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Abstract: Tick-borne encephalitis (TBE) virus is an emerging pathogen that causes severe infections
in humans. Infection risk areas are mostly defined based on the incidence of human cases, a method
which does not work well in areas with sporadic TBE cases. Thus, sentinel animals may help to
better estimate the existing risk. Serological tests should be thoroughly evaluated for this purpose.
Here, we tested three test formats to assess the use of dogs as sentinel animals. A total of 208 dog
sera from a known endemic area in Southern Germany were tested in an All-Species-ELISA and
indirect immunofluorescence assays (IIFA), according to the manufacturer’s instructions. Sensitivity
and specificity for both were determined in comparison to the micro-neutralization test (NT) results.
Of all 208 samples, 22.1% tested positive in the micro-NT. A total of 18.3% of the samples showed
characteristic fluorescence in the ITFA and were, thus, judged positive. In comparison to the micro-NT,
a sensitivity of 78.3% and a specificity of 98.8% was obtained. In the ELISA, 19.2% of samples tested
positive, with a sensitivity of 84.8% and a specificity of 99.4%. The ELISA is a highly specific test for
TBE-antibody detection in dogs and should be well suited for acute diagnostics. However, due to
deficits in sensitivity, it cannot replace the NT, at least for epidemiological studies. With even lower
specificity and sensitivity, the same applies to ITFA.
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1. Introduction

Tick-borne encephalitis virus (TBEV) is an emerging tick-borne viral pathogen which
causes severe, generalized infections involving the central nervous system (CNS) [1,2]. It
is endemic in large parts of Europe and Asia [3-5] and with approximately 10,000-12,000
human cases per year, it is the most important vector-borne viral infection in Europe [6,7].
TBEV is a member of the family Flaviviridae, genus Flavivirus, and comprises three genetic
subtypes: Western (TBEV-EU), Far Eastern (TBEV-FE), and Siberian (TBEV-Sib), with
at least another four proposed subtypes (two Baikalian, Himalayan, Obskaya) [8]. The
virus is transmitted by ticks of the genus Ixodes; in Germany and central Europe (TBEV-
EU) this mainly occurs via Ixodes ricinus, while the Siberian and Far Eastern subtypes
are mainly transmitted by Ixodes persulcatus [3,9,10]. In humans, symptoms caused by
TBEV-EU often occur in a biphasic form, with unspecific flu-like symptoms in the first
phase, which is followed by an asymptomatic period [3,5,11]. The second phase occurs in
one-third of patients, characterized by high fever and increasing neurological disorders,
ranging from photophobia, headache and vomiting, to tremor, reduced consciousness,
cognitive deficits, paresis and in rare cases, death [3,5,11]. So far, risk areas in Germany
and many other European countries are defined by the incidence of human cases [12,13].
However, rising vaccination rates may lead to a decrease in clinical human Tick-borne
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encephalitis (TBE) disease (e.g., Austria). In addition, human exposure to ticks can also
vary greatly depending on the region, the season and year. All these aspects have a
great influence on the current method of assessing risk areas and could lead to incorrect
classification. [12,14]. Various animal species are also susceptible to tick-borne encephalitis
(TBE) infection [15-18]. Unlike humans, animals rarely show clinical symptoms, but
some cases have been described in horses, monkeys, sheep and dogs [19-22]. Despite
occasional high seroprevalence rates, clinical manifestations of TBE are rare in dogs, even
after experimental infection [23]. However, if symptoms develop, the disease often takes a
severe course with up to 50% of cases being fatal [19,22]. Due to their smaller body size
and their exploratory behavior on the ground, dogs have a 50 to 100 times higher risk of
coming into contact with TBEV-infected ticks compared to humans [22]. It is, therefore,
not surprising that in endemic areas the seroprevalence rate in dogs can be as high as
30—40% [24-26]. The close relationship to humans as companion animals make dogs a
suitable sentinel species for surveillance and may indicate new emergence of TBE risk areas
before the first appearance of human cases [24,27]. For the diagnosis of TBE infection in
dogs, as in humans, serological test systems for the detection of TBE-specific antibodies
are the method of choice [28]. While methods such as enzyme linked immunosorbent
assays (ELISA) or indirect immunofluorescence assays (IIFA) may exhibit considerable
cross reactions with other flaviviruses virus, neutralization test (NT) is considered the most
specific serological assay [29]. Studies on the sensitivity and specificity of the detection of
TBE antibodies in dogs are non-existent. Therefore, the aim of this study was to investigate
the antibody prevalence in a dog population, in a well-known TBE-endemic region in
south-eastern Germany and to compare the suitability of a commercially available ELISA,
a modified IIFA and an in-house NT for epidemiological studies in dogs.

