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General introduction

he history of coronaviruses started in the 1930s when avian infectious bronchitis

virus (IBV) was first described as the causative agent of infectious bronchitis
in poultry flocks (1-2). In the mid-1960s, two human coronaviruses, 229E (HCoV-
229E) and OC-43 (HCoV-0C43), were identified as pathogens for common-colds
in humans (3-5). Early studies on human coronaviruses were primarily focused on
the epidemiology of these viruses using serological techniques. Coronaviruses were
demonstrated to contribute to as much as 35% of respiratory infections in humans
during epidemics (6). In 1975, the Coronaviridae family with one genus, coronavirus,
was officially established, referring to the crown-like appearance of spikes on the
surface of these viruses (7).

Coronaviruses can cause a variety of diseases in mammals and birds mainly
affecting the respiratory and gastrointestinal tract (8). They have gained increased
attention after the outbreak of the severe acute respiratory syndrome (SARS) in
2002-2003, caused by the SARS-coronavirus (SARS-CoV) (9-10). During this world-
wide epidemic, SARS-CoV infected more than 8000 humans with a mortality rate as
high as 10% (9-11). After the identification of SARS-CoV, three other coronaviruses
were identified to infect humans. In 2004, a new human coronavirus named human
coronavirus NL63 (HCoV-NL63) was reported by two independent groups, which
caused respiratory tract illness in infants and immunocompromised adults (12-13).
In 2005, another novel human coronavirus HKU1 (HCoV-HKU1) was described
associated with pneumonia (14). In September 2012, a novel coronavirus was
identified from a patient with pneumonia in Saudi-Arabia. This coronavirus was
provisionally named human coronavirus EMC and then designated Middle East
respiratory syndrome coronavirus (MERS-CoV) (15). Until March 26" 2015, there
were 1090 laboratory-confirmed MERS cases globally, including at least 412 related
deaths officially reported to WHO (http://www.who.int/csr/don/26-march-2015-mers-
saudi-arabia/en/).

Emerging coronaviruses, especially zoonotic coronavirus species, pose a challenge
to both science and health care since they may emerge from unrecognized animal
sources and induce highly pathogenic diseases. Zoonotic transmission occurs via
a virus spillover event from an animal reservoir to humans sometimes through
an intermediate host. Just after its identification, SARS-CoV was hypothesized to
originate from an animal host. Epidemiological evidence connected SARS-CoV
with masked palm civets that were traded on game-food animal markets (16). Later
on, SARS-like coronaviruses were identified in horseshoe bats, the latter being
the reservoirs for SARS-CoV (17). Although SARS-like viruses isolated from these
horseshoe bats were able to infect human cells in vitro, infection of an intermediate
host - such as the Himalayan palm civets or the raccoon dogs - likely has facilitated
the cross-species transmission of SARS-CoV during the global epidemic early 2002
to 2003 (18).
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Apart from switching between hosts, coronaviruses can also change their cell tropism
within an infected animal, as exemplified by feline coronaviruses (FCoV). FCoV are
divided into two pathotypes: feline enteric coronavirus (FECV) and feline infectious
peritonitis virus (FIPV) (19). FECV mainly replicates in enteric epithelium causing
mild or clinically unapparent enteritis in cats. Occasionally it converts to a highly
virulent form, FIPV, by changing its cell tropism from enterocytes to macrophages
mostly leading to a systemic and often lethal infection (20-25).

1. Biology of coronavirus
1.1 Classification of coronaviruses

Based on genetic relationships, coronaviruses, belonging to the subfamily of
Coronavirinae within the Coronaviridae family and the order of Nidovirales, are
divided into four genera, the alpha-, beta-, gamma- and deltacoronavirus (Figure
1.1, reviewed in (26)). Generally, alpha- and betacoronaviruses infect mammalian
hosts whereas gamma- and deltacoronaviruses are found in avian hosts (27).

~

Order Nidovirales

Family [ Arteriviridae J [CoronaviridaeJ [MesoniviridaeJ [ Roniviridae J
Subfamily L Coronavirae J t Torovirinae J
[
| I I I
Genus a-coronavirus B-coronavirus y-coronavirus 5-coronavirus

Figure1.1 Taxonomic classification of coronaviruses (classification according to ‘Virus Taxonomy:
2014 Release’ of the ICTV, http://www.ictvonline.org/virusTaxonomy.asp).

