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A) Abstract 
 

Bovine complement regulatory protein 46 (CD46) is a cellular surface protein supporting the 

entry of bovine viral diarrhea virus (BVDV). In this study, the generation of CD46 knock-out 

clones from mardin-darby kidney (MDBK) cells was used to confirm previously reported data 

about the role of bovine CD46 for susceptibility to different BVDV-strains. CD46 knock-out 

clones were generated employing Clustered Regularly Interspaced Short Palindromic Repeats-

CRISPR-associated protein 9 (CRISPR-Cas9) by transducing MDBK cells with lentiviral 

vectors expressing a single guide RNA under the control of a U6 promoter and the Cas9-

protease. CD46-negative cell clones were detected by immunofluorescence microscopy 

employing two anti-CD46 antibodies with reported binding sites in complement control protein 

1 or 2 (CCP1 or CCP2), respectively. In clones not interacting with at least one of the anti-

CD46 antibodies, the CD46 alleles were characterized by sequence analysis to define their 

genotype. These clones were subsequently infected with different BVDV-strains to determine 

the effect of the CD46 genotype on susceptibility. Differences in susceptibility to BVDV strains 

could be linked to a single amino acid exchange (G479R) within the envelope protein 

ribonuclease secreted (Erns) of BVDV, which was previously reported to increase virus 

interaction with cell surface glycosaminoglycans and to provide a certain independence of 

CD46.  

Depending on the knock-out genotype, the susceptibility for BVDV-strains was quite variable. 

The collected data highlight the effect of clonal selection of knock-out cells for virus 

susceptibility and confirm the role of CD46 in BVDV infections and the reduction of its 

importance by a single amino acid exchange within Erns.  

 

Bovines Membrancofaktorprotein (CD46) ist ein Membranoberflächenprotein, das als 

wichtiger Cofaktor für den Zelleintritt von bovinem Virusdiarrhoe-Virus (BVDV) dient. Im 

Rahmen dieser Arbeit sollten über die Erzeugung von CD46 Knock-out Klonen die bisherigen 

Erkenntnisse zur Bedeutung von CD46 in der Infektionsdynamik und dessen Rolle für die 

BVDV-Empfänglichkeit boviner Zellen überprüft und bestätigt werden. Für die Erzeugung der 

Knock-out Klone wurde Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR-

assoziiertes Protein 9 (CRISPR-Cas9) verwendet, wobei aus Rindernieren gewonnene Zellen 



 

(MDBK-Zellen) mit lentiviralen Vektoren für die Expression einer single guide RNA unter 

Kontrolle eines U6 Promoters sowie einer Cas9-Protease tranduziert wurden. Die Selektion 

CD46-negativer Zellklone erfolgte mittels Immunfluoreszenz unter Verwendung von zwei 

unterschiedlichen CD46-bindendenden fluoreszenzmarkierten Antikörpern, deren 

Bindungsstelle in Komplementkontrollprotein 1 (CCP1) beziehungsweise 

Komplementkontrollprotein 2 (CCP2) lag. Von jenen Klonen, die zumindest von einem der 

beiden Antikörper nicht erkannt wurden, wurde der Genotyp mittels Sequenzierung ihrer 

CD46-Allele bestimmt. Diese Zellklone wurden weiters mit unterschiedlichen BVDV-

Stämmen infiziert, um den Effekt der jeweiligen CD46-Genotypen sowie der Modifikationen 

innerhalb entscheidender Sequenzmotive auf die Empfänglichkeit untersuchen zu können. Ein 

einzelner Aminosäureaustausch (G479R) innerhalb des sezernierten Hüllproteins mit 

Ribonuklease-Aktivität (Erns) von BVDV geht mit einer verringerten Empfänglichkeit von 

Zellen für solch modifizierten BVD-Stämme einher. Laut früheren Publikationen soll dies auf 

einer erhöhten Wechselwirkung mit zellulären Glykosaminoglykanen basieren und eine 

gewisse Unabhängigkeit von CD46 im Infektionsgeschehen gewährleistet.  

Je nach Genotyp des Knock-out Klons und des verwendeten BVDV-Stamms zeigten sich 

Unterschiede in der Empfänglichkeit. Die erhobenen Daten heben die Bedeutung von klonaler 

Selektion von Knock-out Zellen für die Untersuchung der Virusempfänglichkeit hervor und 

bestätigen die Rolle von CD46 für Infektionen mit BVDV sowie die Reduktion der 

Abhängigkeit von CD46 durch einen einzelnen Aminosäurenaustausch innerhalb von Erns.  

  



 

B) List of abbreviations 
ADAM17 a disintegrin and metalloprotease 17 

BVDV  bovine viral diarrhea virus 

Cas9 CRISPR-associated protein 9 

CCP1-4 complement control protein 1-4 

CD46  cluster of differentiation 46 (= complement regulatory protein 46) 

crRNA CRISPR-RNA 

cyt 1 and 2 cytoplasmic tails 1 and 2 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CSFV classical swine fever virus 

DNA  desoxyribonucleic acid 

DSB double strand breaks 

Erns  envelope protein ribonuclease secreted 

E1  envelope protein 1  

E2  envelope protein 2 

G  glycine 

MDBK  Mardin-Darby bovine kidney  

Npro N-terminale protease   

NS2 and NS3 non-structural proteins 2 and 3 

R  arginine 

RNA  ribonucleic acid 

RNase ribonuclease 

SP signal peptidase 

SPP signal peptide peptidase 

STP serine/threonine/proline-rich membrane proximal regions 

tracrRNA trans-activating CRISPR-RNA 

WOAH  World Organization for Animal Health 
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1 Introduction  
 
1.1 Pestiviruses 
The genus Pestiviruses belongs to the family Flaviviridae and contains some virus species 

causing severe diseases in wild and domesticated animals. Some pestiviruses – such as bovine 

viral diarrhea virus (BVDV) and classical swine fever virus (CSFV) are of high economic 

importance (1,2). They are listed as notifiable animal diseases by the World Organization for 

Animal Health (WOAH) and a suspicion of an outbreak is notifiable in Austria (3). An overview 

over the different viruses within the genus Pestiviruses and the affected animal species is given 

in Figure 1.  