2. Materials and Methods
2.1. Samples

A total of 208 dog serum samples were included in the study, taken in a veterinary
practice for pets between 2018 and 2019. Samples were drawn from the Vena saphena
lateralis of clinically healthy dogs that came from a known TBE risk area. Either residual
sera were used, or extra sera were taken for this study (Government of Lower Franconia
permit AZ 2-673) and samples were anonymized for the testing. Sera were stored at —20 °C
until use and at 4 °C during use in assays. Written consent of the dog owners was given for
each individual dog. In addition, a questionnaire was completed in which relevant aspects
such as age, travel history, place of residence and vaccination status of the dog were asked.

2.2. Micro-Neutralisation Test (micro-NT)

NT was conducted as a micro-NT according to standard procedure, as described
before [30-32]. In brief, TBEV (strain Neudorfl) was cultured in A549 cells. Virus stocks
(50 tissue culture infection dose (TCID)/50 uL) were prepared and stored at —80 °C
until further use. The micro-NTs were performed in 96-well cell culture plates (Greiner
bio-one, Frickenhausen, Germany). After complement-inactivation at 56 °C for 30 min,
serum samples were tested in duplicate, diluted in Minimal Essential Medium (MEM, plus
Non-Essential Amino Acids Solution and Antibiotic-Antimycotic Solution; all Invitrogen,
ThermoFisher Scientific, Darmstadt, Germany) in dilutions of 1:10 to 1:1280. On each
96-well plate a defined positive and negative control was added together with a cell control
and a virus back-titration. A total of 50 TCID of virus stock was added to the respective
serum dilutions and incubated for one hour at 37 °C. Subsequently, 10* cells (A549) were
added per well and incubated for five days at 37 °C (5% COy). The supernatants were
then discarded and the 96-well plates were fixed in 13% formalin/PBS, stained with crystal
violet (0.1%) and titers visually determined. The antibody titer corresponded to the highest
serum dilution showing complete inhibition of cytopathic effect (CPE) in both wells were
reported. Thus, the samples were classified as either “NT negative” (titer < 1:10) or “NT
positive” (titer >1:10), with the highest readable titer being > 1:1280.
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2.3. IIFA

The IIFA (FSME-Viren (TBEV), Euroimmun AG, Luebeck, Germany) was performed
according to the manufacturer’s instructions with the adaptation for the examination of
dog samples instead of human samples. For this purpose, the supplied human-specific
conjugate was replaced with an anti-dog conjugate (Abcam, Cambridge, UK) and used
in a 1:20 dilution (pre-determined). Serum samples were diluted 1:10 and screened for
TBEV-specific antibodies. The tests were read using a fluorescence microscope (Leica
DM 5000B, Wetzlar Germany), independently by two experienced people and classified
as either “positive” (characteristic cytoplasmic fluorescence visible, no fluorescence in
control field) or “negative” (no characteristic fluorescence visible, no fluorescence in control
field /uncharacteristic fluorescence in positive and control field), as suggested by the
manufacturers. In cases of un-characteristic fluorescence in positive and control field
samples, these were also considered as being negative.

2.4. All-Species ELISA

Immunozym FSME IgG All-Species ELISA (PROGEN Biotechnik GmbH, Heidelberg,
Germany) was performed according to the manufacturer’s instructions. A Tecan Sunrise
(Tecan, Mannedorf, Switzerland) was used for photometric reading. The measured opti-
cal density was converted into Vienna units (VIEU/mL) based on the calibrator values.
Samples with less than 63 VIEU/mL were evaluated as negative for TBEV-specific IgG
antibodies, samples with 63 to 126 VIEU/mL as borderline and samples with more than
126 VIEU/mL as positive.