1.2 Structure and genome organization of coronavirus

Coronaviruses are enveloped virus particles which measure 80 to 120nm in diameter
(8). Surrounding the nucleocapsid, the envelope of coronaviruses comprises a host-
derived lipid bilayer containing at least three viral membrane proteins: the spike
protein (S), the membrane protein (M), and the envelope protein (E) (Figure 1.2b)
(28). The S protein (formerly called E2) is a large, highly glycosylated membrane
protein measuring 180 to 200 kDa in size. Trimers of the S protein create the large,
bulbous projections on the surface of viral particles and generate the corona-
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Figure 1.2 Morphology of coronavirus. (a) SARS-CoV particles visualized by negative stain electron
microscopy. (b) Schematic representation of a coronavirus. This figure is taken from (38).

like virus particle morphology as seen by negatively stained electron microscopy
(Figure1.2a) (29). The S protein mediates cell entry and is a major determinant for
the host range and pathogenesis of coronaviruses (30-33). The M protein (formerly
called E1) is a triple-spanning membrane protein with a molecular weight of 25 to
30 kDa. M proteins are considered as the building blocks of the virion and interact
with each other as well as with all other virion components. The E protein (formerly
called Es) is a small type Il membrane protein of ~8.4 to 12 kDa. It comprises a short
hydrophilic amino terminus, followed by a large hydrophobic region and a hydrophilic
carboxy-terminal tail. The M and E proteins are indispensable for virus assembly,
budding and maturation. The HE protein (formerly called E3) is the fourth membrane
protein found in a subset of betacoronaviruses and possesses hemagglutinating and
acetylesterase activity (34-37).

The nucleocapsid of coronaviruses contains a linear, positive-sense RNA genome
encapsidated by the fourth structural protein, the nucleocapsid protein (N), for
stabilization and protection. Coronaviruses contain the largest RNA genomes
ranging from 27.3 (HCoV-229E) to 31.3 kilobases (murine hepatitis virus, MHV) in
length with a 5’-cap and a 3’-poly(A) tail. The first two-thirds of the genome codes for
a large polymerase precursor protein, which is post-translationally cleaved by viral
proteases in cis or in trans, generating approximately 16 non-structural proteins.
These non-structural proteins are primarily involved in the synthesis of genomic and
sub-genomic RNA. The 3’-terminal one third of the genome encodes the structural
proteins, as well as a group of accessory proteins (Fig.1.3). The structural proteins
S, M, E and N are found in all coronaviruses and are essential for virus replication.
Apart from their contributions to virulence and pathogenicity in vivo, the accessory
proteins are rather genus-specific and are non-essential for virus replication in vitro,
yet might function in interfering with host innate immunity.
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Figure 1.3 Genome organizations of coronaviruses of different genera. This figure is reproduced
according to (39).

1.3 Replication cycle

The life cycle of coronaviruses starts with the binding of the S proteins on virions to
receptors on the cell surface (Figure 1.4). After fusion of the viral membrane with
the host cell membrane mediated by the S protein, the viral genome is released
into the cytoplasm where viral RNA translation takes place. The overlapping open
reading frames (ORF) 1a and ORF1b are directly translated by the host translation
machinery through a ribosomal frame-shifting mechanism to produce two polyprotein
precursors: pol1a from ORF1a and pol1ab from the read-through of ORF1a and
1b. The translated precursor proteins are further proteolytically cleaved by viral
proteases to create the components that make up the viral replication complex. The
incoming viral genome serves as a template for the synthesis of complementary
negative-stranded, full-length RNA and a nested set of sub-genomic RNAs with
a common 3’ end. These negative-stranded RNAs are subsequently used for the
transcription of positive-sense, RNA genomes and sub-genomic messenger RNAs.
The sub-genomic mRNAs encode structural and accessory proteins. Progeny
genomic RNA and newly synthesized N proteins co-assemble in the cytoplasm to
form the helical nucleocapsid. The M, E and S proteins are translated at the rough ER
and then transported to the budding compartment where the progeny viral particles
are assembled. The virus acquires its envelope after budding of the nucleocapsid
through intracellular membranes of the endoplasmic reticulum (ER) and the Golgi
intermediate compartment (ERGIC). Finally, the virus is released from the host cell
by exocytosis (40).
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Figure 1.4 The coronavirus life cycle. This figure is taken from (40).

2. Spike-receptor interaction and virus entry

In order to have access to host components needed for replication, coronaviruses
need to pass the host cell membrane and release their genome into the cell
cytoplasm. The entry of coronaviruses into host cells is mediated by the viral spikes
on the virion surface.

2.1 The S protein

The spikes of coronaviruses are composed of three S proteins that are highly
glycosylated type | membrane proteins (Figure 1.5) (26, 30, 41-43). The S protein
contains a signal peptide at the N terminus that is cleaved upon ER translocation, an
extracellular domain, a transmembrane domain and a cytoplasmic tail (26). The S
protein can be divided into two functionally distinct subunits, the N-terminal, soluble
S1 subunit and the C-terminal, membrane-anchored S2 subunit (26).

17




Coronavirus spike-receptor interactions

(]
=9
m
o
7]
]
N

\/
X

iy
w
-

S1 subunit

HR1

52 subunit

i Lipid bilayer
L i

monomer trimer

Figure 1.5 The coronavirus S protein. (A) Schematic presentation using the S protein of a feline
coronavirus as an example (FCoV strain UCD). N-glycosylation sites are indicated with y. The furin
cleavage site (FCS) between the S1 and S2 subunits is represented by a red triangle. The N- and
C-terminal domain (NTD abd CTD, respectively) in the S1 subunit, and the fusion peptide (FP), heptad
repeat (HR) regions, transmembrane domain (TM) and cytoplasmic tail (CT) are indicated. (B) Schematic
presentation of the S protein represented as a monomer and trimer.

