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Virus-neutralizing monoclonal antibodies against bovine 
viral diarrhea virus and classical swine fever virus 
target conformational and linear epitopes on E2 
glycoprotein subdomains
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ABSTRACT The envelope glycoprotein E2 of pestiviruses plays a crucial role in viral 
entry and elicits a virus-neutralizing humoral immune response. Consequently, the 
epitopes recognized by monoclonal antibodies (mAbs) on E2 are a significant focus in 
pestivirus research and diagnostics. In this study, we characterized a panel of murine 
mAbs against the E2 protein of classical swine fever virus (CSFV) and bovine viral diarrhea 
virus (BVDV), two major pathogens for swine and cattle, respectively. The majority of 
mAbs neutralized the virus in vitro and recognized conformational epitopes, which were 
also detected by sera from infected animals. Notably, binding to these epitopes was 
retained after low-pH treatment, although conformational epitopes were disrupted upon 
disulfide bond reduction. The epitopes of the anti-CSFV mAbs were located in various 
domains of E2, including the interdomain linker sequences. Conversely, all but one of 
the anti-BVDV mAb epitopes were located in domain A. Moreover, the reactivity of 
one mAb suggests a conformational interdependence among the linker sequences of 
pestivirus E2. The panel of mAbs characterized in this study holds potential to support 
basic research on the mechanism of early pestivirus invasion and to assist in the design 
of E2-based diagnostic tools and vaccines.

IMPORTANCE Classical swine fever virus (CSFV) and bovine viral diarrhea virus (BVDV), 
which belong to the family Flaviviridae, cause economically significant diseases in pigs 
and cattle. The pestivirus glycoprotein E2 is located on the viral surface and is targeted 
by antibodies that neutralize virus infection. Due to its variability, E2 is a useful antigen 
for the development of diagnostic tests to differentiate between infections caused by 
different pestiviruses. In the present study, two panels of monoclonal antibodies (mAbs) 
specifically reactive with either CSFV or BVDV E2 were characterized. Interestingly, the 
majority of mAbs neutralized the respective virus in vitro. Epitope mapping revealed 
that the mAbs recognized low-pH-resistant epitopes of conformational nature located in 
different domains of CSFV E2 (anti-CSFV mAbs) or in domain A of BVDV E2 (anti-BVDV 
mAbs). The recombinant proteins along with the characterized mAbs have the potential 
to develop improved pestivirus-specific diagnostic tests and vaccines.

KEYWORDS classical swine fever virus, bovine viral diarrhea virus, glycoprotein E2, 
epitope mapping, conformational epitope, virus neutralization, pestiviruses, monoclonal 
antibodies

P estiviruses are classified within the genus Pestivirus of the family Flaviviridae, which 
also includes the genera Flavi-, Hepaci-, and Pegivirus (reviewed in reference [1]). 

Currently, the International Committee on Taxonomy of Viruses recognizes 19 pestivirus 
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species (2). Significant pathogens within this genus include classical swine fever virus 
(CSFV, species Pestivirus suis), bovine viral diarrhea virus (BVDV-1, species Pestivi­
rus bovis and BVDV-2, species Pestivirus tauri), and border disease virus (BDV, species 
Pestivirus ovis). CSFV primarily affects swine and is the causative agent of a highly 
relevant re-emerging disease (3), whereas BVDV mainly affects cattle. BDV predominantly 
infects small ruminants (4, 5) and can also infect swine and cattle (6–9). Infection of pigs 
with BDV and other ruminant pestiviruses can lead to cross-reactions, interfering with 
the serological diagnosis of CSFV due to the close antigenic relationship among these 
viruses (10).

The pestiviral genome is a single-stranded monocistronic, positive-sense RNA 
molecule consisting of ~12.3 kilobases that encodes one large polyprotein (11–13). This 
polyprotein is proteolytically processed into four mature structural proteins (C, Erns, E1, 
and E2) (14, 15), which are found in the viral particle (16), and eight non-structural 
(NS) proteins (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (17–19) (reviewed in 
reference [20]). The structural glycoprotein E2, initially referred to as E1, plays a crucial 
role during viral pathogenesis and elicits a virus-neutralizing humoral immune response 
(21, 22). E2, along with E1, was shown to be sufficient to mediate infection in vitro by 
pseudotyped vesicular stomatitis virus (VSV) particles carrying them on their surface (23, 
24).

Studies with CSFV full-length infectious clones demonstrated that introducing the E2 
sequence of the vaccine lapinized C-strain (CS) into the backbone of the virulent strain 
Brescia led to attenuation in vivo (25). Moreover, mutating the TAVSPTTLR epitope or the 
N-glycosylation sites of CSFV E2 resulted in a less virulent phenotype (26, 27). Addition­
ally, the E2 protein of CSFV has been shown to interact with the porcine attachment 
factor ADAM17 (28), as well as several other cellular factors such as SERTAD1 (29), 
Torsin-1A (30), and ACADM (31). An antigenic map based on the reactivity of the E2 
protein of CSFV strain Brescia with monoclonal antibodies (mAbs) identified domain A 
(amino acids 766 to 866), domains B (amino acids 691 to 773) and C (amino acids 691 to 
800), often referred to as domain B/C due to overlap, and domain D (amino acids 766 to 
800) (32).

The structure of the BVDV E2 has been solved, revealing that the protein is organized 
into four domains: domain A, domain B, domain C, and domain D (33, 34). In this 
study, we will refer to this structure-guided nomenclature of the domains. For clarity, we 
provide the following information: the antigenic domain B and most of domain C (35) 
are within the structural domain A (33, 34), while antigenic domain A (35) encompasses 
the last five residues of structural domain A, the interdomain A-B linker, the structural 
domain B, the interdomain B-C linker, and the first eight residues of domain C. mAbs 
against the E2 protein have been extensively used in serological diagnosis and antigen 
detection of pestiviruses (36–39), and have been crucial for specifically detecting CSFV 
infections (40). Monoclonal antibodies have facilitated the identification of E2 as an 
important target for virus neutralization (41, 42), as well as the detection of molecular 
determinants crucial for virus infection (43, 44).

Frequently, mAbs are produced against recombinant ectodomains of the glycopro­
tein E2 (44, 45). While this approach is convenient, certain structural elements, such as 
quaternary epitopes, are lost when the protein is not expressed in the context of the viral 
particle (46, 47).

