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1. Introduction 
 
Porcine epidemic diarrhea virus (PEDV) is the causative agent of porcine epidemic 
diarrhea (PED), an enteric disease affecting pigs of all ages. The disease is 
characterized by acute watery diarrhea, dehydration and vomiting, with high 
mortality in neonatal piglets. Devastating outbreaks of PED in East Asia (since 
2010) and in North America (since 2013) have revitalized the research into this 
porcine coronavirus that was first identified in 1978 (1). PEDV primarily replicates 
in the villous enterocytes of the small intestine. Its entry into host cells is mediated 
by the spike (S) glycoprotein that is exposed on the virion surface. This key entry 
factor is considered the main determinant of viral host and tissue tropism. 
Moreover, the S protein is highly immunogenic and the main target for neutralizing 
antibodies. Understanding this protein’s function will thus aid the design of 
strategies against this enteric swine coronavirus and is fundamental to our 
understanding of its epidemiology and pathogenesis. In this chapter, following a 
brief and general introduction on PEDV, we will describe the structure of the spike 
glycoprotein, discuss its interactions with target cells at the stage of virus entry, 
and conclude with the description of the aim and outline of this thesis. 
 
1.1 Coronaviruses infecting swine 
PEDV is a member of the Coronaviridae family (subfamily Coronavirinae, family 
Coronaviridae, order Nidovirales). This family of viruses comprises a large group of 
enveloped viruses with a positive-sense RNA genome of up to 32 kilobases. 
Coronaviruses infect a broad range of mammalian and avian hosts and can cause 
respiratory, enteric, hepatic and neurological disease. Pathogenic coronaviruses 
are found in farm animals as well as in humans and have demonstrated potential to 
cross the host-species barrier. Two zoonotic coronaviruses - the severe acute 
respiratory syndrome coronavirus (SARS-CoV) and the Middle East respiratory 
syndrome coronavirus (MERS-CoV) - have emerged over the last two decades, 
both causing severe and often fatal respiratory disease in humans. Coronaviruses 
have recently been subdivided into four genera: Alphacoronavirus, 
Betacoronavirus (lineages A-D), Gammacoronavirus and Deltacoronavirus (2). 
Pathogenic viruses in each genus include transmissible gastroenteritis virus 
(TGEV), human coronavirus (HCoV) 229E and HCoV-NL63 (α-CoV), mouse 
hepatitis virus (MHV, β-CoV, lineage A), SARS-CoV (β-CoV, lineage B), MERS-
CoV (β-CoV, lineage C), avian infectious bronchitis virus (IBV, γ-CoV) and porcine 
deltacoronavirus (PDCoV, δ-CoV). In swine five coronaviruses have been 
identified, representing three of the four genera. PEDV, TGEV and the natural 
TGEV deletion mutant porcine respiratory virus (PRCoV) belong to the 
Alphacoronavirus genus. TGEV mainly infects epithelial cells from the small 
intestine and causes enteritis and fatal diarrhea in piglets; it is clinically 
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indistinguishable from PEDV. Unlike TGEV, PRCoV mostly infects epithelial cells 
of the respiratory tract and alveolar macrophages causing a mild or often 
subclinical respiratory disease. The porcine hemagglutinating encephalomyelitis 
virus (PHEV) belongs to the Betacoronavirus genus; it targets respiratory and 
neuronal tissues and causes vomiting, wasting disease and neurological disorders 
in seronegative piglets (3). The recently identified PDCoV of the Deltacoronavirus 
genus has enteric tropism causing mild to moderate disease in young piglets (4). 
 
1.2 PEDV epidemiology 
PED was not detected in swine until the 1970s. The first PED outbreak in swine 
was recognized in England in 1971 (5). The disease manifested as watery diarrhea 
in sows, but the virus was not isolated from this outbreak. Seven years later the 
etiological agent was isolated and identified as a coronavirus and officially named 
as PEDV. In 2001 the complete genomic sequence of this prototype PEDV strain 
(CV777) was determined (6). PED was prevalent throughout Europe causing 
sporadic, localized outbreaks in the 1980s, 1990s and in subsequent years (7). 
PED was first reported in Asia in 1982 and since then it has had an increasingly 
great economic impact on the Asian swine industry. Particularly since 2010, 
devastating outbreaks have been reported in China and other Asian countries such 
as Thailand, causing up to 100% mortality in suckling piglets (8-10). PEDV entered 
the United States (US) for the first time in April 2013 and this virulent strain rapidly 
spread across the US to 36 states (11), as well as to other countries in North- and 
South-America, including Canada (12), Mexico (13), the Dominican Republic, 
Colombia and Peru (14, 15). Molecular epidemiology studies indicate the initial US 
PEDV isolates were very closely related to each other and to a Chinese PEDV 
isolate AH2012 (16). Upon entrance in the United States, PEDV has evolved into 
at least 4 different genetic lineages (17, 18). During the outbreak, a less virulent 
PEDV strain has been detected in the US, which is characterized by small 
insertions and deletions (S-INDEL strain) in the viral spike glycoprotein (13). 
Similar S-INDEL variants have also been detected in Asia before 2010 (19, 20). 
Since 2014, PEDV has reemerged in Europe including Germany (21), Italy, Austria 
(22), The Netherlands, Belgium (23), Portugal (24), France (25) and Ukraine (26). 
 
1.3 PEDV pathogenesis 
Replication of PEDV in vivo is limited to the villous enterocytes of the small 
intestine (duodenum, jejunum and ileum) and the pathogenesis is highly similar to 
that of TGEV (27-29). Infection results in destruction of the intestinal epithelium 
with subsequent villus shortening causing watery diarrhea that lasts for about a 
week. Other clinical symptoms include vomiting, anorexia and fever. Pigs of all 
ages are susceptible, but symptoms are most severe in suckling piglets of less 
than one week old with mortality rates often approaching 100%. Fatality rates in 
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weaned pigs are much lower (1-3%) while mortality has not been observed among 
fattening pigs (30). Many studies indicate that PEDV does not replicate outside the 
intestinal tract, though PEDV was detected in a recent study by RT-PCR and IHC 
in other organs of experimentally infected piglets including lung, liver, kidney and 
spleen (31). 
 
2. Structure, function and antigenicity of the PEDV S protein 
As for all coronaviruses, the PEDV S protein is the key protein responsible for virus 
entry into the target cell. It mediates the essential functions of receptor binding and 
subsequent fusion of the viral and cellular membranes during cell entry, thereby 
releasing the viral nucleocapsid into the cytoplasm. The PEDV S protein is a 
±1383-residues long glycoprotein of 180-200 kilodalton in size. Trimers of these S 
proteins form the club-shaped, ±20 nm long projections (spikes) on the virion 
surface that provide the coronavirus its typical crown-like appearance on electron 
micrographs (32). Like other CoV spike proteins, PEDV S is a type I membrane 
glycoprotein with an N-terminal signal peptide, a large extracellular region, a single 
transmembrane domain and a short cytoplasmic tail (Fig.1a). The ectodomain of 
coronavirus spike proteins can be divided into two domains with distinct functions: 
the N-terminal S1 subunit responsible for receptor binding and the C-terminal 
membrane anchored S2 domain responsible for membrane fusion. The border 
between the S1 (residues 1-726, CV777 numbering [GB: AF353511]) and S2 
(residues 727-1383) subunit can be deduced from the sequence alignment with 
alphacoronavirus S proteins (e.g. type I feline and canine coronaviruses) of which 
the S1-S2 junction is clearly demarcated by the presence of a furin protease 
cleavage site (33). Recent elucidation of the cryo-EM structure of alpha- and beta-
coronavirus spike trimer revealed a multidomain architecture, particularly of the S1 
receptor binding subunit (34-36). This subunit is comprised of four core domains, 
S1A to S1D, whereas many alphacoronaviruses - including PEDV - contain an 
additional N-terminal domain that was coined the S10 domain (Fig.1b and c). The 
most N-terminal domain of a number of coronaviruses exhibits sialic acid binding 
activity whereas the S1B domain is known to function as protein receptor binding 
domain for most coronaviruses (34, 35, 37-41).  
Relative to S1, the S2 subunit is more conserved in amino acid sequence and 
contains the typical structural features found in class I viral fusion proteins 
including a hydrophobic fusion peptide (FP), heptad repeat regions (HR1 and HR2) 
and a C-terminal transmembrane (TM) region (Fig.1). As for all class I fusion 
proteins, membrane fusion is started by the exposure and insertion of the FP into 
the target cell membrane, after which the fusion protein jackknives such that the 
antiparallel HR1 and HR2 regions form a stable six-helix bundle structure. During 
this transition, the fusion peptide and the transmembrane domain come into close 
proximity enabling the fusion of the viral and cellular membrane (42). 

http://www.ncbi.nlm.nih.gov.proxy.library.uu.nl/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AF353511%5Baccn%5D


 
General Introduction 

 
5 

 
Figure 1. The spike protein of PEDV and related alphacoronaviruses. a) Schematic presentation of 
the PEDV S protein. The S1 and S2 subunits, the signal peptide (SP, residues 1-18), regions containing 
neutralizing epitopes (COE, residues 499-638 and S1D, residues 636-789), the fusion peptide (FP; 
residues 891-908), two heptad repeat regions (HR1, residues 978-1117 and HR2, residues 1274-1313), 
the transmembrane domain (TM, residues 1324-1346; predicted by TMHMM server) and predicted N-
glycosylation sites (ψ; predicted by the NetNGlyc server) are indicated. The different domains in the S1 
subunit are coloured, with S10 presented in blue, S1A presented in orange, S1B

 in red and the domains 
S1CD in green. b) Presence of S1 domain 0 (in blue) in the spike proteins of PEDV and related 
alphacoronaviruses. Schematic representations of the spike proteins are shown of a number of viruses 
belonging to Alphacoronavirus genus including PEDV strain CV777 (GB: AAK38656.1), TGEV strain 
Purdue P115 (GB: ABG89325.1), PRCoV strain ISU-1 (GB: ABG89317.1), FECV strain UU23 (GB: 
ADC35472.1), FIPV strain UU21 (GB: ADL71466.1), HCoV-NL63 (GB: YP_003767.1), HCoV-229E 
related bat CoV with one N domain (GB: ALK28775.1), HCoV-229E related bat CoV with two N domains 
(GB: ALK28765.1) and HCoV-229E strain inf-1 (GB: NP_073551.1). Spike proteins are drawn to scale 
and aligned at the position of the conserved fusion peptide indicated by the dashed line. Signal 
sequence is indicated in orange. c) Model of the PEDV S trimer based on the HCoV-NL63 S structure. 
The different domains in the S1 subunit of one protomer are coloured as in panel a. The S2 subunit of 
this protomer is marked in dark grey, and the two remaining S protomers in light grey. 
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Exerting critical functions in cell entry, the coronavirus S protein is the main target 
for humoral immunity. A recent study demonstrated that immunization of pregnant 
sows with the PEDV S1 protein could provide passive immunity against PEDV to 
suckling piglets through colostrum and milk (47). The S protein ectodomain 
contains at least two neutralizing B-cell epitopes (48-50). One of the neutralizing 
epitopes maps to a domain homologous to the collagenase resistant fragment 
(CO-26K) of the TGEV S protein and was coined ‘CO-26K equivalent’ (COE) 
domain for PEDV (residues 499-638). The CO-26K fragment in TGEV S harbors 
the receptor binding domain to which most neutralizing antibodies are directed 
(51). Analogous to TGEV, immunization of mice with the PEDV S COE region 
elicited virus neutralizing antibodies (49). The S1D region (residues 636-789) in 
PEDV S contains another neutralizing epitope and spans the S1-S2 junction. Two 
non-neutralizing B-cell epitopes (SS2: 748-YSNIGVCK-755 and SS6: 764-
LQDGQVKI-771) have been identified within this region, just downstream of the 
predicted S1-S2 junction (52) (Fig.1a). Notably, a neutralizing epitope (1367-
GPRLQPY-1373) has been reported in the C-terminal cytoplasmic tail of the spike 
protein (53). 
 
3. PEDV receptor usage 
 
Receptor interaction plays a crucial role in the cell and tissue tropism of 
coronaviruses as well as in pathogenesis and cross-species transmission. 
Coronaviruses can bind to a wide range of proteinaceous and carbohydrate cell 
surface molecules via their spike proteins. PEDV has been reported to utilize the 
aminopeptidase N protein (APN, also known as CD13) as a functional receptor 
(54). APN serves as a receptor for multiple alphacoronaviruses, including the 
canine coronavirus type II, feline coronavirus type II, TGEV and PRCoV and 
human coronavirus 229E (HCoV-229E) (37, 55). It is, however, not a universal 
receptor for these viruses as the human coronavirus NL63 (HCoV-NL63) uses 
angiotensin converting enzyme 2 (ACE2) for its entry (38). APN is a 150 kilodalton 
glycosylated type II transmembrane protein that is highly abundant on the apical 
membrane of mature enterocytes (56). It was termed ‘moonlighting enzyme’ 
referring to its multiple biological functions, including peptide metabolism, cell 
motility and adhesion (56). Several lines of evidence support the view that APN is a 
functional receptor for PEDV: i) in a virus overlay protein binding assay a ~150 
kilodalton protein was identified as a PEDV binding protein in swine testis (ST) 
cells and enterocytes, and this interaction could be blocked by antibodies against 
porcine APN (pAPN); ii) APN overexpression in otherwise non-permissive cell lines 
(i.c. Madin Darby canine kidney and ST cells) conferred susceptibility of these cells 
to PEDV infection (57); iii) PEDV S1 was shown to biochemically interact with 
soluble APN in a dot-blot assay and with cell surface expressed APN in a FACS 
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assay (58, 59)(55); iv) preincubation of cells with pAPN antibodies or a pAPN-
binding peptide prior to inoculation interfered with PEDV infection (54, 60), and v) 
transgenic mice expressing pAPN appeared susceptible to PEDV infection (61). 
The APN binding domain was recently shown to reside within a domain in the C-
terminal half of PEDV S1 (residues 477-629), corresponding to the RBD of TGEV 
S1 (residues 505-655). Intriguingly, though suggested to share the same receptor, 
the two aromatic residues within the extending loops of the TGEV RBD known to 
be critical for APN binding are not conserved in the PEDV RBD, indicating a 
different mode of receptor interaction. African green monkey Vero cell lines are 
historically used for isolation and propagation of PEDV strains. Yet, these cells do 
not express APN as inferred from mass spectrometry analyses of the Vero cell 
proteome (54, 62-64), indicating that other receptor(s) may be involved in PEDV 
entry into these cells. 
PEDV exhibits promiscuous binding to cellular receptors (59). Unlike TGEV, PEDV 
was shown to interact with and utilize human APN as a functional receptor. 
Moreover, PEDV can infect multiple cell lines in vitro from different species besides 
porcine including bat and primate (human and non-human). Intriguingly, the 
genome sequence and genome organization of PEDV are more related to bat 
alphacoronaviruses than to other viruses from the same genus suggesting that 
interspecies transmission between bats and pigs, perhaps via an intermediate 
host, may have occurred (65). The ability of PEDV to infect cells of multiple species 
suggests that the virus – similar to MERS-CoV - utilizes evolutionarily conserved 
host cell components as receptors thereby increasing the potential for cross-
species and potentially zoonotic transmission (66, 67).  
Apart from its proposed interaction with APN, PEDV is able to bind sialic acids (58, 
59, 68). Sialic acids are ubiquitously present on the cell surface of mammalian and 
avian species as well as on mucin proteins in mucous secretions that serves to 
protect the host epithelialium. Sialic acids are a family of 9-carbon backbone 
monosaccharides that commonly occur as terminal residues on polysaccharide 
chains of glycoproteins or glycolipids. Sialic acids are found with an N-acetyl group 
(N-acetylneuraminic acid [Neu5Ac]) or an N-glycolyl (N-glycolylneuraminic acid 
[Neu5Gc]) at the C5-position. Diversity of sialic acids further results from other 
modifications such as O-acetylation at the hydroxyl groups at C4, C7, C8 and C9 
position as well as from their differential linkage to the penultimate galactose. 
Binding to sialic acids is widely used by viruses for their attachment to the host cell. 
Several coronaviruses from the alpha-, beta- and gammacoronavirus genus have 
been shown to bind to sialic acids which - depending on the virus - was found to be 
required or to be dispensable for infection in cell culture (69). This lectin activity 
resides within the N-terminal domain of their spike protein. Notably, 
betacoronaviruses within the lineage A1 including HCoV-OC43, bovine coronavirus 
(BCoV) and PHEV use (acetylated) sialic acid as a primary receptor. Other 
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coronaviruses can bind to sialoglycoconjugates in addition to their primary protein 
receptor. The APN-recruiting TGEV S1 can bind to sialic acids (Neu5Ac and 
Neu5Gc) via its N-terminal region (residues 21-244) (39, 70, 71). The sialic acid 
binding activity appears dispensable for TGEV infection in cell culture but 
enhances infection under shorter inoculation conditions (72). PEDV was shown to 
have hemagglutination (HA) activity using rabbit erythrocytes, but this HA activity 
was only observed after pretreatment of the virus with trypsin or neuraminidase 
(73). PEDV lacks the HE protein that is responsible for the HA activity of beta-
coronaviruses like MHV, HCoV-OC43 and BCoV. Because in other 
hemagglutinating coronaviruses lacking a HE protein such as IBV and TGEV the 
HA activity resides in the S protein, in PEDV this activity is also likely to occur in 
this protein. Chang et al. demonstrated that PEDV S1 could bind to bovine and 
porcine mucins as shown by dot-blot hybridization assay. Furthermore, they used a 
glycan array screen to identify which type(s) of sugar was the most favored by 
PEDV S1, observing that Neu5Ac shows the highest binding affinity (59). The sialic 
acid binding activity of PEDV was shown very recently to occur in the N-terminal 
region of its spike protein (residues 1-320), analogous to other sialic acid-binding 
coronaviruses (58). However, it is unknown whether sialic acid binding by the S 
protein can facilitate entry of PEDV into cells.  
 
4. Proteolytic processing of coronavirus spike proteins 
 
Fusion of the coronavirus envelope with a host cell membrane is driven by 
conformational changes in the spike protein. These conformational changes are 
irreversible and hence tightly regulated in time and space in order to prevent 
premature activation of the fusion protein. Conformational changes in the spike 
protein can be initiated by receptor binding. Similar to other class I viral fusion 
proteins, the coronavirus spike protein requires proteolytic processing to activate 
its fusion potential. The spikes of a number of coronaviruses, particularly within the 
beta- and gammacoronavirus genera, are cleaved during biogenesis in the infected 
cell at S1/S2 junction by the subtilisin-like proprotein convertase furin (89). 
However, the spike protein of PEDV and many other alphacoronaviruses is 
presented on the virion surface in an uncleaved form. Recently, a second, more 
universal cleavage site (S2’) has been proposed within the S2 subunit located just 
upstream of the fusion peptide for some beta- and gammacoronavirus spike 
proteins including that of MERS-CoV, SARS-CoV, MHV and IBV (88-91). This 
cleavage is thought to occur at the cell surface or in the endosome compartment 
during virus-cell entry by a variety of cellular proteases (44, 74, 75). In contrast, 
PEDV may use an extracellular protease for virus entry. As first demonstrated by 
Hofmann and Wyler, propagation of PEDV in cultured cells strictly requires the 
supplementation of trypsin to the culture medium. Moreover, the inclusion of trypsin 
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appeared to be required for cell-cell fusion (92). These observations suggest a role 
of the trypsin in activation of the membrane fusion potential of the PEDV spike 
protein. The dependency on exogenously added trypsin makes PEDV an excellent 
model virus to study the proteolytic activation of coronavirus spike proteins (92).  
 
5. Aim and outline of the thesis 
 
The overall aim of the research described in this thesis was to investigate the 
PEDV spike protein in its interactions with the host cells during the initial stage of 
infection, and to study its antigenicity. We aimed to verify the binding activity and 
assess the binding of PEDV to cell surface sialic acids and to the proposed entry 
receptor APN, to study the cleavage requirements of the PEDV S protein and to 
investigate the antigenic structure and presence of neutralizing epitopes within the 
S1 receptor binding subunit of the PEDV S protein. 
Spike proteins of a number of coronaviruses from three different genera have been 
shown to bind sialic acid. In all cases the sialic acid binding domain resided in the 
N-terminal domain (NTD) of S1 receptor binding subunit. In our study in Chapter 2, 
we investigated the sialic acid binding activity using biochemical and functional 
assays. Using truncation mutants of the S1 receptor binding subunit, we mapped 
the sialic acid binding activity of PEDV S. We used a nanoparticle-based 
hemagglutination assay to assess the sialic acid binding activity of multiple strains 
of PEDV. Lastly, by enzymatic removal of cell surface-exposed sialic acids we 
assessed the function of sialic acid binding activity in PEDV entry.  
As outlined above, aminopeptidase N (APN) was reported to be a functional 
receptor for PEDV (59, 76-79). However, this finding was controversial since Vero 
cells that are commonly used for propagation of PEDV do not express APN (46). In 
Chapter 3, we hence assessed the role of APN as a receptor for PEDV by 
knockout of APN expression in PEDV-susceptible cell lines using CRISPR/Cas9 
genome engineering as well as by a variety of biochemical approaches. 
The coronavirus spike protein is responsible for receptor binding and cell entry, 
and as such it represents the major target for neutralizing antibodies. However, the 
knowledge of antibody epitopes, their nature and location in the spike structure and 
the mechanisms by which the antibodies interfere with PEDV infection is scarce. In 
Chapter 4, we describe the generation and characterization of ten mouse 
monoclonal antibodies (MAbs) raised against the S1 receptor binding subunit of 
PEDV S. By structural analysis we defined and expressed domains of S1 that 
allowed us to map the antibody epitopes to individual domains. We assessed the 
antibodies for neutralizing activity and further mapped the location of epitopes of 
neutralizing antibodies by generation and subsequent analysis of antibody-
neutralization escape mutants. 
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In Chapter 5, we used the dependency of PEDV on supplemental trypsin for virus 
propagation to study proteolytic activation of its spike protein. The timing of trypsin 
proteolysis was investigated by time-of-addition experiments in which trypsin 
proteolysis was allowed before or after virus cell binding. Viruses carrying chimeric 
spike proteins of trypsin-dependent and trypsin-independent strains were made 
using our recently developed PEDV reverse genetics system (80) to map the 
genetic determinant for trypsin dependent cell entry in the spike protein.  
In Chapter 6, we investigated whether the requirement of PEDV for trypsin 
proteolysis could be bypassed by allowing cleavage by intracellular furin protease 
during spike protein biogenesis. To this end we generated a mutant virus with a 
furin cleavage recognition site introduced into the PEDV S protein at the 
anticipated site of cleavage (i.c. upstream of the fusion peptide) and assessed the 
trypsin-independency of this PEDV variant. 
The thesis is finally completed with Chapter 7, in which I discuss the results of our 
studies in more general terms and with a future perspective. 
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Abstract  
 
Porcine epidemic diarrhea virus (PEDV) is a porcine coronavirus causing an 
economically important enteric disease in pigs. Entry of this enveloped virus into 
the host intestinal epithelial cells is mediated by the large trimeric spike (S) 
glycoprotein on the virion surface. The S protein has been reported to bind to 
carbohydrate (sialic acid) and proteinaceous (aminopeptidase N) cell surface 
molecules via its multidomain S1 subunit. In the present study, the relevance of the 
N-terminal domain of S1, and the functional role of the sialic acid (Sia-) binding 
activity of the S protein in virus infection were studied. First we designed and 
rescued a recombinant PEDV - based on the cell culture adapted DR13 strain 
(caDR13) - with a 215 residues long N-terminal deletion in its spike protein. This 
mutant virus displayed similar growth characteristics as the parental virus, 
indicating that the N-terminal domain of DR13 S was dispensable for replication in 
vitro. Furthermore, we observed that the Sia-binding potential appeared to differ 
among PEDV variants. Virus- and S1-mediated hemagglutination of human 
erythrocytes was seen for the (non-S-INDEL) PEDV strain GDU, but not for the (S-
INDEL) strains UU and caDR13. We mapped the Sia-binding property to the N-
terminal 249 amino acids domain of the S1 subunit. Depletion of sialic acids from 
the target cell surface by neuraminidase treatment or by CRISPR/Cas9 genome 
editing significantly inhibited Sia-binding and infection by PEDV-GDU, but had no 
effect on infection by PEDV strains lacking Sia-binding activity. Thus, our studies 
demonstrate that PEDV displays inter-strain variation in Sia-binding activity and 
that Sia-binding by the S protein facilitates infection by PEDV, which may 
contribute to its pathogenesis in vivo.  
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Introduction 
 
Porcine epidemic diarrhea virus (PEDV) is an enveloped, positive-sense RNA 
virus, belonging to the Coronaviridae family, Coronavirinae subfamily and 
Alphacoronavirus genus (1). PEDV infects the intestinal epithelium of swine and is 
the causative agent of porcine epidemic diarrhea (PED), which was first reported in 
England in the 1970s. Thereafter, PEDV has caused epidemic and endemic 
infections in Europe and Asia (2). Since October 2010, severe PEDV outbreaks 
have been reported in China causing 50%-90% mortality in suckling piglets (3, 4). 
In April 2013, PEDV emerged in North America and rapidly spread across the 
continent causing substantial economic losses to the swine industry (5, 6). 
Coronaviruses mediate their entry into host cells by homotrimers of their spike 
glycoproteins, which constitute the spikes on the virion surface. The spike 
glycoproteins consist of two subunits - the N-terminal S1 and C-terminal membrane 
anchored S2 – responsible for receptor binding and membrane fusion, 
respectively. Recently elucidated cryo-electron microscopy structures of alpha- and 
betacoronavirus spike trimers revealed multidomain architecture, particular of the 
S1 subunit (7-9). This subunit is comprised of four core domains, S1A to S1D, 
whereas many alphacoronaviruses, including PEDV and transmissible 
gastroenteritis coronavirus (TGEV), contain an additional N-terminal domain coined 
S10 (Fig. 1). The S1B domain is known to function as a receptor binding domain for 
most coronaviruses (7-9). For a number of alphacoronaviruses including the TGEV 
and the human coronavirus 229E (HCoV-229E) this domain recruits the 
aminopeptidase N (APN) protein as a functional receptor whereas the human 
coronavirus NL63 (HCoV-NL63) S1B spike domain binds angiotensin converting 
enzyme 2 (ACE2) as a receptor. The role of APN as a receptor for PEDV is 
controversial. PEDV has been reported to utilize APN as a functional cellular 
receptor (10-14) via its S1B domain (15), but its actual functioning as a receptor is 
currently disputed by us (Chapter 2) and by Taguchi et al., (16). 
Apart from protein receptors, coronaviruses have been reported to bind to sialic 
acids (Sias) as functional receptors or as attachment factors (17). Sias play these 
roles for many viruses due to their high abundance and accessibility, particularly on 
mucosal surfaces (18). Sias are a diverse family of negatively charged 9-carbon 
saccharides that form the terminal residues on glycan chains of cell-surface and 
secreted glycoproteins and glycolipids. Sias’ diversity results from a variety of 
oligosaccharide modifications including differential glycosidic linkages to the 
penultimate carbohydrate moiety, features which are often critical determinants of 
the binding specificity of Sia-recognizing (viral) lectins. Several coronaviruses of 
the alpha-, beta- and gammacoronavirus genus utilize cell surface sialic acids as 
receptors or as attachment factors (19-21). This Sia-binding activity resides in the 
N-terminal domain of the spike proteins (S10 for alphaCoV; S1A for betaCoV). The 
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betacoronaviruses bovine coronavirus (BCoV) and human coronavirus OC43 
(HCoV-OC43) bind to 9-O-acetylated sialic acids which for these viruses serve as 
entry receptors (22, 23). The gammacoronavirus infectious bronchitis virus gets 
entry to cells by binding via its S10 domain to alpha 2,3 linked sialic acids (24-26). 
A number of alphacoronaviruses also bind to Sias through their S10 domain. Here, 
however, the Sias do not serve as receptors but as attachment factors, and the 
loss of the viral spike domain 0 correlates with a loss of enteric tropism. The 
clearest example of this phenomenon is TGEV, which displays a dual tropism 
targeting both the respiratory and enteric tract. On the other hand, PRCoV, a 
natural deletion variant of TGEV lacking domain 0, lost its enteric tropism and 
mainly replicates in the respiratory tract (Fig. 1) (27, 28). It is believed that the 
sialic acid binding property helps the virus to bind to mucins on the surface of 
epithelial cells of the small intestine, and that the loss of the sialic acid binding 
domain results in an inefficient virus replication in the gut and loss of its 
enteropathogenicity (27). Another example is the feline coronaviruses, which come 
in two pathotypes; the clinically mild or asymptomatic enteric FECV and the highly 
pathogenic, systemically replicating FIPV. FIPV is thought to originate from FECV 
by mutation and seems to have lost its tropism for enterocytes (29). Sequencing 
analysis of FECV and FIPV field strains indicates that - unlike FECV - some FIPV 
strains (e.g. strains UU16 and UU21, Fig. 1) have a large deletion in the N-terminal 
region of their spike protein, comprising domain 0(30).  
 

 
Figure 1. Schematic presentation of spike proteins of PEDV, TGEV, PRCV, FECV-UU23 and FIPV-
UU21. The S1 and S2 subunits, the signal peptide (SP, residues 1-18), domain 0 (residues 19-220), 
domain A (residues 221-509), domain B (residues 510-640), domain CD (residues 641-729), the fusion 
peptide (FP; residues 891-908) and the transmembrane domain (TM, residues 1324-1346; predicted by 
TMHMM server) of PEDV-S are indicated. Schematic representations of the spike proteins are shown of 
a number of viruses belonging to Alphacoronavirus genus including PEDV strain CV777 
(GB:AAK38656.1), TGEV strain Purdue P115 (GB: ABG89325.1) and its domain 0 (residue 17-245), 
PRCoV strain ISU-1 (GB: ABG89317.1), FECV strain UU23 (GB: ADC35472.1) and its domain 0 
(residue 15-279), FIPV strain UU21 (GB: ADL71466.1). Spike proteins are drawn to scale and aligned 
at the position of the conserved fusion peptide indicated by the dashed line. Signal sequence is 
indicated in gray.  
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Like other alphacoronaviruses, PEDV binds to sialic acids. This was first 
demonstrated by its ability – upon pretreatment with neuraminidase or trypsin - to 
hemagglutinate rabbit erythrocytes (31). Liu et al. further demonstrated that PEDV 
S1 can bind to bovine and porcine sialylated mucins in a Sia-dependent manner 
using a dot-blot hybridization assay. Furthermore, glycan array screening indicated 
that PEDV S1 binds with high binding specificity and affinity to N-acetylneuraminic 
acid (Neu5Ac) (32). The sialic acid binding activity of PEDV was recently shown to 
reside in the N-terminal region of its spike protein (residues 1–320), analogous to 
that of other sialic acid-binding coronaviruses (15). However, the functional 
relevance of sialic acid binding by the S protein for entry of PEDV into cells is 
unknown. In the present study, the sialic acid binding capacity of different PEDV 
strains and its role in PEDV infection in cultured cells was investigated.  
 
