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The precursor membrane envelope (prME) proteins of all three tick-borne encephalitis virus (TBEV) subtypes were produced
based on expression from Semliki Forest virus (SFV) replicons transcribed from recombinant plasmids. Vero E6 cells transfected
by these plasmids showed specific reactivities in immunofluorescence and immunoblot assays by monoclonal antibodies against
European and Far-Eastern subtype strains of TBEV, indicating proper folding of the expressed glycoproteins. The prME glyco-
proteins were secreted into the cell culture supernatant, forming TBEV subviral particles of 20 to 30 nm in diameter. IgM �-cap-
ture and IgG monoclonal antibody (MAb)-capture enzyme immunoassays (EIAs) were developed based on prME Karelia-94 (Si-
berian subtype) particles. Altogether, 140 human serum samples were tested using these assays, and the results were compared to
those obtained with a commercial IgM EIA, an in-house �-capture IgM assay based on baculovirus-expressed antigen, a com-
mercial IgG EIA, and a hemagglutination inhibition test. Compared to reference enzyme-linked immunosorbent assays (ELI-
SAs), the sensitivities of the generated �-capture IgM SFV-prME and IgG MAb-capture SFV-prME EIAs were 97.4 to 100% and
98.7%, respectively, and the specificities of the two assays were 100%. IgM and IgG immunofluorescence assays (IFAs) were cre-
ated based on Vero E6 cells transfected with the recombinant plasmid carrying the TBEV Karelia-94 prME glycoproteins. The
IgM IFA was 100% concordant with the �-capture IgM bac-prME ELISA. The IgG IFA sensitivity and specificity were 98.7% and
100%, respectively, compared to those of the commercial ELISA. In conclusion, the tests developed based on SFV replicon-
driven expression of TBEV glycoproteins provide safe and robust alternatives for conducting TBEV serology.

Tick-borne encephalitis virus (TBEV) is the etiological agent
of tick-borne encephalitis, a potentially fatal infection of

the central nervous system occurring in a wide region through-
out Europe and Asia, with thousands of cases occurring annu-
ally (1, 2). TBEV is the most important human pathogen of the
mammalian tick-borne group of the genus Flavivirus within
the family Flaviviridae (3).

Mature virions of TBEV are about 50 nm in diameter and are
composed of a core surrounded by a lipid bilayer containing two
envelope glycoproteins, E (envelope) and M (membrane). Intra-
cellular (immature) virions contain a precursor prM protein, and
the cleavage of prM to M occurs during the exit of virions from
cells. The core is composed of a single capsid protein C and con-
tains the viral genome, an unsegmented positive-stranded RNA of
approximately 11 kb. The E protein is the major immunodomi-
nant surface protein of the viral particle. It binds with cell recep-
tors and mediates virus-cell membrane fusion. It also induces vi-
rus-neutralizing antibodies that provide protective immune
response (1, 4).

TBEV can be subdivided into three subtypes: European, Sibe-
rian, and Far-Eastern (1, 2). It has been shown that the Far-Eastern
subtype causes severe clinical symptoms and shows a higher
morbidity rate (5 to 20%) than the other two subtypes (5, 6).
The European subtype induces a biphasic febrile illness and
milder encephalitis, and its fatality rates are 0 to 2% (7, 8). The
Siberian subtype causes less severe disease (case fatality rates, 2
to 3%) than the Far-Eastern subtype and is often associated
with chronic disease (9). At present, little is known of the

mechanisms of the differing clinical manifestations among the
three subtypes.

After an incubation period of 7 to 14 days, the transmission of
TBEV can cause febrile illness lasting for 4 to 10 days in the in-
fected individual, followed by a symptomless interval of a few
days, as well as meningitis or meningoencephalitis in about one-
third of patients (1). Reverse transcription-PCR (RT-PCR) is sen-
sitive only during the first mild phase of the illness when patients
seek medical help only rarely, whereas TBEV antibodies are prac-
tically always present by the time central nervous system (CNS)
symptoms occur. Therefore, the diagnosis of TBE is usually per-
formed serologically. Several different enzyme immunoassays
(EIAs) (IgM antibody-capture and IgG assays) have been devel-
oped over the last several years (10), including commercially avail-
able IgM and IgG EIAs, which are mainly based on purified and
inactivated TBEV antigens. Although the use of commercially
available EIAs in a diagnostic laboratory does not require any spe-
cial safety precautions, the production and purification of TBEV
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antigens requires biosafety level 3 facilities and a specially trained
staff. We have developed a specific and sensitive �-capture IgM
immunoassay (11) based on secreted recombinant TBEV precur-
sor membrane envelope (prME) antigens produced in insect cells.
Despite the advantages of this assay, the antigen titer in the cell
culture supernatant was not high, and the presence of viable re-
combinant baculoviruses in the antigens entail the need for per-
mits to work with genetically modified organisms (GMO) or spe-
cial safety precautions to use GMO-contaminated antigen.

In order to resolve these problems and to further test the anti-
genic differences of the three TBEV subtypes, as well as to provide
an optimally folded protein with a similar mammalian glycosyla-
tion pattern as in the viral glycoproteins expressed in the human
body, we decided to construct Semliki Forest virus (SFV) prME
recombinant replicons, providing expression of TBEV prME sub-
viral particles of all the TBEV subtypes in mammalian cell culture.
Furthermore, we report an evaluation of the diagnostic potential
of such prME particles using IgM �-capture and IgG monoclonal
antibody (MAb)-capture enzyme immunoassays, as well as IgM
and IgG immunofluorescence assays.