 
Figure 1 Phylogenetic tree of Pestiviruses (4) 
 

1.1.1 Genome organization of pestiviruses 
The genome of pestiviruses comprises about 12.300 nucleotides and includes non-coding 3’- 

and 5’-ends, which are important for replication of the viral genome as well as the production 

of viral proteins in host cells (5). 

After infection a viral polyprotein with a size of about 3900 amino acids is synthesized within 

the host cell. This polyprotein is co- and posttranslationally cleaved by cellular and viral 

proteases into, at least twelve major mature viral proteins (5) (Figure 2). 
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Figure 2 Structure of pestiviral virions, genome organization and polyprotein processing of BVDV: a 
polyprotein is synthesized from the viral genome and processed by proteases N-terminal protease (Npro), 
signal peptidase (SP), signal peptide peptidase (SPP), non-structural protein 2 and 3 (NS2 and NS3) (1). 
 

The enveloped pestivirus particle has a size of 50-65nm and consists of an electron dense core 

of about 30nm surrounded by a lipid envelope (6). Three surface glycoproteins, envelope 

protein ribonuclease secreted (Erns), envelope protein 1 and 2 (E1 and E2), are integrated into 

the viral envelope. The RNA genome forms a nucleocapsid together with the basic protein 

(5,7).  

The envelope glycoprotein Erns is important for the formation of infectious virus particles, 

serves as attachment factor due to interaction with surface glycosaminoglycans and as 

antagonist of the innate immune system (8–11).  

A special trait of Erns is its RNase-activity, which is an important virulence factor (12).  

E1 is a structural protein that is usually complexed as heterodimer with E2 (13). These 

heterodimers play an essential role for infectivity as they are crucial for virus entry. The 

dimerization is based on disulfide bridges between conserved amino acids in the protein’s C-

terminal domains (14,15).  

E2 serves as major antigen and as target for neutralizing antibodies (16). As receptor binding 

protein, E2 interacts with bovine complement regulatory protein 46 (CD46) and a disintegrin 
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and metalloproteinase 17 (ADAM17), mediating virus entry (17–19). Like E1, it is also a type 

I transmembrane protein and anchored in the viral membrane with its C-terminal domain. Inside 

the cell, it is detectable as a monomer, a homodimer and a heterodimer together with E1 

(15,20,21). Homodimers are found early during virus assembly while heterodimers are the 

functional fusion form in mature virions and are present later, after the release of E1 from the 

endoplasmatic reticulum (22). E2-homodimers and E2-monomers are the strongly 

underrepresented form of envelope proteins on pestiviral particles, compared to the E1-E2-

hererodimers, which are essential for virus entry (6,14). 

 

1.1.2 Role of CD46 in infection 
Bovine CD46 is a type I 

transmembrane glycoprotein, which 

is encoded on chromosome 16. 

Beginning from the N-terminus, the 

protein possesses four extracellular 

complement control protein repeats 

(CCP1-4), two heavily O-

glycosylated 

serine/threonine/proline (STP)-rich 

membrane proximal regions, and 

two alternative C-terminal 

cytoplasmic tails (cyt 1 and cyt 2). 

Multiple protein variants can be 

produced by differential splicing, whereat they differ in the length of the STP-rich region (23).  

CD46 acts as cofactor in various immunomodulatory processes and its important role for entry 

of different pathogens has been demonstrated several times. In humans CD46 serves as receptor 

for vaccine strains of measles virus, human herpesvirus 6 and adenovirus as well as bacteria 

like Neisseria and Streptococcus pyogenes (24–26). 

The four CCPs, which are tandemly linked cysteine-rich modules of approximately 60 amino 

acids, function as site of interaction for various ligands. Interestingly, interaction of CD46 with 

Figure 3 Structure of CD46 transmembrane protein: 
complement control proteins 1-4 (CCP1-4), 
serine/threonine/proline (STP)-rich membrane proximal 
regions, C-terminal cytoplasmic tails (cyt1 and cyt2) 
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its physiological ligands takes place mainly via CCP3-4, in contrast to pathogens which are 

primarily binding to CCP1-2 (27,28).  

By employing antibodies directed against cellular proteins that were able to inhibit BVDV 

infection, bovine CD46 could be isolated and characterized as the target protein of these 

antibodies so that the first evidence of its role in BVDV infections were given (18,29). Based 

on this information Krey et al. 2006 (17) mapped the epitopes of the same antibodies to CCP1 

and CCP2 of bovine CD46 and found only CCP1 being essential for BVDV interaction by 

deletion or replacement of single CCPs.  