Materials and methods 
 
Antibodies, cells and viruses  
The 3F12 mouse monoclonal antibody detecting the PEDV nucleocapsid protein 
was obtained from BioNote (Republic of Korea); the anti-hemagglutinin (HA) 
antibody was kindly provided by dr. Xander de Haan. African green monkey kidney 
Vero cells (Vero-CCL81) and human embryonic kidney 293 cells stably expressing 
the SV40 large T antigen (HEK-293T) were maintained in Dulbecco modified Eagle 
medium (DMEM, Lonza BE12-741F) supplemented with 10 % fetal bovine serum 
(FBS). To propagate PEDV, cell layers were washed twice with phosphate buffered 
saline (PBS) and maintenance medium was substituted by Eagle’s minimum 
essential medium Alpha Modification (Life Technologies, 22571-020) 
supplemented with 0.3 % tryptose phosphate broth (aMEM-TPB, Sigma T9157). 
Cell culture-adapted PEDV-DR13 (GB: JQ023162) (33) were propagated and 
titrated in aMEM-TPB supplemented with 20 mM HEPES in Vero cells. All other 
PEDVs were propagated and titrated in aMEM-TPB supplemented with 20 mM 
HEPES plus 15 µg/ml trypsin (Sigma T4799) in Vero cells. PEDVs used were 
PEDV-CV777 (GB: AF353511; kindly provided by Dr. Kristin van Reeth, Ghent 
University), PEDV field isolates from China (strain GDU, GB: KU985230) and The 
Netherlands (strain UU, GB: KU985229). Influenza A virus WSN strain was 
propagated and titrated in MDCK cells and infection medium was supplied with 0.1 
µg/ml trypsin from bovine pancreas (TPCK, Sigma, T1426). 
Recombinant protein expression  
pCAGGS expression vectors encoding PEDV-S1 (isolate GDU, residues 1-728; 
isolate DR13, residues 1-724; isolate CV777, residues 1-725) C-terminally tagged 
with the Fc domain of human or mouse IgG were generated as described before 
(34). These proteins were expressed by transfection of the expression plasmids 
into HEK-293T cells and affinity purified from the culture supernatant using protein 
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A sepharose beads (GE Healthcare). Purity and integrity of all purified recombinant 
proteins was checked by SDS-PAGE. 
Hemagglutination assays  
The hemagglutination assay (HA) was performed according to a previously 
described procedure (35) and the influenza A virus (A/California/07/2009) was 
taken along as a positive control. To detect the hemagglutination activity of PEDVs, 
two-fold serial dilutions of viruses (start dilution 1×107 TCID50/ml) were made in 50 
μl phosphate buffered saline supplemented with 0.1% bovine serum albumin. 
Neuraminidase (from Arthrobacter ureafaciens, Sigma, cat.no. 10269611001) 
treated (10 mU ml-1 at 37oC for 2 h) or mock treated human erythrocytes were 
washed with phosphate buffered saline. 50 μl erythrocyte suspensions (0.5%) were 
mixed with 50 μl of each virus dilution in V-shaped 96 wells plates and incubated 
for 2 h on ice after which the wells were photographed. To enhance the sensitivity 
of the S1-based hemagglutination assay, we premixed 5 µg of S1-Fc proteins with 
1 μl of protein A-coupled, 200 nm-sized nanoparticles (nano-screen MAG-Protein A 
beads; Chemicell GmbH, cat.no. 4503-1) to increase the avidity of S1-Fc proteins 
for sialic acids on the erythrocyte surface. The influenza A virus hemagglutinin 
glycoprotein ectodomain (A/California/07/2009, GB: ACP41953.1) fused to the 
human Fc portion (IAV-HA-Fc) was taken along as a positive control. The start 
dilution of IAV-HA-Fc and PEDV-S1-Fc was 5 µg and two-fold serial dilutions of 
virus-nanoparticle mixtures were tested as described above. 
NA treatment of cells  
To remove sialic acids from the Vero cells, Vero cells were washed two times with 
warm Ca2+- and Mg2+-enriched PBS. Then, cells were incubated with or without 
100 mU ml-1 neuraminidase (from Arthrobacter ureafaciens, Sigma, cat.no. 
10269611001) in Ca2+- and Mg2+-enriched PBS. Control cells not treated with NA 
were incubated in Ca2+- and Mg2+-enriched PBS and underwent the same 
manipulations as the NA-treated cells. After 2 h at 37 oC, cells were washed three 
times with medium to remove the NA.  
Generation of the Vero-CMASKO cell line  
Cytidine monophosphate N-acetylneuraminic acid synthetase (CMAS) gene 
knockout Vero cells were generated using the CRISPR/CAS9-mediated genome 
editing system as described earlier (36, 37). To knockout the monkey CMAS gene 
in Vero-CCL81 cells, two guide RNAs targeting exon 1 (nucleotides 79 to 98, 5’- 
CTGCAGCGCAACTCTCGCGG-3’) and intron 1 (nucleotides 971 to 990, 5’- 
GATACATTGCCAAATTGGTC-3’) were used. Single cell clones of CMAS 
knockout cells were obtained by limiting dilution and genotyped by PCR and DNA 
sequencing. Knockout of CMAS expression in those cells was further confirmed by 
testing the cells’ susceptibility to sialic acid-dependent influenza A virus infection 
(strain WSN). 
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Infection experiments  
Cells were inoculated with different viruses. After 60 min at 37 oC, the unbound 
virus particles were removed by three washing steps with fresh medium and the 
cells were further incubated in medium DMEM with 1% FCS for 14 h (37 oC, 5% 
CO2). Then, cells were fixed with 4% paraformaldehyde for 15 min at room 
temperature. 
Immunofluorescence microscopy  
For immunofluorescence staining, cells were washed twice with PBS and fixed with 
3.7 % formaldehyde (Merck, 1040031000) in PBS, followed by membrane 
permeabilization with 0.1 % Triton-X-100 (Sigma, 93426) in PBS for 10 min at 
room temperature. Fixed cells were incubated with 3 % Bovine serum albumin 
(BSA;GE Healthcare Life Sciences) in PBS for 1 h followed by incubation with the 
primary antibody for 1 h in PBS with 1% BSA. After rinsing three times with PBS, 
staining was completed by incubation with Alexa Fluor®488-conjugated goat 
α-human antibody (Life Technologies, A11013) or Alexa Fluor®488-conjugated 
goat α-mouse antibody (Life Technologies, A11001). Nuclei were visualized using 
DAPI nuclear counterstaining (Molecular Probes). Pictures of immunofluorescent 
cells were captured using an EVOS-fl fluorescence microscope (Advanced 
Microscopy Group) at 10 × magnification.  
Statistical analysis  
Experiments were independently repeated three times, statistical significance was 
assessed by unpaired one-tailed Student’s test (* = P<0.05; ** = P<0.01). 
 
Results and discussion 
The caDR13-PEDV spike N-domain is dispensable for virus propagation in 
cell culture 
Since N-domain deletions had been observed in spike proteins of natural variants 
of different alphacoronaviruses, we attempted to generate a recombinant PEDV 
with a similar deletion using our previously described reverse genetics system 
based on the cell culture adapted PEDV DR13 strain (caDR13) (38). We designed 
a PEDV recombinant with a 215 residues long N-terminal spike deletion (residues 
19–233) analogous to the deletion observed in the spike protein of the FIPV strain 
UU21 (GB: ADC35472.1). The deletion was introduced into the previously 
described pPEDV-ΔORF3/GFP transfer vector and recombinant viruses were 
generated using targeted recombination (38). Recombinant viruses, designated 
PEDV-SWT-GFP and PEDV-SΔN-GFP, could be rescued, plaque purified and their 
identity was confirmed by Sanger sequencing and Western blot analysis (data not 
shown and Fig. 2c). Propagation of both viruses was compared in Vero cells. 
Intriguingly, PEDV-SΔN-GFP exhibited growth characteristics similar to that of 
PEDV-SWT-GFP indicating that deletion of the N-domain did not impair propagation 
of the PEDV caDR13 strain in vitro (Fig. 2d). 

http://www.sciencedirect.com/science/article/pii/S0168170216302192#fig0010
http://www.sciencedirect.com/science/article/pii/S0168170216302192#fig0010


 
Chapter 2 

 
 
24 

 
Figure 2. Generation and characterization of a recombinant PEDV (PEDV-S∆N) with a large 215-residues long 
deletion in the N-terminal region of the S protein. Generation and characterization of a recombinant PEDV (PEDV-
SΔN) with a large 215-residues long deletion in the N-terminal region of the S protein. a) Amino acid sequence 
alignment of the N-terminal region of the spike proteins of PEDV variants. The N-terminal region (residues 1–294) of 
the spike protein of the cell culture adapted DR13 strain (caDR13; GB: JQ023162.1) was aligned with the 
corresponding spike protein sequences of the caDR13 PEDV-SΔN recombinant described in this study and with 
sequences of two earlier described PEDV variants with deletions in the N-domain − PC177 (GB: AKR05184.1) and 
Tottori2 (GB: BAR92898.1) − as well as with sequences of the PEDV-GDU strain (GB: KU985229) and PEDV-UU 
strain (GB: KU985229). Alphahelical (‘H’) and betasheet ('E') secondary structural elements were predicted using the 
JPRED4 server (http://www.compbio.dundee.ac.uk/jpred/). Conserved residues and gaps are indicated in the 
alignment using the ‘*’ and ‘-‘ symbols, respectively. Signal peptide and cysteine residues are marked in grey and black, 
respectively. b) Schematic representation of the recombinant PEDV genomes carrying the wildtype spike (SWT) gene 
(PEDV-SWT-GFP) or the SΔN gene (PEDV-SΔN-GFP). For both viruses, the S proteins carried a C-terminal Flag-tag 
peptide (VQDYKDDDDK) and the ORF3 gene was substituted by the GFP gene (50). Left panel displays pictures of 
Vero cells infected with PEDV-SWT-GFP or PEDV-SΔN-GFP taken by fluorescence microscopy. c) Western-blot 
analysis of the S protein of recombinant PEDV-SWT-GFP and PEDV-SΔN-GFP. Recombinant viruses propagated in 
Vero (CCL81) cells in the absence of trypsin were semi-purified by sedimentation through a 20% (w/w) sucrose 
cushion, subjected to Western blot analysis, after which S proteins were detected with an anti-Flag monoclonal 
antibody (Sigma). d) Multi-step growth kinetics of PEDV-SWT-GFP and PEDV-SΔN-GFP. Vero cells were inoculated with 
recombinant PEDV (MOI = 0.01) for 3 h in the absence of trypsin, after which the inoculum was replaced by fresh 
culture medium, following a previously described procedure (50). Virus infectivity in culture medium was determined at 
different times p.i. (4, 12, 24, 36, 48, 60, 72, 96 or 120 h p.i.) by a quantal assay on Vero cells from which 
TCID50 values were calculated. 

http://www.compbio.dundee.ac.uk/jpred/
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Sialic acid binding capacity of S protein differs among PEDV strains 
We assessed the sialic acid binding activity of different strains of PEDV using an 
HA assay. Surprisingly, viruses of different strains displayed remarkable 
differences in their ability to hemagglutinate human erythrocytes. Apart from the 
cell culture adapted DR13 strain we studied two recent PEDV field isolates from 
China (strain GDU) and The Netherlands (strain UU, S INDEL type). PEDV-GDU 
was able to agglutinate human erythrocytes. Hemagglutination was dependent on 
the presence of sialic acids since pretreatment of the erythrocytes with bacterial 
neuraminidase abolished hemagglutination of PEDV-GDU as well as of influenza A 
virus (IAV) that was taken along as a positive control. In contrast to PEDV-GDU, 
the PEDV-caDR13 as well as the PEDV-UU strain did not show detectable HA 
activity (Fig. 3a).  
We confirmed the strain dependent HA activity using a recombinant S1 protein-
based HA assay. S1 proteins of different PEDV strains C-terminally fused to the 
human IgG Fc portion (S1-Fc) were expressed in HEK-293T cells and 
subsequently affinity-purified using protein A sepharose beads as described before 
(34). The PEDV-GDU S1-Fc - expressed as dimers due to the disulphide-linkage of 
the Fc moiety - was not able to hemagglutinate human erythrocytes presumably 
due to a too low avidity. To improve the sialic acid binding avidity and increase the 
sensitivity of the hemagglutination assay, the S1-Fc proteins were complexed via 
their Fc portion with protein A-coupled, 200nm-sized nanoparticles. We 
demonstrated that these GDU-S1-Fc loaded nanoparticles were able to 
hemagglutinate erythrocytes. This indicates that the multivalent interactions 
between these S1-Fc loaded nanoparticles and sialic acids increase the avidity of 
binding to erythrocytes. Multimerization on nanoparticles may hence provide a 
general and versatile method to increase the avidity of receptor-ligand interactions. 
The similarly multimerized caDR13- or UU-S1-Fc proteins, however, still did not 
exhibit HA activity, consistent with the observed lack of the corresponding virus-
mediated hemagglutination. Most of the differences (51 out of 69 residues) 
between the S1 subunits of the hemagglutinating GDU and the non-
hemagglutinating UU strain are located in the first 249 residues of S1. In order to 
mapthe sialic acid binding domain within the S1 subunit we constructed an Fc-
tagged S1 chimera in which the S1 N-domain (residues 1–249) of the GDU strain 
was replaced by that (residues 1–246) of the UU strain (S1UU−GDU-Fc), as well as 
the reciprocal chimera (S1GDU−UU-Fc). Only the S1GDU−UU-Fc protein was able to 
agglutinate erythrocytes demonstrating that the sialic acid binding activity maps to 
the N-terminal 249 residues of the S1 protein (Fig. 3b). 
Sialic acid binding activity of the PEDV S protein facilitates cell entry 
To assess the role of cell surface exposed sialic acids in PEDV infection, Vero cells 
were pretreated with neuraminidase prior to inoculation with different PEDV strains 
(Fig. 4a and b). The sialic acid dependent influenza A virus was taken along as a 
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Figure 3. PEDV virions of different strains vary in their hemagglutination activity. a) Virions of the 
PEDV-GDU strain but not of the PEDV-UU or PEDV-caDR13 strain are able to agglutinate human 
erythrocytes. The HA assay was performed according to a previously described procedure (35) and the 
influenza A virus (A/California/07/2009) was taken along as a positive control. Two-fold serial dilutions 
of viruses (start dilution 1x107 TCID50/ml) were made in 50 μl phosphate buffered saline supplemented 
with 0.1% bovine serum albumin. Neuraminidase (from Arthrobacter ureafaciens, Sigma, cat.no. 
10269611001) treated (10 mU ml-1 at 37oC for 2 h) or mock treated human erythrocytes were washed 
with phosphate buffered saline. 50 μl erythrocyte suspension (0.5%) was mixed with 50 μl of each virus 
dilution in V-shaped 96 wells plates and incubated for 2 h on ice after which the wells were 
photographed. Virus dilutions are indicated above the plate. Wells positive for hemagglutination are 
encircled in red. b) The Fc-tagged S1 protein of the PEDV-GDU strain but not that of the PEDV-UU or 
PEDV-caDR13 strain is able to agglutinate human erythrocytes. To enhance the sensitivity of the S1-
based hemagglutination assay, we premixed 5 µg of S1-Fc proteins with 1 μl of protein A-coupled, 
200nm-sized nanoparticles (nano-screenMAG-Protein A beads; Chemicell GmbH, cat.no. 4503-1) to 
increase the avidity of S1-Fc proteins for sialic acids on the erythrocyte surface. The influenza A virus 
hemagglutinin glycoprotein ectodomain (A/California/07/2009, GB: ACP41953.1) fused to the human Fc 
portion (IAV-HA-Fc) was taken along as a positive control. The start dilution of IAV-HA-Fc and PEDV-
S1-Fc was 5 µg and two-fold serial dilutions of viral protein-nanoparticle mixtures were tested as 
decribed above. 
 
positive control. The neuraminidase pretreatment greatly reduced infection (6.5 ± 
1.1 fold reduction) of the PEDV-GDU strain, to a similar extent as seen for IAV. No 
effect of neuraminidase pretreatment was observed on infection with the PEDV-UU 
strain. To corroborate our observations, we constructed a mutant Vero cell line 
lacking surface expressed sialic acids by knocking out the CMAS gene (CMASko) 
using CRISPR/Cas9 genome editing. The phenotype of this cell line was confirmed 
by Sia-dependent influenza A virus (IAV) infection: CMASko cells were highly 
resistant to IAV (Fig. 4c and d), confirming that these cells lack sialic acid surface 
expression. We subsequently analyzed the infection efficiency of PEDV on Vero 
and CMASko cells. No difference in entry efficiency was observed for the sialic acid 
independent PEDV-UU virus, however the entry of PEDV-GDU was almost 
completely blocked (28.5 ± 11.8 fold reduction) in CMASko cells. These results are 
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in accordance with the HA activity of both PEDV strains and indicate a strain-
dependent binding and receptor recruitment of sialic acid-containing glycoproteins 
or glycolipids by PEDV spike proteins during virus entry of Vero cells. 
 

 
Figure 4. Dependency of PEDV on cell surface sialic acids for infection of Vero cells varies 
between strains. a) Vero cells were pretreated with PBS or with PBS containing neuraminidase (100 
mU ml-1; Sigma, cat.no. 10269611001) at 37 oC for 2 h. Cells were subsequently inoculated with PEDV-
GDU, PEDV-UU or influenza A virus (IAV-WSN) (48) at a multiplicity of infection of 5, 1 or 5, 
respectively, for 1 h at 37oC in the presence of trypsin. Inoculum was removed and cells were washed 
thrice with fresh medium and further incubated at 37oC in medium supplemented with 1% fetal calf 
serum. At 14 h p.i. cells were fixed and infected cells were visualized by immunofluorescence staining 
using a mouse monoclonal antibody detecting PEDV nucleocapsid protein (BioNote, Republic of Korea). 
b) Percentage of infected cells (relative to PBS-treated) was calculated by counting the infected cells in 
10x microscopic fields.  c) Vero and CMASko cells were infected with PEDV or IAV at an m.o.i of 0.1 or 1 
respectively, as described above. At 14 h p.i, cells were fixed and infected cells were stained with anti-
PEDV or anti-HA monoclonal antibody. Alexa Fluor 488-conjugated goat anti-rabbit or human IgG (H+L) 
(Molecular Probes) as the secondary antibody. The cells were stained with DAPI.  d) Percentage of 
infected cells (relative to PBS-treated) was calculated by counting the infected cells in 10× microscopic 
fields. The error bars represent standard deviations of the mean values. Statistical significance was 
assessed by unpaired one-tailed Student’s test (* = P<0.05, ** = P<0.01). 
 
Functional role of the PEDV N-domain 
Our data and those of others indicate that the S protein N-domain of at least some 
PEDV strains is dispensable for replication of PEDV in vitro. The recombinant 
PEDV-caDR13 mutant lacking a large part (215 a.a., residues 19–233) of its S 
protein N-terminal region replicated with equal efficiency in Vero cells as the 
parental virus. Slightly smaller deletions in the N-terminal portion of the PEDV S 
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protein have been documented for the field isolates PC177 (197 a.a., residues 34 –
230) and Tottori2 (194 a.a., residues 23 – 216) (39, 40). Whereas our caDR13-
based recombinant virus was generated by rational design using reverse-genetics, 
the PC177 deletion mutant most likely arose as a result of adaptation to Vero cells 
(39). That this deletion mutant was apparently selected during passaging suggests 
that the absence of the N-domain might even have provided an advantage under 
the in vitro conditions used. Intriguingly, the deletion in the spike protein of the 
Tottori2 strain was already detected in RNA sequenced directly from samples of 
PEDV-positive pigs showing mild clinical disease, suggesting that this domain is 
also dispensable in vivo and may reduce virus pathogenicity (40). Yet, the 
dispensability of this spike domain for virus replication may vary among PEDV 
strains depending on their ability to recruit sialic acids as a receptor for entry. 
Our observations demonstrate that the sialic acid binding activity of the S protein 
facilitates infection by PEDV. The sensitivity to neuraminidase treatment of PEDV-
GDU both in infection and in the HA assay points to sialic acids being used as 
auxiliary receptors. Different variants of PEDV exhibit different sialic acid binding 
potential. Contrary to the GDU strain, virions of the caDR13 and UU strain as well 
as their S1 proteins lacked the ability to hemagglutinate erythrocytes. Consistently, 
removal of cell surface sialic acids from Vero cells did not affect infection by these 
two viruses (Fig. 4 and data not shown). The highly passaged caDR13 strain has 
accumulated numerous mutations in its spike protein some of which may have 
changed its cellular receptor binding properties. The recent clinical strains GDU 
and UU have been passaged in cell culture for 24 and 27 passages, respectively, 
yet their spike N-domain sequences are identical to those of the original isolates 
(data not shown), excluding cell culture adaptation artifacts. The inability of the UU 
virus to agglutinate erythrocytes and its independence on cell surface sialic acids in 
infection indicates that functional receptor recruitment of cell surface sialic acids is 
not a universal feature of all PEDV strains. Variations in sialic acid binding activity 
of the S1 proteins of different PEDV strains were also observed using bovine 
mucin by Deng et al., with a recently isolated Chinese PEDV variant showing 
stronger binding affinity than the prototypic Belgium strain CV777 (15). We mapped 
the sialic acid binding activity to the first 246 residues of the S protein by 
exchanging the N-domains of GDU and UU S1 proteins in DR13-based viruses. 
Recombinant viruses carrying such chimeric spike proteins with opposite sialic acid 
dependency might clarify the contribution of sialic acid binding activity to virus 
propagation in vitro but also in vivo. 
The GDU spike protein has high homology (∼99% amino acid sequence identity) to 
the spike protein of the original highly virulent US strains whereas the UU spike 
protein (∼94% identity to original US strain) is of the less virulent S INDEL type 
(41-43). Most of the variation in the spike proteins of the original virulent US strains 
and the S INDEL strains maps to the N-terminal region of the S protein (41, 42, 44, 
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45). All amino acid insertions and deletions that characterize the S INDEL strains 
occur within this region. The coronavirus spike protein is highly immunogenic and 
the main target for neutralizing antibodies. Differences in neutralizing titers of 
antisera raised against S proteins of different PEDV subtypes correlated with 
variation in these spike proteins (46). Antigenic variation in the N-domain is 
consistent with a functional relevance of this domain of the S protein in vivo and 
may have provided the virus evolutionary advantage in the evasion from adaptive 
immune responses. The inter-strain variation in sialic acid dependence observed 
for PEDV has also been seen for viruses of other virus families, including 
enterovirus 68, human norovirus and T3 reovirus (47-49) though the significance of 
this polymorphism is unknown. Clearly, further studies are needed in vitro and in 
vivo to functionally assess differences in sialic acid binding activity of S proteins 
and their consequences for virus infection and pathogenesis. 
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Abstract 
 
Porcine epidemic diarrhea virus (PEDV) is an emerging pathogenic coronavirus 
that causes a significant economic burden to the swine industry. The virus infects 
the intestinal epithelium and causes villous atrophy, resulting in diarrhea and 
dehydration. Interaction of the viral spike (S) surface glycoprotein - through its S1 
subunit - with the host cell receptor is the first step in infection and the main 
determinant for virus tropism. As for several other alphacoronaviruses including the 
porcine transmissible gastroenteritis virus (TGEV) and the human coronavirus 
229E (HCoV-229E), the aminopeptidase N (APN) protein was reported to be a 
functional receptor for PEDV. In this study we examined the role of APN as a 
receptor. We show that overexpression of porcine APN renders MDCK cells 
susceptible to TGEV, but not to PEDV. Consistently, unlike TGEV-S1, PEDV-S1 
exhibited no binding to cell-surface expressed APN or to a soluble version of APN. 
Moreover, preincubation of these viruses with soluble APN or pretreatment of APN 
expressing ST cells with soluble TGEV-S1 blocked TGEV infection, but had no 
effect on infection by PEDV. The combined observations indicated that APN is not 
required for PEDV infection. To definitively prove this conclusion, we applied 
CRISPR/Cas9 genome engineering to knock out APN expression in PEDV-
susceptible porcine (ST) and human cell lines (Huh7 and HeLa). As a 
consequence these cells no longer bound TGEV-S1 and HCoV-229E-S1 at their 
surface and were resistant to infection by the corresponding viruses. However, 
genetic ablation of APN expression had no effect on their infectability by PEDV, 
demonstrating that APN is not essential for PEDV cell entry.  
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1. Introduction 
 
Porcine epidemic diarrhea virus (PEDV) is a member of the Coronaviridae family 
(subfamily Coronavirinae, genus Alphacoronavirus) and causes mild to severe 
diarrheal disease in pigs. PEDV replicates efficiently in the small intestine and 
causes acute, severe atrophic enteritis inducing watery diarrhea, dehydration and 
vomiting, with particularly high mortality in sero-negative neonatal piglets (1). 
PEDV was first reported in feeder and grower pigs in England in 1971 (2). 
Subsequently, PEDV positive cases were reported in several other European 
countries. In Asia, PEDV was first identified in 1982, after which it remained 
endemic causing substantial economic losses to the pork industry (3). Since 2010, 
a large-scale outbreak of PEDV was reported in China. The severe outbreak was 
characterized by 80-100% morbidity and 50-90% mortality among infected suckling 
piglets (4, 5). Apart from some suspected cases in Canada in 1970s (6), North 
America was free of PEDV until April 2013, when a severe outbreak started which 
spread rapidly across the United States, causing high mortalities among infected 
piglets and substantial economic losses (7-9).    
The interaction of viruses with their cellular receptor is the first and crucial step in 
the virus life cycle as it enables cell entry and productive infection. Receptor 
interaction of coronaviruses is mediated by the trimeric spike (S) glycoproteins that 
form the characteristic, large spikes on the coronaviral envelope (10, 11). 
Coronaviruses use a variety of cellular proteins as functional receptors for cell 
entry. The porcine alphacoronavirus transmissible gastroenteritis virus (TGEV), 
which is clinically indistinguishable from PEDV, utilizes aminopeptidase N (APN) as 
its receptor (12), similar to other alphacoronaviruses including the human 
coronavirus 229E (HCoV-229E) (13), the feline infectious peritonitis virus (FIPV) 
and the canine coronavirus (CCV) (14). An exception within the alphacoronavirus 
genus is the human coronavirus NL63 (HCoV-NL63) which employs angiotensin 
converting enzyme 2 (ACE2). The ACE2 receptor was earlier identified as a 
functional receptor for the betacoronavirus severe acute respiratory syndrome 
coronavirus (SARS-CoV) (15). The betacoronaviruses mouse hepatitis virus (MHV) 
and Middle East respiratory syndrome coronavirus (MERS-CoV) mediate infection 
by binding to carcinoembryonic antigen-cell adhesion molecule (CEACAM1) and 
dipeptidyl peptidase 4 (DPP4) (16, 17), respectively. Some coronaviruses, 
including human coronavirus OC43 (HCoV-OC43) and bovine coronavirus (BCoV) 
use acetylated sialic acids as functional receptors (18, 19).  
PEDV has been reported to utilize APN, also known as CD13, as a functional 
cellular receptor (20-25), underlining the more common use of this molecule as a 
receptor for alphacoronaviruses. APN is a 150 kDa glycosylated type II 
transmembrane protein that is highly abundant on the apical membrane of mature 
enterocytes. It was termed “moonlighting enzyme” referring to its multiple biological 
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functions, including peptide metabolism, cell motility and adhesion (26). In pigs, 
porcine APN (pAPN) is abundantly expressed on the brush border membrane of 
the intestine; additionally, it is also expressed on the surfaces of epithelial cells of 
kidneys and respiratory tract (22, 24). Several lines of evidence support the view 
that APN is a functional receptor for PEDV. i) A ~150 kDa PEDV-binding protein 
was identified in swine testis (ST) cells by virus overlay protein binding assay 
(VOPBA), the interaction with which could be blocked by antibodies against pAPN 
(21).  ii) pAPN overexpression in non- or poorly susceptible cell lines (i.c. Madin 
Darby canine kidney and ST cell) conferred susceptibility of these cells to PEDV 
infection (22). iii) Preincubation of cells with either pAPN antibodies or pAPN 
binding peptides prior to inoculation with PEDV interfered with infection (20, 27). iv) 
PEDV S1 was found to biochemically interact with soluble APN in a dot-blot assay 
and with cell surface expressed APN in a FACS assay (23, 28). v) Transgenic mice 
expressing pAPN were rendered susceptible to PEDV infection (29). Despite these 
findings, PEDV efficiently infects African green monkey kidney (Vero) cells (30, 
31), known not to express APN (20, 32), questioning the role of pAPN as a 
functional receptor.  
During our studies on the process of cell entry by PEDV, we made confusing 
observations that were at variance with the apparently accepted view on the 
essential role of APN in this process. These observations urged us to critically 
reassess APN’s role in PEDV cell entry. The results of our studies, particularly the 
unimpaired infection of cells in which APN expression had been knocked out, lead 
us to conclude that APN is not the cell surface receptor for PEDV. 
 