2.5. Statistical Analysis

Correlation between NT titers and ELISA (VIEU/mL) was evaluated using Pearson
regression analysis (95% confidence interval). Statistical analyses were performed using
GraphPad Prism 8 for Windows (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Detection of TBEV Neutralizing Antibodies by Micro-NT

Of all 208 serum samples, 22.1% (46 /208) tested positive (titer > 1:10) for TBEV-specific
antibodies, while 77.9% (162/208) showed no reactivity (titer < 10) in the micro-NT. Of the
positive tested samples, eight (17.4%) had a titer between 1:10 and 1:40, 21 (45.7%) had
a titer between 1:80 and 1:320 and 17 (37.0%) had a titer of 1:640 or greater (Table 1 and
Figure 1A,B).

Table 1. Comparison of sensitivity and specificity of indirect immunofluorescence assays (IIFA) and ELISA. A total of

78.3% (36/46) of all micro-neutralization test (NT)-positive sera were confirmed by IIFA, while ELISA correctly identified
84.8% (39/46) as positive. Among the NT-negative samples, IIFA and ELISA correctly identified 98.8 (160/162) and 99.4%
(161/162) as negative, respectively. Both the ITFA and ELISA results had a statistically significant correlation with the NT
result (p < 0.0001 Fisher’s exact test).

ITFA All-Species-ELISA
Serum Samples
Positive Negative Positive Negative
Total 208 38 170 40 168
micro-NT positive 46 36 10 39 7
micro-NT negative 162 2 160 1 161
Sensitivity (%) 78.3 84.8
Specificity (%) 98.8 99.4
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Figure 1. Distribution of (A) Vienna units (VIEU)/mL determined by ELISA within negative and positive neutralization

test (NT) results and (B) of NT-titers within negative and positive IIFA results.

3.2. Detection of Antibodies with the IIFA

A total of 38 of 208 (18.3%) samples showed characteristic fluorescence in the IIFA
and were classified as positive for TBEV-specific antibodies, while 170 samples (81.7%)
tested negative. Two IIFA-positive samples were found to be negative in the NT, while
eight sera showing a positive reaction in NT were non-reactive in IIFA. A total of 36 out of
the 46 micro-NT-positive sera were also positive in the IIFA, corresponding to a sensitivity
of 78.3%. On the other hand, IIFA confirmed 160 of the 162 micro-NT-negative samples,
indicating a specificity of 98.8% (Table 1 and Figure 1B).

3.3. Detection of Antibodies by All-Species-ELISA

In the All-species-ELISA, 40 sera (19.2%) tested positive for TBEV-specific antibodies.
A total of 39 out of 46 micro-NT-positive samples were correctly identified as positive,
resulting in a sensitivity of 84.8%. A total of 161 of the 162 micro-NT-negative samples
were correctly identified in the ELISA, thus showing a specificity of 99.4%. One ELISA-
positive serum showed no reaction in NT. In comparison with the IIFA, 36 out of the 40
ELISA-positive sera (90%) were confirmed, while two (1.2%) of the ELISA-negative samples
showed a positive reaction in the IIFA (Table 1 and Figure 1A).

4. Discussion

TBEV transmission to animals is an important topic, especially since several animal
species represent excellent sentinels for human TBE risk assessment [12,33-35]. A number
of seroprevalence studies (reviewed in [19,22]) have shown that TBEV antibodies can be
found in dogs from endemic areas. The antibody prevalence rates vary depending on the
region and on the health status of the tested dogs. In a number of studies in known TBE-
endemic areas Germany and Austria, the antibody prevalence rate has been determined to
range between 10 and 30%. In one study in Germany, the prevalence rate in healthy dogs
was 31%, while the prevalence rate in dogs with neurological symptoms was 53% [36]. The
antibody prevalence rate of 22.1% found in the current study lies well in the range of earlier
studies and confirms that the dogs were coming from an endemic area in south-western
Germany.

Sensitive serological assays that reliably and specifically detect antibodies against
TBEV form the basis of corresponding epidemiological investigations. In this context,
the NT assay is still considered the most specific serological test method [29,37]. At the
same time, the NT also has some disadvantages. Working with TBE viruses requires a
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BSL3 laboratory with appropriately trained personnel, which limits the test procedure
to specialized laboratories and therefore makes it expensive. In addition, it takes a few
days for the results to be obtained. Therefore, it is obviously beneficial to replace NT
wherever possible, with simpler, faster and cheaper test methods such as ELISA or ITFA. The
Immunozym FSME IgG All-Species-ELISA used in this study has already been frequently
used in other studies [24,37-39]. In most cases, ELISA is used as a screening test and
NT is performed, if at all, only to confirm ELISA-positive sera as a second step [40,41].
Few studies have investigated the performance of the Immunozym FSME IgG All-Species-
ELISA in terms of its sensitivity and specificity. Corresponding data on dogs are so far
available from one study in Denmark [25]. In this study, however, only ELISA-positive
sera were used for confirmation by NT. Therefore, sensitivity and specificity could only
be calculated under the premise that all ELISA-negative results would also have tested
negative in the NT.