Later labelling of viral particles via fusion of the N-terminal viral sequence with fluorophores 

allowed studying the involvement of viral proteins and visualization of certain steps of the 

infection process (30,31). Thereby it became clear that presence of bovine CD46 plays a crucial 

role in virus transport into the cell but does not influence the dynamics of virus motion on the 

host cell’s surface, which indicates involvement of other cellular proteins in viral surface 

transport. Bringing light into the complex mechanism behind viral interaction, attachment and 

uptake as well as the main structures that are involved in this process is an important step for 

the understanding of BVDV-infection dynamics (32). Despite the existence of many studies, in 

which the function of CD46 as receptor for BVDV has been investigated and reported, the idea 

of its exact behavior and function during viral attachment and uptake remains still vague.  

 

1.2 CRISPR-Cas 
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a type of immune 

system developed by bacteria to cleave viral nucleic acids and therefore provide resistance 

against bacteriophages. CRISPR-systems include a protease, called Cas (CRISPR-associated 

protein), that is also able to introduce double-strand breaks (DSB) in the genome of mammalian 

cells at a specific DNA-sequence. Afterwards, the natural cellular repair mechanisms will try 

to repair the DNA break, but they often fail this purpose, leading to a mutation in the 

corresponding gene. The inactivation of all alleles of the targeted gene results in a homozygous 

knock-out (33).  

In addition to the nuclease itself, special RNA-sequences are needed for cleavage. The cleavage 

site is defined by the CRISPR-RNA (crRNA), which consists of repeat sequences followed by 

the spacer sequence, a complementary sequence to the target site. Therefore, the crRNA acts as 
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kind of bridge that mediates binding of the Cas9 protein to the target DNA (34). Another 

essential is the trans-activating CRISPR-RNA (tracrRNA) which hybridizes with the crRNA 

and then is also part of the ribonucleoprotein complex, in which target sequences, Cas-proteins 

and the mentioned RNAs are involved. crRNA and tracrRNA can be located on one partially 

self-hybridizing strand and are then called single guide-RNA (sgRNA). Such sgRNAs are 

frequently used because they simplify the process as they allow cloning in only one step (35).  
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2 Discussion 
The role of bovine CD46 in infection of cells with BVDV has been investigated and reported 

several times in the past (17,18,30,32). For a long time, the lack of a knock-out technology has 

been a limiting factor for investigation of the effects of CD46 knock-outs on infection with 

BVDV in bovine cells. There had been several experiments with porcine cells in which bovine 

CD46 has been introduced (18,31,36) but the generation of bovine knock-out cell clones by 

CRISPR-Cas9 technology, as it was also used by Szillat et al. 2020 (37), offers new possibilities 

in this field of research.  

Recently, in-vivo experiments by Workman et al. 2022 (38) have shown that genetic 

modifications within CD46 lead to a highly reduced susceptibility and a milder course of 

disease in a living gene-edited calf which points out the importance of CD46 for BVDV-

infections. The main goals of our experiments were to prove the importance of CD46 for 

infection of cells with BVDV by comparing the susceptibility of different CD46 knock-out cell 

clones and to confirm the importance of special motives within CD46 that had been reported to 

be crucial for interaction with BVDV. The relevance of CD46 could be confirmed as 

susceptibility to BVDV strain NADL was about 20-fold reduced for CD46-knock-out cell 

clones compared to non-modified MDBK cells. This is a significant reduction of infection but 

the lack of functional CD46 does not prevent cells from being infected. This implicates that 

other currently unknown factors might play a role for virus uptake and infection of cells with 

BVDV. In a recent publication by Yuan et al. 2021 (19), such an additional attachment factor 

has been discovered for classical swine fever virus (CSFV). A disintegrin and metalloproteinase 

17, also called ADAM17, was found to interact with E2 and seems to be essential for entry of 

CSFV. (Zaruba 39) (39) found that ADAM17-defective cells were resistant to BVDV while 

expression of a functional ADAM17 protein leads to a regain of susceptibility to pestiviruses. 

These findings show that ADAM17 is not only a cellular key factor for infections with CSFV 

but also with BVDV and probably with other virus species within the genus Pestivirus.  

Also, a reduced dependence on CD46 in the presence of a certain amino acid exchange within 

BVDV could be demonstrated in this study. Beside the BVDV wildtype strain NADL, two 

other BVDV strains (C87 and CP7) were used for infection of knock-out cell lines. The used 

strains differ at amino acid position 479 of the glycoprotein Erns. A G479R exchange is present 

in strain C87, whilst strain CP7 shows a mixed genotype, with one allele having a G and one 
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having an R at position 479. In Szillat et al. 2020 (37) it has already been reported that BVDV 

mutant strains with this amino acid exchange loose CD46-dependence during cell entry and 

therefore show higher infectivity in CD46 knock-out cell lines and our results were consistent 

with these findings.  

Analogous to this, the importance of amino acid 476 within Erns of CSFV has been reported for 

improved cell culture growth of CSFV. According to Hulst et al. 2000 (40), substitution of an 

uncharged glycine to a positively charged arginine leads to a stronger interaction of Erns with 

negatively charged membrane-associated heparan sulfate, thereby facilitating host cell entry of 

CSFV.  

To prove that the reduced dependence on CD46 was really based on the G479R exchange and 

not a consequence of some other difference between strain NADL and C87, an R to G mutation 

was introduced at position 479 of C87 and the knock-out clone, showing the greatest difference 

in susceptibility for NADL and C87 was chosen to determine changes in susceptibility. 