MATERIALS AND METHODS
Construction of the plasmids. The prME genes of the three TBEV sub-
types (strain Kumlinge A52, European subtype [12], strain Karelia-94,
Siberian subtype [13], and strain Sofjin, Far-Eastern subtype [5]) were
amplified by PCR from cDNA, using appropriate primers with incorpo-
rated initiation and termination codons and flanked by AclI and ApaI sites
(Table 1). Phusion High-Fidelity DNA polymerase (Thermo Scientific)
was used for PCR amplification. The amplified fragments were digested
with AclI/ApaI and cloned into the SFV expression vector CMV-SFV-2SG
to obtain the CMV-SFV-2SG-prME constructs (Fig. 1). The CMV-SFV-
2SG plasmid was obtained by deleting the reporter gene enhanced green
fluorescent protein (EGFP) with BamHI restriction enzyme from the vec-
tor CMV-SFV4-2SG-EGFP (14).

Expression of recombinant prME. Vero E6 cells (10th or 11th pas-
sage) were grown to 75 to 80% confluence in a 100-mm plate and trans-
fected with 19 �g CMV-SFV-2SG-prME construct using FuGENE HD
transfection reagent (Promega) in Opti-MEM (Invitrogen) without se-
rum or antibiotics. The transfected cells were grown in Opti-MEM sup-
plemented with 7.5% fetal calf serum and antibiotics. Thirty hours post-
transfection, the supernatant and cells were harvested. The cells were
detached from the plate by pipetting using phosphate-buffered saline
(PBS). The harvested cells were pelleted at 400 � g for 5 min at 4°C and
washed twice with PBS. The pellets were used as the antigen in immuno-
fluorescence assays (IFA) and immunoblotting. The immunoblot assay
was done as described earlier (11). Briefly, the samples were reduced with
2-mercaptoethanol, separated on sodium dodecyl sulfate-10% polyacryl-
amide gel electrophoresis, and transferred to nitrocellulose membranes.
MAbs (3 �g/ml) in TEN-T (0.05% Tween 20 in 50 mM Tris-HCl, 5 mM
EDTA, and 150 mM NaCl) with 3% skim milk powder were incubated on

filters for 1 h at room temperature. Peroxidase-conjugated anti-mouse
immunoglobulin (Dako, Glostrup, Denmark), diluted 1:1,000 in TEN-T
with 3% skim milk, was incubated for 1 h. Excess MAbs and conjugate
were washed with TEN-T. The enzyme reaction was detected with elec-
trochemiluminescence. The supernatant (15 ml) was 75-fold concen-
trated using Amicon Ultra-15 30K columns (Millipore), according to the
manufacturer’s instructions. The concentrated supernatant was stored at
4°C and used for electron microscopy and as an antigen for the EIAs.

Electron microscopy. The concentrated culture supernatant prepared
as described above was processed for negative staining using Formvar-
coated copper grids. The specimens were stained with sodium phospho-
tungstic acid and observed on an electron microscope, the Olympus Mo-
rada Soft imaging system (Japan), with a magnification of �200,000.

Blood serum samples. We studied a panel of 140 serum samples. The
serum samples were sent to our diagnostic laboratory (Helsinki Univer-
sity Central Hospital Laboratory Diagnostics, Department of Virology,
Zoonosis Unit) because of suspicion of TBE infection. Thirty-nine serum
samples were TBEV IgM positive, and 101 controls were negative by
�-capture IgM immunoassay based on secreted recombinant TBEV
prME antigens produced in insect cells (�-capture IgM bac-prME assay)
(11). This test has been used for 10 years in TBE diagnostics in the accred-
ited (SFS-EN ISO/IEC 17025 and SFS-EN ISO 15189) diagnostic Helsinki
University Hospital Laboratory (HUSLAB), Department of Virology and
Immunology (a modification of the test was also commercialized recently
by Reagena International, Ltd.). The same 140 serum samples were also
tested using a commercial Immunozym FSME (TBE) IgM test (Progen
Biotechnik GmbH, Heidelberg, Germany) as described below, as well as
for TBEV-specific hemagglutinating antibodies by an in-house hemagglu-
tination inhibition test and for IgG antibodies using commercial TBE
virus (FSME) IgG ELISA (IBL International GmbH, Hamburg, Ger-
many). According to the IgG ELISA, 75 samples were positive and 65 were
negative. To detect possible cross-reactions with the antibodies and other
flaviviruses, we also included eight serum samples positive for dengue
virus IgM antibodies in a commercial dengue virus IgM test (Focus Tech-
nologies, Cypress, CA) and six serum samples positive for dengue virus
IgG antibodies in a commercial dengue virus IgG test (IBL International
GmbH, Hamburg, Germany).