2. Materials and methods 
 
2.1 Antibodies, cells and viruses 
Polyclonal rabbit serum detecting HCoV-229E was kindly provided by Pierre J. 
Talbot (33), mouse monoclonal antibody against TGEV (ab20301) and mouse anti-
HA epitope tag antibody (ab130275) were purchased from Abcam. The 3F12 
mouse monoclonal antibody recognizing the PEDV nucleocapsid protein was 
purchased from BioNote (Republic of Korea). Swine testis (ST), African green 
monkey kidney (Vero-CCL81) cells, Madin-Darby canine kidney (MDCK) cells, 
human hepatoma cells (Huh7), human embryonic kidney 293 cells stably 
expressing the SV40 large T antigen (HEK-293T), and derivatives of these cell 
lines were maintained in Dulbecco modified Eagle medium (DMEM, Lonza BE12-
741F) supplemented with 10 % fetal bovine serum (FBS). An MDCK derived cell 
line stably expressing the porcine aminopeptidase N (pAPN; GB: NP_999442.1) 
was made by the Moloney murine leukemia virus transduction system (Clontech) 
using the pQCXIN retroviral vector encoding the pAPN protein C-terminally 
extended with the HA-tag (YPYDVPDYA). Stably transfected MDCK-pAPN cells 



 
APN is not required for PEDV cell entry 

 
39 

were selected and maintained with G418 (PAA). PEDV was grow in Vero cells in 
maintenance medium (αMEM-TPB), which was Eagle’s minimum essential medium 
alpha (Life Technologies, 22571-020) supplemented with 0.3 % tryptose phosphate 
broth (TPB, Sigma T9157). Cell culture-adapted PEDV-DR13 (GB: JQ023162) and 
recombinant virus encoding the PEDV-DR13 S protein and the green fluorescent 
protein (GFP) (rPEDV-SDR13-GFP) (34) were propagated and titrated in aMEM-TPB 
supplemented with 20 mM HEPES in Vero cells. All other PEDV viruses were 
propagated and titrated in αMEM-TPB supplemented with 20 mM HEPES plus 
15 µg/ml trypsin (Sigma T4799) in Vero cells. PEDV-CV777 (GB: AF353511; kindly 
provided by Dr. Kristin van Reeth, Ghent University), PEDV field isolates from 
China (strain GDU, GB: KU985230) and The Netherlands (strain UU, GB: 
KU985229). Recombinant rPEDV-SCV777-GFP and rPEDV-SGDU-GFP encoding 
spike proteins of different PEDV strains in the DR13 background were generated 
as described before (34-36). The open reading frame 3 (ORF3) of these 
recombinant viruses was replaced with the GFP gene. TGEV strain Purdue (GB: 
ABG89335.1) was propagated and titrated on Porcine kidney (PD5) cells in DMEM 
with 1% of FBS.  
 
2.2 Recombinant protein expression  
pCAGGS expression vectors encoding PEDV-S1 (isolate GDU, residues 1-728; 
isolate DR13, residues 1-724; isolate CV777, residues 1-725) C-terminally tagged 
with the Fc domain of human or mouse IgG were generated as described before 
(35). Similarly, expression plasmids were made encoding Fc-tagged S1 subunits of 
TGEV (isolate Purdue, GB: ABG89335.1, residues 1-785), HCoV-229E (GB: 
NP_073551.1, residues 1-537) and MERS-CoV (17) , as well as constructs 
expressing Fc-tagged soluble (i.c. non-membrane anchored) form of porcine APN 
and human DPP4 (residues 39-766). These Fc-chimera’s were expressed by 
transfection of the expression plasmids into HEK-293T cells and affinity purified 
from the culture supernatant using protein A sepharose beads (GE Healthcare). 
Purity and integrity of all purified recombinant proteins was checked by SDS-
PAGE. 
 
2.3 Immunofluorescence microscopy 
For immunofluorescence staining, cells were washed twice with PBS and fixed with 
3.7 % formaldehyde (Merck, 1040031000) in PBS, followed by membrane 
permeabilization with 0.1 % Triton-X-100 (Sigma, 93426) in PBS for 10 min at 
room temperature. Fixed cells were incubated with 3 % Bovine serum albumin 
(BSA) (GE Healthcare Life Sciences) in PBS for 1 h followed by incubation with the 
primary antibody for 1 h in PBS with 1% BSA. After rinsing three times with PBS, 
staining was completed by Alexa Fluor®488-conjugated goat α rabbit antibody 
(Life Technologies, A11008) or Alexa Fluor®488-conjugated goat α mouse 



 
Chapter 3 

 
 
40 

antibody (Life Technologies, A11001). Nuclei were visualized using DAPI nuclear 
counterstaining (Molecular Probes). Pictures of immunofluorescent cells were 
captured using an EVOS-fl fluorescence microscope (Advanced Microscopy 
Group) at 10 x magnification. Percentage of infected cells (relative to mock-treated) 
was calculated by counting infected cells in 10 x microscopic fields. 
 
2.4 Flow cytometry 
Adherent cells were rinsed with PBS and detached with cell culture dissociation 
solution (Sigma, C5914). Cells were resuspended in PBS supplemented with 2 % 
FBS and 0.02 % sodium azide, pelleted by centrifugation and fixed in 3.7 % 
formaldehyde in PBS. Subsequently, cells were incubated with 15 µg/ml of the 
indicated recombinant S1-Fc proteins, followed by incubation with Alexa 
Flour®488-labelled goat-anti-human IgG antibody (Life Technologies, A11013) and 
analysed with the FACS-Calibur flow cytometer (BD Bioscience). FACS data 
analyses were performed using the FlowJo software (TreeStar Inc). 
 
2.5 Western blot analysis  
To detect APN expression in Vero-pAPN and MDCK-pAPN cells, cells were lysed 
in cell lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 0.1% SDS, 
0.5% deoxycholic acid) with protease inhibitors cocktail (Roche, USA) and 
subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) (10 % acrylamide separating gel). Next, proteins were transferred to a 
polyvinylidene fluoride (PVDF) membrane (BioRad, 162-0176) and membrane was 
blocked with 3 % BSA. Detection of the HA-tagged pAPN protein in cell lysates 
was done using the horseradish peroxidase (HRP) conjugated anti-HA monoclonal 
antibody (Abcam, ab1190; in PBS with 1 % BSA and 0.1 % Tween 20). Proteins 
were detected using the Amersham ECL Western Blotting Analysis System (GE 
healthcare, RPN2109) and the  Odyssey® Fc Imaging System (LI-COR Ltd.). 
 
2.6 CRISPR/Cas-mediated genome editing  
Porcine and human APN knockout cells were generated by CRISPR/CAS9 
genome editing as described earlier (37, 38). To knockout the human APN gene in 
Huh7 and HeLa cells, two guide RNAs targeting exon 1 (nucleotides 190-209, 5’- 
CCTTGGACCAAAGTAAAGCG-3’) and intron 1 (nucleotides 152-171, 5’-
AGCTGCAAATGCACCGAACT-3’) were used. Guide RNA targeting exon 1 
(nucleotides 83-102, 5’- TCTGTCTGTGGTGTACGCCC -3’) of the porcine APN 
gene was used to construct ST∆APN cells. Single cell clones of APN knockout cells 
were obtained by limiting dilution and genotyped by PCR and DNA sequencing. 
Knockout of APN expression in the mutant cell lines was further confirmed by 
western blot, S1-Fc cell surface binding and virus infection assays for TGEV or 



 
APN is not required for PEDV cell entry 

 
41 

HCoV-229E, that are known to use porcine and human APN as their receptor, 
respectively.  
 
2.7 Virus entry in the presence of soluble porcine APN  
PEDV (m.o.i.=1) or TGEV (m.o.i.=0.1) were preincubated with serially diluted 
soluble, porcine APN for 1.5 h at 37°C after which virus-protein mixtures were 
supplemented with (inoculum with PEDV) or without (inoculum with TGEV) 8 µg/ml 
trypsin, and subjected to ST cells. Following a 2 h incubation, the inoculum was 
removed and cells were washed twice with PBS, and supplied with fresh DMEM 
medium containing 1% FCS (TGEV infected wells) or 2 µg/ml trypsin (PEDV 
infected wells). Cells were fixed at 16 h post inoculation and subjected to (immune) 
fluorescence staining. 
 
2.8 Virus entry upon preincubation of cells with soluble TGEV-S1-mFc 
proteins  
ST cells were preincubated with DMEM containing various amounts of soluble 
TGEV-S1-mFc proteins for 1.5 h at 37°C after which an equal volume of PEDV 
(m.o.i. = 5) or TGEV (m.o.i. = 0.1) was added. PEDV infection was done in the 
presence of 8 µg/ml trypsin. After a 2 h incubation, the inoculum was removed and 
cells were washed twice with PBS, and supplied with fresh DMEM medium 
containing 1% FCS (in TGEV infected wells) or 2 µg/ml trypsin (PEDV infected 
wells). Cells were fixed at 16 h post inoculation and subjected to (immune) 
fluorescence staining.  
 
2.9 Dot-blot hybridization assay  
Coronavirus S1 binding to CoV receptors was assessed using s dot-blot 
hybridization assay as described by Peng et al. (39). Briefly, samples with 10 μg of 
hDPP4-Fc or pAPN-Fc proteins were spotted onto nitrocellulose membranes 
(Thermo Fisher Scientific Inc.). After air-drying, the membranes were blocked with 
3% BSA at 4 °C overnight. The membranes were then incubated with 50 μg/ml 
coronavirus S1-mFc proteins at room temperature for 2 h, washed five times with 
PBS containing 0.1% Tween 20 and incubated with HRP-conjugated Goat Anti-
Mouse IgG (H+L) (Thermo Fisher Scientific Inc., 31430) in PBS with 1 % BSA and 
0.1 % Tween 20. Proteins were detected using the Amersham ECL Western 
Blotting Analysis System (GE healthcare, RPN2109) and the Odyssey® Fc 
Imaging System (LI-COR Ltd.). 
 
2.10 Statistical analysis  
Statistical analysis of the data was performed with Prism 6.05 software using an 
unpaired one tailed Student’s t-test. Error bars indicate standard deviations. The 
level of significance was expressed as * P ≤ 0.05, ** P ≤ 0.01. 
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3. Results 
 
3.1 Cellular overexpression of porcine APN does not confer susceptibility to 
PEDV infection 
To verify the role of porcine APN (pAPN) as a functional receptor for PEDV, we 
attempted to rescue PEDV infection in non-susceptible MDCK cells by 
overexpression of pAPN on the cell surface. A stable cell line overexpressing 
porcine APN (MDCK-pAPN) was generated and pAPN expression was confirmed 
by RT-PCR (data not shown), western blotting and immunofluorescence staining. 
Western blot analysis detected a band of 150 kDa in MDCK-pAPN lysates 
corresponding to the molecular weight of porcine APN (Fig. 1a) and 
immunofluorescence staining detected pAPN expression in ±90% of cells (Fig. 1b). 
The overexpression of pAPN rendered MDCK cells susceptible to TGEV infection, 
consistent with the role of pAPN as a cellular receptor during TGEV entry. To verify 
the functionality of pAPN as a receptor for PEDV, MDCK-pAPN cells, parental 
MDCK cells and Vero cells were inoculated with recombinant PEDV containing the 
spike genes of two classical strains (DR13 and CV777) and a contemporary strain 
(GDU). As expected, Vero-CCL81 cells could support infection by all the 
recombinant PEDV viruses. However, the expression of pAPN in MDCK cells failed 
to rescue infection of any of the recombinant PEDVs. 

 
3.2 TGEV S1 - but not PEDV S1 – can bind to porcine APN 
To further check whether PEDV could biochemically interact with pAPN, we 
expressed and purified the S1 protein of PEDV and TGEV, both C-terminally 
tagged with the Fc-portion of human (Fc) or mouse (mFc) IgG for affinity 
purification and detection. S1-Fc binding to MDCK-pAPN and MDCK cells was 
analysed by flow cytometry. Binding of TGEV-S1-Fc was seen to the surface of 
MDCK-pAPN cells but not to that of parental MDCK cells. In contrast, 
overexpression of pAPN did not confer binding of PEDV-S1-Fc to MDCK cells (Fig. 
2a). A similar binding pattern was seen upon pAPN overexpression in HEK293T 
cells (data no shown). Furthermore, using a dot blot hybridization assay as 
described by Peng et al. (39), we demonstrated binding of MERS-CoV-S1-mFc 
and TGEV-S1-mFc to their human Fc-tagged human DPP4 or porcine APN 
receptor, respectively (12, 17), whereas binding of the S1 of various PEDV strains 
to pAPN could not be detected (Fig. 2b).  
 
3.3 TGEV infection - but not that of PEDV –  can be inhibited by preincubation 
of virus with soluble pAPN, or of cells with TGEV S1 
Swine testis (ST) cells endogenously express pAPN on their surface (27) and 
support PEDV and TGEV infection (23, 40). We tested whether PEDV infection on 
these porcine cells is compromised by preincubation with soluble pAPN (i.c. its 
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Figure 1. Cellular overexpression of porcine APN renders MDCK cells susceptible for TGEV, but 
not for PEDV. (a) MDCK cells stably expressing HA-tagged porcine APN (MDCK-pAPN) were 
generated and pAPN expression was confirmed by Western blotting with HRP conjugated anti-HA tag 
antibody (left panel) and immunofluorescence assay (right panel) using mouse anti-HA antibody as 
primary antibody and Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) as secondary antibody. A 
lysate of HEK-293T cells transiently transfected with the HA-tagged pAPN encoding plasmid was taken 
along as a positive control. Sizes of marker proteins are indicated in kilodaltons. (b) Overexpression of 
pAPN makes MDCK cells susceptible to TGEV, but not to PEDV. MDCK, MDCK-pAPN and Vero-
CCL81 cells were infected with GFP-encoding recombinant PEDV viruses carrying spike proteins of 
different strains (PEDV strains GDU, CV777 and DR13). The cells were stained with DAPI. The 
infection experiments were performed three times with similar results, representative images are shown.  
 
non-membrane anchored form). PEDV was pre-incubated with Fc-tagged pAPN 
ectodomain (pAPN-Fc) at different concentrations, prior to inoculation. TGEV was 
taken along as a positive control. Soluble pAPN significantly inhibited infection of 
TGEV in a dose-dependent manner, whereas it failed to neutralize PEDV infection 
(Fig. 3a and 3b). It cannot be excluded that lack of inhibition by soluble APN is due 
to low affinity binding of PEDV S1 to pAPN. Hence we used TGEV S1 that displays 
high affinity pAPN binding to saturate TGEV binding sites on pAPN on the surface 
of ST cells, and assessed the effect on PEDV and TGEV infection. ST cells were 
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preincubated with indicated concentration of TGEV-S1-mFc and subsequently 
infected with TGEV and PEDV (Fig. 3c and 3d). As expected, preincubation of 
cells with TGEV-S1-mFc could significantly inhibit TGEV infection in a dose 
dependent manner, blocking approximately 70% of TGEV infection at 200 µg/ml 
(Fig. 3d). However, PEDV infection was not affected by pretreatment of cells with 
TGEV-S1-mFc (Fig. 3c). The latter data suggest that PEDV and TGEV do not 
share the same receptor, or that they recognize different parts on the pAPN 
receptor. 
 

 
 

 
3.4 Knockout of pAPN expression in ST cells inhibits TGEV, but not PEDV 
infection 
To corroborate our observations, we constructed a mutant ST cell line lacking APN 
expression (ST∆APN) using the CRISPR/Cas9 (clustered regularly interspaced short 
palindromic repeats/CRISPR-associated 9) genome editing system (38). The 
identity of the mutant cell line was confirmed by sequencing. The ST∆APN cell line 
harbors a 2 nucleotide out-of-frame deletion in exon 1 (Fig. 4a), resulting in the 
production of a 32 amino acid short truncated peptide that lacks “virus-binding 
motifs” of TGEV (41, 42). Surface staining with the pAPN-dependent TGEV S1 was 
used to functionally assess APN knockout in the ST∆APN cells. The HCoV-229E S1-
Fc that can bind to human but not porcine APN was taken along as a negative 

Figure 2. PEDV S1 does not bind 
porcine APN. (a) Binding of S1-Fc 
protein of different PEDV strains to 
the cell surface of MDCK-pAPN 
(black line) and MDCK cells (grey 
shading) was measured by flow 
cytometry. The porcine APN-binding 
TGEV-S1-Fc was used as positive 
control. (b) Dot blot hybridization 
assay was used to detect binding of 
Fc-tagged S1 proteins of different 
PEDV strains to porcine APN (pAPN) 
spotted on nitrocellulose membrane. 
The human dipeptidyl peptidase 4 
(hDPP4) was also spotted. The 
pAPN-binding TGEV-S1-Fc and 
hDPP4-binding MERS-CoV S1-Fc 
were taken along as positive controls. 
S1 proteins were C-terminally tagged 
with the Fc part of murine IgG1 and 
pAPN or hDPP4 were tagged with a 
C-terminal human IgG1 Fc. Binding of 
S1-Fc proteins to pAPN or hDPP4 
was detected using antibodies 
against the murine Fc tag.  
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control. Compared to parental ST cells, the ST∆APN cells lost their ability to bind 
TGEV-S1-Fc (Fig. 4b). Moreover, TGEV could only infect ST cells and not ST∆APN 
cells, confirming the knockout of pAPN expression in ST∆APN cells (Fig. 4c and 4d). 
We subsequently used different PEDV strains to infect ST and ST∆APN cells. No 
significant difference in PEDV infection was found (Fig. 4c and 4d), demonstrating 
that knockout of APN expression in ST cells does not block PEDV infection. 
 

 
Figure 3. Antagonizing APN binding does inhibit TGEV, but not PEDV. (a) PEDV (strain GDU) or 
TGEV virions were preincubated with various concentrations of soluble pAPN-Fc protein, prior to 
inoculation of ST cells. Cells were fixed at 16 h post infection and PEDV- or TGEV-infected cells were 
visualized by immunofluorescence staining using anti-TGEV or anti-PEDV antibody (green) and nuclei 
were stained with DAPI (blue). Experiment has been repeated twice, and representative pictures are 
shown. (b) Quantification of levels of infected cells (panel a) are shown relative to that for mock-treated 
viruses (0 µg/ml pAPN-Fc). (c) ST cells were preincubated with various concentrations of APN-binding 
TGEV-S1-mFc protein, followed by inoculation of ST cells with PEDV or TGEV. Cells were fixed at 16 h 
post infection and processed for immunofluorescence as described under (a). Experiments have been 
performed three times with similar results, and representative pictures are shown. (d) Quantification of 
levels of infected cells (panel c) relative to mock-treated cells (0 µg/ml TGEV-S1-mFc). The error bars 
represent standard deviations of the mean values. Statistical significance was assessed by unpaired 
one-tailed Student’s test (* = P≤0.05, ** = P≤0.01). 
 
3.5 Knockout of APN gene in PEDV-susceptible human cell lines does inhibit 
HCoV-229E but not PEDV infection 
Human cells have also been shown to be susceptible to PEDV (23). Human cervix 
cells HeLa cells can support PEDV infection, but seem to lack APN expression 
(43). HeLa cells do not support infection of the APN-dependent HCoV-229E, 
consistent with the lack of detectable APN expression in these cells. Moreover, 
genetic ablation of the APN gene in HeLa cells by CRISPR/Cas9 genome editing 
did not affect PEDV infection suggesting that human APN is not necessary in 
PEDV infection of HeLa cells (data not shown). Human hepatocellular carcinoma 
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cell line Huh7 cells express human APN and are susceptible to PEDV and HCoV-
229E (44). To check the APN dependency of PEDV infection in Huh7 cells, we 
created mutant Huh7 cells (Huh7∆APN) in which the APN gene was disrupted by 
CRISPR/Cas9 genome engineering. Sequence analysis of the APN gene in the 
Huh7∆APN cell line indicated the occurrence of a 577 nucleotide out-of-frame 
deletion in exon 1 (Fig. 5a). The loss of APN expression was confirmed by western 
blotting (data not shown) and the lack of HCoV-229E-S1 staining (Fig. 5b), as well 
as by the lack of HCoV-229E infection (Fig. 5c). However, the APN gene knockout 
in Huh7 cells did not prevent infection of different strains of PEDV (Fig. 5c). 
Moreover, PEDV DR13 did display similar growth kinetics and reached similar 
titers on Huh7 and Huh7∆APN (Fig.5d). Altogether, these results convincingly 
demonstrate that APN is not required for PEDV infection of porcine and human 
cells. 
 

 
Figure 4. Knockout of porcine APN expression in ST cells does inhibit TGEV, but not PEDV. (a) 
APN-expression in PEDV-susceptible porcine ST cells was knocked out by CRISPR/Cas9 genome 
engineering. Sequencing of the mutant ST∆APN cell line shows a 2-nucleotide out-of-frame deletion in 
exon 1 of the APN gene. The numbers below the protein sequence indicate the amino acid position. (b) 
Genetic ablation of APN in ST cells results in loss of binding by TGEV-S1-Fc, as shown by flow 
cytometry. HCoV-229E-S1-Fc that binds human but not porcine APN was taken along as a negative 
control. (c) Knockout of pAPN expression in ST cells does abrogate infection by TGEV, but not by 
(various strains of) PEDV. (d) Quantification of relative levels of infected cells on ST∆APN compared with 
the virus infection on ST cells. The error bars represent standard deviations of the mean values. 
Statistical significance was assessed by unpaired one-tailed Student’s test (* = P<0.05, ** = P<0.01). 
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Figure 5. Knockout of APN gene in PEDV-susceptible human cell line prevents infection by 
HCoV-229E, but not by PEDV. (a) Generation of APN knockout Huh7 cell line by the CRISPR/Cas9-
mediated genome editing system. Sequencing of the APN allele of the Huh7ΔAPN cell line revealed a 577 
nucleotide frameshift deletion covering the junction of exon 1 and intron 1. The numbers below the 
protein sequence indicate the amino acid position. (b) FACS analyses of HCoV-229E-S1-Fc binding to 
Huh7 and Huh7 ΔAPN cells. TGEV-S1-Fc - incapable of binding to human APN - was used as a negative 
control. (c) PEDV (strains GDU and UU) and HCoV-229E infection on Huh7 and Huh7ΔAPN cell line. 
Infected cells were visualized by immunofluorescence staining using anti-PEDV and anti-HCoV-229E 
antibodies and nuclei were counterstained with DAPI (blue). Infection experiments were repeated twice, 
and representative images are shown. (d) Growth kinetics of PEDV (strain DR13) on Huh7 and 
Huh7ΔAPN cells (MOI 0.01). Huh7 and Huh7ΔAPN cells were infected with PEDV DR13 (MOI = 0.01), 
washed after 3 h and viral infectivity in the culture media was determined at different times p.i. by a 
quantal assay on Vero cells from which TCID50 (50% tissue culture infective dose) values were 
calculated. 
 

4. Discussion 
 

Over the last 10 years a number of studies has suggested that PEDV - similar to 
porcine alphacoronavirus TGEV - uses porcine APN as a functional host receptor 
(20, 21, 45). However, pAPN overexpression in otherwise non-susceptible, 
receptor-negative cells was never found to robustly support virus infection (20). In 
addition, African green monkey kidney (Vero) cells, which were historically used for 
PEDV isolation and propagation, do not express APN as inferred from mass 
spectrometry analyses of the Vero cell proteome, immunofluorescent staining (20, 
32, 46, 47) and RT-PCR analysis (own observation). During our study to assess 
the role of APN in PEDV entry, we established that overexpression of porcine APN 
in non-susceptible cells did not confer susceptibility to PEDV. No interaction of 
PEDV S1 to pAPN was found using biochemical and FACS-based assays. The 
recently established CRISPR/Cas9 genome editing system was used to study APN 
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function during PEDV entry. It demonstrated that genetic ablation of APN in 
porcine or human cells susceptible to PEDV did not abrogate PEDV infection. In all 
these experiments we used multiple PEDV strains to exclude strain-specific 
artifacts in receptor usage and we exploited TGEV and HCoV-229E as a well-
established control for APN receptor usage. From our combined results we 
therefore conclude that APN is not required as a functional receptor for PEDV 
entry.  
During the completion of our studies a paper was published by Shirato et al. that 
lead to the same conclusion. It was largely based on similar approaches as ours 
except for the APN knock out experiments we performed to demonstrate that APN 
is not essential for PEDV entry. The authors demonstrated that overexpression of 
pAPN did not render cells susceptible to PEDV and showed that PEDV was unable 
to bind pAPN and could not be neutralized by treatment with soluble pAPN. These 
results are similar to our observations, but contrary to that of others (22-24). 
Interestingly, Shirato et al. also showed that overexpression of pAPN in porcine 
CPK cells facilitated PEDV entry and, moreover, that the enhancement was 
contributed by an enzymatic activity of APN (48). This observation might explain 
the earlier reports that overexpression of pAPN in cells exerted positive effects on 
infection by PEDV (22-24).  
With the exclusion of porcine APN as a functional receptor for PEDV, the actual 
main virus receptor still awaits its identification. Cell surface carbohydrates 
including heparan sulphate proteoglycans have been reported as an attachment 
factor for PEDV (49). In addition, sialoglycoconjugates exposed on cell surfaces 
can function as auxiliary receptors, though their usage varies among PEDV strains 
(23, 28, 35). Intriguingly, PEDV can infect cells of many species, including those of 
pigs, monkeys, cats (50), ducks (51), bats and humans (9, 23, 52). The broad cell 
species tropism of PEDV indicates that the virus binds a host cell surface molecule 
that is evolutionarily conserved among mammalian species.  
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Abstract 
 
Porcine epidemic diarrhea virus (PEDV) causes enteric disease in pigs resulting in 
significant economic loss to the swine industry worldwide. Current vaccination 
approaches against this emerging coronavirus are only partially effective, though 
natural infection protects pigs against re-infection and provides lactogenic immunity 
to suckling piglets. The viral spike (S) glycoprotein, responsible for receptor binding 
and cell entry, is the major target for neutralizing antibodies. However, knowledge 
on antibody epitopes, their nature and location in the spike structure and the 
mechanisms by which the antibodies interfere with infection is scarce. Here we 
describe the generation and characterization of ten - neutralizing and non-
neutralizing - mouse monoclonal antibodies raised against the S1 receptor binding 
subunit of the S protein. By expression of different S1 protein fragments, six 
antibody epitope classes distributed over the five structural domains of the S1 
subunit were identified. Characterization of antibodies for cross-reactivity and 
cross–neutralization revealed antigenic differences among PEDV strains. Epitopes 
of potent neutralizing antibodies segregated into two epitope classes and mapped 
within the N-terminal sialic acid binding domain and in the more C-terminal 
receptor binding domain. Antibody-neutralization escape mutants displayed single 
amino acid substitutions that impaired antibody binding and neutralization and 
define the locations of the epitopes. Our observations picture the antibody epitope 
landscape of the PEDV S1 subunit and reveal that its cell attachment domains are 
key targets of neutralizing antibodies. 
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Introduction  
 
The porcine epidemic diarrhea virus (PEDV), a member of the Coronaviridae family 
within the alphacoronavirus genus (1), is an emerging virus that causes severe 
enteric disease in pigs (2). PEDV is transmitted via the oral-fecal route and 
replicates in the mature enterocytes of the intestinal epithelium (3). In naïve swine 
herds, PEDV infection is characterized by acute diarrhea and vomiting, with high 
mortality in neonatal piglets (4, 5). The virus gained increased attention in 2010 
when outbreaks of new, more pathogenic strains as compared to the classical 
strains observed in the 1980’s were reported (2, 6). In 2013 such pathogenic 
strains spread into the Americas (7). During this outbreak two major groups of 
PEDV strains named S-Indel and non-S-Indel - after a set of insertions and 
deletions observed in the viral spike (S) glycoprotein – were defined (8). These 
insertions and deletions appeared to be also present within S proteins of classical 
strains, including the CV777 strain (8). The S-Indel and non-S-Indel viruses were 
shown to exhibit different degrees of mortality in piglets, with the PEDV S-Indel 
strains representing the less pathogenic viruses (9).  
Given the high morbidity and mortality caused by PEDV particularly in piglets, there 
is an urgent need to control the infection (10). Both inactivated and live-attenuated 
virus vaccines are commercially available and have been used in Asia against 
PEDV (Song et al., 2015). However, despite reducing mortality, the currently used 
vaccines are not able to control virus infection and spread and are considered as 
not sufficiently effective (11). Despite the inefficacy of current vaccines, vaccination 
represents a realistic and viable way of controlling PEDV infection given that 
natural infection protects pigs against re-infection and provides lactogenic immunity 
to suckling piglets (5). The induction of mucosal immunity in the enteric tract is 
critical for protection against enteric diseases. Although precise correlates of 
protection are not really known for this virus yet, humoral immunity through 
intestinal production of secretory IgA antibodies is likely to be essential (3). 
Maternal antibodies in pregnant sows are not translocated to the uterus during 
gestation. Instead, piglets obtain passive lactogenic immunity through the 
continuous supply of antibodies present in colostrum and milk. Again, particularly 
IgA antibodies are considered to be important in providing lactogenic immunity 
because of their relative resistance to proteolytic cleavage in the piglet’s digestive 
tract (12).  
As for all coronaviruses, the S protein of PEDV is the key player in virus cell-entry 
and therefore the main target of neutralizing antibodies (13, 14). This ~200 
kilodalton large glycoprotein assembles into homotrimers which mediate 
attachment and membrane fusion through its S1 and S2 subunits, respectively 
(Fig.1A). Recently elucidated cryo-electron microscopy structures of alpha- and 
betacoronavirus spike trimers revealed a multidomain architecture, particularly of 
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the S1 receptor binding subunit (15-17). This subunit is comprised of four core 
domains, S1A to S1D, whereas many alphacoronaviruses, including PEDV, contain 
an additional N-terminal domain that was coined the S10 domain. The S1B

 domain 
is known to function as a receptor binding domain for most coronaviruses (15-17) 
(Fig.1A and B). The S1B domain of spike proteins of a number of 
alphacoronaviruses including the porcine transmissible gastroenteritis virus 
(TGEV) and the human coronavirus 229E recruits the aminopeptidase N (APN) 
protein as a functional receptor, whereas S1B of the human coronavirus NL63 
spike protein binds angiotensin converting enzyme 2 (ACE2) as a receptor. The 
role of APN as a receptor for PEDV is controversial. PEDV has been reported to 
utilize APN as a functional cellular receptor (18-22) via its S1B domain (23), but its 
actual functioning as a receptor is currently disputed (24). Besides interacting with 
proteinaceous receptors, various coronaviruses also bind to sialoglycoconjugates 
(25). For the alphacoronavirus TGEV, for instance, the sialic acid (Sia) binding 
activity was shown to reside in the S10 domain (26), and to be required for 
enteropathogenicity (27). Recently Sia-binding and hemagglutinating activities 
were also described for certain PEDV strains; they were mapped to the 
aminoterminal 246 residues - comprising S10  - of the PEDV S protein (23, 28, 29). 
This N-terminal region in S1 shows a high degree of genetic diversity among PEDV 
strains and includes the domains in which the insertions and deletions occur that 
distinguish S-Indel and non-S-Indel strains. The genetic diversity in S10 may also 
contribute to the variation in Sia-binding activity observed among PEDV strains (23, 
28, 29). 
Receptor binding domains on viruses are often targets for potent neutralizing 
antibodies. Indeed, most of the neutralizing antibodies that have been described 
for coronaviruses interfere with receptor binding by targeting the receptor binding 
domain in the S1 subunit (16, 30). Limited data are available on the 
immunogenicity of the PEDV spike protein. Polyclonal sera raised against the part 
of the S1 protein (residues 499-638) now known to contain the S1B domain or to a 
downstream region (residues 636-789) spanning the S1-S2 border were shown to 
have neutralizing activity (31, 32). Only one neutralizing monoclonal antibody (MAb 
8A3A10) has been described, its epitope being located within a broad region of the 
spike protein (residues 390-789) (33). In addition, two B-cell epitopes (SS2; 
residues 748-755 and SS6; 764-771) targeted by non-neutralizing antibodies were 
identified downstream of the predicted S1-S2 junction (34). 
Despite its relevance for vaccine development, the antigenic landscape of the 
PEDV spike and the occurrence of neutralizing epitopes within the receptor binding 
S1 subunit have not been thoroughly explored. To fill this gap we generated a 
panel of S1-specific monoclonal antibodies. Using a collection of expressed S1 
subdomains their epitopes were mapped on the PEDV spike. In addition, their 
neutralizing activity and cross-reactivity towards multiple PEDV strains was 
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evaluated. The observations clearly define the two S1 domains with which the virus 
interacts with its target cells as the immunologically most critical. 
 