Infection with C87 G479 demonstrated a significant decrease of cellular susceptibility, 

confirming the importance of amino acid 479. Susceptibility was around 7,5-times higher for 

the original C87 strain than for the C87 R479G strain and strain NADL.  

Interestingly, introduction of CD46 in porcine SK6 cells by Riedel et al. 2020b (36) leads to an 

increase in susceptibility of these cells for C87 up to 80 %. These findings indicate the need of 

CD46 for effective infection of porcine cells, even in presence of a G479R exchange. This leads 

to the suspicion that there are some unknown factors, which are only present in bovine cells but 

not in porcine cells, allowing CD46-independent infection in presence of the single amino acid 

exchange within the Erns gene.  

Variability of susceptibility between double knock-out clones was largest for C87. Compared 

to this, the deviation was markedly lower for CP7 and NADL. Consequently, the clonal 

differences seem to have a higher effect if the knock-out of CD46 is no limiting factor for 

infection.  

Knock-out sequencing was used to put the genetic modifications in context with the results of 

the infection experiments. As the two motives EQIV and GQVLA were identified as essential 

interacting motive between BVDV and CD46 (17), focus was put on alterations in these regions. 

Sequence analysis demonstrated that five double knock-out clones were included in the 

experiments, namely clones number 2, 3, 4, 7 and 8. Clone 2 and 4 could not be (completely) 
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sequenced as the deleted regions exceeded the size of the PCR used for analysis of the genetic 

modifications. Clones 5 and 6 had a knock-out of one allele and deletion of 7 or 4 amino acids 

on the other allele.  

When comparing clones, that were not harboring a frameshift mutation in both alleles and 

therefore did not have a double-knock-out, the importance of the motives EQIV and GQVLA 

becomes obvious. The clones 5 and 6 were compared, as they differ in the location of the 

deletion. In clone 5 the deletion is including EQIV, while in clone 6 it is located right before 

this motive. Concerning susceptibility, this of clone 5 was only 3,5 %, which is comparable to 

the values of double knock-out clones, whereas this of clone 6 was around 40 %. These findings 

highlight how absence of EQIV reduces susceptibility, confirming the importance of this 

motive for interaction of BVDV with its receptor CD46. 

Schelp et al. 1995 (29) first introduced three monoclonal antibodies, called BVD/CA 17, 

BVD/CA 26 and BVD/CA 27, that bound to surface molecules of bovine cells that were 

characterized as bovine CD46 by Maurer et al. 2004 (18). Two of these anti-CD46 antibodies, 

namely CA 17 and CA 26, were used in this study for testing of CD46-knock-out clones and 

previously reported data about them could be assessed in this context. 

Binding ability of the two antibodies differed between the knock-out clones. The clones with 

no double knock-out were tested negative for CA 26, but CA 17 was still able to bind, at least 

partially. In contrast to this, both antibodies were unable to bind to any of the double knock-out 

clones.  

Krey et al. 2006 (17) reported that the epitope of CA 17 was located within CCP2 while the one 

of CA 26 was mapped within CCP1. The binding behavior of CA 17 and CA 26 together with 

the genetic information of the knock-out clones allowed us to assess previously reported data 

about the sequence motives that are important for interaction of the antibodies with CD46. As 

CA 26 could not bind to clone 6, in which the only modification of one allele was a deletion 

comprising 4 amino acids, the motive YSPG must be essential for binding. These amino acids 

are located at position 62-65 within CCP1 and are part of the BVDV-E2 interaction site. This 

corresponds with the findings of Krey et al. 2006 (17). Using CA 17, a staining intensity 

comparable to this of unmodified MDBK cells was only observed for clone 6, while clone 1 

and 5 showed reduced signals. This leads to the assumption that the amino acids 66-72 within 

CCP1 play an important role for high affinity binding of CA 17, as this region is intact in one 
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allele of clone 6. It remains questionable if this antibody, whose binding site had been mapped 

to CCP2 (17), either interacts with sequences within CCP1 or if some deletion-related structural 

changes interfere with binding to the epitope within CCP2.  

The fact that infection of cells with BVDV was blocked more efficiently with CA 17 than with 

CA 26, as reported by Schelp et al. 1995 (29), could implicate that the epitope is (partially) 

located in the region of BVDV-E2 binding.  

In conclusion, the impact of CD46 on efficiency of cell entry and infection of cells with BVDV 

could be verified by this study. However, the experiments showed that other cellular structures 

must be involved in infection, as a knock-out of CD46 could not completely inhibit infection. 

Further on, it could be shown that the dependence on CD46 can easily be reduced by exchanging 

a single amino acid within BVDVs envelope protein Erns. The higher variability in susceptibility 

between different knock-out clones, that was observed when infected with such modified 

BVDV-strains, supports the suspicion of other factors and clonal differences apart from those 

within CD46 playing an important role in infection of bovine cells with BVDV.  
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Abstract: The role of bovine CD46 in the host cell entry of BVDV has been established for more than
a decade. By generating novel MDBK CD46 knock-out clones, we confirm previously reported data
on the CD46 motives important for BVDV binding and the importance of the G479R exchange within
BVDV Erns to gain independence of bovine CD46 during entry. The comparison of different knock-
out genotypes revealed a high variability of cellular susceptibility for a BVDV encoding the G479R
exchange. These data highlight the effect of clonal selection of knock-outs on virus susceptibility,
which should be considered when planning knock-out experiments.