The objective of this study was to compare the performance of the only commercially
available ELISA assay for animals (Immunozym FSME IgG All-Species-ELISA) in testing
dog samples with a commercially available IIFA (FSME-Viren (TBEV), Euroimmun) using
an in-house NT as reference test. The NT is considered the most specific serological test, but
not necessarily the most sensitive. Accordingly, the significantly poorer sensitivity of ELISA
(84.8%) and IIIFA (78.3%) in this comparison was surprising. However, the sensitivity of the
ELISA was lower in other animal species studied, ranging from only 32% in goats to 42.3%
in foxes and 63.6% in roe deer [32,35,38]. This lower sensitivity of the ELISA in the other
studies could be due to the method of sample collection, at least for foxes and roe deer: In
both studies, the samples were obtained post-mortem from hunted animals, which may
have altered the quality of the sera compared with samples from live animals. Conversely,
the specificity rates of IIFA (98.8%) and ELISA (99.4%) were comparatively high, almost
reaching that of NT. This high specificity of the ELISA is consistent with previous studies
that have used Inmunozym ELISA in the analysis of goats and foxes, where it achieved
specificities of 100 and 98.9%, respectively [32,37]. Maybe dogs produce higher amounts of
TBE antibodies after infection, or many of the dogs may be exposed and infected several
times with TBE virus causing higher antibody titers than other animals, or perhaps TBEV
antibodies in dogs persist for a longer period of time compared to in other animal species.
So far, we are not aware of any studies on the dynamics of TBEV antibodies in dogs.

Sera tested as reactive in IIFA and/or ELISA that could not be confirmed in NT were
scored as “false positive”. However, it is possible that IIFA and ELISA actually detect
specific anti-FSME antibodies in such sera, which do not exhibit a neutralizing capacity
and are, therefore, not detected in the NT. Another possibility could be the cross-reactivity
with other circulating flaviviruses. So far in the studied region, there is no evidence of
the circulation of, e.g., West Nile virus. It was also ensured that the dogs from the study
had not previously been vaccinated with a (human) TBE vaccine, which would have led
to false positive results. From human diagnostics we know that IgG may react in an
unspecific way in patients with rheumatic diseases. As there was no information about
pre-existing diseases in the dogs, this possibility cannot be completely excluded. In our
study, however, only two sera (ID 105 and ID 178) were affected by this definition, so the
negative impact on the specificity of ELISA and IIFA could be considered minor. It must
also be considered that the data collected are from dogs in an endemic area. Therefore,
the positive predictive value is likely to be higher than in a non-endemic area, due to
a higher prevalence. Consequently, the number of false positive IIFA/ELISA results in
a non-endemic area could be significantly higher than in this study. This might also
explain why the correlation between ELISA and NT results in this study is significantly
stronger than in the study from Denmark, where dogs from non-endemic areas were also
included [25]. In the Danish study, 30.4% of the samples were ELISA positive but only 4.8%
were also positive in the NT, whereas in this study 19.2% of the samples were positive in the
ELISA and 22.1% in the NT. The Danish authors cite changes in the antigen profile during
transovarial transmission in the tick population as a possible cause of ELISA-positive sera



Microorganisms 2021, 9, 399

6 0f 8

References

lacking neutralising activity, which could have implications especially in areas with only
sporadic TBE cases [25,42]. However, another difference between the two studies results
from the use of different ELISAs: The ELISA of the Danish study exhibited a significantly
higher sensitivity (100 vs. 84.8%) with a lower specificity (57.6 vs. 99.4%).

