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Abstract 1 

The Pestivirus genus within the family of Flaviviridae consists of at least three species; Classical 2 

swine fever virus (CSFV) found in swine and wild boar, Bovine viral diarrhoea virus type 1 and 3 

type 2 (BVDV-I and BVDV-II) mainly isolated from cattle, and Border disease virus (BDV) 4 

preferably replicating in ovine species. Many features demonstrate differences between CSFV 5 

and other pestiviruses, BVDV-I, BVDV-II, and BDV, here defined as nonCSFV, whereas other 6 

features show similarities between all different species of pestiviruses. Focussing on the major 7 

envelope glycoprotein E2, the immunodominant protein of pestiviruses, CSFV seems to be a 8 

more distinct species within the pestivirus genus. Here we confirm on one hand the more 9 

separated grouping of CSFV by isolation of monoclonal antibodies (MAbs) raised against E2 of 10 

BVDV-I and BVDV-II. None of these MAbs recognize E2 of CSFV strains. On the other hand, 11 

only one MAb, MAb 912, was isolated against E2 of BDV. MAb 912 binds to E2 of CSFV 12 

strains and partly neutralizes CSFV. The epitope of MAb 912 is mapped in antigenic domain B 13 

of CSFV-E2. This common epitope of CSFV strains and nonCSFV strains could have 14 

implications for development of DIVA vaccines and serological diagnostics for CSF. 15 

 16 
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Introduction 1 

The Pestivirus genus within the family of Flaviviridae consists of at least three species; 2 

Classical swine fever virus (CSFV) found in swine and wild boar, Bovine viral diarrhoea virus 3 

type 1 and type 2 (BVDV-I and BVDV-II) mainly isolated from cattle, and Border disease virus 4 

(BDV) preferably replicating in ovine species (Thiel et al., 2005). Pestiviruses are 5 

immunologically and genetically related. Similar genome organization, high percentage of 6 

homology and cross-reacting sera and monoclonal antibodies (MAbs) demonstrate the 7 

relationship between pestiviruses. However, many features demonstrate differences between 8 

CSFV and other pestiviruses, BVDV-I, BVDV-II, and BDV, here defined as nonCSFV. CSFV is 9 

restricted to swine and wild boar, whereas nonCSFV infect many different ruminant species as 10 

well as swine and wild boar. Many MAbs raised against nonCSFV-strains neutralize strains of 11 

nonCSFV species (cross-neutralization), but not CSFV strains. In contrast MAbs against CSFV 12 

do not neutralize strains of  nonCSFV-species. A key question in this is: Is CSFV a more distinct 13 

species within the pestivirus genus? 14 

Pestiviruses can be subdivided into four to six neutralization groups (Paton et al., 1995), 15 

Dekker et al., 1995). Phylogenetic studies based on different genetic regions resulted in a very 16 

similar subdivision (Pellerin et al., 1994, van Rijn et al., 1997, Becher et al., 1999). A correlation 17 

between six proposed neutralization groups and six genetic groups has been noticed for envelope 18 

glycoprotein E2 (Dekker et al., 1995, van Rijn et al., 1997). Recently, more pestivirus isolates 19 

are studied and extensive phylogenetic studies divide these pestivirus group in subgroups 20 

(Becher et al., 2003). Although these data are very supportive for (molecular) epidemiological 21 

studies, the significance of these detailed subgroupings for cross-neutralization or cross-22 

protection has not been addressed.  23 

Envelope glycoprotein E2 is the immunodominant protein of pestiviruses. For vaccine 24 
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development against CSF, E2 (E2-CSFV) is a major target in all kind of (experimental) vaccines 1 

(van Zijl et al., 1991, Hulst et al., 1993, Konig et al., 1995, van Rijn et al., 1996, Widjojoatmodjo 2 

et al., 2000,  van Gennip et al., 2000, van Gennip et al., 2002, Reimann et al., 2004), as well as 3 

for diagnostics (Wensvoort et al., 1988, van Rijn et al., 1999, Clavijo et al., 2001). A proposed 4 

model of the antigenic structure of CSFV-E2 describes four antigenic domains on two structural 5 

units in the N-terminal half of E2 (van Rijn et al., 1994). All studied epitopes on this part of 6 

CSFV-E2 are: 1) conformational, 2) specific for CSFV, 3) and highly (domains B and C) or even 7 

completely (domain A) conserved among CSFV (Wensvoort et al., 1989, van Rijn et al., 1994). 8 

In addition, studies with peptides showed a linear epitope on domain A (Lin et al., 2000). 9 

A comparable model for E2 of BVDV-I, BVDV-II, and BDV (nonCSFV) is not available 10 

yet. Many panels of MAbs have been raised against different nonCSFV strains (Paton et al., 11 