Keywords: bovine viral diarrhea virus; pestivirus; bovine CD46; susceptibility; CRISPR-CAS9
mediated knock-out

1. Introduction

Bovine viral diarrhea virus (BVDV, species Pestivirus A + B) is a small, enveloped,
positive-sense, single-stranded RNA virus within the genus Pestivirus [1] of the family
Flaviviridae. It causes the economically important cattle disease bovine viral diarrhea and
is a notifiable pathogen in many countries. A special trait of BVDV is the ability to cause
persistent infection accompanied by immunotolerance in animals infected in utero. These
animals are of great epidemiological importance, as they constantly shed high amounts
of virus.

Pestivirus particles integrate three surface glycoproteins into their envelope [2]. Erns is
a dimer [3], has ribonuclease activity [4], and possesses an atypical, amphipathic membrane
anchor [5]. It is essential for pestivirus infectivity, with the exception of Bungowannah
virus [6]. The majority of E1 and E2 proteins are present in the virus particle as heterodimers.
E2 is associated with receptor interaction, whilst the function of E1 remains unknown.

Virus attachment and entry are essential steps in the viral replication cycle in which
BVDV heavily relies on the host cell machinery to reach a cellular compartment compatible
with virus fusion. During attachment, BVDV interaction with the host cell is mediated
by surface glycosaminoglycans [7] and bovine CD46 [8]. Subsequently, the virus is in-
ternalized by clathrin-mediated endocytosis [9]. Interestingly, the importance of porcine
CD46 for the entry of the distantly related atypical porcine pestivirus (APPV) was recently
demonstrated [10]. Bovine CD46 or complement control protein is a type I transmembrane
protein, whose N-terminus consists of four complement control protein (CCP) domains.
CCP1—the domain most distant from the membrane—has been determined as the site of
BVDV–CD46 interaction [11]. Specifically, the motives EQIV (position 66–69) and GQVLAL
(position 82–87), localized on antiparallel beta sheets, are mediating binding.

The essential function of bovine CD46 as a cellular receptor has been demonstrated
by employing anti-CD46 monoclonal antibodies or polyclonal sera [8,11,12], heterologous

Pathogens 2021, 10, 1620. https://doi.org/10.3390/pathogens10121620 https://www.mdpi.com/journal/pathogens

https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0003-2852-5047
https://orcid.org/0000-0002-4349-996X
https://doi.org/10.3390/pathogens10121620
https://doi.org/10.3390/pathogens10121620
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pathogens10121620
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens10121620?type=check_update&version=1


Pathogens 2021, 10, 1620 2 of 8

expression in porcine cells [8,11] and CRISPR/CAS9-mediated knock-out [13]. It seems
to be important only for virus uptake from the supernatant, whilst cell-to-cell transmis-
sion [14] and infection of polarized alveolar epithelial cells from the basal membrane [15]
are independent of CD46. During the entry process, expression of bovine CD46 in porcine
cells does not affect BVDV particle surface motility, but rather increases the efficiency of
virus uptake [16].

Directed knock-out of cellular genes by CRISPR/CAS9 approaches has greatly ame-
liorated the ease of knock-out generation [17]. However, the geno- and phenotype of
such knock-out clones are not only determined by the targeted modification of the gene
of interest, but also by additional factors such as off-target effects and clonal selection,
which are difficult to evaluate and control [18]. Therefore, knock-out effects are ideally
characterized in several clones to even out unspecific effects. The random modifications
induced by a single guide RNA make screening and characterization of the resulting clones
more tedious. Yet, this more random approach has the advantage of providing clones with
different modifications in the gene of interest, including deletions that are preserving the
reading frame.

In the presented study, we sought to determine the importance of bovine CD46 for
three different BVDV strains, NADL (BVDV-1a) [19], CP7 (BVDV-1b) [19], and C87 (BVDV-
1a), and the effect of the clonal selection and knock-out genotype of the CD46 knock-out
cells on their susceptibility. NADL and C87 have previously been employed to study the
importance of bovine CD46 during entry (see, for example, [13–16]). CP7 was included in
this study as a representative of BVDV-1b strains.

2. Results

Bovine CD46 knock-out cells were generated by transduction with lentiviral vectors
encoding the sgRNAs (A) or (B) (Figure 1A-i) under the control of a U6 promoter and CAS9.
Two different sgRNAs were chosen in this experimental setup to account for potential
differences in efficiency and to slightly vary the site of the gDNA strand break. Clones not
interacting with anti-bovine CD46 monoclonal antibody CA26 [12] were clonally selected
three more times. Subsequently, a final characterization with CA26 and an additional
anti-bovine CD46 antibody, CA17 [12], was performed by immunofluorescence to check
for the presence of CD46 on the cell surface. CA17 was employed as it was reported to
bind in the CCP2 domain [11], whilst the binding site of CA26 was mapped to CCP1. Out
of the eight clones in the final selection, three (1–3) were expressing sgRNA(A), whilst five
(4–8) were expressing sgRNA(B). Clones 1 and 5 still showed a weak signal when detecting
CD46 with CA17, whilst the CD46 surface staining of clone 6 when incubated with CA17
was comparable to the intensity observed on nonmodified MDBK cells. All other clones
did not interact with CA17 (Figure 1A-ii and Supplementary Figure S1).