The S1 subunit is responsible for binding to the cellular receptor. The interaction of
S1 with the receptor is considered the main determinant of the cell and host tropism
of coronaviruses (31-33). Within the S1 subunit, the receptor binding domain (RBD),
situated in the N-terminal domain (NTD) or C-terminal domain (CTD) of S1, mediates
the actual receptor binding. The RBD also contains the majority of neutralizing
epitopes (44-47).

The S2 subunit is responsible for membrane fusion. It has a class | viral fusion protein
architecture with a putative fusion peptide (FP), two heptad repeat (HR) domains
(HR1 and HR2) and a C-terminal transmembrane domain (26,48). Conformational
changes within the S2 fusion domain, triggered by S1-receptor interaction, leads
to the insertion of the putative FP into the target cell membrane and subsequent
association of HR1 and HR2 domains to form a six-helix bundle fusion core. The
collaboration among different domains within the S2 subunit draws the viral envelope
and target cell membrane into close proximity enabling membrane fusion, which
leads to the release of the viral genome into the cytoplasm.

As for most class | fusion proteins, the coronavirus S proteins are functionally
regulated by cellular proteases. Two cleavage sites in the S protein have been
reported (30). Proteolytic cleavage between the S1 and S2 subunits occurs for S
proteins of some representatives of the alpha-, beta- and gammacoronaviruses. This
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cleavage is mediated by cellular Golgi-resident furin or furin-like serine proteases
acting at furin cleavage sites R-X-(R/K)-R (R-arginine, K=lysine and X=any amino
acid) during exocytic transport (49-50). Cleavage at the S1/S2 junction in the host
cell is sometimes proposed to be related to cell-cell fusion (49, 51-53). Apart from
cleavage at the S1/S2 junction, a more crucial and common cleavage site was
reported just upstream of the conserved FP of coronavirus S2 subunits, at the so-
called S2’ position (24, 54-55). The cleavage at the S2’ site occurs during cell entry
by plasma membrane or endosomal proteases and is considered to be critical for
activation of the fusion potential of S proteins (55-56).

2.2 Receptor

Coronaviruses are able to exploit different cell surface molecules, either proteins or
carbohydrates, as receptors. As summarized in Table 1.1, receptor usage among
coronaviruses of different genera does not show an obvious preference for one
specific molecule. The aminopeptidase N (APN) protein especially from feline origin
was proposed as a widely used receptor for alphacoronaviruses (57), but HCoV-
NL63 was later found to recruit angiotensin-converting enzyme 2 (ACEZ2) for entry,
similarly to the betacoronavirus SARS-CoV. Coronavirus species in different genera
are able to use carbohydrates (i.c. sialic acids) on the cell-surface for entry. Moreover,
calcium-dependent lectins such as dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) can also be recruited by coronaviruses
as receptors. The differential receptor usage reflects the long and complex evolution
path of coronaviruses.

2.3 Determinants of cell tropism, host tropism and
pathogenesis at the level of virus entry

Cell entry of coronaviruses involves two steps, receptor binding and membrane
fusion. Virus-receptor interaction and host proteases that are critical for activating
fusion are important determinants of cell tropism, host tropism and pathogenesis.

Entry is initiated by receptor binding which is the first strategy used by coronaviruses
to control tropism specificity. Spike-receptor interaction is highly specific, and even
subtle amino acid changes at the binding interface either in the RBD or the receptor
may disrupt the interaction. A good example is the S protein of SARS-CoV of which
the functional recruitment of the human ACE2 receptor was almost abolished after
introduction of two amino acid substitutions - K479N and S487T - in the RBD by those
found in a SARS-CoV virus isolated from the palm civet (89). Likewise, mutations
introduced in the receptor are also able to interrupt RBD-receptor interaction. Civet
and human SARS-CoV strains cannot replicate efficiently in bat cells which is
associated with residue differences in ACE2 - K31N, E35K and Y41H - that weaken
salt bridge interactions between SARS-RBD and bat ACE2 (90-92).
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General introduction

Presence of proteases that can activate membrane fusion may also contribute to
virus tropism as well as pathogenesis. PEDV shows a preference for replication
in the epithelia of the porcine intestine, an environment full of proteases. Virus
propagation in vitro is strictly dependent on the supplementation of trypsin to the
cell culture medium (93). The requirement for trypsin may hence confine the virus’
tropism to the enteric tract. In addition, expression of the transmembrane protease
serine 2 (TMPRSS2) in Vero cells enhanced virus entry by activating the S fusion
protein. In vivo, the TMPRSS2 expression pattern in cells correlated with infection
of SARS-CoV in the upper lobe of the lung. This indicates that proteases such as
trypsin and TMPRSS2 may act as a determinant of viral tropism and pathogenesis
of coronaviruses (94).