Materials and Methods 
 
Cells and viruses  
PEDV-UU (GB: KU985229), a contemporary Dutch S-Indel strain, was isolated 
with the help of the dutch veterinary practice De Oosthof. Dr. Qigai He provided 
two contemporary non-S-Indel Chinese isolates, PEDV-FJ9 (GB: AGG34696) and 
PEDV-GDU (GB: KU985230). PEDV-USA, a contemporary US non-S-Indel isolate 
was kindly provided by MSD-Animal Health. PEDV-CV777 (GB: AF353511), a 
classical S-Indel PEDV strain isolated in Belgium was provided by Dr. Kristin van 
Reeth. PEDV-DR13 originated from a commercial vaccine of GreenCross (South 
Korea). Finally, cDNA of the spike gene of the PEDV strain D24 (GB: KY399745) 
was provided by Dr. Young Zou of the Shanghai Academy of Agricultural Sciences. 
Viruses were grown and titrated as described (35). 
 
Modelling of trimeric PEDV S protein structure  
Model of the trimeric PEDV S protein structure was generated on the automated 
protein structure SWISS-MODEL Homology Modeling server using ProMod3 
(Version 1.0.0.) (https://swissmodel.expasy.org) (36). The PEDV GDU S protein 
sequence (GB: KU985230) was used as a target sequence and the trimeric HCoV-
NL63 S structure (PDB: 5SZS) was used as a template. Figures were generated 
using PyMOL (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, 
LLC; http://www.pymol.org). 
 
Expression of recombinant proteins  
Expression of S1 variants of spike proteins of PEDV strains GDU (GenBank [GB] 
no. KU985230.1), UU (GB no. KU985229.1), CV777 (GB no. AF353511), DR13 
(GB no. JQ023162.1), D24 (GB no. KY399745) and FJ-9 (GB no. AGG34696) 
were performed as described before (28). Briefly, plasmids encoding the entire 
PEDV-S1 subunit or a subdomain thereof, fused to the Fc part of human IgG1 (Fc) 
or mouse IgG2a (mFc), were transiently expressed in HEK293T cells, as described 
before (37). Plasmids encoding S1-Fc proteins containing single amino acid 
substitutions were generated by site directed mutagenesis. The proteins were 
purified from tissue culture supernatants by protein A-affinity chromatography (GE 
Healthcare, 17-0780-01), eluted using acid solution (0.1 M citric-acid, pH 3.0) and 
neutralized immediately using Tris pH 8.8 (0.2 M final concentration). Purified 
proteins were quantified by NanoDrop spectrophotometry, checked by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and stored at −80 
°C until use. 

https://swissmodel.expasy.org/
http://www.pymol.org/
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Generation of monoclonal antibodies targeting PEDV S1  
PEDV specific monoclonal antibodies were produced using a previously described 
method (38) with minor modifications. Briefly, six-week-old female BALB/c mice 
were immunized with 7 µg of purified mFc-tagged PEDV S1 (strain GDU) 
emulsified in n-GNE adjuvant (a non-bacterial oil/water adjuvant; proprietary 
product; MSD AH, the Netherlands). Each mouse received three intramuscular (IM) 
injection of PEDV S1-mFc at 4 weeks interval. Mice with highest antibody against 
PEDV S1-mFc were further boosted by intravenously injecting with 2 µg of purified 
PEDV S1-mFc in 0.9% saline at five weeks post the last IM injection. Five days 
after the final injection, mice were sacrificed, spleens were collected and 
erythrocyte and monocyte depleted spleen cell population were prepared.  
The monoclonal antibody producing hybridomas were prepared by subjecting the 
spleen cell population or the antigen specific B-cells, isolated from those spleen 
cell population using paramagnetic beads coated with PEDV S1-mFc, to 
electrofusion with NS-1 myeloma cells. In some cases antigen specific B-cells were 
clonally expanded in the presence of human T-cell/macrophage supernatant and 
irradiated murine thymoma helper cells before subjecting them to electrofusion with 
NS-1 myeloma cells. At 10 days post electrofusion, the hybridoma cultures were 
examined for growth and the culture supernatants were screened using ELISA for 
production of PEDV-S1 specific antibodies. The specific antibody producing 
hybridoma cultures were cloned by FACS-based single cell sorting into 96-wells 
plates. For monoclonal antibody production, hybridoma clones were grown in 
DMEM/F-12 (Thermo Fisher Scientific Inc., 11320033). IgG was purified from 
medium using Protein G conjugated Sepharose beads (BioVision, 6511-100). All 
animal experiments were conducted according to the Guidelines for Animal 
Experimentation at MSD Animal Health (Boxmeer, NL). 
 
Enzyme-Linked Immunosorbent Assay (ELISA)  
Microtiter plates (Greiner bio-one, 655092) were coated with the S1 polypeptide 
(4.0 nanogram per well, diluted in phosphate buffered saline [PBS]) and incubated 
overnight at 4 °C. After three washes with washing buffer (PBS containing 0.05% 
Tween 20), the plates were blocked with blocking buffer (PBS containing 3% 
bovine serum albumin [BSA], 0.1% Tween 20) for 3 h at 37 °C and then incubated 
with different monoclonal antibodies diluted in PBS containing 1% BSA for 1 h at 
37 °C. After a washing step, a 1:3,000 diluted Horseradish peroxidase (HRP)-
conjugated Rabbit anti-Mouse IgG (DAKO, P0260) or HRP-conjugated Goat anti-
Human IgG (Jackson Immunoresearch, 109-035-088) was added and incubated at 
37 °C for 1 hour. The peroxidase reaction was visualized using TMB Super Slow 
One Component HRP Microwell Substrate (BioFX) and optical densities (OD) were 
measured at 450 nm. 
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Competitive binding assay  
Competitive binding assay was performed through biolayer-interferometry using 
the Octet QK System (ForteBio) that measures changes in the interferometry wave 
pattern of light produced by the binding of molecules to a biosensor layer according 
to a previously described method (39). Briefly protein-A sensors (ForteBio, USA) 
were coated with PEDV-GDU S1-Fc protein until saturation. The sensor was 
subsequently blocked with polyclonal cat IgG (Jackson Immuno Research, 002-
000-003). S1-Fc loaded sensor was exposed to a first antibody, followed by a brief 
wash and subsequently exposed to a second antibody while recording the 
interferometry signal. Finally, the sensor layer was reconstituted with 10mM 
Glycine solution (pH 2.0). 
 
Immunofluorescence assay  
Cells were infected with PEDV in the presence of trypsin as described previously 
(28). Briefly, cells were inoculated for 1 hour at 37 °C. Inoculum was removed and 
cells were washed and incubated at 37 °C in medium supplemented with 1% fetal 
calf serum and 40 µg/ml soybean protease inhibitor (SBTI, Sigma, T6522). At 16 
hours post inoculation, cells were fixed and nuclei were visualized using 4’6-
diamidino-2-phenylindole (DAPI, Molecular Probes). Binding of S1 monoclonal 
antibodies and of a nucleocapsid protein binding mouse monoclonal antibody 3F12 
(BioNote, Republic of Korea) was detected with a goat anti-mouse antibody Alexa 
Fluor 488 (Thermo Fisher) conjugate. Nuclei of cells were visualized by DAPI 
staining. 
 
Virus neutralization assay  
MAbs were serially diluted two-fold in Eagle's minimum essential medium Alpha 
Modification (Life Technologies catalog no. 22571-020) (start concentration: 
100 µg/ml) and mixed with an equal volume of PEDV (2000 TCID50/ml) at 37 °C for 
60 min. Of these mixtures 100 µl was used for inoculation of Vero cells in 96 wells 
plates, for the trypsin-dependent PEDV strains (GDU, USA, CV777, UU), trypsin 
was added at the final concentration of 15 µg/ml. After 2 days, cytopathic effect 
was scored using an inverted microscope and neutralizing concentration was 
defined as the lowest concentration of MAbs that prevented the occurrence of 
cytopathic effect. 
 
Hemagglutination inhibition assay  
The hemagglutination inhibition assay for PEDV to measure hemagglutination 
inhibition (HAI) activity by monoclonal antibodies was used as described before, 
with slight modifications (28, 40). Briefly, PEDV-GDU virus was diluted in PBS to a 
final hemagglutination titer of 160 HA units/ml. Serial two-fold dilutions (25 μl) of 
the monoclonal antibodies were prepared and mixed with an equal volume of virus 
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solution. An equal volume of a human erythrocyte suspension (0.5% in PBS) was 
added and incubated for 2 hours at 4 °C. The specific HAI activity (HAI titer) of the 
MAb represents the lowest concentration of the antibody showing HAI activity. 
 
Generation of the Vero-CMASKO cell line  
Cytidine monophosphate N-acetylneuraminic acid synthetase (CMAS) gene 
knockout Vero cells were generated using the CRISPR/CAS9-mediated genome 
editing system as described earlier (41, 42). To knockout the monkey CMAS gene 
in Vero-CCL81 cells, two guide RNAs targeting exon 1 (nucleotides 79 to 98, 5’- 
CTGCAGCGCAACTCTCGCGG-3’) and intron 1 (nucleotides 971 to 990, 5’- 
GATACATTGCCAAATTGGTC-3’) were used. Single cell clones of CMAS 
knockout cells were obtained by limiting dilution and genotyped by PCR and DNA 
sequencing. Knockout of CMAS expression in those cells was further confirmed by 
testing the cells’ susceptibility to sialic acid-dependent influenza A virus infection 
(strain WSN).  
 
Generation of monoclonal antibody resistant virus  
Mutant viruses were generated by growing the virus at increasing concentrations of 
antibody during fifteen passages. Briefly, Vero cells grown in 48 well plate were 
infected with virus at a TCID50 of 200 per well in the presence of a non-neutralizing 
concentration of antibody (a quarter of the minimal concentration required for 
neutralization in VN assays). Antibody concentration was increased in subsequent 
passages, with virus being selected for further passage on fresh Vero cells based 
on the observed cytopathic effect. Virus was harvested from infected cells by three 
cycles of freeze-thawing. After fifteen passages virus was harvested and RNA was 
extracted from cells using QIAamp Viral RNA Mini kit (QIAGEN) and reverse 
transcribed into cDNA with random hexamer primers using the Superscript III 
Reverse Transcriptase kit (Invitrogen). The PEDV spike gene was amplified by 
PCR and entirely sequenced. 
 

Results 
 
Generation of monoclonal antibodies targeting PEDV S1 and mapping of 
their epitopes 
To study the antigenic landscape of the PEDV S1 receptor binding subunit, mouse 
monoclonal antibodies (MAbs) were generated. Hybridomas were produced from B 
cells of mice immunized with the spike S1 subunit of the pathogenic strain GDU 
that was C-terminally extended with a murine Fc tag. Ten monoclonal antibodies 
targeting PEDV S1 were purified from hybridoma cell culture supernatants. All 
monoclonal antibodies appeared to be of the IgG1 isotype with the exception of 
MAb 71 (IgG2b isotype). In order to map the epitopes of the antibodies to one of 
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the domains within the S1 subunit, we defined a model of the PEDV spike protein 
based on the cryo-EM structure of the trimeric S protein of the related HCoV-NL63 
alphacoronavirus and identified five continuous domains (S10, S1A-D) in PEDV S1 

(Fig.1.A). Several S1 polypeptides encompassing one or more S1 domains were 
expressed and purified (Fig.1.B). All S1 polypeptides were checked by SDS-PAGE 
and shown to migrate according to their expected size. It should be noted that the 
majority of S10A

 appeared to be cleaved, which could not be prevented by inclusion 
of protease inhibitors in the cell culture medium and during the purification 
procedure. The reactivity of the monoclonal antibodies to these constructs was 
assessed by ELISA (Fig.2).  
Epitopes of the ten S1-specific MAbs were mapped to S1-domains 0, A, B and CD 
(Fig.2). Antibodies 56, 60, 63 and 72 each bound to S10 (Fig.2.C) whereas MAbs  
 

 
Figure 1. Domains within the PEDV S protein. A) Model of the PEDV S trimer based on the HCoV-
NL63 S structure. The different domains in the S1 subunit of one protomer are coloured, with S10 

presented in blue, S1A presented in orange, S1B
 in red and the domains S1CD in green. The S2 subunit 

of this protomer is marked in dark grey, and the two remaining S protomers in light grey. B) Schematic 
presentation of the PEDV S protein with the S1 part (domains coloured as in panel A) and the S2 part 
(C-terminal transmembrane domain indicated by black box). C) Diagram of different S1 variants used in 
this study for epitope mapping. All S1 variants were C-terminally tagged with the Fc-part of human IgG1 
or mouse IgG2a (not shown in diagram). D) Affinity-purified Fc-tagged S1 variants were separated by 
SDS-PAGE, a compilation of Coomassie Blue stained protein gels is shown.  
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bound S1B. MAb 67 was the only antibody binding S1CD(Fig.2.F). MAb 71 showed 
considerable binding to S10A (Fig.2.D), but not to S10 (Fig.2.C) or S1ABCD

  

(Fig.2.B), suggesting that this antibody targets the boundary between S10 and S1A. 
 

 
Figure 2. Mapping of antibody epitopes to S1 domains. Antibody binding to human Fc-tagged S1 
variants coated onto 96 well plates was tested by ELISA (panel A-G). Antibodies are colored according 
to the colors of the single domain given in Fig.1, to which they bound. S10

 binding antibodies are colored 
in blue, S1A

 binding in orange, S1B
 binding in red and S1CD

 binding in green; additionally, MAb 71 
binding is shown in brown. The S1-Fc variants used for coating are indicated at the top of each 
individual panel. All graphs represent the means from three independent experiments. Error bars 
indicate standard deviations. 
 
Evaluation of competition of monoclonal antibodies binding to PEDV S1 
antigen 
After mapping antibodies to domains within the S1 subunit, competition in binding 
between the antibodies was investigated using biolayer-interferometry (Fig.3). 
PEDV-GDU S1-Fc was immobilized on the protein-A coated biosensor tip surface 
after which unoccupied sites were blocked using polyclonal feline antibodies. 
Biosensor tips were then exposed to one antibody until saturation was reached, 
followed by exposure to a second antibody. Binding of antibodies was recorded by 
detecting changes in the interference pattern. 
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 Figure 3. Evaluation of monoclonal antibodies binding competition through biolayer-
interferometry. To measure competition of binding to an epitope  between antibodies, biosensors 
coated with the S1-Fc protein were exposed to one antibody until saturation in binding was achieved; 
the sensor was then put in contact with a different antibody in order to measure the competition for an 
epitope between. This was done in different combinations. Antibody binding was detected by changes in 
light interference pattern. The x axis represents time (in seconds), and the y axis represents the shift in 
wavelength (in nanometers). The antibody used is indicated above the curve, and the colors are 
described in the legend to Fig. 1. The experiment was performed twice and representative binding 
images are shown. 
 
All S10

 MAbs (56, 60, 63 and 72) competed with each other for binding (Fig.3. A-G, 
I), indicating that these antibodies share an epitope region within S10. The S1A 
MAbs 64 and 68 bind distinct sites within domain A (Fig.3.M). MAb 71 that reacts 
to S10A

 does not share epitope regions with either S10 or S1A antibodies (Fig.3. H, 
J, K, N, Q). MAbs 23 and MAb 69, which target S1B containing the presumed 
receptor binding domain, belong to the same epitope class (Fig.3.U). The 
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combined results of the antibody epitope mapping to S1 domains and the antibody 
binding competition indicates that the 10 monoclonal antibodies segregated into six 
non-overlapping epitope classes within PEDV S1; i) MAbs 56, 60, 63 and 72 
(epitope within S10), ii) MAbs 64 (S1A), iii) MAb 68 (S1A), iv) MAb 71 (S10

 and S1A 
boundary), v) MAbs 23 and 69 (S1B) and vi) MAb 67 (S1CD) (Fig.4). 
 

 
 
Cross-reactivity of S1-monoclonal antibodies against PEDV strains 
We subsequently tested the cross-reactivity of the S1 monoclonal antibodies 
against different PEDV strains. Antibody binding to different Fc-tagged PEDV S1 
subunits of both non-S-Indel (GDU, USA, FJ-9) and S-Indel (D24, UU, DR13, 
CV777) strains was analyzed by ELISA (Fig.5). Equal coating of the Fc-tagged 
antigens was corroborated using an HRP-conjugated anti-human IgG antibody 
(data not shown). All monoclonal antibodies showed moderate to high cross-
reactivity to spike protein S1 subunits of non-S-Indel strains, which is not surprising 
as they were raised by immunization with the S1 antigen of a non-S-Indel GDU 
strain. 
Consistent with the considerable sequence variation found in the N-terminal part of 
S1 among these two types of viruses (Fig.5.A), none of the S10 specific antibodies 
(MAbs 56, 60, 63 and 72) showed any reactivity to the S-Indel spike proteins. 
These differences also eliminate the epitope occurring in GDU-S1 at the interface 
between domains S10 and S1A seen by Mab 71. MAbs targeting the C-terminal part 
of S1 showed different degrees of cross-reactivity against S1 subunit of S-Indel 
strains. Of the two antibodies specific for S1 domain A, MAb 64 bound most 
strongly; both had variable cross-reactivity to the Indel type S proteins, with hardly 
any binding to the DR13 S protein (Fig.5.B). Similarly, both antibodies recognizing 
the epitope in domain B and the one antibody targeting domain CD, were highly 
cross-reactive with non-S-Indel but variably with S-Indel proteins, in this case with 
very poor binding to the S1 proteins of European strains UU and CV777 (Fig.5.B). 
To corroborate the antibody cross-reactivity data obtained by ELISA, an 
immunofluorescence assay (IFA) was performed using Vero cells infected with 
three S-Indel (CV777, DR13, UU) and two available non-S-Indel (GDU, USA) 
strains (Fig.6). The cross-reactivity profile of the monoclonal antibodies to PEDV-
infected Vero cells observed by IFA was consistent with the cross-reactivity data 

Figure 4. Monoclonal antibody 
epitope regions in the PEDV S1 
subunit. MAbs and their epitope 
regions are indicated below the 
schematic of the PEDV S1 
subunit. MAbs sharing an epitope 
region are aligned vertically.  
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obtained by ELISA. S10
 specific MAbs showed no or poor reactivity against S-Indel 

viruses. Antibodies targeting the S1 domains A, B and CD (MAbs 64, 68, 23, 69 
and 67) were able to recognize the non-S-Indel viruses while binding to S-Indel 
virus infected cells was generally less efficient and more variable.  
 

 
Figure 5. Cross-reactivity of monoclonal antibodies to S1 subdomains of non-S-Indel and S-Indel 
PEDV strains revealed by ELISA. A) Alignment of S1 subunit sequences of spike proteins of PEDV 
strains. The amino acid sequences of the S1 subunits of spike protein of PEDV strains were aligned 
using the Clustal Omega program (http://www.ebi.ac.uk/Tools/msa/clustalo/). PEDV strains used 
include GDU strain (GB: KU985230), FJ9 strain (GB: AGG34696), USA strain (GB: AII20255), CV777 
strain (GB: AF353511), PEDV UU strain (GB: KU985229), DR13 strain (GB: JQ023162.1) and D24 
strain (GB: KY399745). The sequences corresponding to the different S1 domains are indicated by 
coloured boxes, with S10 presented in blue, S1A presented in orange, S1B

 in red and the domains S1CD in 
green. Positions of mutations - F100L, P129L and V638G – observed in escape mutants resistant to MAbs 
72, 63 and 23, respectively, are indicated by arrows. B) Equal amounts of Fc-tagged S1 proteins of 
multiple PEDV strains were coated and antibody binding was measured by ELISA. The S1-Fc proteins 
tested are indicated at the top of each panel. Absorbance at 450 nm and MAb numbers are shown on 
the y- and x-axis, respectively. Additionally, the S1 domain targeted by each antibody is indicated at the 
bottom of each panel. All graphs represent the means from three independent experiments. Error bars 
indicate standard deviations. 
 
Virus neutralization capacity and mode of action of S1 monoclonal 
antibodies  
The neutralizing potential of the S1 monoclonal antibodies towards different PEDV 
strains was determined by virus neutralization assay (Fig.7.A). Consistent with the 
antibodies being raised against the GDU-S1 protein, generally strong neutralization 
was observed of the non-S-Indel strains GDU and USA, and poor neutralization of 
the S-indel strains CV777, DR13 and UU. Potent neutralization was only observed 
with antibodies targeting S10 and S1B; MAbs to S1A and S1CD showed no 
neutralization even at the highest concentration tested (50 μg/ml) while the MAb 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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targeting S0A was moderately neutralizing but only against strain GDU. 
Significantly, while the 4 MAbs that recognize the same epitope in S10 strongly 
neutralize the non-S-Indel viruses, they are each inactive against the S-Indel 
viruses. Of the two antibodies that recognize the same epitope in S1 domain B, 
MAb 69 strongly neutralizes PEDV GDU but none of the other viruses, including 
the USA strain. In contrast, for MAb 23 broad and strong neutralization was 
observed of all tested non-S-Indel and S-Indel strains, with the exception of the 
CV777 strain. Collectively, the observed neutralization pattern of the monoclonal 
antibodies is in good accordance with the ELISA- and IFA-based serological cross-
reactivity profiles (Fig.5 and 6). 
 

 
Figure 6. Reactivity of monoclonal antibodies with PEDV infected cells by IFA. A) IFA pictures 
showing binding of antibodies to cells infected with different PEDV strains. Binding was visualized with 
Alexa Fluor 488 coupled goat-anti-mouse antibody while DAPI was used to visualize cell nuclei. The 
strain used for the cell infection is shown on the left of the panel, and the different antibodies used for 
the assay are indicated at the top of the panel. Antibody 3F12, which binds to the nucleocapsid protein 
of PEDV, reacted to all virus strains and was used as a control antibody. B) Summary of the monoclonal 
antibody S1-binding reactivity observed under (A). The experiment was repeated two times, and 
representative images are shown. 
 
Since the PEDV S1 subunit has been shown to contain Sia-binding activity, we 
next examined the potential inhibitory effect of our S1 antibodies on Sia-binding 
using the hemagglutination inhibition assay. As Fig.7.B shows, the S10

 MAbs 57, 
60, 63 and 72 as well as S10A

 MAb 71 inhibited hemagglutination by PEDV-S1-
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GDU at low concentrations. In contrast, the antibodies targeting domains A, B or 
CD did not inhibit hemagglutination at all concentrations tested. 
Binding to cell-surface sialoglycoconjugates has been shown to be important for 
cell entry of PEDV-GDU (28). Since S10

 antibodies display potent virus 
neutralization and hemagglutination inhibition activity, we assessed whether the 
mechanism of action of these antibodies was related to Sia-binding interference. 
Enzymatic depletion of sialic acids from the cell surface has been shown to 
significantly inhibit infection by the PEDV GDU strain, though infection is not fully 
abrogated (28). To further assess antibody-mediated interference of Sia-binding as 
a mechanism of neutralization we constructed a mutant Vero cell line lacking cell 
surface expression of Sia that was generated by knockout of the cytidine 
monophosphate N-acetylneuraminic acid synthetase gene (Vero∆CMAS) through 
CRISPR/CAS9 genome engineering. Infection with the Sia-dependent influenza A 
virus and the Sia-independent PEDV-UU virus was used to confirm the phenotype 
of the Vero∆CMAS mutant cell line. Infection of Vero∆CMAS cells with Sia-dependent 
influenza A virus and the PEDV-GDU virus was reduced to ~5% compared to that 
of parental Vero cells, whereas no change in infection efficiency was seen for the 
Sia-independent PEDV-UU virus (Fig.7.C). The residual infection of PEDV-GDU 
virus on the Sia-lacking Vero∆CMAS allowed us to assess the contribution of Sia-
binding interference by monoclonal antibodies to neutralization by comparing their 
PEDV-GDU neutralization capacity on wildtype and mutant Vero cells (Fig.7.D). As 
expected, the extent of infection inhibition of PEDV-GDU by domain-A, -B and -CD 
antibodies was similar on Vero and Vero∆CMAS cells. However, in contrast to 
wildtype Vero cells, neutralization by the S10A targeting MAb 71 was not seen in 
Sia-lacking Vero∆CMAS cells, indicating that neutralization by MAb 71 on Vero cells 
is achieved by interference with Sia-binding. Puzzlingly, the residual infectivity of 
PEDV-GDU towards Vero∆CMAS cells was still almost as sensitive to the S10

 

targeting MAbs 56, 60, 63 and 72 as towards wildtype Vero cells.  
 
Selection of neutralizing antibody escape mutants  
 Mapping mutations of viruses that are resistant to virus neutralization can provide 
further information about the neutralizing antibody epitopes. Thus, the neutralizing 
S1B

 MAb 23 and S10
 MAbs 63 and 72 were used to select escape mutants by serial 

passaging of PEDV-GDU virus on cells at increasing concentrations of antibody. 
For each antibody we obtained escape mutants of which the spike gene was 
entirely sequenced. Single nucleotide changes were found in the S gene of all 
mutants, resulting in single amino acid substitutions. Escape mutants resistant to 
MAbs 63, 72 and 23 displayed amino acid substitutions in the spike protein at 
positions 129 (Pro-to-Leu; P129L), 100 (Phe-to-Leu; F100L) and 638 (Val-to-Gly; 
V638G), respectively, that mapped to the S1 domain to which the selecting 
antibodies are binding. 
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Figure 7. Neutralization by monoclonal antibodies and role of Sia-binding interference in 
neutralization. A) Neutralization of different PEDV strains by S1 MAbs. Serial dilutions of antibodies 
were mixed with different PEDV strains and neutralization was scored by read out of the occurrence of 
cytopathic effect at 2 days post infection. The antibodies and PEDV strain used are indicated on the top 
and left side of the panel, respectively. The minimal antibody concentration required to inhibit cytopathic 
effect is shown and is the average of 2-3 independent experiments. B) Hemagglutination inhibition (HAI) 
activity of MAbs. Lowest antibody concentration needed to inhibit hemagglutination of 160 HA units/ml 
of PEDV-GDU virus or PEDV-GDU S1-Fc protein is shown. C) Cells were infected with PEDV or IAV at 
an m.o.i of 0.1 or 1 respectively, at 14 hours post infection, cells were fixed and infected cells were 
stained with anti-PEDV or anti-HA monoclonal antibody. Alexa Fluor 488-conjugated goat anti-rabbit or 
human IgG (H+L) (Molecular Probes) as the secondary antibody and while DAPI was used to visualize 
cell nuclei. Percentage of infected cells (relative to PBS-treated) was calculated by counting the infected 
cells in 10 microscopic fields. D) Interference of Sia-binding as a mechanism of virus neutralization. 
Relative infection of PEDV-GDU in the presence of MAbs of Vero cells (left panel) or of the Sia-lacking 
Vero cell clone (Vero∆CMAS; right panel). PEDV was preincubated with monoclonal antibody at a final 
concentration of 25 µg/ml MAb or with phosphate-buffered saline (-), prior to inoculation of cells.  
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Binding analysis of monoclonal antibodies to S1 proteins carrying escape 
mutations 
To confirm that the neutralizing antibodies bind at the site of the escape mutations, 
an ELISA was performed with recombinant Fc-tagged S1 proteins bearing the 
identified amino acid substitutions (Fig.8). The P129L substitution in S1 (S1P129L) 
fully prevented binding of the selecting S10

 MAb 63. Similar loss of binding to 
S1P129L was seen for S10

 MAbs 56, 60 and 72, confirming that the epitopes of these 
four S10

 targeting MAbs overlap. As expected, the P129L substitution did not affect 
the binding of control MAbs (MAb 71 and MAb 23) that bind other epitope classes 
(Fig.8.A). Likewise, the F100L substitution in S1 (S1F100L) that was observed in the 
MAb 72-resistant virus almost fully prohibited binding of all four S10

 MAbs 56, 60, 
63 and 72, whereas no significant change in binding was observed for control 
antibodies MAb 71 and MAb 23 (Fig.8.B). Thus, F100 and P129 are critical residues 
in the epitope recognized by the S10

 MAbs 56, 60, 63 and 72. These residues 
cluster together at the base of S10 domain in the predicted three-dimensional 
PEDV S structure (Fig.8.D). The V638G substitution in S1 (S1V638G) present in the 
MAb 23 escape mutant inhibited – significantly but only partially - the binding of 
MAb 23 as well as of MAb 69. No change in binding to S1V638G was observed for 
control MAb 71 (Fig.8.C).  
 