1991, Paton et al., 1994, Weiland et al., 1989, Deregt et al., 1998b, Kreutz et al., 2000). Epitopes 12 

on E2 of nonCSFV are never completely conserved, but many of these are present on E2 of 13 

strains belonging to nonCSFV species, and not present on CSFV-E2 (Paton et al., 1992, van Rijn 14 

et al., 1997). Concerning vaccine development, E2 has been targeted as many MAbs against E2 15 

of nonCSFV are neutralizing (Paton et al., 1992, Deregt et al., 1998a). However, vaccination 16 

with E2 subunit vaccines of BVDV-I and BVDV-II is not completely protective against vertical 17 

transmission in sheep (Bruschke et al., 1997, Bruschke et al., 1999). For BDV, such experiments 18 

are not performed yet.  19 

All Cys-residues in CSFV-E2 are completely conserved among the entire pestivirus 20 

genus (van Rijn et al., 1997). Several amino acid changes in MAb-resistant- or escape mutants of 21 

CSFV and nonCSFV are located on similar positions in E2 (van Rijn et al., 1994, Paton et al., 22 

1992, Deregt et al., 1998b). Up to three immunodominant antigenic domains with neutralizing 23 

epitopes have been found on E2s of CSFV and BVDV-II (Wensvoort, 1989, Deregt et al., 1998b, 24 
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and a linear epitope in the C-terminal half of E2 is highly conserved among the pestivirus genus 1 

(Yu et al., 1996). These data suggest a similar overall antigenic structure and viral function of E2 2 

among all pestivirus species. However, the overall percentage of homology for the N-terminal 3 

half of E2 can be as low as 40%. Amino acids crucial for completely conserved epitopes on 4 

CSFV-E2, such as Pro833 (van Rijn et al., 1994), are not present in nonCSFV (van Rijn et al., 5 

1997). Remarkably, nonCSFV-E2s contain two additional Cys-residues in the N-terminal 6 

antigenic half compared to CSFV-E2. This could implicate an extra sulphur bridge, or a 7 

completely different pair-wise formation of disulphide bonds. Both could result in significant 8 

differences in the E2 antigenic structure. Indeed, previous reports indicate that the antigenic 9 

structure of nonCSFV-E2 is different from CSFV-E2 (Paton et al., 1997). Summarizing, on the 10 

one hand data indicate major differences between E2s of CSFV and nonCSFV, and on the other 11 

hand data indicate similarities between all E2s of different pestivirus species. 12 

 13 

Materials and methods 14 

 To study the E2 antigenic structure of different pestivirus species in more detail, we 15 

expressed different E2 genes in insect cells. Therefore, the CSFV-E2 gene in the baculovirus 16 

transfervector (van Rijn et al., 1996) was exchanged by the E2-containing SpeI-AflII fragment of 17 

expression plasmids pPRKbvd42, 43, 65, 80, 85, 96 (van Rijn et al., 1997). Regeneration of 18 

recombinant viruses (RBVs) resulted in RBV2 (BVDV-Ia strain 150022), RBV3 (BVDV-II 19 

strain 178003), RBV5 (BVDV-Ib strain 4800), RBV7 (BDV strain F), RBV8 (pestivirus strain 20 

Deer), and RBV9 (pestivirus Giraffe). E2-expression was confirmed with a selected panel of 21 

MAbs by immunoperoxidase monolayer assay (IPMA) as described (van Rijn et al., 1996, van 22 

Rijn et al., 1997). 23 

In order to determine common epitopes on E2 of CSFV and nonCSFV, we produced E2 24 
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of BDV strain F (RBV7), BVDV-I strain 4800 (RBV5), and BVDV-II strain 178003 (RBV3), 1 

for immunization of mice according standard procedures. Ab-producing hybridomas were 2 

selected, and cloned by standard procedures. Screening was carried out on EBTr- monolayers 3 

infected with the respective strain by IPMA. Hybridomas (24 directed to each of BVDV-I and 4 

BVDV-II) were cloned, and MAbs were studied. Despite many attempts, only one MAb-5 

producing hybridoma was found for E2 of BDV strain F, designated MAb 912. Remarkably, 6 

EBTr-monolayers infected with nonCSFV strains were all negative in IPMA with MAb 912, 7 

except for BDV strain F. The uniqueness of this MAb was further investigated in the next 8 

described experiments. 9 

 10 

Results 11 

A: MAbs, 24 raised against E2 of BVDV-I and 24 raised against E2 of BVDV-II, 12 

recognize many nonCSFV strains from different pestivirus groups, including BVDV-Ia, BVDV-13 

Ib, BVDV-II, Deer and  Giraffe, but none of these MAbs immunostained SK6 cells infected with 14 

CSFV strains C or Brescia c1.1.1 (not shown). These findings confirmed the difference between 15 