To determine the genotype of the eight clones, bovine CD46 exon 2 was amplified
from gDNA by PCR. Sequence traces derived from the PCR product were compared with
the single trace obtained from a cloned PCR fragment to determine the modification of
each allele. Clone 1 encodes a deletion reaching into intron 2 on one allele, whilst the other
allele contains an insertion of 185 nts (Figure 1A-iii). In clone 2, one allele lacks 21 nts
and encodes one nucleotide exchange, resulting in a stop codon. Only one sequence trace
could be detected in the PCR amplicon of clone 2, indicating a larger deletion preventing
amplification of the other allele by PCR. One nucleotide is deleted in both alleles of clone 3,
with one allele also showing a duplication of 12 nts. No PCR product could be obtained
for clone 4, suggesting the presence of a deletion extending the range of the PCR in both
alleles. Four nts are exchanged in one allele of clone 5, resulting in a stop codon. The other
allele misses 21 nts. Twelve and eight nts are deleted in the CD46 alleles of clone 6. Clones
7 and 8 show deletions (clone 7: two and eight nts; clone 8: 38 and seven nts) changing the
reading frame in both alleles, resulting in a premature stop codon.
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calization of the sgRNAs and the primers used for amplification of the modified region by PCR on the CD46 gene.
(ii) Reactivity of the cell lines with anti-CD46 antibodies CA17 and CA26. − indicates no reactivity, + indicates reactivity.
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(A-iii). (C) Effect of the susceptibility of clone 7 to C87 and C87 encoding a G at position 479 of the polyprotein (C87R479G).

By comparing the genotype of the CD46 knock-out clones and their interaction with
the anti-CD46 antibodies CA17 and CA26, residues in CD46 affecting antibody binding
could be mapped. For CA26, binding is not observed in clone 6, even though only four
amino acids (62-YSPG) are deleted in one allele. The motive YSPG starting at position 62 is
therefore essential for antibody binding. For CA17, staining with an intensity comparable
to nonmodified cells is only observed for clone 6. Clones 1 and 5 show a reduced staining
pattern, indicating the importance of amino acids 66–72 for high binding affinity.
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To assess the impact of the CD46 modifications/knock-out on the susceptibility to
different BVDV-1 strains, the different cell lines and the parental MDBK cell line were
infected with C87, CP7, or NADL in ten-fold dilutions and the titer was determined in
focus-forming units by fluorescence microscopy 48 h after infection. Susceptibility in
percent of the parental MDBK cell line was calculated by dividing the virus titer obtained
on a knock-out clone by the titer determined for the parental MDBK cell line (Figure 1B).
For strain NADL, most modifications of CD46 and its knock-out reduced the susceptibility
by 93.8–97.3%. The susceptibility of clone 6 was only reduced by 62%, indicating a residual
function of CD46. Based on the genotype of the cell lines, the importance of the 66-EQIV
motive for the interaction of NADL and CD46 could be confirmed. The susceptibility to
strains C87 (p < 0.003) and CP7 (p < 0.05) was significantly different from the susceptibility
to strain NADL. In case of double knock-out, susceptibility to C87 was reduced 28–86%
and to CP7 67–87%. The four-amino-acid deletion of clone 6 did not result in a reduced
susceptibility for both C87 and CP7. Interestingly, the susceptibility of clones 1 and 5 to
infection with C87 or NADL was lower than observed with the double knock-out clones
2 and 7. Together with the variable effect of knock-out on susceptibility (range for C87
14–72%, for NADL 3.9–6.2%), it is likely that the phenotype of the knock-out clones is
substantially affected by clone-specific factors other than the changes in the CD46 gene.

The three strains employed in this experiment differed in the Erns protein at position
G479 of the polyprotein. The exchange of this residue to an arginine (R479) has previously
been reported to affect the in vitro dependence of BVDV on CD46 [13]. The sequence
of the full-length clones of NADL and CP7 encodes G479, whilst in C87, it is R479. To
examine whether this single amino acid exchange could explain differences in the ability
of the viruses to infect the CD46 knock-out clones, we first verified the identity of the
nucleotide 1819 of the viral genome—which determines the presence of G versus R at
position 479 of the polyprotein—by RT-PCR and sequence analysis of the virus stocks
employed for infection. The exchange G479R was present in C87, absent in NADL, and
a mixed phenotype encoding either G or W was detected in CP7 (relevant sections of the
sequencing chromatogram are shown in Supplementary Figure S1). Therefore, the presence
of R479 correlated well with the observed ability to infect the CD46 knock-out clones.

To confirm that the observed reduced dependence on CD46 of C87 was indeed caused
by the amino acid exchange G479R, we generated a C87 clone harboring a G at amino
acid position 479. This clone was tested for susceptibility in comparison to the parental
C87 with the CD46 knock-out clone 7 (Figure 1C), as this clone had exhibited the highest
differences in susceptibility between C87 and NADL in previous experiments (Figure 1B).
Susceptibility of the knock-out cell line indeed reduced from 59% to 7.8%, thereby nearly
reaching the susceptibility to NADL (4.2%).

3. Discussion

The role of CD46 as a receptor for BVDV has already been established for more than
a decade. Due to the lack of easy-to-use knock-out technology, the function of CD46 was
for a long time primarily characterized by transcomplementing porcine cells with bovine
CD46 and modifications thereof. Therefore, the importance of CD46 for BVDV entry in the
background of bovine cells remained difficult to quantify. The recent generation of MDBK
and SK6 CD46 knock-out cell lines was an important step to confirm the importance of
CD46 in the entry of BVDV [13] and APPV [10]. Interestingly, the dependence on CD46
could easily be overcome by adaptions in the viral Erns protein in the BVDV system [13].
One single amino acid exchange, already reported previously for CSFV to increase the
affinity of virus particles for surface glycosaminoglycans [20], sufficed to rescue otherwise
poorly growing BVDVs on CD46 knock-out cells [13].