3. Identified receptors for coronaviruses

Functional receptors of a number of coronavirus species have been identified (Table
1.1). Based on the interaction mode of coronavirus spikes with their receptors, the
receptors for coronaviruses can be classified into three categories: protein receptors
involved in protein-protein interactions, carbohydrate receptors in viral protein-host
carbohydrate interactions and lectin receptors in viral carbohydrate-host lectin
interactions.

3.1 Protein receptors in protein-protein interactions

At the start of our study, three protein receptors were identified for coronaviruses
including the aminopeptidase N (used by different alphacoronaviruses), the
angiotensin-converting enzyme 2 (SARS-CoV and HCoV-NL63) and the
carcinoembryonic antigen-related cell adhesion molecule 1 (MHV). These receptors
will be discussed below in more detail.

Aminopeptidase N

Aminopeptidase N (APN), also known as CD13, is a highly glycosylated, type Il
membrane protein with a molecular mass of approximately 160 kDa. It has a
seahorse-shaped structure that consists of four domains (side, head, body and
tail) and forms head-to-head dimers (Figure 1.6 A and B). APN belongs to the M1
family of zinc metallopeptidases which preferentially cleaves neutral amino acids,
most notably alanine, off the N terminus of peptides (95). It is widely expressed in
different tissues at variable expression levels, such as renal and intestinal epithelia,
the nervous system (synaptic membranes and pericytes), myeloid cells (monocytes,
macrophages and DCs) and fibroblast-like cells (synoviocytes) (96-97).

APN has been designated a “moonlighting enzyme” referring to the wide range of
physiological processes the protein is involved in (98). According to the involvement
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of its catalytic activity, functions of mammalian APN are divided into peptidase-
dependent and peptidase-independent activities (99). APN is involved in multiple
peptide metabolism pathways associating with its catalytic activity. It is able to
enhance pain sensation and influence mood by degrading pain-relief and mood-
regulating neuropeptides (100). In addition, metabolism of the vasoconstrictive
peptide angiotensin-IIl by APN leads to vasodilation and lower blood pressure (101).
APN also mediates cell-cell adhesion by contacting with other cell surface proteins,
a function which is independent of its peptidase activity (102-105).

APN was identified as the functional receptor for transmissible gastroenteritis
virus (TGEV) in 1992 (66). Concurrently, human APN (hAPN) was identified as the
receptor for HCoV-229E (69). Later on, other alphacoronaviruses were also shown
to employ APN as functional receptors including porcine epidemic diarrhea virus
(PEDV), porcine respiratory coronavirus (PRCV) and FCoV (57, 64, 106). APN
from humans, pigs as well as other mammals share high structural similarity (107-
109). Interestingly, feline APN (fAPN) can also serve as a receptor for the porcine
(TGEV, PRCYV), canine (CCoV) and human coronaviruses (HCoV-229E) (57). On the
contrary, hAPN and pAPN only serve as receptors for HCoV-229E and TGEV/PRCYV,
respectively, but not for FCoV.

A structural study on mammalian APN demonstrated that the virus binding motifs
(VBM) for different APN-binding coronaviruses cluster to three regions, termed as
VBM1-3 (99, 110). HCoV-229E recognizes VBM1, TGEV recognizes VBM2, and
FCoV and CCoV recognize both VBM2 and VBM3 (Figure 1.6C) (111-112). These
three VBMs are located at the membrane-distal end of the APN molecule and are
hence easily accessible for virus binding.

Angiotensin-converting enzyme 2

Angiotensin-converting enzyme 2 (ACE2), a type | transmembrane glycoprotein
consisting of 805 amino acids, belongs to the M2 family (clan MA) of metalloproteases

FCoV

(B) (C) TGEV

Figure 1.6 Overall structure of APN. (A) pAPN ectodomain (front view) contains four domains: head,
side, body, and tail. (B) Proposed organization of a dimeric pAPN ectodomain on the cell surface (side
view). (C) Structure of pAPN with the dimerization interface and coronavirus-binding sites indicated (side
view) (112). This figure was taken from of Chen et al (99).

22



General introduction

with a molecular mass of approximately 120 kDa (113). Itis predominantly expressed
in cardiomyocytes, kidney tubular epithelial cells and adult Leydig cells. It is also
present in a wide variety of tissues at a lower expression level, particularly the colon
and lung (113-116). Like its homolog ACE, ACE2 comprises two domains: the amino-
terminal catalytic domain and the carboxy-terminal domain, which are related to its
two categories of functions: the peptidase-dependent and peptidase-independent
functions, respectively (117).

ACE2 contains a zinc metallopeptidase domain, which releases a single amino
acid from the C-terminus of its substrate with a preference for hydrolysis between
a proline and a C-terminal hydrophobic or basic residue (113, 115, 118). ACE2 is a
counter regulator for ACE in the renin-angiotensin system (RAS) by degrading Ang
Il to heptapeptide Ang1-7, leading to vasodilatation and vasoprotection (119-121).