Reference tests. As an IgM reference test, we used the �-capture IgM
bac-prME assay, which was described earlier (11), and the Immunozym
FSME (TBE) IgM test (Progen Biotechnik GmbH, Heidelberg, Germany),
according to the manufacturer’s instructions. The Immunozym FSME
IgM test is a two-step EIA. The wells of the EIA strips are coated with
purified inactivated TBEV. To exclude interferences caused by specific
TBE IgG antibodies or rheumatoid factors, the serum samples were di-
luted in rheumatoid factor/IgG absorbent (anti-human IgG). After 15
min of incubation, the diluted serum samples and subsequently the anti-
human IgM conjugate were incubated in the wells. The bound conjugate
was detected by incubation with a substrate; the reaction was stopped with
sulfuric acid, and the optical density was measured at a wavelength of 450
nm. The cutoff values were provided by the manufacturer in the test kits

TABLE 1 Primers used in this study

Primer name Sequencea

prM Kumlinge A52 fwd 5=-TTTCTAACGTTCCTAATGTCAGCGACGG
ACTGGATG-3=

prM Karelia-94 fwd 5=-TTTCTAACGTTCCTAATGGCAACAACAG
ATTGGATG-3=

prM Sofjin fwd 5=-TTTCTAACGTTCCTAATGGCTGCAGTGG
ACTGGACA-3=

E rev Kumlinge A52 5=-ACTGCGGGGCCCTTACGCCCCCACTC-3=
E rev Karelia-94 5=-ACTGCAGGGCCCTTAAGCCCCCACTC-3=
E rev Sofjin 5=-ACTGCAGGGCCCTTAAGCTCCCACTC-3=
a The recognition sequences for AclI and ApaI restriction enzymes are underlined.

FIG 1 Recombinant plasmid is derived from SFV replicons encoding the SFV
nonstructural proteins (Nsp1 to Nsp4) and either structural proteins of TBEV
prM and E. Transcription from the CMV promoter generates the complete
positive-strand RNA. TBEV structural proteins are under the transcriptional
control of the native SFV subgenomic promoter. AclI and ApaI represent
specific restriction sites used for cloning of the TBEV prME genes (nucleotide
numbers refer to the position of these sites in recombinant plasmid).
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and had some variation (0.25 to 0.675), which was dependent on the lot
used.

As an IgG reference test, we used a TBE virus (FSME) IgG ELISA (IBL
International GmbH, Hamburg, Germany) according to the manufactur-
er’s instructions. This is a two-step EIA and is based on EIA wells coated
with inactivated TBEV. Briefly, diluted serum samples and subsequently
the anti-human IgG conjugate were incubated in the wells, and the bound
conjugate was detected by incubation with a substrate; the reaction was
stopped with sulfuric acid, and the optical density was measured at a
wavelength of 450 nm. The cutoff values were provided by the manufac-
turer in the test kits and had some variation (0.320 to 0.650), which was
dependent on the lot used.

Total antibodies to TBEV from serum were also determined by a stan-
dard hemagglutination inhibition test (15). Briefly, serum samples were
incubated with kaolin and goose erythrocytes to adsorb nonspecific ag-
glutinating factors and tested subsequently at 2-fold dilutions, starting at
1:10. A dilution series of preadsorbed serum samples were incubated over-
night at 4°C in microtiter wells with TBEV antigen (the inactivated TBEV-
infected cell culture supernatant). On the next day, a 0.2% suspension of
goose erythrocytes (pH 6.4) was incubated in each well at room temper-
ature for 1 h, after which the result was read.

TBEV IgM �-capture assay. Human serum samples were analyzed for
TBEV-specific IgM antibodies by a procedure described previously (11,
16). Goat anti-human IgM serum (Cappel, West Chester, PA), diluted
1:500 in 0.05 M carbonate buffer (pH 9.6) was incubated overnight in
microtiter wells at room temperature. The patient and control serum
samples that were diluted 1:200 in EIA buffer (PBS with 0.5% bovine
serum albumin and 0.05% Tween 20) were incubated for 1 h at 37°C in
duplicate wells. Recombinant SFV-expressed TBEV prME antigen diluted
1:8 in EIA buffer was incubated for 1 h at 37°C. Anti-TBEV MAb 1786 (17)
was used at a concentration of 6 �g/ml and incubated for 1 h at 37°C. For
the next step, peroxidase-conjugated anti-mouse antibody (Jackson Im-
munoResearch, West Grove, PA) was added for 1 h at 37°C. Unbound
excess antibodies, antigen, and conjugate were washed away after each
incubation with PBS-0.05% Tween 20. Specific antibody binding was de-
tected with tetramethylbenzidine substrate (Sigma). After incubation for
15 min at room temperature, the enzyme reaction was stopped with 0.5 M
H2SO4, and the absorbance at 450 nm was measured. The mean values of
the sample absorbances were adjusted to an average optical density (OD)
value in this experiment (2,000) by dividing the measured absorbance of a
sample by this average OD. To control the interplate variation, an acute-
phase tick-borne encephalitis patient serum sample was used as a positive
control and an internal standard in all plates. The positive-control values
between the plates were adjusted as described above.

TBEV IgG MAb-capture assay. The assay for TBEV-specific IgG was
modified from a previously described assay (16). The optimal conditions
for the assay were determined by box titrations of all the included re-
agents. Microtiter plates were coated with MAb 14D5 (5 �g/ml) against
domain III of the glycoprotein E of TBEV (18), as described above. Con-
centrated TBEV prME antigen and negative-control antigen (concen-
trated supernatant from Vero E6 cells transfected with CMV-SFV-2SG)
diluted 1:8 in EIA buffer were incubated alone for 1 h and then with
duplicates of patient and control serum samples, diluted 1:200 in EIA
buffer, for 1 h. Specific antibody binding was detected with 1:20,000 di-
luted peroxidase-conjugated goat anti-human IgG (Sigma) and tetram-
ethylbenzidine substrate. The adjustment of measured absorbances to an
average OD value in this experiment (1.4) was done as described above.
To control the interplate variation, an acute-phase tick-borne encephalitis
patient serum sample was used as an internal standard in all plates; the
control values between the plates were adjusted as described above.