In the present study, we aimed to characterize anti-E2 mAbs generated against 
pestiviral virions and used them to probe structural changes and to determine the 
regions mediating virus neutralization. The obtained results demonstrate that these 
mAbs hold potential for diagnostics and vaccine development. They primarily recog­
nized conformational epitopes that were resistant to low-pH treatment, suggesting an 
interdependence of the conformation among interdomain linker regions of E2.
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MATERIALS AND METHODS

Monoclonal antibodies

The previously described mAb BM40 (directed against Brucella melitensis 16M) was 
applied as a negative control (48). The hybridoma cell lines producing mAbs against the 
E2 proteins of CSFV and BVDV were generated between 1985 and 1990 at the Institute 
of Virology, University of Veterinary Medicine. The protocol for the generation of the 
hybridoma cell lines has been described previously (38, 49, 50). Briefly, the pestivirus 
strains used for immunization (Table 1) of mice were propagated on porcine or bovine 
cells, harvested, and concentrated by ultracentrifugation. The virus preparations were 
used to immunize Balb/c mice or mice with the Robertsonian chromosome translocation 
8.12 (RB 8.12). The spleen of the mice was aseptically isolated, the cells were separated 
from the connective tissue and suspended in phosphate-buffered saline (PBS). Subse­
quently, these cells were mixed with the mouse myeloma cell line FOX-NY in a ratio 
of 2:1 (spleen cells:myeloma cells) and were centrifuged. For cell fusion, approximately 
0.7 mL Polyethylenglycol 1500 (PEG) was added to the cell pellet, carefully stirred with 
a pipette, and incubated in a 37°C water bath for 1 min. PEG was diluted by slowly 
adding 20 mL of selective AAT medium (Dulbecco’s medium with 7.5 × 10−5 M adenine, 1 
× 10−4 M hypoxanthine, 4 × 10−7 M aminopterin, and 1.6 × 10−5 M thymidine supplemen­
ted with 15% horse serum [HS]). Afterward, the fused cells were mixed with myeloma 
feeder cells (~0.5 × 108 feeder cells per 96-well plate), and the volume was adjusted 
with the AAT medium and distributed in 16 96-well flat-bottomed plates (applying 
180 µL/well). The plates were incubated at 37°C and 4%–5% CO2. The screening of 

TABLE 1 Monoclonal antibodies detecting the E2 protein of CSFV or BVDV

Antigen Name Ig-isotype Reference

Virus Strain

CSFV Alfort/187 HC/TC3 IgG2b (49)
HC/TC16 IgG1 (49)
HC/TC18 IgG2b (49)
HC/34 IgG1 (49)
HC/36 IgG1 (49)
HC/37 IgG1 (49)
HC/43 IgG1 (49)
HC/TC50 IgG2b This study
HC/TC54 IgG1 This study
HC/TC59 IgG2a This study
HC/TC62 IgG1 This study
HC/TC63 IgG1 This study
HC/TC64 IgG2b This study
HC/TC65 IgG3 This study
HC/TC68 IgG1 This study

BVDV 0712/80 BVD/PX1 IgG1 This study
NADL BVD/PX8 IgG2a This study
NADL BVD/PX14 IgG2b This study
NADL BVD/PX18 IgG2a This study
NADL BVD/CA1 IgG1 (38)
NADL BVD/CA3 IgG2b (38)
7443 BVD/CA34 IgG2a (38)
Singer BVD/CA72 IgM (38)
Singer BVD/CA73 IgG1 (38)
Singer BVD/CA80 IgM (38)
Singer BVD/CA82 IgG1 (38)
1138 FRG BVD/CT3 IgG2a (50)
1138 FRG BVD/CT6 IgG2a (50)
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the hybridoma supernatants for the presence of anti-pestivirus antibodies was mainly 
applied by an indirect immune peroxidase or fluorescence assay using cells infected with 
the homologous pestivirus. The monoclonality of the hybridomas was achieved either by 
diluting the cell suspensions or by isolating the colonies grown in soft agar.

Production and purification of mAbs

Murine hybridomas were propagated according to cell culture standard procedures 
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 8%–10% horse serum (49), 
and the supernatants were collected and kept sterile at −20°C until use. The material 
was deprived of serum immunoglobulins before the mAbs were purified by affinity 
chromatography with protein G NAB Spin columns (Thermo Fisher Scientific, Dreieich, 
Germany) or 1 mL HP protein G columns (Cytiva, Freiburg, Germany) according to the 
manufacturer’s instructions, respectively. The fractions containing the mAb were dialyzed 
against PBS and were stored at −80°C until use. The respective hybridomas of the 
anti-BVDV mAbs BVD/CA72 and BVD/CA80 produced very low amounts of antibody, and 
the yields after purification were not amenable for further experiments.

Cells and viruses

Porcine kidney-15 (PK-15) and Madin–Darby bovine kidney (MDBK) cells were main­
tained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum 
(FBS), which was tested free for pestivirus genomes and antibodies, and were incubated 
at 37°C in 5% CO2.

A panel of pestiviruses including nine CSFV strains, two BVDV-1 strains, and two 
BVDV-2 strains were propagated at the EU and WOAH Reference Laboratory for CSF, 
Institute of Virology, University of Veterinary Medicine, Hannover, Germany (Table 4).

Virus neutralization test

The virus-neutralizing activity of the anti-CSFV and anti-BVDV mAbs was assessed by 
testing defined concentrations of affinity-purified antibodies with 30–300 tissue culture 
infectious dosis 50 (TCID50) of CSFV Alfort/187 or BVDV NADL, respectively, following 
the procedures of the manual of diagnostic tests for detection of classical swine fever 
(51) and the Laboratory of Viral Diagnostics of the Institute of Virology of the University 
of Veterinary Medicine Hannover, Foundation (52). The amounts (µg/well) of anti-CSFV 
mAbs tested were 5, 2.5, 1.25, 0.625, 0.312, 0.156, 0.078, 0.039, 0.0195, 0.00975, 0.00487, 
and 0.00244. The following amounts (µg/well) of anti-BVDV mAbs were tested: 50, 25, 
12.5, 6.25, 3.12, and 1.56. The BVDV mAbs BVD/CA72 and BVD/CA80 were not tested as 
not enough amounts could be purified. The results were expressed as the nanomolar 
concentration of mAb that neutralizes virus infection in 50% of the wells, considering a 
150 kDa molecular weight of the mouse immunoglobulins.

Antibody reactivity with different CSFV, BVDV-1, and BVDV-2 strains

To investigate the reaction spectrum of the E2 mAbs with different CSFV, BVDV-1, and 
BVDV-2 strains, cells were simultaneously infected with the viruses listed in Table 4 and 
were seeded in 96-well plates to obtain an infection rate of 70%–90% of the cell layer. 
This infection rate was chosen to evaluate possible background on non-infected cells in 
direct comparison to infected cells in one well.

PK-15 cells were used for the infection with CSFV, and MDBK cells for the infections 
with BVDV-1 and BVDV-2, respectively. At 72 h postinfection, the cells were fixed by 
heat treatment at 80°C for 3 h (PK-15 cells) or 5 h (MDBK cells), and an indirect immune-
peroxidase assay was performed as previously described (53). Together with the E2 
mAbs, a pestivirus NS3-specific antibody (mAb BVD/C16) was used to confirm the cellular 
infection rate of 70%–90%.
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Generation of plasmids for protein expression