 
Figure 8. Binding of MAbs to escape mutant S1 proteins. A)-C) Binding of MAbs to wildtype and 
mutant S1-Fc proteins containing single amino acid substitutions was measured by ELISA at different 
antibody concentrations. Antibody concentration and absorbance at 450nm are indicated on the x- and 
y-axis, respectively. Coloring of antibodies is consistent with that of previous figures.  All graphs 
represent the means from three independent experiments. Error bars indicate standard deviations. B). 
Position of amino acids in the PEDV S trimer structure model that are subject to mutation in viruses 
resistant to MAbs 72 (F100L, yellow coloured), 63 (P129L, in yellow coloured) or 23 (V638G, purple 
coloured). 
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Quantitation of antibody neutralization resistance of virus escape mutants  
To study the effect of the single site substitutions in the context of virus infection, 
antibody neutralization of the escape viruses was quantified (Fig.9). The PEDV-
SP129L virus was fully resistant to MAb 63, which is in accordance with the complete 
loss of binding to S1P129L by MAb 63 and all other S10 MAbs. PEDVF100L showed 
only partial resistance to MAb 72, despite the complete loss of binding of this 
antibody to S1F100L. Surprisingly, enhancement of infection of PEDV-SV638G was 
observed by MAb 23 in an antibody concentration dependent manner; a threefold 
increase in infection was measured at the antibody concentration used for the 
selection of this virus mutant. 
 

 
Figure 9. Neutralization resistance of PEDV-GDU escape mutants bearing single amino acid 
substitutions in the spike proteins. Wildtype PEDV-GDU and PEDV escape mutants isolated under 
selection pressure by MAb 63, 72 and 23, were tested for neutralization by the selecting antibody. 
Infection at different concentrations of antibody was quantified relative to mock-treated viruses. Antibody 
used is indicated at the top of each individual panel, with antibody concentration and percentage of 
relative infection shown on the x- and y-axis respectively. Relative infection is shown for escape 
mutants and parental virus in black and grey, respectively. All graphs represent the means from three 
independent experiments. Error bars indicate standard deviations. 
 

Discussion 
 
PEDV causes significant morbidity in pigs of all ages and high mortality in young 
piglets, inflicting serious economic losses to the swine industry (10). Vaccination 
has been used extensively as a means for disease control; however, despite many 
efforts, vaccine efficiency has not been sufficient for global needs (11, 43). As is 
known for other coronaviruses, the S1 subunit of the PEDV spike is responsible for 
target cell attachment and entry and is hence a target for neutralizing antibodies 
(32, 33). Yet, its antigenic landscape and the location of neutralizing epitopes are 
poorly defined. To increase our understanding of antibody neutralization of this 
veterinary relevant pathogen, a collection of ten monoclonal antibodies was 
generated against PEDV S1 and characterized for their epitope locations and 
(cross-)neutralizing potential. Six non-overlapping epitope regions were identified 
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within the S1 subunit. These epitope regions were distributed over the five 
structural domains of the S1 protein that were recently resolved. Antibodies to two 
epitope regions were particularly potent in virus neutralization. Epitopes of these 
neutralizing antibodies mapped to the S10

 and S1B structural domains that are 
involved in binding to sialoglycoconjugates and to a proteinaceous receptor, 
respectively.  
The receptor binding domain of the coronavirus spike is a key target of potent 
neutralizing antibodies (44-47). PEDV was reported to bind to a proteinaceous 
receptor by its S1B domain, analogous to other alphacoronaviruses for which 
receptors have been identified, although the identity of the host receptor (i.c. 
porcine APN) has recently been disputed (24). Epitopes of neutralizing antibodies 
have been mapped to the S1 subunit that we now know contains the S1B structural 
domain (32, 33). Here we describe two neutralizing monoclonal antibodies - MAb 
23 and 69 - targeting overlapping epitopes in S1B. S1B MAb 23 was broadly 
reactive; it bound and potently cross-neutralized all tested S-Indel and non-S-Indel 
viruses, with the exception of CV777. Mapping the mutation in a MAb 23-
neutralization escape virus additionally defined the position of the neutralization 
epitope. The mutant virus resistant to S1B MAb 23 contained a valine to glycine 
substitution at sequence position 638. The PEDV spike structural model, which we 
based on the spike structure of the related HCoV-NL63, predicts V638 as a surface-
exposed residue close to the boundary of S1B

 and S1CD (Fig.8.D). Interestingly, in 
the CV777 strain an amino acid substitution (V638I) occurs at the same position in 
S1B, which correlates with the lack of neutralization of this virus by MAb 23. Of 
note, both S1B

 antibodies still bound to S1V638G in ELISA though with a lower affinity 
than to wildtype S1. Remarkably, infection by the MAb 23-escape mutant virus was 
enhanced in the presence of the selecting antibody. The underlying mechanism of 
this antibody-dependent enhancement is difficult to comprehend but may be 
related to the structural dynamics of the functioning spike. Virus binding to 
receptors on the target cell surface initiates a series of conformational changes in 
the metastable spike protein, which culminate in membrane fusion (48, 49). Many 
viruses conceal critical neutralizing epitope sites (e.g. receptor binding sites) by 
limiting their exposure to conformational stages subsequent to attachment (50-53). 
Alphacoronaviruses may utilize a similar immune evasion strategy. The structure of 
the HCoV-NL63 S ectodomain trimer revealed that the receptor interacting loops in 
S1B

 are buried, indicating that a reorientation of S1B
 is required for receptor 

engagement (16). It is conceivable that a similar structural rearrangement of S1B
 is 

required to expose the receptor binding site of the PEDV spike protein and that 
antibodies such as MAb 23 that target a hinge region in S1 can alter the prefusion 
spike stability. We speculate that the V638G escape mutation may counteract such 
an effect of the bound antibody on the PEDV S protein, yet simultaneously causing 
dependency on MAb 23 for virus infectivity.  
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Using the collection of S1-specific monoclonal antibodies, we identified and 
characterized a novel neutralizing antibody epitope class in the N-terminal domain 
(S10) of the spike protein. S10 MAbs (56, 60, 63 and 72) potently neutralized 
PEDV-GDU infectivity and analysis of escape mutants further defined the epitope 
to a region within S10 comprising F100 and P129. These S10 MAbs prevented binding 
of PEDV-GDU to sialic acids as demonstrated by their ability to block virus-
mediated hemagglutination. Binding to cell-surface sialoglycoconjugates has been 
shown to be important for infection of PEDV-GDU (28). However, relative infection 
in the presence of the S10 antibodies was only slightly higher on Sia-lacking mutant 
cells compared to that on wildtype cells, suggesting that interference with Sia-
binding by these S10 antibodies only partially contributes to virus neutralization. 
Thus, the main mechanism of neutralization by S10 MAbs remains unknown, but 
could be related to steric hindrance or interference with binding to other attachment 
factors, such as heparan sulfate (54). Contrary to S10

 MAbs, the main mechanism 
of virus neutralization by MAb 71 targeting the S10-S1A

 domain junction could be 
attributed to Sia-binding interference, since no neutralization by this antibody was 
seen on Sia-deficient Vero cells.  
S10

 antibodies only showed binding and effective neutralization against closely 
homologous non-S-Indel strains while S1B

 antibodies showed broader reactivity 
and cross-neutralization towards the more heterologous S-Indel strains. We 
observed that single residue changes in S10 MAbs escape mutants are already 
sufficient to generate loss of antibody binding and escape to antibody 
neutralization. Comparison of full length PEDV spike sequences from field isolates 
indicated that most sequence variation is found in the N-terminal 350 residues of 
the S protein, particularly within the S10 region (55). Antigenic diversity in this 
region may have arisen through a long history of natural selection of variants that 
escape immune surveillance through mutations in neutralizing epitopes. However 
only minor differences in cross-reactivity and cross-neutralization between non-S-
Indel and S-Indel strains were seen when polyclonal antisera obtained from non-S-
Indel and S-Indel-infected pigs were used (58, 59). Yet, antigenic variation in S1 
was revealed in our study between non-S-Indel and S-Indel strains using 
monoclonal antibodies and the observed antigenic variability in (neutralizing) 
epitopes may lower cross-protection in vivo. Consistently, PEDV S-Indel strains 
were shown to induce only partial cross-protective immunity against the non-S-
Indel strain (56-58). Intriguingly, PEDV strains with spike genes containing large 
deletions in the S10 encoding region were detected in pig farms in Japan together 
with PEDV strains with intact spike genes. Whether these spike deletions occurred 
in viruses to escape from immunity remains to be seen. Antigenic drift in the S10 

domain would be in line with the relevance of S10-mediated Sia-binding activity in 
virus entry and the existence of S10-specific neutralizing antibodies that display 
limited cross-reactivity and cross-neutralizing capacity. The strategy of viruses to 
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escape immune surveillance by antigenic drift imposes a hurdle to vaccine 
development. Strain homology of vaccine strains with circulating strains might be 
needed to be taken into account, particularly if neutralizing antibodies against the 
variable S10 domain are to be elicited.  
In conclusion, we defined six non-overlapping neutralizing and non-neutralizing 
epitopes in the S1 subunit of the PEDV spike protein mapping to different domains. 
Potent neutralization is achieved by antibodies targeting domains the Sia-binding 
domain (S10) or the protein receptor binding domain (S1B), further underlining the 
importance of cell attachment domains on viral surface proteins as major targets of 
potent neutralizing antibodies (60). 
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Abstract  
 
Isolation of porcine epidemic diarrhea coronavirus (PEDV) from clinical material in 
cell culture requires supplementation of trypsin. This may relate to the confinement 
of PEDV natural infection to the protease-rich small intestine of pigs. Our study 
focused on the role of protease activity on infection by investigating the spike 
protein of a PEDV isolate (wtPEDV) using a reverse genetics system based on the 
trypsin independent cell culture-adapted strain DR13 (caPEDV). We demonstrate 
that trypsin acts on the wtPEDV spike protein after receptor binding. We mapped 
the genetic determinant for trypsin dependent cell entry to the N-terminal region of 
the fusion subunit of this class I fusion protein, revealing a conserved arginine just 
upstream of the putative fusion peptide as the potential cleavage site. Whereas 
coronaviruses are typically processed by endogenous proteases of the producer or 
target cell, PEDV S protein activation strictly required supplementation of a 
protease, enabling us to study mechanistic details of proteolytic processing. 
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Introduction 
 
Porcine epidemic diarrhea virus (PEDV) belongs to the genus alphacoronavirus in 
the family of Coronaviridae and is the causative agent of porcine epidemic diarrhea 
(1). The virus is prevalent in East Asia inflicting severe economic damage due to 
high mortality rates in young piglets and recently made its first appearance on the 
North American subcontinent (2-4).  PEDV infects the epithelia of the small 
intestine, an environment rich in proteases, and causes villous atrophy resulting in 
diarrhea and dehydration. Intriguingly, in vitro propagation of PEDV isolates 
requires supplementation of trypsin to the cell culture supernatant (5). It has been 
hypothesized that trypsin mediates activation of virions for membrane fusion by 
cleaving the Spike (S) glycoprotein (5, 6). Trimeric S proteins decorate the virion 
envelope and mediate receptor binding and membrane fusion. The S protein has 
been recognized as a class I fusion protein by its molecular features (7, 8).  
Class I fusion proteins are generated in a locked conformation to prevent 
premature triggering of the fusion mechanism and are subsequently prepared for 
action by proteolytic processing, a step called priming (reviewed in (9)). This 
cleavage is separating two functionally distinct protein domains, a soluble head 
domain responsible for receptor binding and a membrane bound subunit 
comprising the fusion machinery. A characteristic feature of the cleaved, fusion-
ready subunit is an N-terminal fusion peptide. Proteolytic priming can occur in the 
virus producing cell, in the extracellular environment, or after contact with the target 
cell membrane. Priming of the PEDV S protein is potentially accomplished by 
intestinal digestive enzymes. 
Some coronaviruses (CoV) such as mouse hepatitis virus (strain A59) and 
infectious bronchitis virus (IBV) carry S proteins that are cleaved by furin-like 
proteases in the producer cell at the junction of the receptor binding (S1) and the 
membrane fusion subunit (S2)(10, 11). However, most CoV like PEDV and severe 
acute respiratory syndrome coronavirus (SARS-CoV), carry non-cleaved S proteins 
upon release (12). For an increasing number of coronavirus S proteins an 
alternative cleavage site within the S2 subunit (S2’) has been described that is 
located upstream of the putative fusion peptide (13-15). Unlike cell culture-adapted 
PEDV, clinical isolates of PEDV are the only known CoVs for which propagation in 
cultured cells is dependent on a protease that is not expressed by target cells. The 
spatiotemporal and mechanistic characteristics of their fusion activation remain 
unknown. 
We focus our investigation on the impact of trypsin on PEDV S protein by using a 
reverse genetics system based on the cell culture-adapted, trypsin independent 
PEDV strain DR13 (caPEDV) (16, 17). We substituted the caPEDV S gene (PEDV-
Sca) by that of a strictly trypsin dependent PEDV isolate CV777 (PEDV-Swt) (18). 
Indeed, the trypsin dependency of virus propagation was attributed to the S 
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protein. Trypsin was necessary for efficient cell entry and release of PEDV-Swt, 
whereas it reduced infection of PEDV-Sca. We demonstrated that trypsin was 
required for PEDV-Swt entry only after receptor binding. We mapped the genetic 
determinants for activation of the S protein through trypsin to a site just upstream 
of the putative fusion peptide by testing various chimeric forms of the S genes and 
specific point mutations. 
 
Materials and methods 
 
Cells and viruses  
Vero-CCL81 cells (ATCC) were maintained in Dulbecco modified Eagle medium 
(DMEM, Lonza BE12-741F) supplemented with 10% fetal bovine serum (FBS). A 
Vero-CCL81 derived cell line expressing the MHV receptor - murine 
carcinoembryonic antigen-related cell adhesion molecule 1a (CCM) - was made by 
transduction with vesicular stomatitis virus G protein pseudotyped Moloney murine 
leukemia virus (MLV) using the pQCXIN retroviral vector (Clontech) containing the 
CCM coding sequence (19). The polyclonal Vero-CCM cell line was selected and 
maintained with G418 (PAA) and CCM expression was confirmed by 
immunostaining. To propagate PEDV, cell layers were generally washed twice with 
phosphate buffered saline (PBS) and maintenance medium was substituted by 
Eagle’s minimum essential medium Alpha Modification (Life Technologies 22571-
020) supplemented with 0.3% tryptose phosphate broth (aMEM-TPB, Sigma 
T9157). The cell culture-adapted PEDV DR13 strain hereafter called caPEDV 
(gb|JQ023162; isolated from a commercial vaccine of GreenCross, South Korea) 
and recombinant virus carrying caPEDV S protein including trypsin independent 
derivatives thereof were propagated and titrated in aMEM-TPB supplemented with 
20 mM HEPES in Vero cells  (20). PEDV strain CV777 hereafter called wtPEDV 
(gb|AF353511; kindly provided by Dr. Kristin van Reeth, Gent University) and 
recombinant virus carrying wtPEDV S protein or derivatives thereof were 
propagated and titrated in aMEM-TPB supplemented with 20 mM HEPES plus 
15 µg/ml trypsin (Sigma T4799) in Vero cells. The S gene of wtPEDV encoded two 
amino acid deviations from the published CV777 S sequence (G84S and S503L, 
(7)). For purification of the PEDV-Swt virus particles in the absence of trypsin, Vero 
cells were inoculated in the presence of trypsin activity reaching a maximum 
infection rate and the culture supernatant was replenished by aMEM-TPB 
supplemented with 20 mM HEPES after 4 h. Cells were cultured for 24 h at 37°C 
and an additional 24 h at 32°C. Virus was harvested by three cycles of freeze-
thawing the infected cells and culture supernatant followed by removal of cell 
debris by centrifugation at 4,000 × g for 10 min.  
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Construction of recombinant viruses  
Recombinant PEDV were generated as described by Li et al. (16) except that we 
used Vero-CCM cells for the recovery of viruses carrying wtPEDV S protein or 
trypsin dependent derivatives thereof. PEDV-Sca represents the earlier reported 
PEDV-ΔORF3/GFP (16) that was generated using the transfer vector p-PEDV-
ΔORF3/GFP. The transfer vectors for novel recombinants were derivatives of 
p-PEDV-ΔORF3/GFP containing a BamHI restriction site between ORF1b and the 
S gene, as described for p-rPEDV (16). The chimeric PEDV-S_AB, PEDV-S_Ab, 
and PEDV-S_aB genes were generated by replacing the PstI X PmlI, PstI X 
Bsu36I or the Bsu36I X PmlI fragments of the caPEDV S gene by that of wtPEDV 
sequence. To generate recombinant PEDV with the full length wtPEDV S protein 
(PEDV-Swt), the entire S gene was replaced by BamHI X PmlI, generating p-
PEDV-CV777-ΔORF3/GFP. The FLAG peptide (VQDYKDDDDK) encoding gene 
fragment was appended to the C-terminal end of the S gene using the PmlI 
restriction site of p-PEDV-ΔORF3 and p-PEDV-CV777-ΔORF3/GFP resulting in 
PEDV-Sca_flag and PEDV-Swt_flag, respectively (16). Viral RNA was extracted 
from virus two to three passages after plaque selection and the genotype 
confirmed by sequencing. 
 
Infection / virus entry assay  
Vero cells were inoculated with caPEDV and wtPEDV (MOI was set to 0.1 in the 
presence of trypsin) in the presence of 15 µg/ml trypsin or trypsin plus 40 µg/ml 
soy bean trypsin inhibitor type I (SBTI, Sigma T6522) for 15 h before visualization 
of the virus infection by immunofluorescence microscopy. For recombinant PEDV 
containing the GFP reporter gene (MOI was set to 0.1 in the presence of trypsin), 
inocula contained 15 µg/ml trypsin, 40 µg/ml SBTI or both. After 2 h, inoculum was 
removed, cell layers were rinsed with PBS, and further incubated with aMEM-TPB 
supplemented with SBTI. 10-12 h post infection, when GFP signals became 
apparent, samples were imaged by an EVOS-fl fluorescence microscope 
(Advanced Microscopy Group) and prepared for flow cytometry analysis. Figures 
show representative images. The same procedure was used if the inoculum had 
been pretreated. Prior to infection, trypsin or trypsin plus SBTI were added to the 
inoculum and incubated for 1 h at 37°C, followed by inoculation of Vero cells for 
2 h. The attachment assay was performed (MOI was set to 0.5 in the presence of 
trypsin before pretreatment) with pretreated or naive virus preparations, while 
residual trypsin activity was blocked in all cases by an excess of SBTI. Next, the 
inoculum was allowed to attach to the cells at ~8°C for 1 h before rinsing the cell 
layer and followed by 2 h inoculation with trypsin or trypsin plus SBTI. Samples 
were otherwise prepared as in the entry assay. 
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Flow cytometry  
The cell layer was rinsed with PBS and detached with cell culture dissociation 
solution (Sigma C5914). Cells were resuspended in PBS supplemented with 2% 
FBS and 0.02% sodium azide, pelleted by centrifugation and fixed in 3.7% 
formaldehyde in PBS. Subsequently, cells were analyzed for GFP expression 
using a FACSCalibur flow cytometer (BD Bioscience) recording 20.000 cells. 
Flowing software 2 (Perttu Terho, Turku Centre for Biotechnology, Finland) was 
used to analyze the percentage of GFP expressing cells in the live cell gate. The 
threshold for mock infected cells was set at 0.1% positive cells. 
 
Virus release assay  
To assess the release of infectious particles in the absence or presence of trypsin, 
Vero cells were inoculated with recombinant PEDV at an MOI of 4 for 2 h and 
further incubated in aMEM-TPB or aMEM-TPB supplemented with 15 µg/ml 
trypsin. 14-16 h post infection, supernatant was collected, cell debris removed by 
spinning for 10 min at 10,000 x g and pretreated with 15 µg/ml trypsin for 1 h 
before titration of infectious virus by end point dilution. The trypsin pretreatment 
was performed to ensure equal trypsin induced reduction of PEDV-Sca infectivity 
of samples obtained under different conditions. To display the data, ratios of viral 
titers obtained from supernatants containing trypsin versus lacking trypsin were 
calculated of paired samples. The p-value was obtained with a paired samples t-
test between PEDV-Swt and PEDV-Sca. 
The effect of trypsin on the release of viral RNA in the cell culture supernatant was 
determined by quantitative real-time reverse transcription PCR (qRT-PCR). Vero 
cells were inoculated with recombinant PEDV at an MOI of 2 for 2 h and further 
incubated in aMEM-TPB supplemented with 40 µg/ml SBTI or 15 µg/ml trypsin. 16 
h post infection RNA was prepared from cell lysates (RNeasy mini kit, Qiagen) and 
cell culture supernatants (QiaAMP viral RNA mini kit, Qiagen) according to 
manufacturer’s protocols. Reverse transcription and qRT-PCR were performed 
using GoTaq 1-Step RT-qPCR System (A6020; Promega) with the primer set FW 
5’-GAGCACATGTTGTTGGCTCT-3’ and RV 5’-GCAACCTTCAGGTCTGACAA-3’ 
on a Light Cycler 480 II (Roche). 
 
PEDV S protein expression vectors  
cDNA was recovered from virus preparations and wtPEDV S gene specific PCR 
products were subcloned into pCAGGS expression vector for transient expression 
(Swt). To increase cell surface presentation during transient expression, the C-
terminus of the S gene was truncated by an equivalent of 20 amino acids which 
include retrieval signals (21). The point mutation R890G was introduced to the 
wtPEDV S gene by site directed mutagenesis (Swt_R890G). The entire S protein 
coding sequence of each construct was confirmed by sequencing. 
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PEDV S protein mediated cell-cell fusion  
Vero cells were transfected with pCAGGS expression plasmids encoding Swt or 
Swt_R890G using jetPRIME (Polyplus) for 48 h. Alternatively, Vero cells were 
inoculated with PEDV-Swt for 2 h in the presence of trypsin and cultured from 2 to 
20 h in the absence of trypsin. Supplementation of 15 µg/ml trypsin for 1 h resulted 
in cell-cell fusion which was monitored by immunofluorescence staining against 
PEDV S protein in the case of overexpression. Cell-cell fusion of cells infected with 
the GFP-expressing PEDV-Swt was followed by real time confocal fluorescence 
microscopy using a NIKON A1R microscope with a top climate chamber (Tokai Hit) 
for live cell imaging at 37°C and 5% CO2. Image stacks were acquired every 65 s 
at 40x magnification. 
 
Immunofluorescence microscopy  
For immunostaining, the cells were washed twice with PBS and fixed with 3.7% 
formaldehyde (Merck 1040031000) in PBS, followed by membrane 
permeabilization with 0.1% Triton-X-100 (Sigma 93426) in PBS for 15 min at room 
temperature. Cells were blocked by 2% normal goat serum in PBS for 1 h and then 
incubated with polyclonal rabbit antibody raised against the PEDV (strain D24) S1 
ectodomain (amino acids 1-728, anti-PEDV-S1 serum, Davids Biotechnologie 
GmbH, Germany) or the 3F12 mouse monoclonal antibody detecting PEDV 
nucleocapsid protein (BioNote, Republic of Korea) for 1 h. After cells were rinsed 
three times with PBS, staining was completed by goat α-rabbit Alexa Fluor®488-
conjugated (Life Technologies A11008) or goat α-mouse Alexa Fluor®488-
conjugated (Life Technologies A11001). For nuclear staining, DAPI (Molecular 
Probes) was included during blocking. An EVOS-fl fluorescence microscope 
(Advanced Microscopy Group) was used to visualize staining.  
 
Western blot analysis  
Virus containing cell culture supernatants were purified and concentrated (factor 
1:400 v/v) by sedimentation of the virus particles through a 20% cushion of sucrose 
in HCN buffer (50 mM HEPES, 100 mM NaCl, 10 mM CaCl2) at 100,000 x g for 1.5 
h at 4°C. Virus particles were handled on ice and resuspended in HCN buffer. For 
trypsin treatment, samples were supplemented with or without 15 µg/ml trypsin 
before warming to 37°C for 30 min. Samples were chilled and trypsin activity was 
quenched by the addition of 80 µg/ml SBTI before determining the titers by end 
point dilution or denaturing in Laemmli sample buffer at 95°C for 10 min. Samples 
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) in a discontinuous gel with 8% acryl amide in the separating gel. 
Next, samples were transferred to a polyvinylidene fluoride membrane (BioRad, 
162-0176) and blocked with bovine serum. PEDV S protein was reacted with 
mouse monoclonal anti-FLAG conjugated to horseradish peroxidase (Sigma, 
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A8592) or anti-PEDV-S1 serum in PBS with 5% FBS and 0.5% Tween-20 and the 
latter subsequently with swine anti-rabbit immunoglobulin G conjugated 
horseradish peroxidase (Dako, P0217). For detection we used Amersham ECL 
Western Blotting Analysis System (GE healthcare, RPN2109) with X-Omat LS films 
(Kodak, Sigma F1149). 
 
Computational analysis  
The transmembrane domain of PEDV S protein was predicted by TMHMM 2.0 and 
the signal peptide by SignalP 4.1. HR1 and HR2 regions are drawn according to 
Bosch et al. (8). Microscopy images were quantified with ImageJ and GIMP. Amino 
acid sequence alignment was performed by ClustalW2 using S sequences of 
PEDV-DR13-par (parental virulent strain DR13, gb|AFE85962.1), Middle East 
respiratory syndrome coronavirus (MERS-CoV strain HCoV-EMC, 
gb|AFS88936.1), SARS-CoV strain Tor2, gb|NP_828851.1), IBV (strain Beaudette, 
gb|NP_040831.1), and murine hepatitis virus (MHV strain A59, gb|NP_045300.1). 
 
Results  
 
In vitro infection with PEDV strains CV777 and caDR13  
The requirement for trypsin for the propagation of the PEDV isolate CV777 
(wtPEDV) and the cell culture-adapted DR13 strain (caPEDV) was compared. Vero 
cells were inoculated with either of the two viruses in the absence or presence of 
trypsin for 15 h. Virus infected cells were visualized by immunofluorescence 
staining. Numerous multinucleated cells were observed after inoculation with 
wtPEDV and caPEDV in the presence of trypsin (Fig. 1). These syncytial foci, 
typical for PEDV infection (5), were larger for wtPEDV than for caPEDV. In 
contrast, when trypsin activity was blocked using soy bean trypsin inhibitor (SBTI), 
wtPEDV infection was almost absent. caPEDV continued to infect cells, even at a 
higher rate. Remarkably, no syncytia formation was observed in the absence of 
trypsin activity.  
 
Recombinant PEDV with different S proteins  
Assuming that the addition of trypsin to the inoculum might activate viral S proteins 
for fusion, we investigated this possible relationship further. We generated 
recombinant viruses encoding the wtPEDV S gene (PEDV-Swt) or the caPEDV S 
gene (PEDV-Sca) in an isogenic background, the viruses hence only differing in 
their S proteins (Fig. 2A). In the recombinant viruses the ORF3 was replaced by a 
GFP gene to enable the detection of infection by fluorescence (16). Recovery and 
propagation of recombinant PEDV-Swt, but not that of PEDV-Sca, required the 
presence of active trypsin during inoculation and culturing. We concluded that the 
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contrasting trypsin dependence of wtPEDV and caPEDV was determined by the S 
protein. 
 

 
Figure 1. Infection with the wild-type PEDV isolate, but not with cell culture-adapted PEDV  
benefits from trypsin activity. Inocula were supplemented with soy bean trypsin inhibitor (SBTI), 
trypsin, or a combination of both and applied to Vero cells. After 15 h incubation, infected cells were 
detected by immunofluorescence staining against the nucleocapsid protein (green). Nuclei were stained 
with DAPI (blue). 
 
Trypsin affects different steps in the viral life cycle 
Trypsin might affect virus propagation at different steps in the viral life cycle. First, 
we focused on virus entry. Vero cells were inoculated in the presence of trypsin for 
2 h with PEDV-Sca or PEDV-Swt at an MOI known to infect about 10% of cells. For 
additional samples, trypsin activity was quenched by addition of SBTI or only SBTI 
was added. After the virus entry stage, the inoculum was removed and incubation 
was continued in the presence of SBTI for 9 h to prevent syncytia formation by 
residual trypsin in the culture supernatant. At 11 h post infection (p.i.), fluorescence 
microscopy images were acquired. Inoculation with PEDV-Swt and PEDV-Sca in 
the presence of trypsin yielded ~10% infected cells (Fig. 2B). However, in the 
absence of trypsin activity PEDV-Swt failed to infect Vero cells. SBTI alone had the 
same effect as when combined with trypsin. In contrast, inoculation with PEDV-Sca 
was more efficient without trypsin activity. No syncytia were observed with either 
recombinant virus in the absence of trypsin. Prolonged incubation in the absence 
of trypsin activity resulted in second round infections by PEDV-Sca but not by 
PEDV-Swt (data not shown). GFP expressing cells were quantified by flow 
cytometry to determine the extent of infection. Blocking active trypsin resulted in a 
> 10-fold reduction of PEDV-Swt infection, where we observed a 3-fold increase of 
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infection for PEDV-Sca (Fig. 2C). Thus, PEDV‐Swt entry was clearly dependent on 
active trypsin whereas PEDV‐Sca was not. 
 

 
Figure 2. The S protein determines trypsin dependency of PEDV propagation. (A) Schematic 
representation of the recombinant PEDV genomes carrying the PEDV-CV777 or the PEDV-caDR13 S 
gene in the isogenic background of caDR13 (PEDV-Swt and PEDV-Sca, respectively). The ORF3 gene 
was substituted by a GFP sequence. (B) Vero cells were inoculated in the presence or absence of 
trypsin or soy bean trypsin inhibitor (SBTI). After 2 h the inoculum was removed and incubation 
continued in the presence of SBTI to prevent syncytia formation. At 11 h post infection (p.i.), infected 
cells were examined by GFP expression using fluorescence microscopy (green). Nuclei were stained 
with DAPI (blue). (C) The percentage of infected cells was determined by quantifying GFP expressing 
cells using flow cytometry. The averages with standard deviation (s.d.) of 4 experiments are displayed 
relative to the inoculation in the presence of trypsin. (D) To assess the effect of trypsin on the release of 
infectious PEDV particles from producer cells, inoculations were performed for 2 h before the medium 
was refreshed and incubation continued in the absence or presence of trypsin. At 14 to 16 h p.i., 
supernatants were collected. Trypsin was added to all samples 1 h before infectious virus titers were 
determined by end point dilution. The ratio of infectivity in samples obtained in presence over absence 
of trypsin were calculated and displayed (* p-value 0.026 in paired samples t-test). 7 independent 
experiments with multiple replicates were carried out and each dot represents ratio obtained from one 
pair of samples. (E) The effect of trypsin on the release of viral RNA (vRNA) from PEDV infected cells 
was quantified. Vero cells were infected with wtPEDV and caPEDV and cultured from 2 to 16 h p.i. in 
the presence or absence of trypsin. RNA was subsequently purified from supernatants or cells and 
vRNA levels were quantified by qRT-PCR. The relative amounts of vRNA of the samples treated with 
trypsin compared to the samples treated with SBTI are displayed. 
 