Precision. The precision of the IgM �-capture SFV-prME and IgG
MAb-capture SFV-prME assays was measured as a coefficient of variation
(%) from the mean value of the positive control (3 replicates on each
plate). Both intra-assay precision (the reproducibility between wells

within an assay) and interassay precision (the reproducibility between
assays) were estimated.

Linearity of dilution. To assess the dilution linearity of the standard
curves of the developed EIAs, the positive human serum samples were
initially diluted 1:20 and then serially titrated in EIA wells in the IgM
�-capture SFV-prME and IgG MAb-capture SFV-prME assays. The linear
range of the curves was estimated following this step.

TBEV IgM and IgG IFA. The Vero E6 cells transfected with the CMV-
SFV4-2SG-prME construct and the cells transfected with the CMV-SFV4-
2SG plasmid were fixed onto microscope slides with acetone for 7 min and
stored at 4°C until use. Patient serum samples diluted 1:10, 1:40, 1:160,
1:640, and 1:2,560 in PBS were incubated for 3 h for the IgM IFA and for
1 h for the IgG IFA at 37°C. Fluorescein isothiocyanate-conjugated anti-
human IgM or IgG (Jackson ImmunoResearch, West Grove, PA), diluted
1:100 and 1:30 in PBS, respectively, were incubated for 1 h at 37°C. Un-
bound antibodies and anti-human IgM and IgG were washed away with
PBS and distilled water. The slides were covered with mounting medium
and coverslips and read using a �20 objective of fluorescence microscope
Olympus IX71 (Japan).

RESULTS
Expression of TBEV prME genes by the recombinant CMV-
SFV-2SG-prME replicon. The full-length prME Karelia-94 (Sibe-
rian subtype) sequence, including the preceding signal sequence,
was inserted under the native subgenomic promoter of the SFV in
CMV-SFV-2SG vector plasmid. The resulting construct was des-
ignated CMV-SFV-2SG-prME Karelia-94. The same construc-
tions were done for the Kumlinge A52 and Sofjin strains, which
belong to the European and Far-Eastern subtypes of TBEV, re-
spectively. These recombinant plasmids were designated CMV-
SFV-2SG-prME Kumlinge A52 and CMV-SFV-2SG-prME Sofjin,
respectively.

To confirm the expression of TBEV structural proteins from
the recombinant plasmids, the CMV-SFV-2SG-prME constructs
were transfected into Vero E6 cells. The transfected cells were
stained for the expression of E protein with two panels of MAbs,
which were originally prepared against European (17) and Far-
Eastern (18) subtype strains of TBEV. Specific reactivities with all
MAbs, except MAb 171 (Table 2), were detected in cells trans-
fected with the CMV-SFV-2SG-prME constructs but not with the
initial vector CMV-SFV-2SG lacking the prME genes. The trans-
fection efficiencies for Vero E6 cells were 25%, 40%, and 35% for
the recombinant plasmids, containing the prME genes of the
Kumlinge A52, Karelia-94, and Sofjin strains of TBEV, respec-
tively. All MAbs, except MAb 171 and MAb 13D6, recognized E
protein (band of 50 kDa) in cells transfected with CMV-SFV-2SG-
prME constructs in an immunoblot analysis (Table 2). The cells
transfected with the empty parental vector were negative in the
same test.

The culture supernatants from the transfected cells were col-
lected and concentrated 75-fold. The concentrated supernatants
were diluted and examined in pilot experiments for the presence
of secreted prME proteins by EIAs (IgM �-capture and IgG MAb-
capture assays) with human TBEV-positive and -negative serum
samples. The prME proteins were secreted from the cells trans-
fected with the recombinant (but not control) plasmids. The ex-
pression level from the CMV-SFV-2SG-prME Karelia-94 con-
struct, however, was considerably higher than the expression level
from the other two vectors (data not shown). Based on these re-
sults and transfection efficiency data, the prME Karelia-94 con-
struct was selected as a main tool for the production of TBEV
antigen. It should also be noted that the nonconcentrated culture
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supernatants of cells transfected with the CMV-SFV-2SG-prME
constructs gave only a weak signal in the pilot EIAs. The signals-
to-noise ratios in this experiment were 3.2, 4.5, and 3.5 for the
prME Kumlinge A52, prME Karelia-94, and prME Sofjin proteins,
respectively.

To characterize the prME Karelia-94 antigen, we examined
concentrated culture supernatant with electron microscopy. The
analysis showed small round structures with a diameter of around
20 to 30 nm, indicating that the secreted glycoproteins form sub-
viral particles (Fig. 2). As expected, prME particles were not ob-
served in culture supernatant of the cells transfected with the con-
trol plasmid CMV-SFV-2SG.

In order to use the subviral particles as an antigen in the IgM
and IgG assays, the dilution linearity of the standard curves, the
intra- and interassay precision, the titer of the prME particles, and
optimal dilutions of the expressed particles and serum samples
were determined in pilot experiments by box titration. It was
shown that the linear range of the curves extended from 0.17 to at
least 2.3 optical densities for the IgM �-capture SFV-prME assay
and from 0.2 to at least 2.2 optical densities for the IgG MAb-
capture SFV-prME assay (data not shown). Both assays had a co-
efficient of variation of �10% for intra- and interassay precision.
The titer of subviral particles for both tests was 1:64, the optimal
dilution of the concentrated prME antigen in both assays was 1:8,
and the optimal dilution of human serum samples was 1:200. Af-
ter this evaluation and optimization, 140 human serum samples
were tested in IgM �-capture and IgG MAb-capture assays.