The sequences encoding for all proteins were cloned into a plasmid optimized for 
protein expression in mammalian cells (54, 55). The vector pHL-Sec-AviTag-Thr-dStrepTag 
(pHL-StrepTag) with an AviTag, thrombin cleavage site, and Twin StrepTag-encoding 
sequences at the carboxyl terminus (G. Roman-Sosa, unpublished data) was used as 
a backbone for all constructs. Construction of the expression plasmids encoding CSFV 
E2, BVDV E2, and chimeric E2 proteins was based on previously published data and 
constructs (56). The sequences of all plasmids were controlled by Sanger sequencing 
(LGC Genomics, Berlin, Germany). The full sequences of all constructs are available as 
Supplemental material. Further details of cDNA cloning can be obtained upon request. 
A schematic representation of the individual proteins is provided in Figure 7A. The 
first part of the name of the chimeric constructs refers to the main backbone protein 
and is followed by “p,” indicative of partial, and the sequence that was inserted. After 
the name of each construct, an exact description of the encoded protein is given. The 
following plasmids were constructed: (i) pCSFV E2: encoding for E2 protein ectodomain 
of classical swine fever virus strain Alfort/187 (Gln 690-Ser1025); (ii) pCSFV E2-pBVDV-B-C: 
encoding for CSFV E2 protein ectodomain with part of BVDV domains B and C (CSFV 
Gln 690-Val 799/BVDV Val 804-Gly 867/CSFV Glu 864-Ser 1025); (iii) pCSFV E2-pBVDV-B: 
encoding for CSFV E2 protein ectodomain with part of BVDV domain B (CSFV Gln 690-Val 
799/BVDV Val 804-Ser 831/CSFV Cys 828-Ser 1025); (iv) pBVDV E2-pCSFV-B-C: encoding 
for BVDV E2 protein ectodomain with part of CSFV domains B and C (BVDV His 693-Ile 
803/CSFV Val 800-Asn 863/BVDV Glu 1029-Arg 1029); (v) pCSFV E2-pBVDV-A-B: encoding 
for CSFV E2 protein ectodomain with part of BVDV domains A and B (CSFV Glu 690-Ala 
746/BVDV Arg 750-Ile 863/CSFV Val 800-Ser 1025); (vi) pCSFV E2-pBVDV-A: encoding for 
CSFV E2 protein ectodomain with part of BVDV domain A (CSFV Gln 690-Val 749/BVDV 
Arg 753-Gln 781/CSFV Ser 779-Ser 1025); (vii) pCSFV E2-pBVDV-B-1: encoding for CSFV E2 
protein ectodomain with part of amino terminus of BVDV domain B (CSFV Glu 690-Pro 
778/BVDV Asp 783-Ile 803/CSFV Val 800-Ser 1025); (viii) pCSFV-A: encoding for CSFV E2 
protein domain A (CSFV Gln 690-Thr 776); (ix) pCSFV-A-pBVDV-A: encoding for CSFV 
E2 protein domain A with amino terminal part of BVDV domain A (BVDV His 693-Glu 
716/CSFV Gly 714-Thr 776); (x) pBVDV E2: encoding for E2 protein ectodomain of BVDV 
strain NADL (His 693-Arg 1029); and (xi) pBVDV A: encoding for BVDV E2 protein domain 
A (His 693-Arg 779).

Protein expression and purification

The purification of the recombinant proteins was carried out essentially as described 
(54, 57). Briefly, HEK293T (human embryo kidney) cells were transiently transfected with 
a mixture of plasmid DNA encoding for the complete BVDV- or CSFV E2 antigen or 
for the chimeric E2 constructs and polyethylenimine (PEI; Sigma-Aldrich, Taufkirchen, 
Germany) at a ratio of 3 µg PEI:1 µg DNA in serum-free medium. The PEI:DNA com­
plexes were allowed to form during 15 min of incubation at room temperature before 
being added to the cells in serum-free medium. The cells were then incubated with 
the transection mixture at 37°C in a 0.5% CO2 atmosphere for 3 h, after which the 
medium was exchanged for a complete medium containing 10% fetal calf serum 
(FCS). Three days after transfection, the supernatants were collected. The supernatants 
were clarified by centrifugation (5,000 × g/25 min/4°C) and concentrated by tangen­
tial filtration using a Vivaflow cassette (Vivaflow system, cassette with membrane of 
molecular mass cutoff [MWCO] 5,000 Da; Sartorius Stedim Biotech; further details 
available at https://www.sartorius.com/en/products/lab-filtration-purification/ultrafiltra-
tion-devices/tangential-crossflow). The biotin in the starting material was neutralized 
with 500 µL BioLock (IBA-Biotech, Göttingen, Germany), and the proteins were affinity 
purified with a StrepTrapXT column (IBA-Biotech, Göttingen, Germany) in an Äkta pure 
chromatographic unit (GE Healthcare, Freiburg, Germany). The column was pre-equilibra­
ted with buffer W (100 mM Tris/HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA) before the 
material was applied at a flow rate of 1 mL/min. The column was then washed with 
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15 mL buffer W, and the proteins were eluted with buffer E (buffer W plus 2.5 mM 
desthiobiotin). Ten fractions each of 1 mL were collected. The protein concentration was 
measured with a spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, Dreieich, 
Germany), and the proteins of the collected fractions were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and 
stained with Protein Gel Stain (German Research Products, Haag a.d. Amper, Germany). 
The full-length ectodomains and the A subdomains were analyzed in gels with 10% and 
15% polyacrylamide, respectively. A prestained protein ladder (PageRuler Plus, Thermo 
Fisher Scientific, Dreieich, Germany) was used to estimate the molecular weight of the 
stained protein bands. The fractions were then pooled and concentrated as required 
(10,000 MWCO PES concentrators, Sartorius), snap frozen with liquid nitrogen, and stored 
at −80°C until use.

Enzyme-linked immunosorbent assays (ELISAs)

Indirect ELISA to test the reactivity of the mAbs with the recombinant CSFV E2 
and BVDV E2 proteins

The mAbs were tested in duplicate with each protein. ELISA plates with a medium 
binding capacity (Nunc plates, Thermo Fisher Scientific, Dreieich, Germany) were coated 
with 50 ng of the respective protein per well in 100 µL 0.1 M carbonate coating buffer. 
The control wells were coated with 3% bovine serum albumin (BSA) (Serva, Heidelberg, 
Germany) in PBS/0.05% Tween 20, overnight at 4°C. The plates were then washed three 
times with wash buffer (PBS/0.05% Tween 20), and the wells’ surface was saturated 
with 100 µL of blocking solution (3% BSA in PBS/0.05% Tween 20). The hybridoma 
supernatants of the anti-CSFV mAbs (Table 1) were tested undiluted, whereas the 
anti-BVDV mAbs (Table 1) were diluted 1:5 in wash buffer. However, for BVD/PX8, a 1:2 
dilution was applied. As a negative control, the supernatant of the mAb BM40 was used. 
The anti-StrepTag mAb (StrepMAB Classic) (IBA Biotech, Göttingen, Germany) was used 
1:1,000 (anti-CSFV mAbs) or 1:2,000 (anti-BVDV mAbs) diluted in wash buffer as a positive 
control. After 1 h of incubation at 37°C in a humid chamber, the plates were washed 
as mentioned above and incubated with 100 µL/well of rabbit anti-mouse conjugated 
to horseradish peroxidase (HRP) (former DAKO, Agilent, Waldbronn, Germany) diluted 
1:1,000 in wash buffer. The plates were incubated at 37°C for 1 h in a humid chamber 
and were washed as mentioned above. Each well was incubated for 3 min in the dark 
with 100 µL TMB (3,3′,5,5′-Tetramethylbenzidine) (Sigma-Aldrich, Taufkirchen, Germany) 
solution per well. The reaction was stopped by adding 100 µL of 1 M HCl per well, and 
the optical density was measured at 450 nm in an ELISA reader (Tecan). The results 
were expressed by subtracting the background optical density (OD) at 450 nm for each 
mAb tested with the control wells from the ones obtained with the E2 antigen. Three 
independent experiments were performed, and the standard deviation was calculated.

Indirect ELISA to test the reactivity of the mAbs with the chimeric recombinant 
CSFV E2 and BVDV E2 proteins

The ELISA to test the reaction of the mAbs with the corresponding chimeric proteins 
was essentially performed as described above with 50 ng per well of the respective 
recombinant protein. Three independent experiments were performed, and the standard 
deviation was calculated.

