the detection of SHUV antibodies. Alternatively, biting 
midges (genus Culicoides) could be monitored for the presence of 
viral genome as has been demonstrated for various Simbu serogroup 
viruses (Behar et al., 2020; De Regge et al., 2012; Stram et al., 2004).

In summary, it was demonstrated that cattle, one of the major 
target species of SHUV, represent a suitable animal model to study 
the pathogenesis of the virus. Moreover, the neuropathogenicity of 
SHUV could be demonstrated under experimental conditions. Thus, 
SHUV should be included in the list of differential diagnosis of en-
cephalitis in ruminants and an outbreak of SHUV in Europe would 
most likely result in more infected species and a broader spectrum 
of clinical signs, including neuropathology.
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