IgM �-capture assay. A �-capture IgM assay was performed
based on SFV-expressed TBEV prME Karelia-94 subviral particles
(�-capture IgM SFV-prME assay) and anti-TBEV E MAb 1786
(17) for the detection of IgM antibodies in human serum samples.
It has been shown that MAb 1786 binds with the European and
Far-Eastern subtypes of TBEV in ELISA and immunoblotting
(17). This MAb was also used in a similar �-capture IgM assay

(11) and demonstrated efficient immunochemical properties in
this test. The panel of 140 serum samples was studied, and the
results were compared to those obtained with the reference �-cap-
ture IgM bac-prME assay and the commercial IgM test (Fig. 3A
and B). One hundred negative-control serum samples were first
used to adjust the cutoff value of the assay, and the mean absor-
bance plus three standard deviations was 0.182 � 3 � 0.0363 �
�0.29. The cutoff was adjusted to a 25% higher value to 0.36 in
order to show the gray zone and to increase the specificity of the
assay after initial evaluations. In the �-capture IgM bac-prME
assay, 39 of the 140 serum samples were positive and 101 were
negative. Of these 39 positive serum samples, 38 were positive and
one (2d) was negative in the �-capture IgM SFV-prME test, and
34 were positive and 5 (1a, 2a, 2b, 2c, and 2d) were negative in the
commercial IgM test (Table 3). Of the 101 serum samples that
were negative in a �-capture IgM bac-prME assay, all were nega-
tive in the �-capture IgM SFV-prME test and in the commercial
TBEV IgM test (Table 4).

The sensitivity of the �-capture IgM SFV-prME test was 97.4%
(38/39) compared to the reference �-capture IgM bac-prME test.
Compared to the commercial IgM test, the sensitivity of the
�-capture IgM SFV-prME test was 100% (34/34). Using the
�-capture IgM bac-prME assay as a reference test, the sensitivity
of the commercial IgM test was 87.2% (34/39).

Eight acute-phase serum samples from patients infected with
dengue virus were included to evaluate the heterologous flavivirus
reactivity of the �-capture IgM SFV-prME test. Seven samples
(87.5%) were negative in the �-capture IgM SFV-prME test.

IgG MAb-capture assay. To study the applicability of the con-
centrated SFV prME particles for the detection of human IgG
antibodies against TBEV, the same 140 patient serum samples
were studied in an MAb-capture assay. The results were compared
to those obtained with a commercially available IgG ELISA (Fig.
3C). Sixty-five negative-control serum samples were first used to
adjust the cutoff value of the assay, and the mean absorbance plus
three standard deviations was 0.104 � 3 � 0.0356 � �0.21. In
order to show the gray zone and to increase the specificity of the
assay after the initial evaluations, the cutoff was adjusted to a 25%
higher value, to 0.26. Of the 75 serum samples shown to be posi-

TABLE 2 Reactivities of MAbs, prepared against European and Far-
Eastern subtype strains of TBEV, with prME antigens in IFA and
immunoblotting

MAb

Reactivitiesa of the indicated MAb in:

IFA Immunoblotting assay

Kumlinge
A52 Karelia-94 Sofjin

Kumlinge
A52 Karelia-94 Sofjin

European
panel

1493 �� �� �� �� �� ��
1786 �� � � �� � �
1418 �� � � �� � �
1718 �� (�) (�) �� (�) (�)
171 �� �� �� �� �� ��

Far-Eastern
panel

14D5 � �� �� � �� ��
1B1 � �� �� � �� ��
13D6 � � � �� �� ��
10C2 � �� �� � �� ��
7C2 � �� �� � �� ��
FVN-31b � �� �� � �� ��
FVN-32b � �� �� � �� ��

a Reactivity categories: ��, very strong; �, strong; (�), weak; ��, none.
b Not published.

FIG 2 Electron micrograph of TBEV prME Karelia-94 subviral particles. The
concentrated culture supernatant of the cells transfected with CMV-SFV-2SG-
prME Karelia-94 was processed for negative staining and observed under an
electron microscope (�200,000 magnification).
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tive by the commercial IgG ELISA, 74 were positive and one sam-
ple (1b) was negative in the IgG MAb-capture SFV-prME assay,
for a calculated sensitivity of 98.7%. All 65 serum samples that
were negative by the commercial IgG ELISA were also negative in
the IgG MAb-capture SFV-prME assay, for a calculated specificity
of 100% (Table 5).

Six dengue virus IgG-positive serum samples were evaluated by
the IgG MAb-capture SFV prME ELISA; all were negative.

IgM and IgG IFAs. The IgM and IgG IFAs were done using the
cells transfected with the plasmid CMV-SFV-2SG-prME Kar-
elia-94 and human serum samples (Fig. 4). The results were com-
pared to those obtained with IgM and IgG EIAs as well as with the
hemagglutination inhibition test. All 101 serum samples that were
negative in the �-capture IgM bac-prME test were negative in the
IgM IFA. Of the 39 serum samples that were positive in the �-cap-
ture IgM bac-prME test, 39 were positive in the IgM IFA. Of these
39 serum samples, 37 samples had a hemagglutination inhibition
(HI) titer of �20. These 37 serum samples (except samples 2c and
2d) were also positive in IgG EIAs and IgG IFA. The other two
samples (1a and 2a) that were negative in the hemagglutination
inhibition test were also negative in a commercial IgM test, the
IgG EIAs, and the IgG IFA (Table 3). Based on these results, these
two samples were probably false positive by the IgM IFA. Accord-
ing to these data, the IgM IFA probably identified all true IgM-
positive samples. Therefore, the resolved sensitivity of the devel-
oped IgM IFA test was 100%. To determine the heterologous
flavivirus reactivity of the IgM IFA, eight serum samples positive
for dengue virus IgM antibodies were included in our assay. Out of
these eight samples, seven (87.5%) were negative by the IgM IFA.