The results are expressed as a ratio to non-mutagenized E2 (wild-type; wt) using the 
following formula:

OD ratio to wt E2 = OD mAb with chimeric E2
OD mAb with wt E2
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Indirect ELISA to test the effect of low-pH treatment on the reactivity of the mAbs

The ELISA plates were prepared with 50 ng protein/well as described in (I). Before the 
incubation with the mAbs, the proteins were treated at low pH on the ELISA plate. This 
step was performed by washing the corresponding wells with 200 µL of citrate buffer pH 
3, pH 4, or pH 5, then 250 µL of the corresponding low-pH buffer was applied, and the 
wells were incubated for 10 min at room temperature. The buffer was then discarded,
and the wells were washed with wash buffer. Each mAb was tested in parallel with 
non-treated wells on the same plate. Three independent experiments were performed,
and the standard deviation was calculated.

The results are expressed as a ratio to E2 without low-pH treatment using the 
following formula:

OD ratio to non‐treated E2 = OD mAb with low‐pH‐treated E2
OD mAb with non‐treated E2

Indirect ELISA to test the effect of disulfide bridge reduction on the reactivity of 
the mAbs

The test was performed essentially as previously described (52). Briefly, 50 ng of 
E2 protein was treated with 10 mM dithiothreitol (DTT) (Sigma-Aldrich, Taufkirchen, 
Germany) at 95°C for 5 min, and the cysteines were alkylated by subsequent treatment 
with 10 mg/mL iodoacetamide (Sigma-Aldrich, Taufkirchen, Germany) for 15 min at 37°C. 
The mAbs were tested with the reduced and the non-treated proteins as described in 
(I). The hybridoma supernatants of the anti-CSFV mAbs were tested undiluted, whereas 
the supernatants of anti-BVDV mAbs were diluted 1:5 except the mAb BVD/PX 8 that was 
diluted 1:2 because of the much lower signal compared to the other antibodies. Three 
independent experiments were performed, and the standard deviation was calculated.

The results are expressed as a ratio to non-treated E2 using the following formula:

OD ratio to non‐treated E2 = OD mAb with reduced E2
OD mAb with non‐treated E2

Indirect ELISA to test the binding strength of purified mAbs

The ELISA was performed as described in (I) using 50 ng protein/well but with different 
amounts of purified mAb per well (40, 20, 10, 5, 2.5, 1.25, and 0.625 ng). The mAbs were 
tested in triplicate (i.e., three wells per mAb with each antigen concentration).

Blocking of the reactivity of the mAbs by sera from infected animals

The ELISA plates were prepared as described in the ELISA section (I). The blocking 
effect on the anti-CSFV mAbs was analyzed using a homologous serum (serum ID: 
2006/07/0057/065) generated by infecting a pig with CSFV Alfort/187. This serum is 
a reference serum that is routinely applied in diagnostic assays to detect antibodies 
against CSFV. It is characterized by a positive result in commercial CSF antibody ELISAs 
and a high titer of neutralizing antibodies against the CSFV strain Alfort/187 (ND50 = 
1,600). This serum was obtained from the serum sample collection of the EU and WOAH 
Reference Laboratory for CSF (51). The bovine serum 21/227/1 raised against BVDV strain 
NADL (Laboratory for Diagnostic Virology, Institute of Virology, University of Veterinary 
Medicine Hannover) was used for the anti-BVDV mAbs. This serum is characterized by a 
high titer of neutralizing antibodies against the BVDV-1 strain NADL (ND50 = 1,280).

The sera were tested diluted 1:2 in dilution buffer (PBS/0.05% Tween 20 containing 
2% BSA) and incubated on the plate for 1 h at 37°C in a humid chamber. The wells were 
washed three times with wash buffer, and the reaction of the mAbs with the protein was 
performed as described in the ELISA section (I). In the case of the anti-CSFV mAbs, the 
anti-mouse HRP conjugate was used in a dilution of 1:3,000 with 10% of swine serum 
(Kraeber & Co GmbH, Ellerbek, Germany) in the conjugate dilution buffer. The anti-BVDV 
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mAbs were detected with the anti-mouse HRP conjugate diluted 1:2,000 in the conjugate 
dilution buffer with 10% of fetal calf serum, negative for neutralizing antibodies against 
BVDV (Capricorn Scientific GmbH, Ebsdorfergrund, Germany).

The anti-CSFV mAbs were tested in duplicate in three independent experiments. The 
anti-BVDV mAbs were tested in triplicate in one experiment. A graph with the mean OD 
values and the standard deviations was generated.

The percentages of inhibition, expressed referring to the OD value obtained from the 
wells with the negative serum as 100%, were presented in Tables 5 and 6.

Generation of models of the pestivirus E2 proteins

The models of the E2 proteins of CSFV strain Alfort/187 and BVDV strain NADL were 
prepared with AlphaFold2" of accessible use (58). The figures were prepared using the 
PyMOL Molecular Graphics System, version 2.5.7 (Schrödinger LLC), and the electrostatic 
potential was calculated using the APBS electrostatic plugin.

Preparation of graphs

The calculations of mean values and standard deviations as well as the preparation of the 
graphs were performed in Excel.

RESULTS

Virus-neutralizing activity of monoclonal antibodies

The virus-neutralizing effect of the mAbs was evaluated using a virus neutralization assay 
with varying concentrations of purified antibodies. The results, presented in Tables 2 and 
3, are expressed as the molar concentration of mAb required to neutralize between 30 
and 300 TCID50 per 50 µL of the corresponding virus. All anti-CSFV mAbs neutralized 
the CSFV strain Alfort/187 in vitro, with antibody concentrations ranging from 1.16 nM 
(mAb HC/TC63) to 111.11 nM (HC/TC68) (Table 2). The anti-BVDV mAbs BVD/PX18 and 
BVD/CA82 did not neutralize the BVDV strain NADL (Table 3). In contrast, the remaining 
antibodies showed virus neutralization at concentrations as low as 69.33 nM for mAbs 
BVD/CA1, BVD/CA3, and BVD/CA73, and as high as 1,670 nM for mAb BVD/PX14 (Table 3).

Reactivity of the E2-specific mAbs with different CSFV, BVDV-1, and BVDV-2 
strains

The reaction pattern of the E2-specific mAbs with various CSFV genotypes (gt), BVDV-1,
and BVDV-2 strains was analyzed after infection of cells with the corresponding 

TABLE 2 Molar concentration of anti-CSFV mAbs that neutralized between 30 and 300 TCID50 of CSFV 
Alfort/187

mAb Conc. (nM)

HC/TC3 2.31
HC/TC16 27.78
HC/TC18 55.56
HC34 27.78
HC36 2.31
HC37 27.78
HC43 55.56
HC/TC50 1.73
HC/TC54 2.31
HC/TC59 27.78
HC/TC62 9.24
HC/TC63 1.16
HC/TC64 2.31
HC/TC65 13.87
HC/TC68 111.11
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pestiviruses (Table 4). The mAbs (named HC/TC and HC/C), which were generated against 
the CSFV gt 1.1. strain Alfort/187 (CSF0902), were all tested positive on cells infected with 
this virus and showed no reactivity with the applied BVDV-1 (NADL and CP7) or BVDV-2 
strains (CS8644 and 134/102). Seven mAbs (HC/TC18, HC/TC50, HC/TC59, HC/TC62, HC/
C34, HC/C37, and HC/C43) detected all tested CSFV genotypes. In comparison, the mAbs 
HC/TC3, HC/TC16, HC/TC63, and HC/TC68 recognized most, but not all, of those isolates. 
The mAbs HC/TC54, HC/TC64, HC/TC65, and HC/C36 are specific for the CSFV strain 
Alfort/187, which was used for the generation of the corresponding hybridoma cell lines 
(Table 4).