Besides enhancing its entry, trypsin has been reported to increase the release of 
PEDV from infected cells (22). We therefore monitored release of PEDV-Swt and 
PEDV-Sca in the absence or presence of trypsin. Vero cells were inoculated with 
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PEDV-Swt and PEDV-Sca (MOI = 4) and the inoculum was removed after 2 h. 
Incubation was continued in the absence or presence of trypsin until 14-16 h p.i., 
after which cell culture supernatants were collected. Trypsin was added to all 
samples to normalize the trypsin sample conditions before determining viral 
infectivity in the cell culture supernatant by end-point dilution assay. For both 
viruses, more infectious virus was detected in the presence than in the absence of 
trypsin (Fig. 2D). However, while for PEDV-Swt this increase was ~500-fold, for 
PEDV-Sca it was limited to ~15-fold. Statistical testing confirmed a significant 
difference between the increased release of infectious PEDV-Swt over PEDV-Sca 
from infected cells in the presence of active trypsin. The trypsin-enhanced release 
of virions in cell culture supernatant was confirmed by determining the ratio of 
released viral RNA in the presence compared to absence of trypsin using 
quantitative real-time reverse transcription PCR (Fig. 2E). 
 
Characterization of S protein activation  
To facilitate virus entry, trypsin may act on the S protein or the target cells, for 
example on the virus receptor. In a modified entry assay, either the virus or the 
target cell monolayer was exposed to trypsin for 60 min prior to inoculation. Trypsin 
activity was quenched by SBTI before or after pre-incubation or after 2 h of 
inoculation. Flow cytometry analysis demonstrated that infection by PEDV-Swt was 
not enhanced by trypsin pretreatment of the inoculum or the cells (Fig. 3A), but 
trypsin was required during inoculation. Similarly, infection with PEDV-Sca did not 
benefit from trypsin pretreatment of virus or cells. Rather, exposure to active 
trypsin reduced PEDV-Sca infectivity in the absence of cells and during inoculation, 
though it did not inactivate the virus entirely.  
We performed western blot analysis to study effects of trypsin on the S proteins 
decorating virus particles. To facilitate monitoring of S proteins, recombinant 
PEDV-Sca_flag and PEDV-Swt_flag were generated in which the S proteins were 
C-terminally extended by a FLAG-tag. To avoid trypsin exposure during production 
of PEDV-Swt_flag, we inoculated Vero cells at a high MOI in the presence of 
trypsin and replaced the cell supernatant by culture medium without trypsin after 4 
h. Virus particles were collected from the cell culture supernatants by 
sedimentation through a 20% sucrose cushion. Purified virus samples were 
exposed to 15 µg/ml trypsin for 30 min before western blot analysis and infectious 
titer determination. In the absence of trypsin, full-length PEDV S proteins migrating 
at ~180 kDa were detected using anti-FLAG antibody or an anti-PEDV-S1 serum 
(Fig. 3B), whereas non-tagged PEDV-Sca was only detected by anti-S1 serum. 
Incubation with trypsin cleaved a fraction of PEDV-Swt, but essentially all of PEDV-
Sca S protein, resulting in two smaller S protein products that migrated at 
approximately 70 kDa and 50 kDa. The infectivity of PEDV-Swt_flag and PEDV-
Sca_flag decreased by 6-fold and >300-fold, respectively. Thus, the extent of 
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trypsin mediated proteolysis of the S proteins correlates with the observed 
reduction of virus infectivity. While PEDV-Swt_flag was relatively resistant to 
trypsin, PEDV-Sca_flag was rapidly cleaved. 
 

 
Figure 3. Characterization of S protein activation. (A) An entry assay was performed as described in 
Figure 2B. Vero cells were inoculated for 2 h with PEDV-Sca or PEDV-Swt and infection was quantified 
by flow cytometry, showing the averages with s.d. of 3 experiments displayed relative to the inoculation 
in the presence of trypsin. For pretreatment, the inoculum or the target cells were exposed to trypsin for 
1 h at 37°C. SBTI was supplemented to quench the trypsin activity at indicated steps. (B) Trypsin 
treatment of S protein on purified virions. Recombinant viruses carrying a FLAG-tag at the C-terminus of 
the PEDV-S protein (PEDV-Sca_flag and PEDV-Swt_flag) were produced in the absence of trypsin and 
purified by pelleting through 20 % sucrose. A similar purification procedure was done with culture 
medium from PEDV-Sca and mock infected Vero cells (mock). Samples were exposed to 15 µg/ml 
trypsin or left untreated for 30 min. Infectivity was determined by end point dilution (TCID50/ml) and 
virus particles were subjected to western blot analysis. Proteins were detected by a mouse monoclonal 
anti-FLAG antibody conjugated with horse-radish peroxidase or rabbit anti-PEDV-S1 serum. (C) Virus 
supernatant was pretreated as described above with SBTI (filled bars) or trypsin (open bars). After 
addition of an excess SBTI, virus was added to cells and attachment was allowed for 1 h at 8°C in the 
absence of trypsin activity. After binding, an entry assay was performed as described in Figure 2B. 
Infection was quantified by flow cytometry, showing the averages with s.d. of 4 experiments displayed 
relative to inoculation in the presence of trypsin without pretreatment. 
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To further define whether trypsin acts before or after receptor binding we 
performed a synchronized infection by allowing the viruses to attach to target cells 
at 8°C in the absence of trypsin. After 60 min, unbound virus was removed and an 
entry assay was performed. PEDV-Swt was able to infect cells exclusively when 
trypsin activity was present after attachment (Fig. 3C, filled bars). Trypsin 
consistently reduced PEDV-Sca infection whenever present. Nonetheless, we 
assumed that also PEDV-Sca requires proteolytic activation of its S protein at 
some stage, but that the beneficial cleavage effect of trypsin might be masked by 
destructive ones. To probe for a trypsin resistant fraction of PEDV-Sca, virus 
preparations were pre-treated with trypsin or SBTI for 60 min. Then, trypsin was 
blocked by an excess of SBTI followed by attachment and subsequent infection as 
before. In contrast, infection by pre-exposed PEDV-Sca was reduced below the 
level of infection in the presence of trypsin (Fig. 3, compare filled and empty bars) 
and the remaining infectivity was further decreased by applying trypsin after 
attachment. The infectivity of pretreated PEDV-Swt was essentially unaffected and 
required trypsin activity after attachment. Where PEDV-Swt fully depends on 
trypsin at a post-receptor binding stage, the infectivity of PEDV-Sca is 
compromised before and after receptor binding. 
 
Mapping genetic determinants of trypsin dependent entry  
The amino acid sequence of PEDV-Sca and PEDV-Swt differ at 129 amino acid 
positions. Using a gain of function approach, we aimed to map the genetic 
determinant for trypsin enhanced entry through substituting fragments of the 
PEDV-Sca S gene by the corresponding wtPEDV S gene sequences, generating 
chimeric S proteins. The ultrastructural organization of PEDV S proteins is 
unknown, but putative functional domains can be identified by theoretical analysis 
and comparison to other coronaviruses (Fig. 4A). We replaced the gene fragment 
encoding the putative fusion subunit (PEDV-S_AB), or its N-terminal part 
containing the putative S2’ cleavage site, fusion peptide, and HR1 domain 
(PEDV-S_Ab), or its C-terminal part containing HR2, the transmembrane domain, 
and the C-terminus (PEDV-S_aB; Fig. 4B). Recombinant PEDV-S_AB and 
PEDV-S_Ab were recovered in the presence of trypsin, whereas PEDV-S_aB 
could be recovered without trypsin. The chimeric viruses were tested for trypsin 
dependent entry as described for Figure 2. Clearly, all viruses carrying part A of 
wtPEDV, as exemplified by PEDV-S_AB and PEDV-S_Ab, were found to be fully 
dependent on trypsin for efficient entry, similar to PEDV-Swt (Fig. 4C). All other 
viruses that contain part A of caPEDV such as PEDV-S_aB, did not require trypsin 
for efficient entry. Hence, part A contains the determinant for trypsin dependent 
entry. 
To identify the relevant trypsin cleavage site, we compared the amino acid 
sequences of part A from the PEDV strains CV777, caDR13 and the parental 
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DR13 virus (PEDV-DR13par). We observed 9 amino acid differences including one 
conspicuous arginine, located at position 890 (R890). The arginine occurred in the 
S protein of wtPEDV and PEDV-DR13par but was replaced by a glycine in the cell 
culture-adapted caPEDV (Fig. 4D). To investigate the role of R890 in trypsin 
mediated entry of wtPEDV, attempts were made to generate PEDV-Swt encoding 
an R890G substitution. Despite multiple efforts this virus could not be recovered by 
our RNA recombination approach, whereas control recombinations were 
successful (data not shown). We did not consider introducing the reciprocal G890R 
substitution in PEDV-Sca, since the resulting recombinant virus would be predicted 
to remain trypsin independent similar to PEDV-S_aB. 
 

 
Figure 4. Mapping the genetic determinant for trypsin enhanced PEDV entry. (A) Putative 
organization of class I fusion protein features in PEDV S protein. SP = signal peptide, FP = fusion 
peptide (S891 – V910), HR1 and HR2 = heptad repeat region, TM = transmembrane domain, S1/S2 
junction = region of the furin cleavage site in MHV-A59, S2’ = location of putative cleavage site within 
the S2 subunit in SARS-CoV and IBV S protein; drawn to scale. (B) A schematic overview shows the 
chimeric S proteins of the recombinant PEDV variants. Red and green regions are derived from Swt or 
Sca protein, respectively. (C) An entry assay was performed as described in Figure 2 to compare the 
trypsin dependent entry of PEDV variants. (D) The alignment of the amino acid sequence N-terminal of 
the fusion peptide (FP) depicts a conserved arginine or a glycine substitution (bold italic). Putative S2’ 
cleavage site is indicated with an arrow. 
 
Trypsin induced cell-cell fusion mediated by overexpressed S proteins  
To otherwise assess the role of R890 in trypsin mediated S protein activation, we 
made use of a cell-cell fusion assay. As indicated in Figure 1, continuous 
treatment of PEDV infected cells with trypsin results in cell-cell fusion yielding 
syncytia. Cell-cell fusion was also triggered after overnight infection by addition of 
trypsin, after which fusion activity continued for more than 1 h (Fig. 5A). To test the 
trypsin-induced cell-cell fusion capacity of the PEDV S proteins, we transiently 
expressed them in Vero cells for 48 h. Cell-cell fusion by Swt was compared to that 
of Swt_R890G – containing a point mutation substituting the arginine 890 by a 
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glycine. Trypsin was added for 1 h and syncytium formation examined. Trypsin 
induced considerable syncytia in Swt expressing cells; in contrast, only small 
syncytia were induced in the cells expressing Swt_R890G (Fig. 5B). 
Overexpression of Sca results in small-sized syncytia and the Sca mutant bearing 
the reciprocal G890R mutation did not differ in their ability to induce syncytium 
formation (data not shown). S proteins were stained by immunofluorescence using 
anti-PEDV-S1 serum and the sizes of the foci were quantified by counting the 
number of nuclei (Fig. 5C). For Swt about 50% of syncytia were found to be small 
containing 1 to 4 nuclei, ~25% were medium-sized with 5 to 8 nuclei, and ~25% of 
syncytia were large, having more than 8 nuclei. In contrast, the Swt_R890G mutant 
yielded almost 80% of small syncytia, 15% medium and only 5% larger ones. In 
both cases, incubation with trypsin failed to trigger syncytia formation by all 
transfected cells. Of note, the number of small syncytia is probably an overestimate 
because they were not distinguishable from small clusters of PEDV-S positive cells 
originating from cell division. 
 

 
Figure 5. Substitution of arginine at position 890 results in reduced syncytia formation capacity 
of transiently expressed S protein. (A) After overnight incubation with PEDV-Swt, infected cells were 
treated with trypsin for 1 h while live images were obtained. Representative images are shown. (B) Vero 
cells were transiently transfected with expression plasmids encoding Swt and its point mutant 
Swt_R890G for 48 h. Cells were treated with trypsin or trypsin plus SBTI for 1 h and subsequently 
examined by immunostaining against S protein (green). Nuclei were stained with DAPI (blue). 
Representative images are shown. (C) The numbers of nuclei per focus were quantified and displayed 
as binned frequency distribution histogram (four independent experiments, Swt n = 390; Swt_R890G n 
= 330). Syncytia containing 1-4 nuclei were small, 5-8 nuclei were medium and more than 8 were large. 
The average syncytia size induced by Swt and Swt_R890G significantly differ from each other (p-value 
<0.0001, non-parametric t-test). 
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Discussion  
 
Proteolytic priming of class I fusion glycoproteins has been reported to occur with 
different timing and by various host proteases. Human immunodeficiency virus Env 
and HA of highly pathogenic influenza viruses become primed by cellular furin-like 
proteases in the virus producing cells, hence they are fusion-ready upon virus 
release (23, 24). In contrast, the infectivity of viruses carrying uncleaved fusion 
proteins such as severe acute respiratory syndrome (SARS) coronavirus and low 
pathogenic influenza viruses rely on host cell proteases like type II transmembrane 
serine proteases (TTSP) (25), furin-like proteases, or low-pH-dependent, 
endolysosomal proteases (23, 26-28). Recent progress illustrates that infection by 
respiratory syncytial virus, despite its carrying a cleaved F protein, can still be 
blocked by inhibitors of endosomal proteases as the F protein requires a second 
cleavage in the target cell (29). PEDV is peculiar because it needs an exogenous 
protease for propagation in cell culture, thereby providing an excellent model to 
study proteolytic activation. Our investigation of the spatiotemporal characteristics 
of trypsin dependent PEDV infection demonstrated that PEDV-Swt undergoes 
trypsin activation at a post receptor-binding stage. In contrast to influenza virus HA 
that can be primed at any stage, we suggest that PEDV S protein is protected from 
premature processing by reduced accessibility of the cleavage site. This 
mechanism may prevent premature triggering of the fusion machinery in the 
protease-rich intestine and help to direct the infection to proper target cells. 
Proteolytic processing after preconditioning has been observed for other CoVs and 
correlated with conformational changes that expose a cleavage site. A preceding 
cleavage of SARS-CoV S protein facilitates cleavage at a second site further 
C-terminal of the first (30). Like PEDV, MHV-2 S protein requires receptor binding 
before the cleavage occurs that enables the refolding into a post fusion 
conformation (31). We failed to observe effects of porcine amino peptidase N 
(pAPN) – the putative receptor for PEDV (32) – because we could not reproduce 
its receptor function in a variety of assays. Proteolytic processing may constitute a 
general mechanism to control timing and location of the fusion competence of 
class I fusion proteins. In fact, the tropism of various enveloped viruses such as 
low pathogenic influenza virus, SARS-CoV, human coronavirus 229E, infectious 
bronchitis virus (IBV), and feline infectious peritonitis virus (FIPV), but also of the 
non-enveloped rotavirus has been correlated with the availability of proteases that 
mediate fusion activation in the target tissue (28, 33-38). 
We used recombinant viruses to attribute specific effects of trypsin to the S protein. 
For the first time, the function of a strictly trypsin dependent S protein from a PEDV 
isolate was characterized and compared to the trypsin independent S protein of a 
cell adapted PEDV variant. A previous study claimed that trypsin exerts its PEDV 
infection enhancing effect at a post receptor-binding stage (6). However, the PEDV 
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strain used was not trypsin dependent and the impact of trypsin on virus 
propagation was marginal, jeopardizing the interpretation of the data (6, 39).  
In search for the genetic determinant of PEDV cleavage we created viruses with 
chimeric S proteins by transferring wtPEDV S gene fragments into the trypsin 
independent caPEDV virus. We mapped the trypsin dependence feature to the 
N-terminal half of the fusion subunit which includes the putative fusion peptide and 
HR1 domain (40). A sequence comparison of PEDV S proteins pointed at an 
arginine (R890) to glycine substitution that has occurred during the serial in vitro 
passaging process, which rendered the original parental PEDV-DR13 trypsin 
independent (41). This arginine was first identified by Whittaker and co-workers in 
SARS-CoV S protein and sequence alignment by Yamada et al. illustrated the 
conservation of this arginine in almost all CoV S proteins (14, 30). A role of this 
residue in fusion is indicated by the significant reduction in syncytia formation by 
cells expressing the CV777 S protein encoding the R890G mutation. Recombinant 
PEDV carrying this mutant S protein could not be rescued suggesting that 
additional mutations are required to compensate for the loss of trypsin-mediated 
activation. R890 is located immediately adjacent to the putative fusion peptide and 
corresponds with the previously described cleavage site within S2 (S2’) (40). 
Consistent with the class I fusion model, exemplified by influenza virus HA, trypsin 
cleavage at R890 would enable the bulky receptor binding head domain of the 
PEDV S protein to move aside, thereby liberating an N-terminal fusion peptide that 
can then insert into the host cell membrane to initiate membrane fusion (reviewed 
in (42)).  
In contrast to clinical PEDV isolates, entry by cell culture-adapted caPEDV into 
Vero cells is independent of trypsin. Yet, cell-cell fusion by infected cells still 
required the addition of trypsin, indicating that proteolysis activates the caDR13 S 
protein for fusion but does not occur at plasma membrane. Candidate cellular 
enzymes that could activate the caPEDV S protein in the endolysosomal system 
are TTSPs and low-pH-activated proteases, similar to the activation of SARS-CoV, 
MERS-CoV, human coronavirus 229E, and MHV-2 S proteins (28, 43-46). 
Moreover, caPEDV infectivity was markedly affected by the action of trypsin, which 
correlated with a clear proteolysis of S proteins on virions. Trypsin cleavage of 
virion-bound Sca yielded a dominant 70 kDa-sized S2 fragment with an intact C-
terminus (Fig. 3B). The size of the product fits with trypsin cleavage in proximity to 
position G890 (i.e. at R885 or K889) yielding a truncated S2 subunit of 
approximately 70 kDa (predicted molecular mass of 55 kDa protein and 15 kDa N-
glycans). We speculate that alternative trypsin cleavage sites may be more readily 
accessible in Sca compared to Swt, and hence, prematurely trigger the transition of 
Sca into a post-fusion form. caPEDV has been used as a live attenuated vaccine 
and its attenuated phenotype in pigs was suggested to be associated with a 
deletion in the accessory ORF3 gene product (39, 47, 48). We add that attenuation 
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could also result from reduced viral fitness of the trypsin independent PEDV 
vaccine strain in the gastric and pancreatic protease-rich environment of the 
intestine and by reduced syncytia-inflicted damage of the intestinal epithelial layer 
(41).  
It seems counter-intuitive that serial passaging of the trypsin dependent PEDV-
DR13 parental strain in the presence of trypsin eventually resulted in a cell culture-
adapted caPEDV that no longer depended on trypsin for its growth (17). In fact, 
PEDV strain KPEDV-9 was independently generated by repeated passaging in cell 
culture and also acquired trypsin independence according to Park et al. (6, 17, 39). 
Intriguingly, it has been noted that Vero cells inhibit trypsin in cell culture 
supernatants by secretion of trypsin inhibitory molecules (49). Hence, propagation 
of the parental PEDV-DR13 in Vero cells may have selected for trypsin 
independent PEDV mutants.  
Comparing virus production in the presence and absence of trypsin we also found 
that the release of recombinant viruses carrying wtPEDV and caPEDV S proteins 
from infected cells was increased by trypsin. Release of PEDV-Sca was 15-fold 
higher in the presence of trypsin, confirming results of Shirato et al. (22). PEDV-
Swt was significantly more dependent on trypsin for release than PEDV-Sca, 
indicating that the S protein is also a determinant for efficient virus release from 
target cells. Protease activity acts at distinct steps in the viral life cycle of PEDV, 
although the mechanism of virus retention and the role of proteolysis in virus 
release are not understood.  
Enveloped virus entry is generally directed and controlled by proteolytic processing 
of the fusion protein, receptor binding and triggering of membrane fusion. Our 
knowledge about the determinants of PEDV infection is limited and this study 
aimed at elucidating the requirements for virus entry. Like for other CoVs, we found 
that activating cleavage of wild-type PEDV S proteins occurs only after receptor 
binding (50). In vitro, PEDV is unique in its dependence on a protease that is not 
expressed by the target cell. As for influenza virus, this trypsin dependence may be 
an ex vivo requirement. In vivo, the availability of gastric and pancreatic proteases 
or proteases locally expressed by the intestinal epithelial target cells potentially 
mediate PEDV virus infection to the intestine (51). TTSPs such as TMPRSS2 are 
candidate proteases for PEDV activation, since human TMPRSS2 has been shown 
to activate PEDV S-mediated cell-cell fusion in cell culture (22). It is currently 
unknown whether PEDV S protein cleavage is a priming event and whether 
membrane fusion requires yet an additional trigger. So far, trypsin cleavage readily 
supports the membrane fusion process and can be used as a trigger to investigate 
virus-cell and cell-cell fusion and to dissect further details of the PEDV fusion 
machinery. Thus it seems possible that PEDV infection is triggered by proteolysis 
rather than by alternative environmental cues, thereby abrogating the distinction 
between priming and triggering events, as was suggested for SARS-CoV (52). 
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Abstract 
 
The emerging porcine epidemic diarrhea virus (PEDV) requires trypsin 
supplementation to activate its S protein for membrane fusion and virus 
propagation in cell culture. By substitution of a single amino acid in the S protein 
we created a recombinant PEDV (PEDV-SFCS) with an artificial furin protease 
cleavage site N-terminal of the putative fusion peptide. PEDV-SFCS exhibited 
trypsin-independent cell-cell fusion and was able to replicate in culture cells 
independent of trypsin, though to low titer. 
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Entry of the enveloped coronaviruses (CoV) is mediated by the spike (S) 
glycoprotein. The S protein can be functionally divided into two domains, S1 and 
S2, which enable the consecutive stages of receptor binding and membrane 
fusion, respectively. Like other class I viral fusion proteins, the CoV S proteins rely 
on proteolytic cleavage by host proteases for fusion priming/activation; cleavage 
enables the release of the fusion peptide and its insertion into the target cell 
membrane in a controlled manner. To this end most CoV exploit endogenous 
cellular proteases such as furin, plasma membrane proteases and endolysosomal 
proteases that cleave the S protein during virus exit from the infected cell or during 
its entry at or in the target cell (1, 2). Cleavage of CoV S proteins has been shown 
to occur at the junction of the receptor binding domain S1 and the membrane 
fusion domain S2, and just upstream of the putative fusion peptide (S2’ site) in the 
S2 domain, with the latter cleavage supposed to be the most critical for fusion as it 
liberates the fusion peptide (1, 2).  
Porcine epidemic diarrhea virus (PEDV) is an emerging coronavirus that causes 
acute diarrheal disease in swine in Asia and since 2013 in the Americas. In 
contrast to other CoV, PEDV requires the presence of an exogenous protease, 
trypsin, in the cell culture medium to activate the S protein for membrane fusion 
and for virus propagation in cell culture (3). This trypsin dependency in vitro is 
consistent with the tissue tropism of PEDV in vivo where PEDV is confined to the 
trypsin-rich small intestine. Trypsin activates the PEDV S protein for membrane 
fusion after the binding of the virion to the host cell (4). Genetic and mutational 
analyses have pointed to a conserved arginine just upstream of the fusion peptide 
(S2’ site) in the membrane fusion domain S2 as the trypsin cleavage site for fusion 
activation, yet direct evidence of functional cleavage at this position is lacking (4).  
To assess the cleavage position required for PEDV S protein fusion activation and 
to test whether activation by exogenous trypsin can be bypassed by an 
endogenous host protease, we introduced an artificial cleavage recognition site for 
the furin protease into the PEDV spike protein (Fig.1). The proprotein convertase 
furin is a type I membrane protein that is ubiquitously expressed in eukaryotic cells. 
Furin is primarily located in the trans-Golgi network but also occurs at the cell 
surface and as an extracellular, truncated soluble form (5). It cleaves cellular and 
viral proteins C-terminal of a substrate recognition motif containing basic amino 
acids with R-X-X-R and R-X-K/R-R representing the minimal and highly favored 
motif, respectively (R, arginine; K, lysine; X, any amino acid). We constructed a 
mutant PEDV S protein (strain CV777) with a valine to arginine single residue 
substitution at amino acid position 888 (V888R) thereby creating a furin cleavage 
sequence site (VQKR →RQKR) N-terminal of the predicted fusion peptide (6). 
Bioinformatic analysis predicted that this position can be cleaved by furin with a 
prediction score of 0.875, relative to 0.611 for the wildtype S protein (Fig.1a).  
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Figure 1: The PEDV S protein with an artificial furin cleavage site at the S2’ position (SFCS) 
mediates trypsin-independent cell-cell fusion. A) Schematic representation of the PEDV S protein 
(drawn to scale). Indicated are the position of the receptor binding domain S1 and the membrane fusion 
domain S2, predicted N-glycosylation sites (Ψ; NetNGlyc server), predicted S2’ cleavage site (red 
triangle), fusion peptide (orange bar), and transmembrane domain (black bar; TMHMM server). Lower 
panel: Amino acid sequence at the putative S2’ cleavage site (R891, indicated in bold) for the wildtype 
CV777 S protein (SWT) and for a mutant S protein (SFCS) with a valine to arginine substitution at amino 
acid position 888 (colored in red) creating a furin cleavage site sequence (underlined: R-X-(K/R)-R; X: 
any amino acid). Furin scores for the S2’ position predicted by the ProP 1.0 server are indicated for both 
S variants. B) Vero cells were transfected with expression plasmids encoding wildtype PEDV S (SWT) or 
SFCS and cultured in the absence or presence of furin-inhibitor (FI; 40 μM), soybean trypsin inhibitor 
(SBTI; 40 μg/ml) or trypsin (15 μg/ml) as indicated. At 40 h post transfection cells were fixed and 
permeabilized. Nuclei (blue) were stained with DAPI and PEDV S (green) expression was visualized by 
its C-terminally appended FLAG-tag using anti-Flag MAb (Sigma). The transfection experiments were 
repeated two times, representative images are shown. 
 
First, we assessed whether the introduction of the furin cleavage site (FCS) in the 
S protein enables trypsin-independent cell-cell fusion. Therefore, we transiently 
expressed the SFCS protein and the SWT protein, each provided with a C-terminally 
appended Flag-tag, in Vero cells. At 6 h post transfection, the culture medium was 
replaced by fresh medium supplemented either with furin inhibitor or with soybean 
trypsin inhibitor, the latter to ensure that trypsin activity was completely absent. At 
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47 h post transfection, cells were treated with trypsin for 1 h or left untreated. In the 
presence of trypsin, the SWT and SFCS spike proteins were both able to efficiently 
form syncytia (Fig.1b). As expected, the SWT spike protein was unable to mediate 
cell-cell fusion when trypsin was omitted from the cell culture medium. However, 
formation of multiple, large syncytia was seen after expression of the SFCS spike 
protein in the absence of trypsin activity. Trypsin-independent syncytia formation 
by SFCS could be inhibited by the inclusion of furin inhibitor in the culture medium 
(Fig.1b). These data indicate that the creation, through a single amino acid 
substitution, of a furin cleavage site at the S2’ position renders the PEDV S protein 
prone to activation of its membrane fusion capacity by endogenous furin. 
To assess whether the furin cleavage site at the S2’ position of the S protein 
enables the virus to infect cultured cells independent of trypsin, we introduced the 
mutation encoding the SV888R substitution into the viral genome. Recombinant 
viruses were generated encoding either the wildtype CV777 S protein (PEDV-SWT) 
or the SFCS mutant (PEDV-SFCS) using our recently established PEDV reverse 
genetics system (7). To facilitate the analyses, the non-essential ORF3 gene in the 
genome of both recombinant viruses was replaced by the GFP gene. Recombinant 
PEDV-SWT and PEDV-SFCS viruses were successfully rescued in the presence of 
trypsin and the relevant S gene region of their genome was confirmed by 
sequencing. Next, we inoculated Vero cells in parallel with PEDV-SWT and PEDV-
SFCS in the absence and presence of trypsin for 2 h. The infection was 
subsequently continued in the absence or presence of trypsin for another 10 h after 
which infected (i.c. GFP-positive) cells were visualized by fluorescence 
microscopy. In the absence of trypsin, hardly any infection was seen on Vero cells 
for the PEDV-SWT virus whereas clear infection was observed for the PEDV-SFCS 
mutant (Fig.2a). Both viruses efficiently infected Vero cells in the presence of 
trypsin. Syncytia were abundantly observed when trypsin was absent after virus 
inoculation for the PEDV-SFCS mutant, but not for the PEDV-SWT (Fig.2a and 2b). 
These results confirm our earlier observation that the furin recognition site creating 
mutation SV888R confers trypsin-independent cell-cell fusion.  
To assess whether the SV888R mutation would also enable PEDV to propagate in 
the absence of trypsin, the growth kinetics of the PEDV-SWT and PEDV-SFCS 
viruses on Vero cells were compared in the absence and presence of trypsin. Vero 
cells were inoculated in parallel with PEDV-SWT and PEDV-SFCS at an MOI of 0.01 
or 0.1. Both viruses displayed similar growth kinetics and reached similar titers in 
the presence of trypsin (Fig.2c). In the absence of trypsin, no infectious progeny 
was detected with either virus after inoculation at low MOI (MOI 0.01, data not 
shown). At 10-fold higher MOI the PEDV-SFCS – but not the PEDV-SWT – yielded 
low infectious virus titers starting from 12 h post infection. To check the cleavage 
status of the spike protein as it occurs on PEDV-SFCS virions we performed western 
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blot analysis. The results indicate that the introduction of the furin cleavage site at 
the S2’ site did not result in a detectable cleavage (Fig.2e). 
 