Of the 75 serum samples that were positive in a commercial
IgG ELISA, 74 (98.7%) samples were positive and one sample (1b)
was negative in the IgG IFA (Table 3). This negative sample had an
HI of �20, and it was also negative in the IgG MAb-capture SFV-
prME test, the IgM EIAs, and the IgM IFA. According to these
data, the IgG IFA probably identified all true IgG-positive sam-
ples. Of the 74 serum samples that were positive in the IgG EIAs
and the IgG IFA, 35 samples were positive in the IgM EIAs and the
IgM IFA, and 39 samples were negative in the IgM EIAs and the
IgM IFA. All 65 samples that were negative in a commercial IgG
ELISA were negative in the IgG IFA, as well as in the IgM EIAs and
IgM IFA.

To estimate the heterologous flavivirus reactivity of the IgG
IFA, six serum samples positive for dengue virus IgG antibodies
were tested, and five (83.4%) were negative by IgG IFA.

DISCUSSION

At present, commercial IgM and IgG ELISAs used to diagnose
TBE are mostly based on inactivated TBE virus. The production
and inactivation of live TBEV for use as a diagnostic antigen re-
quire special safety precautions, as TBEV is classified as a biosafety
level 3 agent, and furthermore, this does not allow sensitive cap-
ture assays with antigen in solution. To resolve these problems,
several EIAs based on the recombinant TBEV antigens have been
developed (11, 19, 20). In 2001, Marx et al. (19) described an IgG
ELISA based on truncated E protein expressed in insect cells. The
expressed protein was found in the insoluble fraction, and after
the protein purification under denaturing conditions, it demon-
strated activity in the IgG ELISA with serum samples from vacci-
nated patients. However, the sensitivity and specificity of this test
were not high. Out of 48 serum samples from patients vaccinated

FIG 3 (A) Comparison of �-capture IgM SFV-prME test and �-capture IgM
bac-prME assay adjusted absorbance values for 140 blood serum samples that
were analyzed with the same IgM bac-prME test and thus are comparable to
each other. The correlation coefficient between the tests was 0.94. The cutoff
value of �-capture IgM SFV-prME test was adjusted to 0.36, and to 0.35 for the
IgM bac-prME test. (B) Comparison of �-capture IgM SFV-prME test and
commercial IgM test adjusted absorbance values for 140 serum samples that
were analyzed with the same commercial test. The correlation coefficient be-
tween the tests was 0.89. The cutoff value of �-capture IgM SFV-prME test was
adjusted to 0.36, and for commercial test in this lot, it was 0.35. (C) Compar-
ison of IgG MAb-capture SFV-prME test and commercial IgG ELISA adjusted
absorbance values for 140 serum samples analyzed with the same commercial
test. The correlation coefficient between the tests was 0.79. The cutoff value of
IgG MAb-capture SFV-prME test was adjusted to 0.26, and for commercial
test in this lot, it was 0.35.
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against TBEV, only 35 were positive, whereas all six serum samples
from patients vaccinated against yellow fever virus were positive in
this TBEV IgG ELISA (19). A more specific and sensitive �-cap-
ture IgM immunoassay based on secreted recombinant TBEV
prME antigen produced in insect cells was developed in our labo-
ratory (11). Despite its high sensitivity and specificity, this test
system has some disadvantages, such as low antigen titer in the cell
culture supernatant and the presence of viable recombinant bacu-
loviruses. It should also be noted that both antigens described
above were produced in Sf9 cells, which provide insect– cell-type
glycosylation of the expressed proteins. In 2003, Yoshii et al. (20)
described IgM and IgG EIAs for the detection of TBEV antibodies,
based on the prME particles that were secreted from mammalian
cells, transfected with the recombinant plasmid pCAGprME. De-
spite the high level of expression and secretion of particles, the
sensitivities of the IgM and IgG assays using this antigen were only
80.7% and 87.7%, respectively (20).

In this study, we describe the production of TBEV subviral
prME particles using SFV replicons and their evaluation as anti-
gens in the IgM and IgG EIAs and the IgM and IgG IFAs. The SFV
system was selected for expression in our study because of the high
level of cytoplasmic expression of heterologous proteins with
mammalian-cell-type glycosylation, rapid construction of recom-
binant DNA molecules, and the absence of infectious SFV viral
contaminants in the culture supernatant of the transfected cells

(21). In addition, the vector CMV-SFV-2SG does not require in
vitro manipulation of RNAs because its expression is RNA poly-
merase II dependent. It should also be noted that the alphavirus
replicon vectors have already been successfully used for high-level
expression of prME particles of different flaviviruses (21–23), but
to the best of our knowledge, they have never been used for the
expression of TBEV proteins.