The mAbs, which were generated against the BVDV-1a strain NADL, do not cross-react 
with the tested CSFV strains. With the exception of the mAbs BVD/PX8, BVD/PX14, BVD/
PX18, BVD/CT3, and BVD/CT6, the mAbs detect BVDV-1a NADL and BVDV-1b CP7. Only 
the mAb BVD/CA34 recognized the BVDV-2 strains in addition to the BVDV-1 strains 
(Table 4).

Expression and purification of the recombinant CSFV and BVDV glycoprotein 
E2 in mammalian cells

The expression of glycoproteins in mammalian cells ensures their correct folding, with 
crucial posttranslational modifications, such as disulfide bond formation and glycosyla­
tions in the endoplasmic reticulum. Misfolded proteins are retained intracellularly (59) 
and degraded. In this study, high yields of highly pure ectodomains of CSFV and BVDV 
E2, as well as chimeric proteins, were produced using a vector optimized for mammalian 
cell expression (55). This cost-efficient methodology has previously been used to express 
envelope glycoproteins of arenaviruses (54), coronaviruses (60), and orthobunyaviruses 
(57).

The proteins were flanked by a signal peptide at the amino terminus to direct them 
to the secretory pathway and by a twin StrepTag at the carboxyl terminus for affinity 
chromatography purification (Fig. 1A). The ectodomains of CSFV and BVDV E2 glycopro­
teins were isolated from the supernatant of transiently transfected HEK293T cells, and 
the quality of the purified material was evaluated by SDS-PAGE and Coomassie staining 
(Fig. 1B). Although the calculated molecular weight of both proteins is approximately 
45 kDa, they migrated at around ~55 kDa (Fig. 1B). The purity of both protein prepara­
tions was above 90% with no degradation products observed.

Reactivity of the monoclonal antibodies with CSFV and BVDV E2 glycopro­
teins

The reactivity of the corresponding mAbs was assessed using an indirect ELISA with 
affinity-purified E2 glycoproteins. All antibodies showed strong reactivity with the 

TABLE 3 Molar concentration of anti-BVDV mAbs that neutralized between 30 and 300 TCID50 of BVDV 
NADL

mAb Conc.a (nM)

BVD/PX101 208
BVD/PX8 1,110
BVD/PX14 1,670
BVD/PX18 Negativeb

BVD/CA1 <69.33
BVD/CA3 <69.33
BVD/CA34 555.56
BVD/CA73 <69.33
BVD/CA82 Negativeb

BVD/CT3 208
BVD/CT6 833.33
aConc. (concentration).
bNegative indicates lack of virus-neutralizing activity.
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recombinant E2, with OD values above 1. The anti-CSFV mAbs (Fig. 2A) and anti-BVDV 
mAbs (Fig. 2B) did not exhibit evident cross-reactivity with BVDV NADL E2 and CSFV 
Alfort/187 E2, respectively. An increased OD value was observed in the reaction of the 
anti-StrepTag control antibody with the BVDV E2 antigen when the anti-CSFV mAbs were 
tested.

Blocking of binding of monoclonal antibodies by sera from seropositive 
animals

To determine if the epitopes recognized by the panel of murine mAbs are shared by 
antibodies generated during the course of an infection in the natural host, a blocking 
ELISA was performed using a serum from a pig after infection with CSFV Alfort/187 (Fig. 
3A; Table 5) or a serum from a cattle after infection with BVDV NADL (Fig. 3B; Table 6).

The degree of inhibition of the anti-CSFV E2 mAbs by the positive porcine serum 
ranged from 86.4% to 20.0% (Fig. 3A; Table 5). The reactivity of mAbs HC/TC68, HC/TC65,
and HC36 was inhibited from 86.0% to 80.6%, followed by mAbs HC/TC16, HC/TC59, and 
HC/TC54 (63.9% to 56.0%); HC/TC63, HC/TC64, and HC/TC3 (49.0% to 41.7 %); HC/TC62, 
HC/TC18, HC37, and HC43 (36.6% to 32.8%); and HC34 and HC/TC50 with 27.1% and 
19.96% inhibition, respectively.

Based on the degree of inhibition by BVDV antibody-positive bovine serum, the 
anti-BVDV E2-specific mAbs were categorized into four groups (Fig. 3B; Table 6). The 
strongest inhibitory effect was observed for mAb BVD/CA34 (87.5%). The mAbs BVD/
PX101, BVD/CT6, BVD/CA80, and BVD/CA82 were inhibited from 73.7% to 67.1%, 
whereas mAbs BVD/CA72, BVD/CT3, and BVD/PX8, and mAbs BVD/PX18, BVD/PX14, 
BVD/CA73, BVD/CA3, and BVD/CA1 were inhibited from 63.5% to 60.4% and 49.4% to 
20.9%, respectively.

FIG 1 Schematic representation of the construct for recombinant protein production and analysis of the purified CSFV and BVDV E2 proteins by SDS-PAGE. 

(A) The ectodomain of the corresponding E2 protein (insert) was expressed downstream of a signal peptide (SP) followed by a biotinylation tag (AviTag), a 

thrombin cleavage site (Thr Site), and a StrepTag (Twin StrepTag). The protein translation was terminated by a stop codon (Stop). (B) The purified proteins CSFV 

E2 (lane 1) and BVDV E2 (lane 2) were analyzed by SDS-PAGE under reducing conditions and were stained.
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Effect of low-pH treatment of glycoprotein E2 on the reactivity of monoclonal 
antibodies

Given that pH can induce conformational changes in proteins, we assessed whether the 
epitopes recognized by this panel of mAbs would be sensitive to treatment at low-pH 
values. The E2 protein immobilized on the ELISA plate was treated with low pH before 
being tested with the mAbs in an indirect ELISA. The reaction of the control anti-StrepTag 
antibody was not affected, indicating that the applied method did not significantly 
impact protein concentrations (Fig. 4). The low-pH treatment did not influence the 
reactivity of either the anti-CSFV or the anti-BVDV mAbs (Fig. 4A and B).

Reactivity of monoclonal antibodies with denatured glycoprotein E2

Disulfide bonds are essential for the tertiary structure of proteins; thus, we evaluated 
their role in forming the epitopes recognized by the mAbs characterized in this study. 
To achieve this, the E2 glycoprotein was treated with a disulfide bond-reducing agent 
before being coated onto the ELISA plate. The cysteines were then alkylated to prevent 
the reshuffling of disulfide bonds. Finally, the reactivity of the mAbs was evaluated using 
an indirect ELISA (Fig. 5).