In our evaluation, we also conservatively considered borderline ELISA results as
negative. On the other hand, if borderline results were considered positive, the sensitivity
of the ELISA would increase significantly (93.5 instead of 84.8%), but at the expense of
specificity (97.5 instead of 99.4%). Interestingly, for the ELISA borderline sera, even the level
of VIEU/mL values could not assist in deciding whether the respective sera were better
considered negative or positive. Of the seven ELISA borderline sera, four tested positive in
micro-NT (mean VIEU/mL value: 80.12) and three tested negative (mean VIEU/mL value:
84.47). In terms of sensitivity and specificity, the Inmunozym ELISA seems to have been
designed for acute diagnostics rather than for epidemiological investigations. In particular,
the two-step test set-up frequently used so far, with an ELISA as the screening test and a
downstream NT to confirm positive results, does not appear to be effective in view of the
poorer sensitivity of ELISA compared with NT. In particular, sera with declining antibody
titers from animals with TBEV infection that occurred in the distant past, or from animals
right at the onset of the disease, could be missed using ELISA as a screening test. The same
applies to the IIFA tested here, which was again inferior to the ELISA in terms of sensitivity
and specificity.

In summary, the Immunozym FSME IgG All-Species-ELISA is a highly specific test
used for the detection of antibodies against TBEV in dogs and should be well suited for
acute diagnostics. However, due to deficiencies in sensitivity, it cannot be recommended
for use as a screening test or even as a sole test for epidemiological purposes. Although
the Immunozym ELISA performed significantly better in our study in dogs compared
with previous studies in other animal species, it cannot replace the NT assay, at least for
epidemiological studies. With even lower specificity and, above all, sensitivity, the same
applies to IIFA.

Author Contributions: Conceptualization, P.G., G.D. and M.P,; sampling, S.R.; methodology, M.H.
and P.G.; validation, P.G. and G.D.; data curation, P.G.; writing—original draft preparation, P.G.;
writing—review and editing, G.D. and M.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Medical Biodefense Research Program of the Bundeswehr
Medical Service and a research grant (project number W1244427) from Pfizer Pharma GmbH, Berlin,
Germany.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: The authors would like to thank all owners of study participants for their trust,
time, and samples, as well as Beate Oswald for technical support during the test procedures.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1.  Kaiser, R. Tick-Borne Encephalitis. Infect. Dis. Clin. N. Am. 2008, 22, 561-575. [CrossRef]
2. Donoso-Mantke, O.; Karan, L.S.; Ruzek, D. Tick-Borne Encephalitis Virus: A General Overview. In Flavivirus Encephalitis; Ruzek,
D., Ed.; InTechOpen Limited: London, UK, 2011; ISBN 978-953-307-669-0.

®

Dumpis, U.; Crook, D.; Oksi, J. Tick-Borne Encephalitis. Clin. Infect. Dis. 1999, 28, 882-890. [CrossRef]

4. Lu, Z; Broker, M,; Liang, G. Tick-Borne Encephalitis in Mainland China. Vector-Borne Zoonotic Dis. 2008, 8, 713-720. [CrossRef]

[PubMed]


http://doi.org/10.1016/j.idc.2008.03.013
http://doi.org/10.1086/515195
http://doi.org/10.1089/vbz.2008.0028
http://www.ncbi.nlm.nih.gov/pubmed/18837668

Microorganisms 2021, 9, 399 70f8

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Valarcher, J.F.,; Hagglund, S.; Juremalm, M.; Blomgqvist, G.; Renstrém, L.; Zohari, S.; Leijon, M.; Chirico, J. Tick-Borne Encephalitis.
Rev. Off. Int. Epizoot. 2015, 34, 453—466. [CrossRef] [PubMed]

World Health Organization (WHO). Vaccines against Tick-Borne Encephalitis: WHO Position Paper; WHO: Geneva, Switzerland,
2011.

European Centre for Disease Prevention and Control (ECDC). Epidemiological Situation of Tick-Borne Encephalitis in the European
Union and European Free Trade Association Countries; ECDC Technical Report; ECDC [u.a.]: Stockholm, Sweden, 2012; ISBN 978-92-
9193-384-6.