Our results also demonstrated the dependence on CD46 if BVDVs do not encode
the amino acid exchange G479R in Erns. By analyzing the susceptibility of the cell lines,
we observed an approximately 20-fold reduced efficiency to infect cells if CD46 was non-
functional. This reduction is substantial, but far from an on–off decisive factor for cellular
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susceptibility. Therefore, it is likely that more essential factors for BVDV entry must exist,
which is also supported by the recent discovery of ADAM17 as an essential entry factor for
CSFV [21]. The reduction of infected cells 24 h after infection by FACS analysis as performed
by Szillat et al. [13] reported higher values for strain NADL. This divergence might be
caused by our susceptibility assay not accounting for cell-to-cell spread or divergence in
the cells or viruses employed in these studies.

CD46 as an entry factor is almost irrelevant in the presence of the G479R exchange,
as the most susceptible knock-out clone had a susceptibility of 70% to C87. This high
susceptibility was reduced if a C87 encoding G479 was employed in the experiment, to
levels resembling the susceptibility for strain NADL. Whether the G479R exchange results
in an attenuation in the natural host as observed for CSFV still needs to be evaluated [22].
Interestingly, overexpression of CD46 in porcine cells increased their susceptibility to
C87 more than 80 times when compared to unmodified SK6 cells [16], demonstrating an
importance of bovine CD46 even in the presence of G479R. This might indicate a lack or an
incompatibility of yet unknown factors in porcine cells that allow for the highly efficient,
CD46-independent infection of bovine cells in the presence of the G479R exchange.

The susceptibility of the different double knock-out clones varied substantially for
C87, with an up to five times difference in susceptibility. This phenomenon was much
less pronounced for CP7, with an up to 2.5 times variability in susceptibility between the
different clones, and lowest for NADL with less than two times variability. Given these
results, it is possible that the clonal differences are more pronounced when the knocked-out
factor is not relevant for the virus. This clonal variability has however to be taken into
consideration as the effect of CD46 knock-out on the susceptibility to NADL versus C87
would be estimated between 3.6 and 16.6 times increased depending on the clone employed.
Therefore, our results confirm that off-target modifications and clonal selection affect the
knock-out phenotype and suggest a correlation between the extent of these clonal effects
and the dependence of the virus on the targeted factor.

Deletions in the modified clones that did not affect the reading frame confirmed the
importance of the EQIV motive within CD46 for BVDV binding. The absence of this motive
led to a susceptibility to NADL comparable to that of double knock-out clones, whilst
the deletion of eight amino acids just prior to this motive reduced susceptibility to NADL
less than three times. This rather weak reduction is surprising, as such a deletion should
affect the localization and orientation of the EQIV harboring antiparallel beta sheet in the
CD46 structure.

The cell clones encoding deletions instead of frame shifts in the CD46 gene also
allowed us to assess the previously reported binding sites of antibodies CA17 and CA26.
For CA26, we could confirm the binding to the CCP1 domain [11] and map amino acids
important for binding to residues 62–74, indicating a direct interaction of the antibody with
the BVDV E2 CD46 interaction site. The decreased signal intensity obtained with CA17
for two clones indicates that amino acids within the BVDV E2 binding site of CD46 are
likely affecting its binding affinity. As this antibody’s binding site was previously mapped
to CCP2 [11], it is currently unclear whether the antibody is interacting with amino acids
in CCP1 or whether their deletion results in structural modifications that render antibody
binding less efficient.

4. Materials and Methods
4.1. General Cell Culture

MDBK and HEK293 cells were kept in an incubator at 37 ◦C, 5% CO2, and 100%
humidity in full medium consisting of DMEM 4.5 g/L glucose (Biowest, Nuaillé, France)
supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin and 10% FCS
(Corning, Glendale, CA, USA). The FCS was tested BVDV-free through serial passaging
and PCR analysis in our laboratory.



Pathogens 2021, 10, 1620 6 of 8

4.2. Generation of CD46 Knock-Out Cell Lines

Two guide RNAs (sgRNA, sgRNA(A): ATTGTGTATGAATGTCGTCTGGG; sgRNA(B):
TCATACACAATCTGCTCCCCAGG) (Figure 1) were cloned into pLentiCRISPRv2 (Ad-
dgene 52961) according to the protocol by [23,24], yielding plasmids pH175 and pH176.
Lentiviral pseudotypes were generated by transfecting 300 ng pH175 or pH176, 225 ng
psPAX2, 150 ng pLP2, and 100 ng pVSVG into 1.5 × 105 HEK293 cells seeded in a 24-
well plate with polyethylenimine. Supernatant was harvested 48 h after transfection and
precleared by spinning for 5 min at 13,000× g in a table-top centrifuge. An amount of
250 µL of pseudotype-containing supernatant was mixed with polybrene (8 µg/mL final
concentration) and 2.5 × 104 MDBK cells. After 4 h, medium was exchanged to DMEM
containing 10% FCS. Forty-eight hours after transduction, cells were transferred to a 6-well
plate and 1 µg/mL puromycin was added to the medium and replaced every 3–4 days.
Seven days into the puromycin treatment, cells were detached by tryptic digestion and
seeded at one cell/well in 96-well plates. For pH175 and pH176, eight 96-well plates each
were employed. Once colonies were clearly visible in the wells, the cells were stained
with the anti-CD46 antibody CA26 [12]. For this purpose, hybridoma supernatant of CA26
was diluted 1:100 in full medium and applied to the cells. After 45 min, the antibody was
removed, and cells were washed three times with PBS. For detection, a goat anti-mouse
Cy3-labelled polyclonal serum (Dianova, Hamburg, Germany) was diluted in full medium
1:300 and applied onto the plates. After an additional 45 min of incubation, cells were
washed three times with PBS and full medium without phenol red was added. The CD46
staining was analyzed on an Olympus IX70 fluorescence microscope (OLYMPUS, Hamburg,
Germany). When only one colony per well was present and this colony did not react with
CA26, cells were detached by tryptic digestion and transferred to a new 96-well plate and
serially diluted for clonal selection. In cases where several colonies were present in one
well but only one was CD46 negative, this clone was picked with a 10 µL pipette tip and
transferred to a new 96-well plate. After an additional staining, these clones were also
subjected to further clonal selection if the CD46-negative phenotype could be confirmed.