ACE2 was originally identified as the functional receptor for SARS-CoV (79).
Overexpression of ACE2 provided non-permissive human cells the susceptibility
to SARS-CoV. Receptor function of ACE2 appeared independent of the peptidase
activity (79). ACE2 was also identified as a functional receptor for the alphacoronavirus

A NL63-CoV S1 B SARS-CoV S1
1 Unique179 NTR 481 RBD 616CTR 717 1 NTR 306 RBD 527 CTR 667

’any’ ReM2 RBM3 “;5:1"
493-513 531-541 585-590

E NL63-CoV RBD
RBM1_ RBM3,

RBM2
24914 3

Core

=]

Figure 1.7 Structural comparison of HCoV-NL63 and SARS-CoV RBDs. (A) Domain structure of
HCoV-NL63 S1. (B) Domain structure of SARS-CoV S1. (C) Structure of the NL63-RBD-ACE2 complex.
(D) Structure of the SARS-RBD-ACE2 complex. (E) Schematic illustration of the topology of NL63-CoV
RBD. (F) Schematic illustration of the topology of SARS-CoV RBD. This figure is taken from (123).
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HCoV-NL63 (12-13) (71). Structural studies illustrate that NL63-RBD binds to ACE2
with an RBD composed of three discontinuous receptor binding motifs (RBMs), while
SARS-RBD contacts ACE2 by just one RBM. Despite the low amino acid identity
(14%) in the ACE2-binding site, the SARS-RBD and NL63-RBD demonstrated
comparable binding affinity to human ACEZ2 and display an overlapping ACE2 binding
site (71,122-123). Binding to the same virus-binding hotspot on a shared receptor
indicates the convergent as well as divergent evolution strategies coronaviruses
take during evolution from their ancestor coronavirus (71, 124) .

Carcinoembryonic antigen-related cell adhesion molecule 1

The carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1),
also known as BGP, C-CAM and CD66a, is grouped in the carcinoembryonic
antigen-related cell adhesion molecule (CEACAM) family with orthologs in various
mammalian species (125-126). Full-length CEACAM1 comprises an N-terminal,
membrane-distal immunoglobulin variable-region-like (IgV-like) domain which is
followed by up to three membrane-proximal immunoglobulin constant-region type-
2-like (IgC2-like) domains. The IgV-like domain of CEACAM1 is relatively conserved
among CEA-family members (127). CEACAM1 is expressed widely in different cell
types such as epithelial cells, endothelial cells, various leukocytes as well as other
cell types after induction (128-131).

CEACAM1 has been involved in various physiological processes associated with
signal transduction and protein-protein interaction (128). It exhibits pro-angiogenic
effects acting as a major effector of vascular endothelial growth factor (VEGF)
and stimulus of the proliferation, chemotaxis and capillary-like tube formation
of microvascular endothelial cells (132). Besides its functions in angiogenesis,
CEACAMT1 plays a role in the regulation of insulin by acting as a substrate for the
insulin receptor (133).

CEACAMT1 is hijacked as a receptor by several pathogens including bacteria as well
as all MHV strains (75, 77, 125, 134). Murine CEACAM1 (mCEACAM1) is encoded
by two alternative alleles, mMCEACAM1a and mCEACAM1b, and mCEACAM1a is
a much more efficient receptor for MHV than mCEACAM1b (135). A monoclonal
antibody targeting the N-terminus of CEACAM1 blocked virus at tachment to murine
fibroblasts and infection of variant murine cell lines, and provided partial protection
to infection of BABL/c mice. Different isoforms of CEACAM1 were shown to facilitate
the infection of MHV-A59 (75-76, 136).

The NTD of the MHV S1 protein demonstrates high structural similarity with
human galectin-3 and the rotavirus carbohydrate-binding VP4 protein, which may
suggest common ancestry (137-138). However, the MHV S protein interacts with
CEACAM1 exclusively via protein-protein interaction rather than by binding to its
surface carbohydrates (44, 139). Sharing the same galectin-like fold with MHV S1-
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NTD, the S1-NTDs of two other betacoronaviruses, HCoV-OC43 and BCoV, bind
to 9-O-acetylated sialic acids as receptors for entry (73-74). MHV was proposed to
have lost its sugar-binding activity due to a shortened 10-11 loop in the S1-NTD. The
shared similarity between coronavirus S1-NTD and human galectins may indicate
that the betacoronavirus S1-NTD originated from a host galectin and subsequently
acquired different receptor usage specificities by divergent evolution (139).

A MHVNTD B _ C  Rotavirus VP4
/ 1 V : Human galectin-3
A ] P
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| :
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Figure 1.8 Structural comparison of MHV S-NTD, human galectin and rotavirus VP4. The structures
of the MHV S1-NTD (A,D), human galectin-3 (B,E) and Rotavirus VP4 are shown (C,F) in two orientations.
This figure is taken from (139).