FIG 2 Reactivity of the mAbs with the recombinant CSFV and BVDV E2 glycoproteins. Each panel of mAbs, CSFV mAbs (A), and BVDV mAbs (B) was tested in an 

indirect ELISA with both glycoproteins. The results are the mean values of three independent experiments, and the errors bars represent the standard deviations.
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The anti-CSFV mAb HC/TC50 retained 80% reactivity with the denatured E2 compared 
to the non-treated protein, while mAbs HC/TC63 and HC37 reacted with the denatured 
protein at approximately 60% and 40% of the reaction with the non-treated protein, 
respectively. The other CSFV-specific mAbs showed a negligible reactivity with the 

FIG 3 Blocking of binding of mAbs by sera containing antibodies against CSFV or BVDV. The blocking effect of a positive serum on the reaction of CSFV mAbs 

(A) and BVDV mAbs (B) with their respective proteins was tested in blocking ELISA. The anti-CSFV mAbs were evaluated with a pig serum containing antibodies 

against CSFV Alfort/187 and a commercial pig serum, which was tested negative for antibodies against CSFV. The anti-BVDV mAbs were tested with a bovine 

serum containing antibodies against BVDV NADL and fetal calf serum that was tested negative for antibodies against BVDV. The results are the mean values 

of three independent experiments for the anti-CSFV mAbs and three wells of one experiment for the anti-BVDV mAbs. The error bars represent the standard 

deviation.
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denatured CSFV E2 protein (Fig. 5A). In contrast, the reactivity of all anti-BVDV mAbs with 
the BVDV E2 protein was completely abolished upon protein denaturation (Fig. 5B).

Assessment of the binding strength of the mAbs

The binding strength of the mAbs to either CSFV E2 or BVDV E2 was semi-quantitatively 
estimated using an indirect ELISA with defined concentrations of purified mAbs (Fig. 
6). All the CSFV mAbs showed high OD 450 nm values, ranging from 1 for HC34 to 3.3 
for HC/TC54 when 40 ng of the antibody was tested (Fig. 6A). The strongest reactions 
were observed for the mAbs HC/TC3, HC/TC18, HC36, HC37, HC/TC50, HC/TC54, HC/TC59, 
HC/TC62, HC/TC63, HC/TC64, and HC/TC68 with OD 450 nm values above 2.5 using 10 ng 
mAb. These antibodies produced OD 450 nm signals between 0.5 and 1 when 0.652 ng 
antibody was tested, except mAb HC/TC68, which showed slightly lower values (0.4). 
A second group of antibodies (mAbs HC/TC16, HC43, HC/TC65) reacted more weakly 
compared to the aforementioned mAbs. The lowest OD 450 nm signals were observed 
with mAb HC34.

The anti-BVDV mAbs (Fig. 6B), except for mAbs BVD/PX101 and BVD/PX14, showed 
OD 450 nm values above 2.5 when 20 ng antibody was tested. The mAbs BVD/CA1, BVD/
CA3, BVD/CA34, BVD/CA73, BVD/CA82, BVD/CT3, and BVD/CT6 exhibited the highest 
OD 450 nm signals, which remained between 0.5 and 1 even at the lowest antibody 
concentration tested (0.652 ng). The mAb BVD/PX18 reacted similarly to the abovemen­
tioned mAbs at 40 ng, but at lower amounts, its signals declined below those of that 

TABLE 5 Percent of inhibition of reactivity of anti-CSFV mAbs by a CSFV antibody-positive swine serum

Group mAb % inhibition

1 HC/TC68 86.04
HC/TC65 81.04
HC36 80.59

2 HC/TC16 63.9
HC/TC59 60.54
HC/TC54 56.02

3 HC/TC63 48.97
HC/TC64 44.39
HC/TC3 41.7

4 HC/TC62 36.62
HC/TC18 36.09
HC37 34.13
HC43 32.78

5 HC34 27.11
HC/TC50 19.96

TABLE 6 Percent of inhibition of reactivity of anti-BVDV mAbs by a BVDV antibody-positive bovine serum

Group mAb % inhibition

1 BVD/CA34 87.51
2 BVD/PX101 73.5

BVD/CT6 73.66
BVD/CA80 71.04
BVD/CA82 67.14

3 BVD/PX8 63.51
BVD/CA72 62.13
BVD/CT3 60.40

4 BVD/PX18 49.44
BVD/PX14 31.48
BVD/CA73 28.14
BVD/CA3 27.18
BVD/CA1 20.89
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group. The lowest signals among the BVDV mAbs were detected with mAbs BVD/PX101 
and BVD/PX14. Nevertheless, 5 ng of these mAbs still reacted strongly, with OD 450 nm 
values between 0.5 and 1.

FIG 4 Reactivity of mAbs with the recombinant E2 upon low-pH treatment. The reactions of CSFV E2- (A) or BVDV E2-specific mAbs (B) were tested in an indirect 

ELISA with the corresponding protein that was previously treated at the indicated pH values. The results were expressed as a ratio to the reactions of the mAbs at 

neutral pH. The solid bars represent the mean values of three independent experiments, and the error bars correspond to the standard deviations.
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Generation of the recombinant chimeric E2 glycoproteins from mammalian 
cells

The lack of cross-reactivity of the anti-CSFV and anti-BVDV mAbs against the E2 protein 
of BVDV NADL and the E2 of CSFV Alfort/187, respectively, as well as the conformational 
nature of most of the epitopes, suggested the use of chimeric recombinant E2 proteins 
as a plausible strategy for epitope mapping. The use of chimeric proteins preserves the 

FIG 5 Reactivity of the mAbs after protein denaturation. The recombinant CSFV E2 (A) or BVDV E2 (B) proteins were denatured under reducing conditions, and 

the reactions of the corresponding mAbs with the treated and untreated protein were assessed in an indirect ELISA. The ratios of the reactions of the individual 

mAbs with the denatured protein to the reactions with the untreated protein were calculated. The results represent the mean value of three independent 

experiments, and the error bars correspond to the standard deviations.
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overall conformation, ensuring that a lack of reaction does not result from misfolding 
of the protein used. As shown in Figure 7A, besides the constructs expressing the full 
length of CSFV E2 and BVDV E2 ectodomains, six chimeric recombinant proteins of the 
full-length E2 protein ectodomain, the CSFV domain A, the BVDV domain A, and one 
chimeric domain A were designed and purified by affinity chromatography. The quality 
of the preparations was evaluated by SDS-PAGE and Coomassie staining under reducing 
conditions (Fig. 7B through D). The purity of the preparations was above 90%, and all 
full-length chimeric proteins migrated at around 55 kDa, similar to the CSFV E2 and BVDV 
E2 ectodomains, with slight differences among them. The signal observed in the lane of 
the CSFV E2-pBVDV-B-1 protein was slightly weaker compared to the signals of the other 
proteins. The preparations of the CSFV E2 subdomain A (CSFV E2 DA) and its chimera 
(CSFV E2 DA-pBVDV-A) (Fig. 7C), as well as the BVDV E2 subdomain A (BVDV E2 DA) 
(Fig. 7D), migrated as a double band of approximately the expected molecular weight of 
15 kDa.