 
Figure 2: Recombinant PEDV virus encoding the S of PEDV-CV777 strain with an artificial furin 
cleavage site at the S2’ site (PEDV-SFCS) mediates trypsin-independent cell-cell fusion. A) Cells 
were infected with GFP-expressing recombinant PEDV viruses carrying wildtype CV777 S (PEDV-SWT) 
or mutated CV777 S (PEDV-SFCS) in the presence of trypsin (15 μg/ml) or soybean trypsin inhibitor 
(SBTI; 40 μg/ml) as indicated. At 2 h post infection cells were washed and further cultured in the 
presence of soybean trypsin inhibitor (SBTI; 40 μg/ml) or trypsin (15 μg/ml) as indicated. Cells were 
fixed at 12 h p.i. Nuclei were stained with DAPI (blue) and images of PEDV-infected cells (GFP-positive, 
green) were acquired. Experiments were repeated two times and representative images are shown. B) 
Vero cells were infected with PEDV-SWT and PEDV-SFCS in the presence of trypsin for 2 h and further 
cultured in the presence of soybean trypsin inhibitor (as indicated above). At 12 h p.i. the numbers of 
nuclei per focus of infection were counted. Statistical significance was assessed by unpaired one-tailed 
Student’s t test; **, P < 0.01. C) Vero cells were infected with recombinant PEDV-SWT and the PEDV-
SV888R (MOI 0.01) in the absence or presence of trypsin. The infectivity in the culture medium was 
monitored by taking small samples from the medium at various time points post infection and titration on 
Vero cells in the presence of trypsin. D) Cell culture supernatant from PEDV-SWT and PEDV-SFCS 
infected or mock infected cells was pelleted through a 20% sucrose cushion. Pellets were dissolved in 
Laemmli sample buffer and subjected to western blotting. Virion-incorporated SWT and SFCS proteins 
were detected by their C-terminally appended FLAG-tag using an anti-Flag MAb (Sigma). Sizes of 
marker proteins are indicated in kilodaltons. 
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Huh-7 human hepatoma cells are known to express high levels of furin protease 
(8). We therefore analysed whether these cells could support infection by the 
PEDV-SFCS virus. Of note, infection of Huh-7 cells in the presence of trypsin could 
not be assessed since these cells are affected too strongly by trypsin at the 
concentrations required for propagation of PEDV in cell culture. Inoculation of Huh-
7 cells with PEDV-SFCS virus resulted in trypsin-independent infection and 
development of syncytia (Fig.3a and b). Virus entry as well as cell-cell fusion could 
be inhibited when furin inhibitor was present during these processes. Interestingly, 
some PEDV-SWT infection was also observed on Huh-7 cells which could be 
inhibited by furin inhibitor, yet no syncytia were seen. Whether this infectivity 
correlates with the predicted suboptimal proprotease cleavage site at the S2’ 
position in the PEDV SWT protein (Fig.1) remains to be seen. 
 

 
Figure 3: A) Furin inhibitor blocks trypsin-independent entry and formation of syncytia by PEDV-
SFCS in human hepatoma (Huh-7) cells. Cells were inoculated with PEDV-SWT or PEDV-SFCS at MOI 
0.5 (MOI based on virus infectivity on Vero cells in the presence of trypsin). Furin inhibitor decanoyl-Arg-
Val-Lys-Arg-chloromethylketone (FI, 40 μM) was present in the cell culture supernatant from -1h to 2 h 
p.i. or from 2 h to 12 h p.i.. To prevent trypsin mediated entry, soybean trypsin inhibitor (SBTI; 40 μg/ml) 
was present in the culture supernatant throughout the experiment. Cells were fixed at 12 h p.i.. Nuclei 
were stained with DAPI (blue) and images of PEDV-infected cells (GFP-positive; green) were acquired. 
Experiments were repeated two times and representative images are shown. B) Huh-7 cells were 
infected with PEDV-SWT and PEDV-SFCS in the presence of trypsin inhibitor for 2 h and further cultured 
in the absence or presence of furin inhibitor, as described under (A). At 12 h p.i. the numbers of nuclei 
per focus of infection were counted. 
 
The proteolytic activation process of the CoV spike fusion protein has long been 
rather enigmatic. Whereas processing at the S1/S2 junction by furin was 
documented already in the early 80s (9, 10), this cleavage occurs only in a subset 
of coronaviruses and does not liberate the putative fusion peptide at the N terminus 
of the membrane-anchored subunit, as it does in other class I viral fusion proteins. 
The second, more universal as well as more appropriately located S2’ cleavage 
site was identified only recently and evidence for its general importance in CoV 
infection has since been accumulating ((4, 11-13); for a recent review, see (1)). 
Cleavage at the S2’ position is generally carried out by cellular proteases occurring 
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at the plasma membrane or in the endo-/lysosomal system, depending on the 
particular target cell and S2’ sequence. In the case of PEDV, however, of which the 
S protein lacks a canonical furin cleavage site at the S1/S2 and the S2’ position, 
activation supposedly occurs by trypsin-like enzymes in the gut and the virus 
hence requires supplementation of trypsin for propagation in vitro. Earlier we 
mapped this trypsin-requirement to the S2’ cleavage site in the PEDV S protein 
and demonstrated the critical importance of the characteristic arginine at this site 
for the viability of the virus and for the cell fusion capacity of the S protein (4).  
In the present study we aimed to demonstrate the requirement for cleavage at the 
S2’ site and to alleviate the trypsin dependence of PEDV infection in vitro. Thus, 
we show that introduction - through a single point mutation - of an artificial furin 
cleavage motif N-terminal of the spike fusion peptide confers cell-cell fusion and 
PEDV entry in a trypsin independent manner. Both processes were blocked by a 
furin-specific inhibitor, thereby confirming the functionality of furin cleavage at the 
S2’ position. The observations add further evidence that cleavage just upstream of 
the fusion peptide is a general and essential requirement for activation of CoV 
spike proteins for membrane fusion (11-14). Propagation of the PEDV-SFCS in the 
absence of trypsin was less efficient than in its presence, which might be due to 
trypsin also being required for virus release (15). Moreover, besides cleavage N-
terminal of the fusion peptide, additional cleavage(s) may be required to increase 
the S protein’s membrane fusion efficiency. Cleavage of the S protein at the S1/S2 
junction of the coronaviruses MERS-CoV, SARS-CoV and IBV has been implicated 
to precede and promote cleavage at the S2’ position (11, 13, 14). For PEDV, the 
lack of efficient cleavage of virion-incorporated SFCS proteins indicates that the 
introduced furin cleavage site at the S2’ site is rather inaccessible for furin. 
Whether cleavage at the S1/S2 junction or binding to the receptor enhances the 
efficiency of cleavage at the S2’ cleavage site awaits further investigation.  
While field strains of PEDV strictly require exogenous trypsin for propagation in 
vitro, serial passaging of the virus on cultured cells can lead to trypsin 
independency (3, 4). Vero cells are the most commonly used cells for PEDV 
studies because of their resistance to the high concentrations of trypsin required 
for PEDV infection. The protease requirement of PEDV may hence – in addition to 
the specific virus receptor – function as a critical tropism determinant in vitro as 
well as in vivo. As a consequence, the rational or evolutionary adaptation of CoV to 
the use of ubiquitous, endogenous proteases like furin for the activation of their S 
proteins may expand their tropism in vitro and in vivo (1). 
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Viruses constitute a significant threat to animal and public health as well as to 
economies. Particularly viruses that suddenly emerge can have a major societal 
impact, as illustrated by the recent emergence of human-infecting pathogenic 
viruses including Zika virus, pandemic 2009 H1N1 influenza virus and the SARS- 
and MERS-coronaviruses, but also by the (re-)emergence of animal viral 
pathogens such as the porcine epidemic diarrhea virus (PEDV). These viruses 
generally cause acute infections in which the virus replicates extensively during a 
short window of time. During virus replication the immune response mounting in 
most of the infected individuals is able to eliminate the pathogen from the host. The 
replication and elimination of these viruses in the host is governed by interactions 
of viral proteins recruiting host molecules as well as by the host immune system 
recognizing viral molecules, respectively. The ability of viruses to replicate in 
certain hosts, tissues or cells particularly depends on the viral and host proteins 
that are involved at the stage of cell entry. Entry is mediated by the structural 
proteins of the virion that i) recognize host molecules expressed on the surface of 
target cells and ii) subsequently allow penetration of the cellular membrane. 
Because of their key functions in entry, these viral entry proteins are the main 
targets of potent neutralizing antibodies that may eliminate virus infection and/or 
protect against recurring infections. In this thesis, I have studied the viral spike 
protein of the emerging porcine coronavirus PEDV in its interactions with the host 
cell and with antibodies which contribute to virus tropism and host immunity, 
respectively.  
PEDV causes acute diarrhea and its infection in vivo is strictly confined to the 
intestinal epithelial cells. To reach that site of replication, PEDV must first survive – 
upon ingestion by the host – the conditions in the oral cavity and the stomach in 
which it encounters extremely low pH. After passage through the stomach, PEDV 
needs to penetrate the mucus layer lining the intestinal epithelium to finally adhere 
to the host epithelial cells and initiate infection. PEDV is a master in overcoming 
these challenges, since highly-virulent viruses can infect 100% of the epithelial 
cells in the porcine jejunum as early as twelve hours post infection and can cause 
diarrhea within twenty-four hours. Virus replication can lead to complete 
destruction of the epithelial villi (villous atrophy) and can reach genome RNA levels 
of 1010.1 copies / ml feces (1). Mucosal immunity – in particular neutralizing 
secretory IgA antibodies – is thought to control virus replication and protect against 
recurring infection of the host. In this chapter, I will highlight the implications of our 
findings with respect to PEDV entry and immunogenicity. I will summarize our 
observations on receptor interaction by the coronavirus S protein (Chapter 2 and 
3) and its functional proteolytic processing (Chapter 5 and 6) that determine virus 
tissue tropism and put it into broader perspective. In addition, I will discuss the 
identified epitopes on the spike protein targeted by neutralizing antibodies 
(Chapter 4) and the implications of our findings for vaccine development.  
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7.1 Cell attachment of PEDV 
 
In order to gain access to the cellular machinery and initiate virus replication, 
viruses must first bind to host molecules on permissive cells via their surface 
proteins. These cell-surface molecules can be protein or carbohydrate molecules 
and may serve as ‘attachment factor’ or ‘entry receptor’. Viral attachment factors 
provide viruses a foothold at the plasma membrane of a cell, enabling viruses to 
find and attach to their entry receptor. In contrast to attachment factors, entry 
receptors actively promote virus entry. Entry receptors may facilitate receptor-
mediated endocytosis and/or trigger conformational changes in viral surface 
proteins that may lead to membrane penetration resulting in the delivery of the viral 
genome into cell cytoplasm. 
For coronaviruses, a number of host molecules have been identified as attachment 
factors and entry receptors (Table 7.1). Some coronaviruses display dual binding 
specificity targeting carbohydrate as well as proteinaceous cell-surface molecules. 
The alphacoronavirus TGEV was the first coronavirus reported to have dual 
binding specificity (2, 3). While aminopeptidase N (APN) serves as an entry 
receptor for TGEV, the virus can also bind to cell-surface sialic acids as an 
attachment factor. Likewise, we recently found that the betacoronavirus MERS-
CoV can attach to cell surface sialic acids additional to its entry receptor, dipeptidyl 
peptidase 4 (DPP4) (4). The phenomenon of dual receptor binding has as yet 
received only modest attention in coronavirus research, yet it may be highly 
relevant to host and tissue tropism and pathogenesis. In the case of TGEV, it was 
reported that sialic acid binding activity is essential for its enteric tropism (2). PEDV 
may be another alphacoronavirus with dual binding specificity for cell surface 
molecules since it was reported to bind to sialic acids as well as to APN (5). In 
Chapter 2, we validated the sialic acid binding activity of PEDV and assessed its 
role in virus infection. In Chapter 3, we demonstrate that APN is not required as a 
functional receptor for PEDV. In the next paragraphs, I will discuss the binding to 
sialoglycoconjugates as an attachment factor and the involvement of entry 
receptors in PEDV cell entry. 
 
7.1.1 Role of PEDV sialic acid binding activity for infection in 
vitro and in vivo 
Sialic acid binding activity by PEDV was first demonstrated by Liu and co-workers 
(5). The S1 receptor binding subunit of PEDV was shown to bind sialic acid-
containing bovine and porcine mucin in a sialic acid dependent manner. Glycan 
array screening performed with the S1 subunit revealed that PEDV preferentially 
recognizes N-acetylneuraminic acid (Neu5Ac), the predominant sialic acid found 
on mammalian cells. In addition, Deng et al. mapped the sugar binding domain to  
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Table 7.1 Summary of receptor usage and tissue and host tropism of coronaviruses 
  Receptor   
Genus Species  Attachment Entry Tissue tropism References 

α-CoV 

Alphacoronavirus 1     
Type II Canine coronavirus   APN Enteric  (90) 

Type II feline infectious peritonitis virus  APN Enteric or systemic (13, 91) 

Porcine respiratory coronavirus  APN Respiratory  (92) 

Transmissible gastroenteritis virus Neu5Gc, 
Neu5Ac APN Enteric (3, 14, 90) 

Porcine epidemic diarrhea virus Neu5Ac unknown Enteric (5, 18) 

Human coronavirus 229E  APN Respiratory  (31) 

Human coronavirus NL63  ACE2 Respiratory  (93) 

β-CoV 

Bovine coronavirus  α2,3-linked 
Neu5,9Ac2 Respiratory  (94-96) 

Human coronavirus OC43  α2,6-linked 
Neu5,9Ac2 Respiratory  (94, 96) 

Murine hepatitis virus MHV  
Neu5,9Ac2, 
Neu4,5Ac2, 
CEACAM1a 

Polytropic 
 (97-101) 

Human coronavirus HKU1  O-Acetylated  
Sialic Acid Respiratory (20) 

SARS and bat related coronaviruses  ACE2 Respiratory  
and systemic (30) 

Middle East respiratory syndrome coronavirus  Neu5Ac DPP4 Respiratory (4, 29) 

Tylonycteris bat coronavirus HKU4  DPP4 unknown (102, 103) 

γ-CoV 
Infectious bronchitis virus  α2,3-linked 

Neu5Ac Respiratory (104) 

Turkey coronavirus  complex N-acetyl 
-lactosamines Enteric (105) 

δ-CoV Porcine Deltacoronavirus  unknown Enteric (106) 
Red font: receptor binding domain located in the N-terminal domain (NTD) of S1 subunit; Blue font: receptor binding domain located in the domain B of S1 
subunit. 
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the N-terminal 320 amino acids of the PEDV spike protein. In Chapter 2, we 
confirmed the sialic acid binding activity of PEDV, though this activity appeared to 
be strain dependent. Furthermore, we narrowed down the location of the sialic acid 
binding domain to the first 249 amino acids of the PEDV S protein which 
corresponds to its N-terminal domain (“domain 0”). Our data further demonstrated 
an important role for sialic acids in PEDV infection of cultured cells which 
correlated with the strain-dependent ability of the virus to bind 
sialoglycoconjugates. Depletion of cell-surface sialic acids on Vero cells by 
enzymatic (neuraminidase) treatment or genetic ablation decreased infection of the 
Sia-binding PEDV GDU strain to 15% but had no effect on infectivity of the PEDV 
UU strain that lacks Sia-binding activity. These findings indicate a strain-dependent 
attachment function of the cell surface sialic acids in PEDV entry which may 
enhance infection presumably by concentrating the virus on the cell surface 
allowing the more efficient recruitment of its entry receptor. Contrary to PEDV, 
interaction with cell surface sialic acids on susceptible swine testis (ST) cells by the 
Sia-binding TGEV alphacoronavirus seems to be dispensable for infection (7). 
Differences in Sia-dependence between PEDV and TGEV might be explained by 
differences in i) sialic acid selectivity and binding affinity, ii) the sialoglycome and 
expression of sialic acids on Vero cells versus ST cells, and iii) differences in the 
affinity or expression of the entry receptor that may influence the beneficiary role of 
Sia-attachment in virus entry. Cell line dependent differences in Sia-dependence 
for infection were recently observed for MERS-CoV which has dual binding activity 
for sialic acids and the entry receptor DPP4 (4). In humans, MERS-CoV replicates 
in epithelial cells of the lower respiratory tract but is usually propagated in cell 
culture in African green monkey kidney Vero cells. Removal of cell surface sialic 
acids by neuraminidase treatment of human lung Calu-3 epithelial cells – but not of 
Vero cells – resulted in strongly diminished infection, which correlated with the 
abundance of MERS-CoV Sia-glycotopes on both cell types. These studies 
emphasize the value of faithful cell culture models to study host-pathogen 
interactions. 
What is the functional relevance of sialic acid binding of PEDV in vivo? Does Sia-
binding activity determine the enterotropism of PEDV, similar to what has been 
shown for TGEV? TGEV is a typical enteropathogenic coronavirus, yet it also 
replicates in the respiratory tract. Replication in the enteric tract was shown to be 
dependent on sialic acid binding activity of the spike protein. PRCV, a natural 
deletion variant of TGEV lacking the spike Sia-binding domain 0, lost its enteric 
tropism and mainly replicates in the respiratory tract (8, 9). In addition, 
hemagglutination-deficient TGEV mutants with single residue substitutions or a 
deletion of four amino acids in its spike protein domain 0 showed strongly reduced 
enteropathogenicity (2). Recently, PEDV variants lacking the Sia-binding domain 
were tested in vivo. Hou et al., generated a PEDV mutant lacking the spike domain 
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0 (residues 34-227, CV777 numbering) using a reverse genetics system. This 
recombinant virus lost its Sia-binding activity demonstrating that this activity is 
dispensable for virus infection in vitro. This mutant showed reduced virulence in 
neonatal piglets compared to the parental virus, yet deletion of the Sia-binding 
domain did not affect virus tropism (10). A similar clinical spectrum in neonatal 
piglets was seen for the PEDV strain Tottori2 which has a naturally acquired 194-
amino acid (residues 23-213, CV777 numbering) deletion in the domain 0 of S1 
(11, 12). These studies suggest that – in contrast to TGEV - deletion of the spike 
protein Sia-binding domain 0 in PEDV does not result in loss of enteric tropism. 
Nevertheless, the reduced enteropathogenicity of PEDV variants lacking the spike 
domain 0 suggests that Sia-binding activity contributes to virus pathogenesis in 
vivo. To more accurately assess the function of sialic acid binding in vivo, structural 
information on the mode of sialic acid binding is needed to generate structure-
based PEDV mutants with one or a few spike protein point mutations that disable 
Sia-interaction. Ideally, these studies should be done in the context of a virulent 
virus that displays strong Sia-binding activity.  
A number of enteric viruses have been reported to contain Sia-binding activity (e.g. 
feline enteric coronavirus, TGEV, norovirus and rotavirus) (13-16). Viral sialic acid 
binding activity may enable these viruses to penetrate the thick mucus layer 
covering the intestinal epithelial cells by binding to sialylated mucins and may aid 
the virus to get into contact with its protein receptor. Are there other functions that 
can be contributed to Sia-binding activity of enteric viruses rather than supporting 
virus replication in the intestines? For TGEV, Sia-binding was proposed to play a 
role in virus transmission and passage through the stomach. Binding of virus to 
sialoglycoconjugates was shown to increase resistance of virions to inactivation by 
bile salts (14). PEDV might also use a similar strategy to stabilize virions for 
passage through the unfavorable conditions in the alimentary tract.  
 
7.1.2 Cell entry receptor of coronaviruses 
Sialoglycoconjugates cannot be the only type of cell surface molecules to which 
PEDV virions attach, given the dispensability of the Sia-binding domain 0 of the 
spike protein for virus infection in vitro and in vivo. Analogous to other 
alphacoronaviruses, the virus was suggested to utilize porcine APN as an entry 
receptor. However, as we demonstrate in Chapter 3, PEDV can infect a number of 
cell types lacking APN expression, including Vero and Hela cells. In addition, we 
show that knockout of APN expression in PEDV susceptible porcine (ST) and 
human (Huh7) cell lines has no effect on PEDV infection. These results - combined 
with similar results obtained by Shirato et al. - clearly demonstrated that APN is not 
the receptor of PEDV (17).  
If APN is not the receptor of PEDV, what then could the entry receptor for this virus 
be? And which domain of the PEDV spike protein might be responsible for receptor 
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interaction? We hypothesize that PEDV – similar to other alphacoronaviruses - 
engages a proteinaceous entry receptor via domain B of its spike protein. The 
recently elucidated cryoEM structures of alpha- and betacoronavirus spike trimers 
display a multidomain structure of the S1 receptor binding subunit, with four core 
domains (A-D), and with alphacoronaviruses exhibiting an additional N-terminal 
domain (domain 0). Sia-binding activity resides in the N-terminal spike domains: 
domain 0 of TGEV and PEDV and domain A of other coronaviruses (BCoV, HCoV-
OC43, HCoV-HKU1, MERS-CoV and IBV) (4, 18-21). Most coronaviruses bind 
their protein receptors via domain B, with the single exception of MHV that binds 
CEACAM via its spike protein domain A. Hence we surmise that the PEDV spike 
protein binds the entry receptor via its domain B. However, we could not observe 
binding of PEDV S1 to susceptible cells (e.g. Vero and ST cells) by IFA or FACS 
analysis (data not shown). The cryo-EM structure of the alphacoronavirus HCoV-
NL63 spike protein revealed that its receptor binding residues are buried through 
interaction with domain A, indicating that a reorientation of S1B is required to get 
efficient receptor engagement (22). The model of the trimeric PEDV spike protein 
(based on the HCoV-NL63 S structure, see Chapter 4) suggests that a similar 
structural rearrangement of S1 is needed to expose the loops in the RBD that are 
likely to engage the entry receptor (Fig. 1). Hence, the isolated domain B of PEDV 
S1 should be preferably used for receptor identification efforts that are based on 
spike-receptor affinity. 
 

 
 
PEDV has an unusually broad cell tropism and was shown to infect cell lines of 
quite a number of different species including swine, monkey, duck, bat and human 
(23). Similar broad cell tropism is observed for MERS-CoV that is able to infect 
cells of goat, camel, cow, sheep, horse, pig, monkey, marmoset and human. 
Structural and functional studies on MERS-CoV reveal that this broad cell tropism 
can be explained by the binding promiscuity of MERS-CoV S to orthologs of the 

Figure 1. Shielding of the putative 
receptor binding loops in PEDV S1 
subunit. Model structure of the 
PEDV S1 subunit (modelled after the 
HCoV-NL63 S structure, see Chapter 
4). S1 domains 0, A, B and C&D are 
coloured in blue, orange, red and 
green, respectively. The putative 
receptor binding loops in domain B 
(indicated in cyan) are buried via 
interactions with domain A.  
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evolutionary conserved DPP4, conferring the cross-species transmission potential 
to this virus (24-28). Given its broad cell tropism, the so far unknown receptor for 
PEDV should be conserved as well among different species. Identification of host 
receptors - including that of PEDV - is of relevance to understand the pathogenesis 
as well as the cross-species transmissibility of viruses. In the next section, I will 
discuss different methodologies that can be applied to identify receptors of viruses.  
 
7.2 Techniques used for identification of virus receptors 
Over the last 40 years a great variety of techniques have been used to identify the 
host receptors for many viruses. I will review a number of them and discuss their 
applicability for identifying the receptor for PEDV.  
In general, the approaches to identify viral receptors can be grouped into two 
categories: biochemical and genetic strategies. Biochemical strategies usually rely 
on high-affinity interactions between viral protein and host protein receptors. One 
of these approaches involves the affinity-isolation of receptors from lysate of 
susceptible cells using the virus’ receptor binding protein as a bait molecule. 
Cellular ligands that interact with the viral receptor binding protein can 
subsequently be detected by mass spectrometry. Identified receptor candidates 
should then be screened for receptor function by various means, including 
overexpressing of receptors in non-susceptible cells that should render these cells 
susceptible for virus infection. By using this approach, proteinaceous receptors of a 
number of viruses have been identified, including the SARS- and MERS-
coronaviruses (29, 30) (Table 7.2). This method not only relies on high-affinity 
receptor interaction, but also requires knowledge of the identity of the viral receptor 
binding moiety and the ability to express this domain. In the absence of these 
conditions, a classical methodology can be used that involves the production of 
mAbs raised against the plasma membrane proteins of susceptible cells. The 
collection of mAbs can then be screened for antibodies that can neutralize virus 
infection in cell culture, which is indicative for their competitive binding to the viral 
receptor. Neutralizing antibodies can then be used to pull-down the receptor from a 
susceptible cell lysate which can subsequently be identified by N-terminal 
sequencing or mass-spectrometry. By using this method, the receptors of TGEV 
and HCoV-229E were identified (3, 31). This method is labor intensive and requires 
the immunization of animals and the development of a large collection of 
hybridoma’s. Another classical strategy is the ‘virus overlay protein blot assay’ 
(VOPBA). For this method cell membrane proteins are purified, separated by SDS-
PAGE and blotted onto a nitrocellulose membrane. The blotted membrane is then 
probed with (e.g. radioactively labelled) virus (32). Cellular proteins that interact 
with the virus can be identified by N-terminal sequencing or mass-spectrometry. By 
using this method, Boyle et al. identified the CEACAM protein receptor of MHV 
(33). The methodology exploits the high-avidity receptor interaction of viruses 
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which results from the multivalent interaction of intact viruses with multiple 
receptors blotted on the membrane. However, the method is not generally 
applicable since the SDS detergent used in SDS-PAGE will alter the native 
structure of solubilized membrane proteins, affecting the receptor interaction for 
some viruses.  
 
Table 7.2 Experimental approaches used to identify receptors of viruses 
 

Virus  Receptor  Method of identification References 
HIV-1 CD4 mAb (107, 108) 
Rhinovirus ICAM-1 mAb (109, 110) 
Poliovirus PVR cDNA library (111) 
Echoviruses  
6, 7, 12 and 21 DAF mAb (112) 

Adenovirus-5/ 
Coxsackie virus B CAR mAb & cDNA library (113) 

Lassa virus α-DG VOPBA (114) 
LAMP1 Haploid screen (37) 

Reovirus JAM1 cDNA library (115) 

Hepatitis C virus 

SR-B1 IP (116) 
Claudin-1 cDNA library (117) 
CD81 cDNA library (118) 
Occludin cDNA library (119) 

New world  
arenaviruses TFR1 IP & MS (120) 

Respiratory  
syncytial virus Nucleolin VOPBA (121) 

Sindbis virus nRAMP siRNA screen (34) 

Measles virus Nectin-4 Microarray/bioinformatics analyses (122) 
SLAM-F1 cDNA library (123) 

Ebola virus TIM-1 Bioinformatic analyses (124) 
NPC1 Haploid screen (36) 

Hepatitis B & D NTCP Advanced purification & MS (6) 
Zika virus Axl CRISPR/Cas9-based screen (44) 

Norovirus CD300lf, 
 D300ld CRISPR/Cas9-based screen (47) 

Coronaviruses    
  SARS-CoV ACE2 IP & MS (30) 
  MERS-CoV DPP4 IP & MS (29) 
  Bat coronavirus HKU4 DPP4 Bioinformatic analyses (103) 
  TGEV pAPN mAb (3) 
  HCoV-229E hAPN mAb (31) 
  MHV CEACAM1 VOPBA (33) 

pAb, polyclonal antibody; mAb, monoclonal antibody; VOPBA, Virus overlay protein blot assay; IP, 
Immunoprecipitation; MS, mass spectrometry. 
 
Most of the biochemical methods to identify receptors described above rely on high 
affinity of the viral bait with the receptor. Our data suggest that the binding affinity 
of PEDV S1 receptor binding subunit for its receptor is rather low, since we failed 
to stain PEDV-susceptible cells using immunofluorescence assays (FACS and IFA) 
or to precipitate the receptor from lysates of susceptible cells or of porcine 
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intestinal epithelium using Fc-dimerized PEDV S1 (data not shown). Hence, 
genetic screens that do not rely on high affinity virus-receptor binding may be more 
appropriate to identify the receptor of PEDV. 
Genetic screening assays have revolutionized the means to study virus-host 
interactions. One such assay is RNA Interference (RNAi) based screening, in 
which small RNA molecules inhibit protein expression by knockdown of targeted 
cellular mRNA molecules. The assay allows high-throughput screening for host 
factors recruited by viruses using a genome-wide library of small RNAs. The assay 
has been successfully used to identify entry factors used by the Sindbis alphavirus 
(34). Since expression of the target gene is often not completely eliminated by 
using RNAi, this assay can be used to identify receptor(s) that are essential for cell 
growth and viability. However, this approach also has limitations. Partial gene 
knockdown may not be sufficient to prevent virus entry and potential off-target 
effects may blur the outcome of the screening (35).  
Full knockdown of host gene expression can be achieved by other genetic 
screening approaches. One of these approaches is based on a human haploid cell 
line that contains only one copy of each chromosome which makes it easy to 
inactivate genes by using lentivirus insertional mutagenesis to study gene function. 
Single lentivirus insertion into a gene results in full knockout of that gene, given 
that there is only one allele per cell. Random lentiviral mutagenesis of haploid cells 
can be followed by the selection and sequencing of cells that survive virus 
infection. Using this method, the receptors of Ebola virus (36), Lassa virus (37) and 
adeno-associated virus (38) have been identified. The forward genetic screening 
assay has proven very powerful for the identification of receptors of viruses that 
efficiently infect and kill the haploid cells, allowing easy enrichment of surviving 
cells. For viruses that do not cause cell death, recombinant viruses expressing 
fluorescent markers can be used to exclude infected cells from the cell population 
using FACS sorting (39, 40). Since this method makes use of knockout of genes, it 
cannot be used to identify the virus receptor(s) that are essential for cell growth. 
Moreover, the methodology can only be applied for viruses that efficiently infect 
haploid cells. We observed that the haploid cells are refractory to PEDV infection, 
hence this strategy cannot be used for PEDV receptor identification. 
An alternative and promising genomic screening approach to identify virus receptor 
is based on CRISPR/Cas9 genome editing. Intracellular delivery of gene-specific 
guide RNAs (gRNAs) and the Cas9 nuclease enzyme allows the knockout of both 
alleles. Efficiency of  gene knockout can be increased by using multiple guide 
RNAs (gRNAs) targeting a single gene (41). Compared to RNAi-mediated gene 
silencing, the gene-silencing efficiency of each single guide RNA is uniform and 
expression by the target gene is completely eliminated. This allows identification of 
cellular genes with crucial roles in the virus life cycles. Based on this system, 
essential host factors involved in West-Nile-virus, Zika virus, Norovirus and HIV 
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infection have been identified (42-47). Genome-wide gRNA libraries are available 
for mouse and human cells. Since PEDV can infect human cell lines - including 
Huh7 cells (Chapter 3) - this system seems suitable for receptor identification for 
PEDV.   
 