3.2 Viral protein-host sugar interaction

Carbohydrates, either attached to glycoproteins or glycolipids, are complex molecules
composed of various types of monosaccharides and present on almost all living
cells. Their structural and functional diversity determines their complex and often
indispensable roles in many biological and physiological processes at the molecular
level. Viruses, including coronaviruses, are able to enter cells by interacting with
terminal carbohydrate moieties, sialic acids.

Sialic acids

Sialic acids (SAs) are negatively charged monosaccharides prevalent on cell surface
(140). They are in a family including about fifty derivates of neuraminic acids that
share a common nine-carbon (C1-9) backbone but carry various substituents at the
amino or hydroxyl groups (141). All different substituents can be combined to obtain
a large variety of SAs in the animal kingdom. N-Acetylneuraminic acid (Neu5Ac),
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N-glycolylneuraminic acid (Neu5Gc) and N-acetyl-9-O-acetylneuraminic acid
(Neub,9Ac?2) are the three most common terminal moieties on glycan chains of all
vertebrate and many invertebrate cells. The distribution of different forms depends
on cell types as well as the function of cells (141).

Due to their presence on the cell surface, SAs, either alone or in oligo- or polymeric
form, play a crucial role in cell biology because of their accessibility to lectins (142-
143). SAs can function in masking recognition sites of lectins or, contrarily, provide a
biological target for recognition by lectins (141). SAs mask the penultimate galactose
residues on carbohydrates for binding by galectins. Desialylation of proteins or cells
leads to recognition by host galectins and subsequent degradation by the immune
system. For example, malignant cells could be eliminated by the immune system
after desialylation, which in turn could be prevented by oversialylation of these
cells (144-145). Sialylation also confers better survival chances to microorganisms
in the host which may lead to enhanced virulence (146). In contrast to masking,
SAs are recognized by lectins of bacteria and viruses with influenza viruses as the
best studied example (reviewed in (142)). SAs are also of great importance for the
attachment of coronaviruses to target cells. Coronaviruses are able to recruit SAs
but display differences in SA binding fine-specificity. The betacoronaviruses HCoV-
OC43 and BCoV use the Neu5,9Ac2 as a functional receptor for entry (36, 37, 73),
whereas the gammacoronavirus IBV recognizes a2,3-linked SA as an attachment
factor (86). Apart from binding to the APN receptor, the alphacoronavirus TGEV S
protein also has SA binding activity which was hypothesized to be a determinant for
its enteric tropism (65).

3.3 Viral carbohydrate-host lectin interaction

Lectins are a family of molecules that bind carbohydrate moieties mediated by
their carbohydrate recognition domain (CRD) at the N-terminus of the extracellular
domain (147). Lectins can act as friends or foes to the immune system. They can
recognize and target pathogens for degradation. On the contrary, lectins, in particular
C-type lectins expressed on antigen presenting cells, can be hijacked by pathogens
to mediate their invasion into host cells (148-149) with one representative example,
the C-type lectin DC-SIGN (150).

Dendritic cell-specific intercellular adhesion molecule-3-grabbing
nonintegrin

Dendritic cell (DC)-specific intercellular adhesion molecule (ICAM)-3-grabbing
nonintegrin (DC-SIGN, CD209) is a mannose-binding, calcium dependent (C-type)
lectin. It is a type Il membrane protein comprising a carbohydrate recognition
domain (CRD), a neck region and a transmembrane region which is followed by
a cytoplasmic tail containing recycling and internalization motifs (150-151). By its
neck-repeat domain, it assembles into tetramers, which increases the binding affinity
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and specificity of the CRD to its ligands (152-153). DC-SIGN is mainly expressed on
immature DCs (iDCs) present in peripheral tissues, or on mature or activated DCs
(mDCs) in lymphoid tissues such as lymph nodes, tonsils and spleen at relatively
low level (150).

DC-SIGN is a cell marker for DCs and has multiple functions, such as differentiation
of DCs from monocytes guided by IL-4 (154), transendothelial migration of DCs
through binding to ICAM-2, antigen uptake and T cell priming (155-157). In addition,
it not only facilitates antigen uptake as a receptor, but also promotes the adhesion
of DCs to T cells (150), endothelial cells (155, 158) and neutrophils (159-160). DC-
SIGN is hijacked by a variety of pathogens including viruses, bacteria, fungi as well
as several parasites as a mechanism to escape immune surveillance (154). The best
studied virus that can recruit DC-SIGN for its own benefit is human immunodeficiency
virus type 1 (HIV-1), which binds DC-SIGN through its mannose-rich glycans on the
envelope glycoprotein gp120. By interacting with DC-SIGN on DCs, HIV-1 can enter
and initiate infection directly (in-cis) (150,161) or it can be transferred to lymph nodes
to infect CD4* T cells by interacting with its receptors CD4 and CCR5 (in-trans)
(162). By either of these two pathways, HIV-1 manipulates DCs as a Trojan horse to
escape from the host immune system and invade target cells (163).