E2 of CSFV and nonCSFV strains. 16 

B: Surprisingly, the only MAb raised against E2 of BDV, MAb 912, immunostained SK6 17 

cells infected with CSFV strain C. Further, staining of cells infected with Brescia c1.1.1 was 18 

very weak (not shown). These results suggested that CSFV and BDV could have a common 19 

epitope on E2. 20 

C: Immunostaining of Sf21 cells infected by the generated RBVs, including bac.cE2 (E2 21 

of strain C) and bac.bE2 (E2 of Brescia c.1.1.1) (van Rijn et al., 1996) was performed with MAb 22 

912 and a selected panel of MAbs as controls, since E2-expression is more sensitive in the RBV 23 

expression system (van Rijn et al., 1996). Immunostaining of nonCSFV-E2 expressed by RBVs 24 
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was negative with CSFV-specific MAbs. Staining with MAb 912 was positive for several of 1 

these RBVs as well as for bac.bE2 and bac.cE2. (Table 1). We conclude that the epitope of MAb 2 

912 is a common epitope present on CSFV-E2 and different but not all nonCSFV-E2s. 3 

D: We roughly mapped the epitope by use of deletion CSFV-E2 genes according to van 4 

Rijn et al., 1993 (van Rijn et al., 1993) (Table 1). As staining is associated with the presence of 5 

the BC unit of CSFV-E2, we suggest that the epitope of MAb 912 is located in the region of 6 

BDV-E2 corresponding to the BC-unit of CSFV-E2. 7 

E: A detailed epitope mapping was performed with mutant E2 genes of strain Brescia 8 

c1.1.1 containing single mutations in regions encoding domain B or domain C as described (van 9 

Rijn et al., 1994). Preliminary results demonstrated that the epitope of MAb 912 is located at 10 

domain B (not shown). Three amino acids at position 710, His, Gln, and Leu in E2 originating 11 

from strain Brescia c.1.1.1, E2 of CSFV strain C (pPRc34), and E2 of BDV strain F 12 

(pPRKbvdv80) were studied with a selected panel of MAbs, b3, b6 and c6, and MAb 912 (Table 13 

2). E2s with Leu710 (pPK12, pPRc34, and pPRKbvd80) were bound by MAb 912 (van Rijn et al., 14 

1997), whereas E2s with His or Gln on position 710 were not recognized. We conclude that 15 

Leu710 is essential for binding of MAb 912. Binding of MAb c6 also depends on Leu710, 16 

however, additional amino acids appears to play a role in binding as shown by the negative 17 

staining of E2 of pPRKbvdv80, and the weak staining of pPK12 (Table 2). Finally, binding of 18 

MAb b6 depends on the presence of His710. In conclusion, position 710 in domain B is very 19 

important for the epitopes of MAb 912, c6 and b6. Apparently, the N-terminal part of E2 of 20 

BDV corresponding with domain B is similar to that of CSFV-E2. 21 

F: Neutralization of CSFV strains Brescia c1.1.1, CobrB, C, and BDV strain F with MAb 22 

912 and polyvalent sera was studied (Table 3). CSFV strain CobrB is an independent virulent 23 

variant of Brescia, strain CoBrB, containing Leu on position 710 (Van Gennip et al., 2004). 24 
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BDV strain F and CSFV strain CobrB were neutralized by MAb 912, very strongly and weakly, 1 

respectively, whereas both Brescia c.1.1.1, and CSFV strain C were not neutralized by MAb 912. 2 

Within domain B, CSFV strains Brescia c.1.1.1 and C contain only one difference between 3 

position 706 and 719 compared to BDV strain F, Leu710-> His710, and Glu713-> Gly7 13, 4 

respectively (Figure 1) (van Rijn et al., 1997). Again, Leu710 is very important for the epitope of 5 

MAb 912, as was observed by immunostaining of transiently expressed E2 with different amino 6 

acids on position 710 (Table 2). In contrast, as the amino acid on position 713 also appeared to 7 

be important for neutralization by MAb 912, no difference in immunostaining with MAb 912 8 

was observed between these transiently expressed E2s from pPRc34 and pPRKbvdv80 (Table 2). 9 

CobrB contains no differences in domain B from position 706 to 719 compared to BDV strain F 10 

(Figure 1). The difference in level of neutralization of CSFV strain CobrB and BDV strain F by 11 

MAb 912 was also not detected by immunostaining. These results suggest that amino acid 12 

residues outside the region 706-719 contribute to neutralization by MAb 912, which is in 13 

agreement with the finding that these epitopes are conformational. 14 

  15 

Discussion 16 

This is the first report of a MAb directed against E2 that recognizes and neutralizes 17 