Deviatkin, A.A.; Karganova, G.G.; Vakulenko, Y.A.; Lukashev, A.N. TBEV Subtyping in Terms of Genetic Distance. Viruses 2020,
12,1240. [CrossRef]

Lundkvist, A.; Vene, S.; Golovljova, I.; Mavtchoutko, V.; Forsgren, M.; Kalnina, V.; Plyusnin, A. Characterization of Tick-Borne
Encephalitis Virus from Latvia: Evidence for Co-Circulation of Three Distinct Subtypes. J. Med. Virol. 2001, 65, 730-735. [CrossRef]
[PubMed]

Mizutani, T.; Yoshii, K.; Takashima, I.; Ivanov, L.; Kariwa, H.; Hayasaka, D.; Goto, A.; Leonova, G.N. Distribution and
Characterization of Tick-Borne Encephalitis Viruses from Siberia and Far-Eastern Asia. J. Gen. Virol. 2001, 82, 1319-1328.
[CrossRef]

Holzmann, H. Diagnosis of Tick-Borne Encephalitis. Vaccine 2003, 21, S36-540. [CrossRef]

Achazi, K.; Rizek, D.; Donoso-Mantke, O.; Schlegel, M.; Ali, H.S.; Wenk, M.; Schmidt-Chanasit, J.; Ohlmeyer, L.; Riihe, E; Vor,
T.; et al. Rodents as Sentinels for the Prevalence of Tick-Borne Encephalitis Virus. Vector-Borne Zoonotic Dis. 2011, 11, 641-647.
[CrossRef]

Robert-Koch-Institut Epidemiologisches Bulletin 8/2020; Robert-Koch-Institut: Berlin, Germany, 2020.

Kiffner, C.; Vor, T.; Hagedorn, P.; Niedrig, M.; Riihe, F. Determinants of Tick-Borne Encephalitis Virus Antibody Presence in Roe
Deer (Capreolus Capreolus) Sera. Med. Vet. Entomol. 2012, 26, 18-25. [CrossRef]

Waldvogel, A.; Matile, H.; Wegmann, C.; Wyler, R.; Kunz, C. Zeckenenzephalitis beim Pferd. Schweiz. Arch. fur Tierheilkd. 1981,
123,227-233.

Miiller, K.; Koénig, M.; Thiel, H.]J. Tick-borne encephalitis (TBE) with special emphasis on infection in horses. Dtsch Tierarztl
Wochenschr 2006, 113, 147-151. [PubMed]

Nosek, J.; Kozuch, O.; Ernek, E.; Lichard, M. The importance of goats in the maintenance of tick-borne encephalitis virus in nature.
Acta Virol. 1967, 11, 470-472.

Gomez Martinez, C. Role of Cervids and Wild Boar on the Presence of Tick-Borne Encephalitis Virus in Sweden. Available online:
https:/ /stud.epsilon.slu.se/6626/ (accessed on 17 October 2019).

Dobler, G.; Erber, W.; Schmitt, H.-J. The TBE Book; Global Health Press Pte Limited: Singapore, 2018; ISBN 978-981-11-1903-3.
Klaus, C.; Hortigel, U.; Hoffmann, B.; Beer, M. Tick-Borne Encephalitis Virus (TBEV) Infection in Horses: Clinical and Laboratory
Findings and Epidemiological Investigations. Vet. Microbiol. 2013, 163, 368-372. [CrossRef] [PubMed]

Luckschander, L.; Kolbl, S.; Enzensberger, O.; Zipko, H.T.; Thalhammer, ].G. Tick-Borne Encephalitis (TBE) in an Austrian Horse
Population. Tierirztliche Prax. 1999, 27, 235-238.

Pfeffer, M.; Dobler, G. Tick-Borne Encephalitis Virus in Dogs—Is This an Issue? Parasites Vectors 2011, 4, 59. [CrossRef] [PubMed]
Gresikova, M.; Weidnerova, K.; Nosek, J.; Rajcani, J. Experimental Pathogenicity of Tick-Borne Encephalitis Virus for Dogs. Acta
Virol. 1972, 16, 336-340.

Levanov, L.; Vera, C.P,; Vapalahti, O. Prevalence Estimation of Tick-Borne Encephalitis Virus (TBEV) Antibodies in Dogs from
Finland Using Novel Dog Anti-TBEV IgG MAb-Capture and IgG Immunofluorescence Assays Based on Recombinant TBEV
Subviral Particles. Ticks Tick Borne Dis. 2016, 7, 979-982. [CrossRef] [PubMed]

Lindhe, K.E.; Meldgaard, D.S.; Jensen, PM.; Houser, G.A.; Berendt, M. Prevalence of Tick-Borne Encephalitis Virus Antibodies in
Dogs from Denmark. Acta Vet. Scand. 2009, 51, 56. [CrossRef]

Balling, A.; Beer, M.; Gniel, D.; Pfeffer, M. Prevalence of antibodies against Tick-Borne Encephalitis virus in dogs from Saxony,
Germany. Berl. Miinchener Tierirztliche Wochenschr. 2015, 128, 297-303.