Within the coronavirus family, several species have shown their capacity to infect
cells via DC-SIGN as an entry portal. Overexpression of DC-SIGN, or its isoform
L-SIGN, allows infection of several IBV strains in a SA-independent way (88). DC-
SIGN and L-SIGN overexpression also allowed successful entry of SARS-CoV into
non-permissive cell lines that lack ACE2 receptor expression (80-82). Furthermore,
DC-SIGN was shown to be recruited by type | FIPV as a receptor for infection of
monocytes (62). Overexpression of DC-SIGN conferred the infectivity of non-
permissive cells to type | and Il FIPVs and enhanced infection of permissive cells
(164).
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4. Outline of this thesis

In order to initiate a successful infection, viruses need to bring their genomes across
the cellular membrane into the cytoplasm. This process is initiated by binding of the
virus to functional receptors on the cell surface. Given the importance of the receptors
for virus entry, epidemiology and pathogenesis, we investigated the receptor usage
of two coronavirus pathogens highly relevant for humans and cats, MERS-CoV and
FCoV.

In chapter 2, we described the identification of the functional receptor for MERS-
CoV. In chapter 3, we subsequently mapped the receptor binding domain within the
MERS-CoV spike protein and assessed its potential to elicit neutralizing antibodies.
In chapter 4, a microarray-based serological assay was developed using expressed
and purified coronavirus S1 subunits, which has proven itself as a practical and
convenient diagnostic method to study virus epidemiology, and to identify the animal
reservoir of this zoonotic virus.

Except for studies associated with MERS-CoV, we also investigated the receptor
usage of FCoVs. The macrophage-tropic FIPV has been shown to use DC-SIGN for
entry. Considering that FIPV is a virulent mutant of FECV, we investigated whether
the enterocyte-tropic FECV possesses the ability to recruit DC-SIGN for entry or
gains this capacity during the transition from FECV to FIPV (Chapter 5).

In the final chapter, a summarizing discussion concerning the studies in this thesis
is provided.
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Coronavirus spike-receptor interactions

Abstract

Most human coronaviruses (CoVs) cause mild upper respiratory tract disease but
may be associated with more severe pulmonary disease in immunocompromised
individuals! SARS-CoV on the other hand caused severe lower respiratory disease
with nearly 10% mortality and evidence of systemic spread. Recently, another
coronavirus (HCoV-EMC) was identified in patients with severe and sometimes lethal
lower respiratory tract infection?3. Viral genome analysis revealed close relatedness
to CoVs found in bats*. Here we identify dipeptidyl peptidase 4 (DPP4) - also known
as CD26 - as a functional receptor for HCoV-EMC. DPP4 specifically co-purified
with the receptor binding S1 domain of the HCoV-EMC spike protein from lysates
of susceptible Huh-7 cells. Antibodies directed against DPP4 inhibited HCoV-EMC
infection of primary human bronchial epithelial cells and Huh-7 cells. Expression
of human and bat (Pipistrellus pipistrellus) DPP4 in non-susceptible COS-7 cells
enabled infection by HCoV-EMC. The use of the evolutionary conserved DPP4 protein
from different species as a functional receptor provides clues about HCoV-EMC's
host range potential. In addition, it will contribute critically to our understanding of the
pathogenesis and epidemiology of this emerging human CoV, and may facilitate the
development of intervention strategies.

40



DPP4 is a functional receptor for MERS-CoV

Coronaviruses (CoVs) infect a wide range of mammals and birds. Their tropism
is primarily determined by the ability of the spike (S) entry protein to bind to a
cell surface receptor. Coronaviruses have zoonotic potential due the adaptability of
their S protein to receptors of other species, most notably demonstrated by SARS-
CoVs3, the causative agent of the SARS epidemic, which likely originated from bats®.
Recently, a new CoV — named HCoV-EMC — has been identified in thus far nine
patients with five fatalities that suffered from severe respiratory illness, in some cases
accompanied with renal dysfunction? *7. Genetically the virus bears resemblance to
bat CoVs HKU4 and 5 and - based on phylogenetic analysis using a small fragment
of the virus — to a bat CoV found in Pipistrellus pipistrellus in the Netherlands*. In
recent years molecular surveillance studies revealed the existence of at least 60
novel bat CoVs, including relatives of SARS-CoV?. As the human cases do not seem
to originate from transmission from one source, the epidemiology of HCoV-EMC may
be explained by a somehow concealed circulation in the human population or by the
repeated introduction from an intermediate animal host. For a better understanding
of the biology of this novel CoV, timely identification of the receptor could reveal
important clues to its zoonotic transmission potential and pathogenesis and to the
design of possible intervention strategies. Two types of CoV protein receptors have
been identified; the Betacoronavirus mouse hepatitis virus uses immunoglobulin
related carcinoembryonic antigen-related cell adhesion molecules (CEACAM)® to
enter cells whereas for several Alpha- and Betacoronaviruses two peptidases have
been identified as receptors: aminopeptidase N (APN, CD13) for HCoV-229E and
several animal CoVs' " and angiotensin converting enzyme 2 (ACE2) for SARS-
CoV'2. In addition, sialic acid may act as a receptor for some CoVs"™.