It has been shown in a number of studies that expression of the
flavivirus prME sequence from either a DNA expression vector or
from alphavirus replicons resulted in the secretion of subviral par-
ticles containing correctly processed E and M proteins (20–22).
The expression of both full-length prM and E, including the hy-
drophobic domains (signal and anchor sequences), was required
for proper maturation and secretion of subviral particles (20, 21).
To achieve this, we inserted the full-length prME sequence to-
gether with the preceding signal sequence under the subgenomic
promoter of the CMV-SFV-2SG vector. Using this system, we
constructed three recombinant plasmids based on the three sub-
types of TBEV. The transfected cells expressing each prME antigen
were successfully stained in an IFA by monoclonal antibodies,
which were prepared against the European and Far-Eastern sub-
type strains of TBEV. Only MAb 171 could not recognize ex-
pressed proteins in the IFA, similar to what was found earlier by
Jääskeläinen et al. (11), for the prME antigen of the TBEV Euro-
pean subtype expressed in insect cells. This might be due to the low
affinity of MAb 171, conformational changes occurring posttrans-
lationally, or during fixation. The transfected cells were also used
for detection of the prME antigen in the immunoblot assay. All
monoclonal antibodies, except MAb 171 and MAb 13D6, recog-
nized the E proteins of the European, Siberian, and Far-Eastern
subtypes in this assay. Using the Far-Eastern panel of MAbs, it was
shown earlier that only epitopes of MAb 13D6 seemed to be sen-
sitive to SDS-denaturing conditions (18). To summarize this part

TABLE 5 Comparison of the results obtained in commercial IgG ELISA
and ELISA using recombinant SFV-prME Karelia-94 particles

TBE virus (FSME) IgG
ELISA test results

IgG MAb-capture SFV-prME test results
(no.)

Positive Negative Total

Positive 74 1 75
Negative 0 65 65

Total 74 66 140

TABLE 3 Comparison of the results obtained in commercial EIAs and EIAs using recombinant antigens with the results obtained in IgM and IgG
IFAs and hemagglutination inhibition test for inconclusive samples

Patient
no.

Result for IgM EIA (OD)

IgM IFA
result

Result for IgG EIA (OD)

IgG IFA
result HI titer

Commercial
test

SFV-prME
test

bac-prME
test

IgG commercial
test

IgG SFV-prME
test

1a 0.062 0.541a 0.667a �a 0.109 0.121 � �20
2a 0.060 1.084a 1.244a �a 0.129 0.116 � �20
2b 0.074a 1.696 0.998 � 0.741 0.389 � 20
2c 0.242a 0.812 0.468 � 0.196 0.180 � 20
2db 0.123 0.270 0.744 � 0.287 0.074 � 80
1b 0.052 0.107 0.103 � 0.577a 0.110 � �20
a Likely false-positive (1a, 2a, and 1b) and false-negative (2b and 2c) results.
b Sample for patient no. 2d was inconclusive.

TABLE 4 Comparison of the results obtained in �-capture IgM
immunoassay based on secreted recombinant TBEV prME antigen
produced in insect cells (bac-prME) and ELISA using recombinant
SFV-prME Karelia-94 particles and two ELISAs

Results by IgM
ELISA type

�-capture IgM SFV- prME
test results (no.)

Immunozym FSME (TBE)
IgM test results (no.)

Positive Negative Total Positive Negative Total

�-capture IgM bac-
prME test

Positive 38 1 39 34 5 39
Negative 0 101 101 0 101 101
Total 38 102 140 34 106 140

Immunozym FSME
(TBE) IgM
test

Positive 34 0 34
Negative 4 102 106
Total 38 102 140
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of our study, both the IFA and immunoblot assay clearly showed
evidence of proper folding of the expressed prME proteins and the
low subtype variability of the glycoprotein E of TBEV; these find-
ings are in agreement with previous results (24, 25).

To investigate whether the prME antigen is secreted from the
cells, the nonconcentrated culture supernatants of transfected
cells were tested by the IgM and IgG EIAs. The results of these tests
indicated that the prME antigen was indeed secreted into the cul-
ture supernatant. However, the signals in both assays were weak.
We assume that the moderate level of expression and modest se-
cretion of the prME proteins were linked to the wild-type nature
of the SFV replicon vector. It is known that nonattenuated SFV
vectors lead to high protein expression in mammalian cells, but
expression is transient due to cytopathic effects caused by the vec-
tor (26). In our case, we were able to collect culture supernatant
during a short period only, 30 h after transfection. After this pe-
riod, a massive apoptotic effect was observed.

The concentrated culture supernatant was analyzed by elec-
tron microscopy. The results indicated that TBEV subviral parti-
cles of 20 to 30 nm in diameter were secreted into the culture
medium of Vero E6 cells transfected by prME Karelia-94 con-
struct. Yoshii et al. (20) and Ferlenghi et al. (27) obtained recom-
binant TBEV prME particles of the same size, secreted from trans-
fected mammalian cells. Similar results for recombinant West
Nile virus prME particles have been reported by Takahashi et al.
(28). In all these reports, the difference in size of the prME parti-
cles was probably linked to the absence of capsid protein, which
plays an essential role in the formation of viral particles.