Imhoff, M.; Hagedorn, P.; Schulze, Y.; Hellenbrand, W.; Pfeffer, M.; Niedrig, M. Review: Sentinels of Tick-Borne Encephalitis Risk.
Ticks Tick-Borne Dis. 2015, 6, 592-600. [CrossRef]

Roelandt, S.; Heyman, P.; De Filette, M.; Vene, S.; Van der Stede, Y.; Caij, A.B.; Tavernier, P.; Dobly, A.; De Bosschere, H.; Vyt, P;
et al. Tick-Borne Encephalitis Virus Seropositive Dog Detected in Belgium: Screening of the Canine Population as Sentinels for
Public Health. Vector-Borne Zoonotic Dis. 2011, 11, 1371-1376. [CrossRef] [PubMed]

Litzba, N.; Zelena, H.; Kreil, T.R.; Niklasson, B.; Kithimann-Rabens, I.; Remoli, M.E.; Niedrig, M. Evaluation of Different
Serological Diagnostic Methods for Tick-Borne Encephalitis Virus: Enzyme-Linked Immunosorbent, Immunofluorescence, and
Neutralization Assay. Vector-Borne Zoonotic Dis. 2014, 14, 149-159. [CrossRef]

Miiller, K.; Girl, P; von Buttlar, H.; Dobler, G.; Wolfel, R. Comparison of Two Commercial Surrogate Elisas to Detect a Neutralizing
Antibody Response to SARS-CoV-2. SSRN Electron. |. 2020. [CrossRef]

World Organisation for Animal Health (OIE). Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (Mammals, Birds
and Bees). 2012. Available online: http://www.oie.int/manual-of-diagnostic-tests-and-vaccines-for-terrestrial-animals (accessed
on 26 January 2021).


http://doi.org/10.20506/rst.34.2.2371
http://www.ncbi.nlm.nih.gov/pubmed/26601448
http://doi.org/10.3390/v12111240
http://doi.org/10.1002/jmv.2097
http://www.ncbi.nlm.nih.gov/pubmed/11745938
http://doi.org/10.1099/0022-1317-82-6-1319
http://doi.org/10.1016/S0264-410X(02)00819-8
http://doi.org/10.1089/vbz.2010.0236
http://doi.org/10.1111/j.1365-2915.2011.00961.x
http://www.ncbi.nlm.nih.gov/pubmed/16716050
https://stud.epsilon.slu.se/6626/
http://doi.org/10.1016/j.vetmic.2012.12.041
http://www.ncbi.nlm.nih.gov/pubmed/23395291
http://doi.org/10.1186/1756-3305-4-59
http://www.ncbi.nlm.nih.gov/pubmed/21489255
http://doi.org/10.1016/j.ttbdis.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27189583
http://doi.org/10.1186/1751-0147-51-56
http://doi.org/10.1016/j.ttbdis.2015.05.001
http://doi.org/10.1089/vbz.2011.0647
http://www.ncbi.nlm.nih.gov/pubmed/21919722
http://doi.org/10.1089/vbz.2012.1287
http://doi.org/10.2139/ssrn.3716021
http://www.oie.int/manual-of-diagnostic-tests-and-vaccines-for-terrestrial-animals

Microorganisms 2021, 9, 399 8of8

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Haut, M.; Girl, P; Oswald, B.; Romig, T.; Obiegala, A.; Dobler, G.; Pfeffer, M. The Red Fox (Vulpes Vulpes) as Sentinel for
Tick-Borne Encephalitis Virus in Endemic and Non-Endemic Areas. Microorganisms 2020, 8, 1817. [CrossRef]

Balling, A.; Plessow, U.; Beer, M.; Pfeffer, M. Prevalence of Antibodies against Tick-Borne Encephalitis Virus in Wild Game from
Saxony, Germany. Ticks Tick-Borne Dis. 2014, 5, 805-809. [CrossRef]