Reactivity of the monoclonal antibodies with chimeric E2 glycoproteins

The effect of mutations was estimated quantitatively using an indirect ELISA and was 
expressed as the OD 450 nm ratio of the mutated/chimeric E2 protein to the OD 450 nm 
of the wt CSFV Alfort E2 (Fig. 8A) or wt BVDV NADL E2 (Fig. 8B). The anti-CSFV mAbs 

FIG 6 Assessment of the binding strength of the mAbs to the E2 protein of CSFV and BVDV. The reaction of anti-CSFV (A) or anti-BVDV (B) mAbs with the 

corresponding CSFV E2 (A) and BVDV E2 (B) proteins was tested at the indicated amounts in an indirect ELISA. The results represent the mean of the OD 450 nm 

values of three wells determined in one experiment.
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showed varied reactivity with the chimeric proteins (Fig. 8A) and were categorized into 
seven distinct groups based on their reactivity patterns (Fig. 9, upper panel): group 1 
(three mAbs: HCTC64, HCTC65, and HC36); group 2 (six mAbs: HC/TC18, HC34, HC37, 
HC43, HC/TC50, and HC/TC62); group 3 (two mAbs: HC/TC16 and HC/TC68); group 4 
(HC/TC54); group 5 (HC/TC59); group 6 (HC/TC63); and group 7 (HC/TC3). Similarly, the 
panel of anti-BVDV mAbs was tested. The OD ratios were calculated relative to the BVDV 
E2 protein, with the construct encoding the CSFV E2 domain A (CSFV E2 DA) substituted 
by the recombinant BVDV E2 domain A (BVDV E2 DA) (Fig. 8B). All anti-BVDV mAbs, 

FIG 7 Schematic representation and analysis of the recombinant proteins generated to perform the epitope mapping of the mAbs. In the schematics 

(A), the blocks representing BVDV sequences (NADL) are shown in gray, whereas the CSFV-specific blocks (Alfort/187) are in blue, green, yellow, and brown, 

corresponding to the domain A (DA), domain B (DB), domain C (DC), and domain (DD), respectively (34). The “p” included in the constructs indicates “partial.” 

Hence, the constructs are explained as follows: CSFV E2-pBVDV-B-C (ectodomain of CSFV E2 with partial sequence of BVDV in domains B and C); CSFV 

E2-pBVDV-B (ectodomain of CSFV E2 with partial sequence of BVDV in domain B); BVDV E2-pCSFV-B-C (ectodomain of BVDV E2 with partial sequence of CSFV 

in domains B and C); CSFV E2-pBVDV-A-B (ectodomain of CSFV E2 with partial sequence of BVDV in domains A and B); CSFV E2-pBVDV-A (ectodomain of CSFV 

E2 with partial sequence of BVDV in domain A); CSFV E2-pBVDV-B-1 (ectodomain of CSFV E2 with partial sequence of BVDV in domain B); CSFV E2 DA (domain 

A of CSFV E2); CSFV E2 DA-pBVDV-A (domain A of CSFV E2 with partial sequence of BVDV in domain A); BVDV E2 DA (domain A of BVDV E2). (B–D) The purified 

proteins of constructs CSFV E2-pBVDV-B-C; CSFV E2-pBVDV-B; BVDV E2-pCSFV-B-C; CSFV E2-pBVDV-A-B; CSFV E2-pBVDV-A; CSFV E2-pBVDV-B-1 (B, lanes 1 to 6, 

respectively); CSFV E2 DA; CSFV E2 DA-pBVDV-A (C, lanes 1 and 2, respectively); and BVDV E2 DA (D) were analyzed on SDS-PAGE under reducing conditions and 

were stained with Coomassie blue, respectively.
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except BVD/PX14, reacted with the recombinant BVDV E2 domain A (BVDV E2 DA) and, 
without exception, with BVDV E2-pCSFV-B-C (Fig. 9, lower panel). These mAbs showed 
three reactivity patterns, resulting in their categorization into the three groups B1 (BVD/
CA34, BVD/CA72, BVD/CT3, and BVD/CT6); B2 (BVD/PX1, BVD/PX8, BVD/PX18, BVD/CA1, 
BVD/CA3, BVD/CA73, BVD/CA80, and BVD/CA82); and B3 (BVD/PX14).

Localization of the epitopes on the structure of the glycoprotein E2

Following the identification of epitope-reactive regions with the different mAbs, our next 
objective was to visualize these epitopes in the 3D structure of glycoprotein E2. Because 
the structures of CSFV Alfort/187 E2 and BVDV NADL E2 are not available, the published 
structure of BVDV strain PE515 E2 (61) was utilized as a control reference, and high-
fidelity AlphaFold models of the ectodomains for both CSFV E2 and BVDV E2 proteins 
were generated (Fig. 10B).

The epitopes are highlighted in different colors assigned to the corresponding groups 
in the amino acid sequences (Fig. 10A) as well as in the models (Fig. 10B). Anti-CSFV E2 
mAbs from groups 1, 4, and 6 targeted epitopes within domain A. The epitopes of groups 
G1 and G4 are located in the middle of DA, while the epitope of group G6 is located in 
the carboxyl-terminal half of DA. The epitope of the group 4 mAb requires three 
additional residues (LNV sequence) at the carboxyl terminus of the sequence. The 

FIG 8 Reaction of the mAbs with the recombinant chimeric E2 proteins. The anti-CSFV (A) and anti-BVDV (B) mAbs were tested with the chimeric E2 proteins 

(described in Fig. 7) in an indirect ELISA. The results are expressed as the OD 450 nm ratio to wt CSFV E2 (A) or wt BVDV E2 (B), and represent the mean values of 

three independent experiments. The error bars correspond to the standard deviation.
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epitope recognized by the group 7 mAb is located in a region encompassing a part of the 
DA-DB linker and the amino-terminal part of domain B, while the epitopes targeted by 
group 3 mAbs are centrally located within DB. The target sequences for mAbs of groups 2 
and 5 are positioned at the carboxyl-terminal region of domain B, including the DB-DC 
linker. The group 5 mAb epitope is found in a shorter segment.

Anti-BVDV mAbs reacting with DA were subdivided into groups B1 and B2, 
according to their ability to bind to the carboxyl- and amino-terminal halves of this 
domain, respectively (Fig. 10B). The binding site of mAb BVD/PX14, which exclusively 
reacts with the construct BVDV E2-pCSFV-B/C, could not be precisely determined 
based on the reaction pattern. Further constructs are needed to ascertain its binding 
site.

DISCUSSION

Monoclonal antibodies targeting envelope glycoproteins have been pivotal in develop­
ing assays for differential pestivirus diagnosis (39, 40, 62, 63) and detecting vaccine-
induced immune responses (64). The panel of mAbs characterized in our study holds 
potential use in diagnostics and vaccine development, given their ability to neutralize 
viruses and their susceptibility to interference by sera from infected animals. A prerequi­
site for the use of mAbs in diagnostic tests is that they react species specific regardless of 

FIG 9 Summary of the results of the reactivity of the mAbs with the chimeric proteins shown in Figure 8. The mAbs are grouped according to their reactivity 

pattern. The groups of the anti-CSFV mAbs are designated group 1 to group 7 (top), whereas the groups of anti-BVDV mAbs are named group B1 to group 

B3 (bottom). The BVDV E2 domains are displayed in gray, whereas the CSFV E2 domains DA, DB, DC, and DD are depicted in blue, green, yellow, and brown, 

respectively. (+), positive reaction; (–), negative reaction.
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the different genotypes within one pestivirus species. The mAbs HC/TC18, HC/TC50, HC/
TC59, HC/TC62, HC/C34, HC/C37, and HC/C43 represent a CSFV-specific antibody panel, 
which detects all tested CSFV genotypes and can therefore be applied for the detection 
of CSF in diagnostic methods. In comparison to this, only one anti-BVDV mAb (BVD/
CA34) was able to detect both BVDV-1 and BVDV-2.