7.3 Requirements for proteolytic spike protein activation 
Following receptor interaction, all enveloped viruses need to fuse their membrane 
with a cellular (plasma- or endosomal) membrane in order to deliver their genome 
into the cytoplasm of the host cell. For class I viral fusion proteins, host proteases 
play an essential role in priming or activation of the fusion potential. The 
coronavirus spike glycoprotein also belongs to this class of fusion proteins that are 
characterized by the presence of two heptad repeat (HR) regions in their fusion 
domain. The coronavirus spike protein is synthesized as a precursor protein and its 
proteolytic processing by host cell proteases is essential for coronavirus infectivity 
(48). This proteolytic processing can occur in the virus-producing cells, in the 
extracellular environment, after contact with the target cell membrane, or after 
endocytosis.  
 
7.3.1 PEDV propagation in cell culture depends on supplemental 
trypsin 
PEDV is a good model virus to study proteolytic activation of coronaviruses since 
cell entry of this virus in vitro relies on the exogenous addition of trypsin to the cell 
culture medium (Fig. 2) (49). Yet, cell culture adaptation of PEDV can result in a 
trypsin-independent propagation phenotype, as illustrated by the cell-passaged 
DR13 strain. Our analysis of recombinant PEDV’s carrying spike proteins of 
trypsin-dependent and trypsin-independent viruses in an isogenic background 
demonstrated that the differences in trypsin dependency were determined by the 
spike protein (Chapter 5 and Fig. 2b) (50, 51). Moreover, for cell-cell fusion and 
syncytia formation to occur, trypsin appeared to be essentially present at a stage 
after the inoculation  (Chapter 5 and Fig. 2a) (49, 50). These observations 
suggested a role of the trypsin in activation of the spike protein’s membrane fusion 
potential. In addition to cell entry, proteolysis is also required for release of progeny 
virus from the infected cell (52).  
 
7.3.2 Cleavage required to activate spike fusion function  
In Chapter 5, we verified that the trypsin activates the spike protein for fusion. We 
demonstrated that this proteolytic activation only occurred after the receptor 
binding stage (50, 51, 53). Treatment of virions or cells with trypsin prior to receptor 
binding did not rescue infectivity (54). This indicates that the trypsin cleavage site 
within the PEDV S protein is inaccessible on the virion, in contrast to other class I 
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viral fusion proteins including influenza virus hemagglutinin which can be 
proteolytically primed at any stage after folding. The dependency on virus-cell 
interaction for exposure of the S protein cleavage site might prevent premature 
triggering of the S protein fusion machinery in the protease-rich intestine. 
Introduction of a furin cleavage site in the PEDV S protein by a single valine-to-
arginine substitution (V888R) at a position N-terminal of the predicted fusion 
peptide yielded a mutant virus exhibiting trypsin-independent membrane fusion 
(Chapter 6) (55). Moreover, a recent study confirmed the cleavage showing that it 
occurred at R890 by sequencing the cleaved product (56). This observation further 
supports the hypothesis that cleavage just upstream of the fusion peptide is a 
general and essential requirement for activation of the CoV spike protein’s 
membrane fusion function (48, 53, 57). 
 

 
Figure 2. Contrasting trypsin-dependency of recombinant PEDV carrying spike proteins from 
different PEDV isolates. a) PEDV requires proteolysis to activate membrane fusion. The pictures show 
a PEDV-infected cell fusing with neighboring cells upon trypsin addition. Snapshots from a time-lapse 
movie of an infected cell culture taken at 3, 16, 27 and 45 minutes after addition of trypsin to the culture 
medium are shown in the following order: upper left, upper right, lower left and lower right, respectively. 
Pictures represent an overlay of fluorescence (virus encoded-eGFP labelled cells [green] and Hoechst 
33342 stained nuclei [blue]) and DIC images). b) Recombinant viruses encoding spike proteins of 
PEDV-CV777, PEDV-GDU and the cell-culture adapted DR13 isolate (GB: AF353511, AFP81695.1, 
JQ023162.1, respectively) were generated in an isogenic background by targeted RNA recombination, 
as described before (50). In all recombinant viruses the ORF3 gene was replaced by that of GFP. Vero 
cells were inoculated with recombinant viruses (MOI 0.1) in the absence or presence of soybean trypsin 
inhibitor (SBTI) or trypsin, or in the presence of both, as indicated. The cells were fixed at 15 hours post 
infection, nuclei were stained with DAPI (blue) and nuclei and infected cells (GFP; green) were 
visualized by fluorescence microscopy. 
 
7.3.3 Spike protein cleavage by host proteases as a tropism 
determinant 
Replication of PEDV seems to be restricted to the enterocytes of the intestinal 
epithelium. Multiple factors may determine virus tropism including in particular the 
availability of functional receptors and fusion-activating proteases. Alterations in 
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cleavage requirements can have a profound effect on tissue tropism and 
pathogenicity of viruses. The highly pathogenic phenotype of avian influenza 
viruses is largely determined by the acquisition of a multibasic cleavage site in the 
HA protein which switches processing of the hemagglutinin protein by tissue 
resident trypsin-like proteases to the ubiquitously expressed furin-like proteases 
(48, 53). The strict requirement of PEDV for supplemental trypsin proteases during 
its cell entry and release are likely met in vivo by intestine-resident proteases. 
Gastric and pancreatic proteases or proteases locally expressed by intestinal 
epithelial cells may facilitate these processes essential for PEDV infection in the 
animal host (58) and hence limit its tropism to the enteric tract. 
 
7.4 Neutralizing antibodies targeting the PEDV spike protein 
In Chapter 4, we investigated the interaction of the humoral immune system with 
the PEDV spike protein, particularly with its receptor binding subunit S1. PEDV S1 
monoclonal antibodies with neutralizing activity were found to target the S1 
domains that interact with host cell molecules being either the S10 domain binding 
to cell-surface sialoglycoconjugates, or the S1B domain engaging the putative entry 
receptor. Neutralizing antibodies targeting S10 or the junction of S10 and S1A (S10A) 
could prevent hemagglutination indicating that these antibodies exert (part of) their 
neutralizing activity by preventing virus binding to cell-surface sialic acids. Indeed, 
no virus neutralization was seen for the S10A antibody on Sia-depleted cells; 
however, S10 antibodies retained most of their virus neutralization activity on Sia-
depleted cells suggesting that these antibodies can neutralize viruses via a 
supplementary – yet unknown – mechanism. One possible mechanism is that 
these S10 antibodies interfere with binding of PEDV to cell surface heparan sulfate 
proteoglycans, since a recent study by Huan et al. demonstrated PEDV binding to 
cell surface heparan sulfate, and showed that pretreatment of virus with heparin 
inhibited PEDV infection (59). Antibodies to S10 may well contribute to the 
induction of effective immune responses, since a recombinant virus lacking S1 
domain 0 (strain TC-PC177) only provided partial cross-protection against the 
highly virulent strain PC21A challenge in vivo (10). Only 2 out of 10 antibodies 
binds to S1B domain, and they target a hinge region between S1B and S1CD (Fig. 
1). This raises the question why we did not find antibodies targeting the receptor 
binding subdomain, as has been observed for TGEV(60). For TGEV the most 
potent nAbs were found to target receptor binding loops. Could such epitope(s) be 
hidden in the PEDV S1 subunit structure? According to the structure model of the 
PEDV spike protein, the putative receptor binding loops are indeed hidden in its 
structure (Fig.1). To study the interaction between nAbs and receptor binding 
loops, we should immunize animals with domain B only. As we only checked a 
limited number of monoclonal antibodies, testing a larger collection of the 
antibodies might enable identification of nAbs targeting receptor binding loops.    
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There was quite some difference in the broadness of reactivity between the 
antibodies targeting the Sia-binding domain S10 and the entry receptor S1B 

domain. The S10 and S10A targeting neutralizing antibodies exhibited reactivity and 
neutralization only to non-S-Indel strains, while S1B antibodies showed broader 
reactivity and cross-neutralizing capacity including the more heterologous S-Indel 
strains. Difference in reactivity of the monoclonal antibodies is congruent with the 
level of sequence identity for the targeted S10 and S1B domains among PEDV 
strains. We speculate that the high sequence diversity observed in S1 domain 0 
results from antibody-driven antigenic variation. As we show in Chapter 4, single-
residue changes in S10 are sufficient to generate loss of antibody binding and virus 
escape from antibody neutralization. So the antigenic diversity in S10 may have 
arisen through a long history of natural selection of variants that escape immune 
surveillance through mutations in neutralizing epitopes. 
Epitopes in the more conserved CoV S2 membrane fusion subunit may also 
contribute to cross-strain humoral immunity. Structural studies on spike proteins 
revealed conserved surface-exposed sites on the S2 trimer that may be accessible 
to antibodies (61). One such potential epitope includes the fusion peptide region 
that is highly conserved among all PEDV strains. Broadly reactive antibodies 
targeting the highly conserved fusion peptide have been identified for influenza 
virus hemagglutinin (HA). These antibodies bind to a conserved pocket in the HA 
stem region, thereby preventing membrane fusion. These antibodies showed 
broadly neutralizing activity against all HA subtypes within a specific group (62-64). 
The discovery of these broadly-reactive antibodies has triggered efforts into the 
development of ‘pan-universal’ influenza vaccines. A similar broadly neutralizing 
antibody has been identified in the HIV-1 Env glycoprotein (65). This indicates that 
conserved fusion peptides of viral fusion proteins constitute suitable targets for 
development of broadly reactive epitope-based vaccines and antibody therapies. 
Apart from neutralizing antibodies, non-neutralizing antibodies (nnAbs) might also 
play a role in PEDV clearance in vivo. Several studies have shown that although 
nnAbs do not neutralize HIV-1 infection in vitro, they do have activity in antibody-
dependent cellular cytotoxicity (ADCC) assays in vitro (66, 67). In vivo studies also 
showed that these antibodies can alter the course of HIV-1 infection, apply immune 
pressure on the infecting virus, and induce a modest level of protection by a 
mechanism that is Fc receptor-dependent (68). Another study also showed that 
influenza specific nnAbs could improve viral clearance in mice and may reduce the 
severity of clinical influenza illness (69). If nnAbs play a role in PEDV clearance in 
vivo, a single domain subunit vaccine that only induces neutralizing antibodies may 
not confer virus clearance in vivo. 
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7.5 Vaccine strategies to control PEDV infection 
PEDV is a worldwide emerging virus causing significant economic losses in the 
swine industry; however, no effective vaccines are currently available to control 
virus infection. In this section, I would like to review mucosal immunity and 
vaccination strategies for enteric viruses.  
Enteric viruses – including PEDV - enter their hosts via the oral route and infect the 
mucosal surface of intestines. Therefore mucosal immune responses play an 
important role in controlling virus infection and protecting from disease (70). For 
vaccine development against enteric infections, induction of local adaptive immune 
responses is essential (71). Adaptive immune responses are locally induced at the 
gut-associated lymphoid tissue (GALT) including the Peyer’s patches, isolated 
lymphoid follicles and mesenteric lymph nodes, and contain B-cell follicles, T-cell 
areas and antigen-presenting dendritic cells. An important feature of induction of 
adaptive immune responses in the gut is the production and luminal secretion of 
secretory IgA (sIgA). sIgA is the dominant immunoglobulin at mucosal surfaces 
and is - compared to other antibodies - more resistant to protease degradation in 
the protease-rich alimentary tract (72). The induction of sIgA can control virus 
infection in many ways including trapping of the pathogens, blocking receptor 
attachment and preventing attached virus from infection (73-75). In addition, 
antibodies may decorate infected cells for destruction by e.g. natural killer cells, a 
process known as antibody-dependent cell-mediated cytotoxicity. In addition, 
opsonization of pathogens by antibodies may enhance presentation to and 
phagocytosis by antigen presenting dendritic cells (e.g. Dengue virus), although 
little is known about these processes in the gut environment (76). 
Like many other enteric viruses, PEDV mainly infects and replicates in cells of the 
small intestines. Similar to TGEV, mucosal immunity has been suggested to play 
an important role in protecting intestinal enterocytes from PEDV infection. Young 
piglets of less than two weeks old are most vulnerable to PEDV with mortality rates 
sometimes approaching 100%. The immune system of neonatal suckling piglets is 
functionally immature, hence neonatal piglets are usually unable to mount primary 
immune responses in time to prevent PEDV infection and disease onset. 
Moreover, like all domestic animals, they are born without maternal antibodies (77). 
So they rely on passive transfer of antibodies which can be obtained from ingesting 
colostrum and milk. Vaccine development efforts hence should be primarily 
focused on providing lactogenic immunity through maternal vaccination for passive 
protection of suckling neonatal piglets.  
Pioneering studies on TGEV infection by Linda Saif and co-workers have shown 
that only natural infection and live oral vaccines – in contrast to parenterally 
administered vaccines - can induce mucosal immunity in the small intestines of 
naive animals (78-80). Saif et al. have also shown that local induction of the 
immune responses is critical for generating lactogenic immunity. Pregnant sows 
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orally infected with TGEV displayed high titers of IgA antibody in colostrum milk 
and conferred passive protection against virulent TGEV to piglets (79). In contrast, 
sows systemically vaccinated with TGEV S protein lacked sIgA in colostrum and 
milk and provided inadequate protection against virulent TGEV challenge (81). In 
naive sows, IgA plasmablasts that are activated in GALT tissues upon infection can 
migrate to the mammary glands, where they mature into IgA antibody secreting 
plasma cells. sIgA secreted into the colostrum and milk can subsequently provide 
lactogenic immunity to the suckling piglets. Similar to TGEV, these principles also 
hold true for PEDV. Sows orally immunized with intestinal homogenate of PEDV-
infected piglets exhibit significantly higher levels of neutralizing antibodies in milk 
compared to those intramuscularly immunized by the PEDV vaccine (iPED+; 
Harrisvaccines, Inc, Ames, Iowa) (82). Another study showed that sows previously 
exposed to mild PEDV strain can passively transfer sufficient lactogenic immunity 
to piglets which can protect piglets against virulent PEDV infection (83).  
Taken together, the induction of sIgA should be a critical product quality of a PEDV 
vaccine, given that this immunoglobulin seems to be a correlate of protection, in 
particular in providing lactogenic immunity through maternal vaccination for 
neonatal piglets. To adequately stimulate sIgA in naive animals, vaccine 
development should be focused on oral administration of live-attenuated virus 
(LAV) with a well-balanced virulence safety profile. The LAV should display robust 
intestinal replication in sows without causing significant disease. The classical way 
to create LAV by passaging a virus in cultured cells has proven effective for 
preventing many viral diseases. However, this strategy is unpredictable and 
sometimes unreliable since LAV may revert to a virulent form in vivo. Rational 
design of LAV by reverse genetics provides a more defined and reliable way of 
attenuating virus’ virulence.  
Live-attenuated vaccines are often based on the inactivation or deletion of genes 
that can be missed for viral replication in vitro but are relevant for in vivo virulence. 
We and others have shown that the S10 domain of the spike protein can be missed 
for replication in vitro (18, 84-86). Nevertheless, viruses carrying S10 domain 
deletions showed reduced replication and virulence in vivo (10, 12), suggesting 
that these viruses might be good vaccine candidates. A similar deletion in the S 
gene has been observed in a TGEV mutant, yielding the porcine respiratory 
coronavirus (PRCV). Compared to parental TGEV, PRCV displayed reduced 
virulence and loss of enteric tropism in the host and only targets the respiratory 
tract of swine (87, 88). The widespread prevalence of PRCV has led to the 
disappearance of TGEV in Europe through cross-reactive immunity (89). The 
recent study by Hou et al. showed the domain 0 deletion mutant (SdN) to provide 
some but not full protection against highly virulent PEDV challenge. The 
incomplete protection may have to do with reasons other than lack of 
immunogenicity such as the dosage used (10). Homologous virus challenge is 
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needed as a first step to study the efficacy of SdN as a vaccine candidate. The 
SdN PEDV mutant is safe in the most vulnerable young piglets, as no piglets were 
found dead after inoculation. By comparison, the wild type virus caused 55% of the 
piglets to die (10). Therefore, deletion of S10 domain encoding region from the viral 
genome could be one strategy for the rational design of LAV that may lead to a 
new generation of safer and effective LAV vaccines. 
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Nederlandse samenvatting  
 
Virale infectieziekten vormen een aanzienlijk volksgezondheidsprobleem en 
veroorzaken grote economische schade. Virusinfecties kunnen daarbij ook grote 
maatschappelijke impact hebben, in het bijzonder wanneer het gaat om plotseling 
(op)nieuw opkomende virussen. Recente voorbeelden van ernstige 
ziekteverwekkers bij mensen zijn het Zika virus, het pandemische H1N1 
influenzavirus uit 2009, en de SARS en MERS coronavirussen; bij dieren kan men 
denken aan vogelgriep en aan het recent opgekomen porciene epidemisch 
diarreevirus, afgekort PEDV. Het laatste virus was het onderwerp van studie voor 
deze dissertatie. PEDV veroorzaakt een darminfectie bij varkens, die vooral bij 
jonge biggetjes tot hoge sterfte aanleiding kan geven. De economische schade van 
deze (op)nieuw opgekomen infectie is m.n. in Azië en Noord-Amerika enorm. 
PEDV is een coronavirus horend bij het genus alfacoronavirus. Het karakteristieke 
coronavirale ‘spike’ (S) eiwit vormt de typische uitsteeksels op het virusoppervlak; 
in de electronenmicroskoop geeft dit het beeld van een door een ‘corona’ omgeven 
virusdeeltje, waaraan deze virussen hun naam ontlenen. Het S eiwit, een zgn. type 
I membraaneiwit, kan in twee delen (subunits) met verschillende functie worden 
verdeeld: S1 en S2. De infectie begint met het hechten van het virus aan de 
receptor(en) op het oppervlak van de gastheercel. Dit gebeurt door de S1 subunit. 
In de volgende fase brengt de S2 subunit het virale membraan en het 
celmembraan bij elkaar en brengt deze tot fusie, waardoor het virale RNA in het 
cytoplasma van de doelcel wordt geïntroduceerd. 
Voor spike eiwitten van coronavirussen uit drie verschillende genera is aangetoond 
dat ze aan siaalzuren (Sia) kunnen binden. In alle gevallen wordt die binding 
verzorgd door de receptorbindende S1 subunit. In Hoofdstuk 2 onderzochten we 
de rol en de betekenis van de interactie met Sia voor PEDV infectie. Op basis van 
een aan kweekcellen geadapteerde stam van het virus (stam DR13) construeerden 
en verkregen we een mutantvirus met een N-terminale deletie van 215 aminozuren 
in het S eiwit. De levensvatbaarheid van het virus toonde aan dat het N-terminale 
S domein voor de DR13 stam niet essentieel is voor infectie in vitro. Voorts vonden 
we dat er grote variatie was in het vermogen van verschillende PEDV varianten om 
aan Sia te binden. Door het effect van mutaties (zoals domeinuitwisseling tussen 
stammen) in de S1 subunit te bestuderen konden we aantonen dat virusbinding 
aan Sia plaatsvindt via het domein gevormd door de N-terminale 249 aminozuren 
van het S eiwit. Depletie van siaalzuren van het oppervlak van doelcellen m.b.v. 
neuraminidase of d.m.v. CRISPR/Cas9 technologie remde de binding aan en de 
infectie van cellen door de PEDV veldstam GDU krachtig, maar had geen effect op 
de infectie door virussen zonder siaalzuurbindingsactiviteit. Deze studie laat zien 
dat PEDV grote stamvariatie vertoont in siaalzuurbindingsactiviteit en dat 
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siaalzuurbinding door het S eiwit de efficientie van infectie kan verhogen, een 
eigenschap die wellicht ook een rol speelt in de pathogenese in het varken.  
Aminopeptidase N is in diverse artikelen gerapporteerd als de functionele 
eiwitreceptor  voor PEDV. Deze beweringen werden controversieel nadat was 
vastgesteld dat Vero cellen, die traditioneel worden gebruikt voor de isolatie en 
vermeerdering van PEDV, geen APN tot expressie brengen. In Hoofdstuk 3 
onderzochten we daarom de rol van APN als receptor voor PEDV. Wanneer we in 
MDCK cellen - resistent tegen PEDV alsook tegen coronavirus TGEV - porciene 
APN tot overexpressie brachten werden deze cellen niet infecteerbaar door PEDV, 
wel door TGEV, waarvoor APN als receptor bekend was. Ook wanneer we 
synthetisch S1 eiwit als probe gebruikten bleek wél het TGEV-S1 aan de MDCK-
APN cellen te binden, maar niet het PEDV-S1. In lijn hiermee vonden we dat 
TGEV-S1 de infectie van porciene ST cellen door TGEV wél kon remmen, maar 
niet die door PEDV. Voorts lieten we zien dat een synthetisch gemaakte vorm van 
het APN eiwit wél TGEV kon “neutraliseren”, niet PEDV. Tenslotte bleek de 
genetische knock-out van APN expressie in PEDV-gevoelige porciene en humane 
cellen geen effect te hebben op hun infecteerbaarheid door PEDV. Wij 
concludeerden dat APN niet essentieel is voor PEDV infectie en dat de werkelijke 
receptor dus opnieuw zal moeten worden geïdentificeerd. 
Het coronavirale S eiwit is verantwoordelijk voor receptorbinding en celpenetratie 
en is daarom een doelwit voor neutraliserende antilichamen. In Hoofdstuk 4 
beschrijven we het opwekken en karakteriseren van tien muis monoclonale 
antilichamen gericht tegen de receptorbindende S1 subunit van PEDV. De 
antilichamen bleken in het S1 eiwit die domeinen te herkennen die interactie 
aangaan met moleculen op de doelcel: het S10 domein dat bindt aan 
sialoglycoconjugaten en het S1B domein dat verondersteld wordt aan de 
functionele eiwitreceptor te binden. Neutraliserende antilichamen gericht tegen het 
S10 domein of tegen het overgangsdomein van S10 en S1A (S10A) konden 
haemagglutinatie van erythrocyten blokkeren. De werkzaamheid van deze 
antilichamen berust dus op het voorkómen van de binding van virus aan siaalzuren 
op het celoppervlak. Antilichaamneutralisatie-escape mutanten bleken 
aminozuurpuntmutaties te hebben die de binding en neutralisatie blokkeerden en 
die dus de locaties van de epitopen definieerden. Onze waarnemingen kleuren het 
antilichaamepitooplandschap op de PEDV S1 subunit in en laten zien dat de 
celaanhechtingsplaatsen in het spike eiwit doelwitten zijn voor neutraliserende 
antilichamen. 
In Hoofdstuk 5 stelden we vast dat trypsine het spike eiwit activeert voor fusie. 
Infectie van cellen door PEDV veldisolaten is strict afhankelijk van toegevoeging 
van trypsine aan het celkweekmedium. Door genetische manipulatie van het virus 
konden we doelgerichte veranderingen aanbrengen in het spike eiwit om de 
penetratie van het virus in de gastheercel te kunnen bestuderen. We vergeleken 
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de S eiwitten van het trypsine-afhankelijke veldisolaat PEDV CV777 en het 
trypsine-onafhankelijke, aan kweekcellen geadapteerde DR13 virus en konden 
vervolgens experimenteel de genetische determinant voor de trypsinegevoeligheid 
localiseren in de N-terminale regio van de fusiesubunit S2. We identificeerden 
daarin een geconserveerde arginine, gelegen vlak vóór het fusiepeptide, als de 
waarschijnlijke klievingsplaats voor fusieactivering. In Hoofdstuk 6 creëerden we 
een furine klievingsplaats op deze positie in het S eiwit van PEDV-SCV777 door een 
valine-naar-arginine substitutie (V888R). Overeenkomstig de voorspelling bleek het 
mutante virus dat we hierdoor verkregen trypsine-onafhankelijke infectie en 
membraanfusie te vertonen. 
In Hoofdstuk 7 geef ik tenslotte een samenvattend overzicht met een meer 
algemene discussie van de resultaten van dit proefschrift. Daarin plaats ik de 
waarnemingen over binding aan en penetratie van cellen door PEDV samen met 
de informatie over de immunogeniciteit in de bredere context van de beschikbare 
literatuur. Ik bespreek de mechanistische en strukturele aspecten van het proces 
van viruspenetratie in cellen en de betekenis van de geïdentificeerde epitopen in 
het spike eiwit alsmede de implicaties van onze bevindingen voor het ontwikkelen 
van PEDV vaccines. 
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English Summary 
Infectious diseases caused by virus infections account for a significant part of 
public health problems and result in huge economic losses. Particularly viruses that 
suddenly emerge can have a major societal impact. This was illustrated by the 
recent emergence of human-infecting pathogenic viruses such as Zika virus, 
pandemic 2009 H1N1 influenza virus and the SARS- and MERS-coronaviruses, 
but also by the (re-)emergence of animal viral pathogens such as the porcine 
epidemic diarrhea virus (PEDV). PEDV, the virus of study in this dissertation, 
infects the intestinal epithelia of pigs. The emergence and re-emergence of this 
virus in Asia and America is causing severe economic damage due to the high 
mortality rates among piglets. 
PEDV is a member of the alphacoronaviruses. Like in other coronaviruses, its 
spike (S) protein forms large protrusions from the virus surface, which provides the 
virus its corona-like morphology. The S protein, a type I membrane protein, can be 
divided into two subunits - S1 and S2 - which display distinct functions. Infection 
starts with the virus contacting its receptors on the host cell surface through its S1 
subunit which is followed by fusion of the viral membrane with the cell membrane, 
a process mediated by the viral membrane-anchored S2 subunit.  
Spike proteins of a number of coronaviruses from three different genera have been 
shown to bind sialic acids (Sia). In all cases the Sia-binding domain resided in the 
N-terminal domain (NTD) of the receptor binding S1 subunit. In Chapter 2, we 
validated the Sia-binding activity of PEDV and assessed its role in virus infection. 
We designed and rescued a recombinant PEDV - based on the cell culture 
adapted DR13 strain - with a 215 residues long N-terminal deletion in its spike 
protein, thereby demonstrating that the N-terminal domain of the DR13 spike is 
dispensable for replication in vitro. Furthermore, we observed that the Sia-binding 
potential appeared to differ among different PEDV variants. By making truncation 
and chimeric mutants of the S1 receptor binding subunit, we mapped the Sia-
binding property to the N-terminal 249 amino acids. Depletion of sialic acids from 
the target cell surface by neuraminidase treatment or by CRISPR/Cas9 genome 
editing significantly inhibited Sia-binding and infection by PEDV field strain GDU, 
but had no effect on infection by PEDV strains lacking Sia-binding activity. Our 
study demonstrated that PEDV displays inter-strain variation in Sia-binding activity 
and that Sia-binding by the S protein can facilitate infection by PEDV, which may 
contribute to its pathogenesis in vivo. 
Aminopeptidase N (APN) was reported in a number of articles to be a functional 
receptor for PEDV. However, this finding was controversial since Vero cells that 
are commonly used for propagation of PEDV do not express APN. In Chapter 3, 
we examined the role of APN as a PEDV receptor. We showed that 
overexpression of porcine APN renders MDCK cells susceptible to TGEV, known 
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to use APN as its receptor, but not to PEDV. Consistently, unlike TGEV-S1, PEDV-
S1 exhibited no binding to porcine APN. Moreover, preincubation of these viruses 
with soluble APN or pretreatment of APN expressing ST cells with soluble TGEV-
S1 blocked TGEV infection, but had no effect on infection by PEDV. Furthermore, 
genetic ablation of APN expression in PEDV-susceptible porcine (ST) and human 
cell lines had no effect on their infectability by PEDV, demonstrating that APN is 
not essential for PEDV cell entry. Hence, the true receptor has still to be identified. 
The coronavirus spike protein is responsible for receptor binding and cell entry, 
and it hence represents the major target for neutralizing antibodies. In Chapter 4, 
we describe the generation and characterization of ten mouse monoclonal 
antibodies (MAbs) raised against the S1 receptor binding subunit of PEDV. PEDV 
S1 monoclonal antibodies with neutralizing activity were found to target the S1 
domains that interact with host cell molecules, i.e. the S10 domain binding to cell-
surface sialoglycoconjugates and the S1B domain engaging the putative entry 
receptor. Neutralizing antibodies targeting the S10 domain or the junction of S10 

and S1A (S10A) could prevent hemagglutination indicating that these antibodies 
exert (part of) their neutralizing activity by preventing virus binding to cell surface 
sialic acids. Antibody neutralization escape mutants displayed single amino acid 
substitutions that impaired antibody binding and neutralization and defined the 
locations of the epitopes. Our observations picture the antibody epitope landscape 
on the PEDV S1 subunit and reveal that its cell attachment domains are key 
targets of neutralizing antibodies. 
In Chapter 5, we verified that trypsin activates the spike protein for fusion. Infection 
of cells by PEDV field isolates is strictly dependent on the supplementation of 
active trypsin to cell culture medium. Genetic manipulation of the spike gene 
enabled us to study details of PEDV entry. We compared the S proteins of the 
trypsin-dependent field isolate CV777 and the trypsin-independent cell culture-
adapted PEDV DR13 and were able to experimentally map the genetic 
determinants within the spike gene responsible for trypsin-dependent entry to the 
N-terminal region of the fusion subunit S2. More specifically we identified a 
conserved arginine just upstream of the fusion peptide as a likely cleavage site. In 
Chapter 6, we created a furin cleavage site at this position in the PEDV S protein 
by introducing a single valine-to-arginine substitution (V888R) at a position N-
terminal of the predicted fusion peptide. As predicted, a mutant virus was obtained 
that exhibited trypsin-independent infection and membrane fusion. 
Finally, Chapter 7 of this thesis provides a summarizing discussion in which our 
finding on PEDV entry and immunogenicity are placed in the broader context of the 
available literature. I discuss the mechanistic and structural aspects of the entry 
process and the significance of the identified epitopes on the spike protein as well 
as the implications of our findings for vaccine development. 
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