IgM EIAs have been used extensively in the diagnosis of flavi-
virus infections due to the high specific activity of the antigen and
the ability to detect IgM antibodies during the early phase of in-
fection. The concentrated culture supernatant of the Vero E6 cells
transfected with the recombinant plasmid CMV-SFV-2SG-prME-
Karelia-94 was subsequently used for the development of a �-cap-
ture IgM assay to detect TBE virus-specific IgM antibodies in hu-
man serum samples. The �-capture IgM SFV-prME assay using
subviral prME particles identified 97.4% of the samples that were
positive by the reference �-capture IgM bac-prME assay. How-
ever, a commercial IgM test identified only 87.2% of the samples

as positive by the reference assay. To obtain more information
about these five inconclusive serum samples, the data from the
IgM assay, IgG assay, and the hemagglutination inhibition tests
were compared (Table 3). In addition, the available clinical and
epidemiological data of these patients were taken into account.
These data suggest that samples 1a and 2a were likely true nega-
tives. Samples 1a and 2a were collected in November and in May,
respectively. It would seem highly unusual according to the sea-
sonal pattern of ticks and TBE in Finland that these patients were
bitten and infected by ticks 1 to 3 weeks earlier in their localities.
Samples 2b and 2c were likely true positives and therefore false
negatives by the commercial IgM test. Sample 2d was inconclu-
sive; it was positive in the �-capture IgM bac-prME assay and the
IgM IFA but negative in the commercial IgM assay and in the
�-capture IgM SFV-prME test, all while demonstrating HI activ-
ity. All of the 101 serum samples that had a negative result with the
commercial test and the IgM bac-prME assay were also negative in
the �-capture IgM SFV-prME test. If we take these data into ac-
count and discard the inconclusive sample 2d, the resolved sensi-
tivity of the �-capture IgM SFV-prME test was 100%. The �-cap-
ture IgM SFV-prME test also demonstrated high specificity
(100%) compared to the reference �-capture IgM bac-prME
ELISA. The heterologous flavivirus reactivity of the IgM �-cap-
ture SFV-prME assay was 87.5%.

At present, different IgG EIA kits are often used for the detec-
tion of IgG antibodies in order to confirm successful vaccination
against TBEV or previous infection by TBEV, in order to study
seroprevalence or endemicity level. However, the close antigenic
relationship between different Flavivirus species can lead to false-
positive serological results with serum samples from individuals
after, e.g., infection with dengue virus, West Nile virus, or vacci-
nation against yellow fever (10). In this study, prME Karelia-94
particles produced in Vero E6 cells by SFV replicons were used
also for the generation of a highly sensitive and specific IgG MAb-
capture SFV-prME assay for the detection of IgG antibodies in
human serum samples. The IgG MAb-capture SFV-prME assay
identified 74 positive serum samples out of 75 samples indicated
to be positive by the commercial IgG ELISA. It was shown later
that the one inconclusive serum sample was probably a false pos-

FIG 4 Immunofluorescence labeling of Vero E6 cells. Vero E6 cells were transfected with the recombinant plasmid CMV-SFV-2SG-prME Karelia-94 and used
in the IgM and IgG IFA tests. Shown are IgM-positive (top panel) and IgM-negative (bottom panel) serum samples (A), IgG-positive (top panel) and
IgG-negative (bottom panel) serum samples (B), and MAb 14D5 against glycoprotein E of TBEV (18) (top panel) and MAb 4G2 against glycoprotein G2 of
Puumala virus (32) (bottom panel) (C).
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itive in a commercial IgG ELISA, because it was also negative by
the hemagglutination inhibition test and the IgG IFA (Table 3).
Therefore, the resolved sensitivity and specificity of the IgG MAb-
capture SFV prME test were 100% compared to the commercial
IgG test. Six dengue virus IgG-positive serum samples were eval-
uated by the IgG MAb-capture SFV prME ELISA, and all were
negative. However, more serum samples from individuals with
known flavivirus vaccination or exposure history are needed to
assess the level of cross-reactivity of the developed tests with other
flavivirus infections. In particular, specimens from documented
Omsk hemorrhagic fever (OHF) cases should be tested, as OHF
virus is very closely related to TBEV. It should also be noted that a
considerable number of serum samples demonstrated low posi-
tive signals in the IgG MAb-capture SFV-prME assay (Fig. 3C).
This might reflect differences in the epitopes present in the “sand-
wich” in the IgG MAb-capture assay compared to the inactivated
directly coated antigen in the commercial assay.

Immunofluorescence assays are widely used today in the sero-
diagnosis of flavivirus infections (29–31). In this work, we further
described the design of IgM and IgG IFAs based on transfected
Vero E6 cells producing prME proteins of the Siberian subtype of
TBEV. The IgM IFA test was 100% concordant with the reference
�-capture IgM bac-prME test. The sensitivity and specificity of
the IgG IFA test were 98.7% and 100%, respectively, compared to
a commercial IgG ELISA. As noted above, the one sample negative
by the IgG IFA and positive by the commercial ELISA was likely a
true negative. These data demonstrate that the Vero E6 cells trans-
fected with the plasmid CMV-SFV-2SG-prME Karelia-94 might
be a useful tool for the detection of IgM and IgG antibodies against
TBEV in an IFA. However, additional heterologous flavivirus re-
activity studies using more specimens and a variety of flavivirus
infections are warranted.

In conclusion, the �-capture IgM SFV-prME and IgG MAb-
capture SFV-prME assays were designed based on subviral prME
particles expressed in Vero E6 cells from a CMV-SFV-2SG-prME
Karelia-94 construct. Using these transfected cells, IgM and IgG
IFAs were also developed. The constructed plasmid CMV-SFV-
2SG-prME Karelia-94 can also serve as a vector, providing TBEV
glycoproteins for pseudotyping purposes. The assays developed in
this work demonstrated high sensitivity and specificity compared
to reference ELISAs. Therefore, they can be applied for the detec-
tion of anti-TBEV IgM and IgG antibodies, both of which should
be positive in acute TBE patients in their second phase of disease
for a TBE diagnosis to be made.
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