CSFV as well as BDV. Taken all presented data together, we conclude that pestiviruses from 18 

different pestivirus species could contain common neutralizing epitopes on E2. Most likely, local 19 

variability by one or more amino acids results in differences in affinity/avidity and consequently 20 

results in differences in (cross)-neutralization. Nevertheless, our findings implicate a comparable 21 

antigenic structure of the BC unit for all pestiviruses. Based on the BC unit of E2, CSFV is 22 

closely related to nonCSFV species. It remains to be investigated whether the same is true for 23 

unit A, the other immunodominant structural unit of E2 of CSFV. 24 

Page 8 of 19 



Ac
ce

pt
ed

 M
an

us
cr

ip
t

 9 

We speculate that seroconversion by previous BDV- or BVDV infections in pigs could 1 

influence the efficacy of vaccination for CSF by the common epitopes on the BC unit. On one 2 

hand, a booster response against the BC unit could be expected; on the other hand, a 3 

neutralization of the CSF vaccine strain could be expected reducing the efficacy of vaccination. 4 

We also speculate that humoral responses by previous infections with BDV or BVDV will 5 

contain Abs against the common BC unit in nonvaccinated pigs. Consequently, serological 6 

diagnostics (partly) based on the BC unit could be less specific in populations with a high BDV- 7 

and/or BVDV-seroprevalence. Indeed, prior to the CSFV-outbreak in 1997 in The Netherlands, 8 

the seroprevalence by BVDV and BDV hampered the diagnostics for CSF. In particular, the 9 

ELISA (Colijn et al., 1997) showed high percentages of false positive results (Eble et al., 2000). 10 

Here, it is shown that cross-reacting Abs raised against the BC unit could contribute to this 11 

serological problem. We suggest taking this cross-reaction into account for improvement of both 12 

vaccines and serological diagnostics for CSF. 13 

 14 
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Table 1. Results of IPMAs of Sf21 monolayers infected with different RBVs using a selected 1 

panel of MAbs. 2 

Immunostaining was interpreted as negative (white) or positive (black). 3 

 4 

 5 

Table 2. Results of IPMAs of SK6 monolayers transfected with expression plasmids. 6 

Expression plasmids harbour (mutant) E2 genes of different pestiviruses. Viruses corresponding 7 

to the respective E2 genes are indicated. Immunostaining with a selected panel of MAbs was 8 

interpreted as negative (white), weak (grey) or positive (black). 9 

 10 

 11 

Table 3. Results of VNTs with different pestiviruses. 12 

Viruses (start virus titres are given) were neutralized with equal amounts of MAb 912, or 13 

polyvalent serum WIS (weak positive serum, serum of a C-strain vaccinated pig), or HIS 14 

(hyperimmune serum, serum of vaccinated pig, repeatedly challenged with CSFV strains of 15 

increasing virulence). Reduction in virus titres by neutralization is expressed in 50% tissue 16 

culture infective dose per ml (TCID50/ml). 17 

 18 

 19 

Figure 1. Comparison of deduced amino acid sequences of the N-terminal part of E2 20 

proteins from posit ion 690 to 722 of pestivirus strains relevant in this study. 21 

Amino acid differences in CSFV strains with respect to BDV strain F are indicated in bold and 22 

are underlined. 23 

 24 

Page 15 of 19 



Ac
ce

pt
ed

 M
an

us
cr

ip
t

 

 

 

 

 

 

 

 

BDV strain F      : QIGCREDFRY ALAKTKEIGL LGAEGLTTTW TDY 

CSFV strain CobrB : RLACKEDHRY AISTTNEIGL LGAEGLTTTW KEY 

CSFV strain c.1.1.: RLACKEDHRY AISTTNEIGL HGAEGLTTTW KEY 

CSFV strain C     : RLACKEDYRY AISTTDEIGL LGAGGLTTTW KEY 
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MAb
cell 

control
virus 

control RBV2 RBV3 RBV5 RBV7 RBV8 RBV9
bac.cE2 bac.bE2 bac.bE2  

(dA)
bac.bE2  

(dBC)
Sf21 empty 178003 150022 4800 F Deer Giraffe C c1.1.1 BC unit A unit

b3 pos pos pos
b6 pos pos
b8 pos pos
c6 pos
912 pos pos pos pos pos pos

Recombinant baculovirus (RBV)

 
 

 

 

Table 1 

Table
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MAb neg pPRb2 pPK04 pPK12 pPRc34 pPRKbvd80
cells c1.1.1 c1.1.1 CobrB strain C strain F

His710 His710->Gln His710->Leu
b3
b6
c6
912

transient expression plasmid

 
 

 

Table 2 

Table
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virus start
virus titer HIS WIS Mab 912

strain C 3.80 >2.00 1.75 0.00
strain F 5.05 >3.25 >3.25 >3.25
c1.1.1 5.50 >3.75 1.75 0.00
CobrB 7.80 >6.00 2.25 1.75

reduction in virus titer

 
 

Table 3 
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