Duscher, G.G.; Wetscher, M.; Baumgartner, R.; Walder, G. Roe Deer Sera Used for TBE Surveillance in Austria. Ticks Tick-Borne
Dis. 2015, 6, 489—-493. [CrossRef]

Rieille, N.; Klaus, C.; Hoffmann, D.; Péter, O.; Voordouw, M.]. Goats as Sentinel Hosts for the Detection of Tick-Borne Encephalitis
Risk Areas in the Canton of Valais, Switzerland. BMC Vet. Res. 2017, 13. [CrossRef] [PubMed]

Reiner, B.; Grasmuck, S.; Steffen, F.; Djuric, N. Prevalence of TBE Antibodies in Serum and CSF of Dogs with Inflammatory and
Non-Flammatory CNS Disease. Int. ]. Med. Microbiol. 2002, 291, 234. [CrossRef]

Klaus, C.; Beer, M,; Saier, R.; Schubert, H.; Bischoff, S.; Siiss, J. Evaluation of Serological Tests for Detecting Tick-Borne Encephalitis
Virus (TBEV) Antibodies in Animals. Berl. Miinchener Tierirztliche Wochenschr. 2011, 124, 443-449.

Rijks, ].M.; Montizaan, M.G.E.; Bakker, N.; de Vries, A.; Van Gucht, S.; Swaan, C.; van den Broek, J.; Grone, A.; Sprong, H.
Tick-Borne Encephalitis Virus Antibodies in Roe Deer, the Netherlands. Emerg. Infect. Dis. 2019, 25, 342-345. [CrossRef] [PubMed]
Cisak, E.; Wéjcik-Fatla, A.; Sroka, J.; Zajac, V.; Bilska-Zajac, E.; Chmurzynska, E.; Dutkiewicz, J. Prevalence of Tick-Borne
Encephalitis Virus Antibodies in Domestic and Game Animals from Eastern Poland. Bull. Vet. Inst. Pulawy 2012, 56, 275-278.
[CrossRef]

Bohm, B.; Schade, B.; Bauer, B.; Hoffmann, B.; Hoffmann, D.; Ziegler, U.; Beer, M.; Klaus, C.; Weissenbock, H.; Bottcher, J.
Tick-Borne Encephalitis in a Naturally Infected Sheep. BMC Vet. Res. 2017, 13. [CrossRef] [PubMed]

Salat, J.; Mihalca, A.D.; Mihaiu, M.; Modry, D.; Ruzek, D. Tick-Borne Encephalitis in Sheep, Romania. Emerg. Infect. Dis. 2017, 23,
2065-2067. [CrossRef]

Labuda, M.; Jiang, W.R.; Kaluzova, M.; KoZuch, O.; Nuttall, P.A.; Weismann, P; Eléckova, E.; Zuffova, E.; Gould, E.A. Change in
Phenotype of Tick-Borne Encephalitis Virus Following Passage in Ixodes Ricinus Ticks and Associated Amino Acid Substitution
in the Envelope Protein. Virus Res. 1994, 31, 305-315. [CrossRef]


http://doi.org/10.3390/microorganisms8111817
http://doi.org/10.1016/j.ttbdis.2014.06.007
http://doi.org/10.1016/j.ttbdis.2015.03.018
http://doi.org/10.1186/s12917-017-1136-y
http://www.ncbi.nlm.nih.gov/pubmed/28693561
http://doi.org/10.1016/S1438-4221(02)80069-8
http://doi.org/10.3201/eid2502.181386
http://www.ncbi.nlm.nih.gov/pubmed/30666954
http://doi.org/10.2478/v10213-012-0049-6
http://doi.org/10.1186/s12917-017-1192-3
http://www.ncbi.nlm.nih.gov/pubmed/28830430
http://doi.org/10.3201/eid2312.170166
http://doi.org/10.1016/0168-1702(94)90024-8

	Introduction 
	Materials and Methods 
	Samples 
	Micro-Neutralisation Test (micro-NT) 
	IIFA 
	All-Species ELISA 
	Statistical Analysis 

	Results 
	Detection of TBEV Neutralizing Antibodies by Micro-NT 
	Detection of Antibodies with the IIFA 
	Detection of Antibodies by All-Species-ELISA 

	Discussion 
	References