Clonal selection was performed three times, and each time the lowest cell dilution
was stained with antibodies blocking BVDV entry [12], CA26 (mapped to CCP1, [11]), and
CA17 (mapped to CCP2, [11]) to verify the loss of CD46. The knock-out phenotype was
again determined by staining with CA26 and CA17, this time after fixation with 4% PFA,
and images were acquired with an XM10 Olympus camera mounted on an Olympus IX70
fluorescence microscope. Before image acquisition, cell nuclei were stained with DAPI
1 µg/mL for 5 min at RT. Images were acquired at 10-fold magnification, and exposure
times were the same for all clones.

4.3. Genetic Confirmation of CD46 Knock-Out/Modification

The genotype of the knock-out clones was determined by a PCR specifically am-
plifying exon 2 (Figure 1A-i), black arrows indicate primer location). Genomic DNA
(gDNA) was extracted from 1 × 106 cells with the Monarch gDNA purification kit (NEB,
Ipswich, MA, USA) according to the manufacturer’s instructions. PCR was performed
with the primer pair R563 (GATGCTGTCTCTTCCATTTACT)/R564 (GCCTGAATGCATG-
GCTATCT) and the OneTaq (NEB) quick load 2× master mix. Specific bands were detected
by gel electrophoresis, excised, and purified with the Monarch gel purification kit (NEB).
The PCR product was sent for Sanger sequencing (Eurofins, Ebersberg, Germany), lig-
ated into the pGEM-T Easy vector (Promega, Madison, WI, USA) and transformed into
bacteria. DNA from clonal bacterial colonies was isolated and sent for sequencing. The
sequence of the PCR product usually contained two sequence traces commencing at the
sgRNA target site. By comparing the sequence of the PCR product with the single allele
sequence derived from the bacterial clones with the Sanger sequence tracing program
Indigo (https://www.gear-genomics.com/indigo/, accessed on 30 October 2021) [25], the
genetic modification of the two alleles in MDBK cells was determined.

https://www.gear-genomics.com/indigo/
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4.4. Determination of Susceptibility

MDBK cells (1 × 105) or one subclone of each knock-out genotype were seeded into
each well of a 24-well plate. After 24 h, cells were infected with a 10-fold serial dilution
of the BVDV strains C87, CP7, or NADL. Four hours after virus addition, the medium
was exchanged to full medium without phenol red containing 1% carboxymethylcellulose.
Forty-eight hours after infection, medium was removed, and the cells were fixed with 4%
paraformaldehyde for 20 min at 4 ◦C. After permeabilization with 1% Triton X100 for 5 min
at RT, cells were washed with PBS 0.1% TWEEN20 (PBS-T) and incubated with the mouse
monoclonal anti-BVDV-E2 antibody 6A5 [26] for 45 min at 37 ◦C. After three washing
steps with PBS-T, a goat anti-mouse Cy3-labeled polyclonal serum (Dianova, Hamburg,
Germany) was added to the cells and incubated for 45 min at 37 ◦C. The titer in FFU/mL
was determined by counting the infected foci in wells containing between 1 and 100 foci by
fluorescence microscopy after washing three times with PBS-T. The susceptibility in percent
was calculated by dividing the titer in FFU/mL determined for each CD46 knock-out
clone by the titer in FFU/mL determined for MDBK cells. Experiments were performed as
biological triplicates.

4.5. Determination of Modifications in the Erns Coding Region

Viral RNA was extracted from the virus stocks used in the infection experiments
employing the QiaAMP viral RNA mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Subsequently, a one-step RT-PCR employing the primers Erns
forward (NADL nt 1358–1379; CATGGTATGATGGATGCAAGTG) and Erns reverse (NADL
nt 2018–2040; GACAAGTGACCTCCCATCTCATG) was performed with the OneTaq One-
Step RT-PCR kit (NEB) according to the manufacturer’s instructions. The resulting PCR
product was purified with the Monarch PCR purification kit (NEB) according to the
manufactures instructions and sent for sequencing (Eurofins) with the primer R588.

4.6. Statistical Analysis

Student’s t-test was employed to evaluate the statistical significance of the results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10121620/s1, Figure S1: Interaction of MDBK CD46 knock-out clones with anti-
BDVD antibodies CA26 and CA17; Figure S2: Presence of a G vs a R residue at amino acid position
479 in the different BVDV strains employed in this study.
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