FIG 10 Structural location of E2 epitopes. (A) Pair-to-pair alignment of the amino acid sequences of CSFV Alfort/187 E2 and BVDV NADL E2. Domains DA (blue), 

DB (green), DC (yellow), and DD (brown) are displayed as colored lines between the two sequences in the alignment. Interdomain linkers are depicted as black 

dashed lines. Epitopes G1 to G7 recognized by the CSFV-specific mAbs and epitopes B1 and B2 recognized by the BVDV-specific mAbs are indicated by straight 

lines above and below the aligned sequences, and colored as in the cartoon representation shown in panel B, respectively. (B) Cartoon representation and 

translucent molecular surface of the AlphaFold-generated structure models of CSFV Alfort/187 E2 and BVDV NADL E2 proteins. From left to right, CSFV domain A 

(DA), domain B (DB), domain C (DC), and domain D (DD), as well as the three interdomain linkers, are colored blue, green, yellow, brown, and black, respectively. 

CSFV epitopes G1, G2, G3 are colored sand, fuchsia, and green, respectively. CSFV epitopes G4, G5, G6, and G7 are colored red, yellow, turquoise, and blue, 

respectively. BVDV epitopes B1 and B2 are colored black and orange, respectively.
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Porcine (65, 66) and murine mAbs that neutralize pestiviruses in vitro (53, 67) primarily 
target the E2 protein. While most mAbs characterized here effectively neutralized CSFV 
or BVDV, they exhibited varying efficiency. Anti-CSFV mAbs neutralized the virus at 
concentrations as low as 1.7 nM, whereas anti-BVDV mAbs generally required higher 
concentrations for neutralization. This discrepancy does not result from reduced mAb 

FIG 11 Predicted structural alterations of chimeric E2 proteins on the molecular surface. (A) Sequence scheme of the 

ectodomain of CSFV E2 and the CSFV-BVDV E2 chimeras, highlighting the positions of BVDV E2 insertions as black boxes. 

The interdomain linkers are displayed in gray, and the DB-BC linker is highlighted with a dotted box. (B) AlphaFold-generated 

models of the ectodomain of CSFV E2 and the chimeric E2 proteins. From left to right: the CSFV E2 molecular surface with 

domains DA, DB, DC, and DD colored in blue, green, yellow, and brown, respectively, followed by the translucent molecular 

surface and cartoon representation of CSFV E2 and CSFV-BVDV E2 chimeras. CSFV E2 is shown in gray, and BVDV E2 insertions 

are shown as black boxes. The percentage of inhibition effect with respect to the wt is shown in parentheses. (C) Electrostatic 

potential of the AlphaFold-generated models displayed on the molecular surfaces as shown in panel B, zoomed at the DB-DC 

linker region, in two different 180° orientations.
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activity post-purification or lower affinity, as anti-BVDV mAbs showed stronger signals in 
indirect ELISA compared to anti-CSFV mAbs at lower concentrations.

It can be speculated that the domain A, to which almost all anti-BVDV mAbs bind, 
plays a less critical role for the entry of this virus in MDBK cells than it does for CSFV to 
infect PK15 cells. Epitopes targeted by CSFV-neutralizing mAbs and located in domains A 
(67), B (53, 67), and C (67) have been reported. These domains are referred to according 
to the antigenic mapping of E2 (32, 35) as domains D/A and B/C, and they are included 
in structural domains B and A, respectively. The use of virions for the production of 
hybridoma cell lines has the great advantage that the viral antigens are presented in 
a way that certain structural elements, such as quaternary epitopes, are retained. This 
explains that all anti-BVDV mAbs and the majority of the anti-CSFV mAbs detected
conformational epitopes. Similar to previously reported mAbs, their epitopes are located 
in structural domains A (10) and B (53, 68) of the E2 model. The results of the present 
study represent an excellent basis for the determination of the key amino acid residues 
responsible for antibody binding in a future study. Based on the reaction patterns of 
the mAbs with the different pestiviruses (Table 4) and alignments of the corresponding 
pestiviral E2 amino acid sequences, site-directed mutagenesis will allow narrowing down 
the key residues in the antigenic domains of the E2 protein and provide further insights 
into the E2 antigenic structure of pestiviruses.

The anti-CSFV mAbs HC/TC50, HC/TC63, and HC37, which have strong virus-neutraliz­
ing activity, reacted with linear epitopes located at the carboxyl-terminal part of domain 
B and part of the domain B-domain C linker, or at a sequence encompassing the carboxyl 
terminus of domain A and the domain A-domain B linker. Linear epitopes of CSFV E2 
targeted by mAbs that neutralize virus infection in vitro (53) have been identified in
domain B (53, 69–71), domain A (67), and the linker between domains A and B (72).

The fact that the majority of the anti-CSFV mAbs detect conformational epitopes 
makes them potentially useful tools to assess changes in the structure of the E2 
glycoprotein during entry, such as those caused by low pH exposure of the viral particles 
in endosomes (73). The structure of the BVDV E2 protein at neutral (33) and low pH 
(34) has been solved, revealing that the structural domain A (nomenclature according 
to reference [34]), located at the amino terminal part of the antigenic domain B (35), 
became disordered at pH 5 (34). Low-pH treatment of glycoprotein E2 did not affect 
the reactivity of the mAbs (Fig. 4), which was especially surprising for the domain 
A-specific mAbs. The observation that the epitopes recognized by these mAbs remained 
unaffected suggests that the E2 protein can regain, at least to some extent, its original 
conformation once the pH is restored to neutral. These results might partially explain 
the observed resistance of pestiviruses to low-pH treatment (74), as the virus-neutralizing 
activity of these mAbs suggests that their epitopes are relevant sequences for virus–cell 
interaction.

The anti-CSFV and anti-BVDV mAbs were assigned to seven and two groups, 
respectively, which are highlighted in the models of the corresponding E2 proteins 
(Fig. 10). The anti-CSFV mAb HC/TC59 exhibited intriguing interactions with the chimeric 
proteins. The binding site of HC/TC59 (group 5) was pinpointed to the domain B-domain 
C linker sequence. This was evidenced by the absence of reactivity with the CSFV 
E2-pBVDV-B-C construct. However, there was a pronounced reduction in reactivity with 
the BVDV E2-pCSFV-B-C (35%) and CSFV E2-pBVDV-A-B (65%) constructs, despite the 
absence of amino acid changes in the domain B-domain C linker. These alterations 
raised the possibility of modifications in the epitope of HC/TC59. Upon comparing the 
structural model of the chimeric proteins with that of CSFV E2 (see Fig. 11), discernible 
alterations were identified in the electrostatic surface exposed on the domain B-domain 
C linker.

This intriguing discovery implies that changes in the linkers connecting domains 
A and B, or connecting domains C and D, could potentially induce allosteric effects, 
resulting in a conformational shift in the domain B-domain C linker. The phenomenon of 
surface rearrangements in viral glycoproteins is not unprecedented. Similar observations 
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have been documented for chikungunya virus (75) and other alphaviruses (76). In these 
cases, rearrangements were induced either by viral binding to the cell surface or through 
antiviral-escape mutations. Considering the presence of three interdomain linkers in the 
pestiviral E2, our findings suggest a plausible mechanism for the virus to alter its surface 
without resorting to genetic mutations. This insight contributes to our understanding of 
the dynamic interactions between viral glycoproteins and antibodies, paving the way for 
potential antiviral interventions.

In summary, (i) the mAbs and the recombinant proteins generated in this study 
could be used for pestiviral diagnostics development, (ii) the characterization revealed 
sequences that remained reactive upon low-pH treatment and could be used in 
structure-assisted design of vaccines, and (iii) this study provides the first indication 
of conformation interdependence among the linker sequences of the pestivirus E2.
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