Our initial experiments indicated that HCoV-EMC does not use ACE2 as an entry
receptor'. Therefore we first examined whether the amino-terminal receptor binding
spike domain S1 binds to cells and investigated its correlation with cell susceptibility.
We expressed the S1 domain fused to the Fc region of human IgG, yielding a
recombinant disulfide bonded dimer of approximately 280 kDa (Supplementary
Fig.1). Highly specific binding was observed to African green monkey kidney (Vero)
and human liver (Huh-7) cells by immunofluorescence and FACS analysis, while
kidney cells of the Pipistrellus pipistrellus bat showed intermediate staining (Fig.
1). No S1 binding was detectable to COS-7 African green monkey kidney cells (Fig
1b). Furthermore, no specific binding to any of these cells was observed with a
feline CoV S1 domain, while feline cells (Felis catus whole fetus, FCWF) showed
strong reactivity (Supplementary Table.1). Binding of HCoV-EMC S1 was shown to
correlate with susceptibility to HCoV-EMC infection and with viral genome detection
in the culture medium of infected cells (Fig 1). The HCoV-EMC S1 domain was
demonstrated also to bind to cells from other species but its overall reactivity was
more restricted compared to that observed for SARS-CoV S1 (Supplementary Table

1).
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In order to identify the cell surface protein(s) binding to S1 we affinity isolated proteins
from Vero and Huh-7 cells using the S1-Fc chimeric proteins. The HCoV-EMC S1-Fc
protein - but not SARS-CoV S1-Fc - extracted a protein of ~110 kDa when analyzed
under non-reducing conditions from Huh-7 cell lysates (Fig. 2a). Mass spectrometric
analysis identified this protein as dipeptidyl peptidase 4 (DPP4 or DPP 1V, also called
CD26; Supplementary Fig. 2). Similar results were obtained using Vero cells (data
not shown). We subsequently produced soluble (i.e. non membrane-anchored) forms
of DPP4 and ACE2 and found that the HCoV-EMC S1-Fc protein bound the former
but not the latter while the opposite was seen with the SARS-S1-Fc protein (Fig. 2b).
Soluble DPP4, but not soluble ACE2, inhibited infection of Vero cells by HCoV-EMC
(Supplemental Fig. 3). Moreover, transient expression of human DPP4 in the non-
susceptible COS-7 cells rendered these cells susceptible to binding the HCoV-EMC
S1-Fc protein to their surface (Supplementary Fig. 4). These data indicate a direct
and specific binding of HCoV-EMC S1 to human DPP4.
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Figure 1 Binding of HCoV-EMC $S1 to cells is correlated with infection of HCoV-EMC. Shown in the
left panels are the FACS analyses of HCoV-EMC S1-Fc binding (red line) to Vero (a), COS-7 (b), Huh-7
(c) and bat cells (d). A feline CoV S1-Fc protein (blue line) and mock-incubated cells (black line) were
used as controls. In the middle panels HCoV-EMC infected cells are visualized using an antiserum that
recognizes the nonstructural protein nsp4. In the right panels, HCoV-EMC RNA levels in supernatants of
the infected cells at 0, 20 and 40 h after infection were quantified using a TagMan assay and expressed
as genome equivalents GE (TCID50/ml). Error bars, s.e.m.

42



DPP4 is a functional receptor for MERS-CoV

The DPP4 protein displays high amino acid sequence conservation across different
species, including the sequence we obtained from Pipistrellus pipistrellus bat cells
(Supplementary Fig. 5), particularly towards the carboxy-terminal end (Supplementary
Fig. 6). Next, we tested surface expression of DPP4 on susceptible and non-
susceptible cells employing a polyclonal human DPP4 antiserum. The specific
reactivity of the anti-DPP4 serum with human and bat DPP4 was demonstrated
by staining of human and bat DPP4 transfected cells (Fig. 3a). Expression of bat
DPP4 in COS-7 cells allowed HCoV-EMC S1-Fc cell surface binding (Fig. 3a).
Consistent with their susceptibility to HCoV-EMC infection and with the HCoV-EMC
S1 cell surface binding, Vero and Huh-7 cells expressed high levels of DPP4 on
their surface as judged by antibody reactivity, bat cells displayed low level antibody
binding whereas COS-7 cells did not show any significant binding (Fig. 3b). Thus,
DPP4 cell surface expression on the cell lines was consistent with HCoV-EMC S1
cell surface binding and with susceptibility to HCoV-EMC infection. The relevance
of these observations was enforced by the finding that DPP4 expression was also
found in primary human bronchiolar epithelial cell cultures (Fig. 3c) and in human
bronchial lung tissue (Fig. 3d), in both instances localized to the apical surfaces of
non-ciliated (tubulin-1V negative) cells. In addition, HCoV-EMC infection of human
bronchiolar epithelial cell cultures appeared localized to the non-ciliated cells that
express DPP4 (Fig. 3e).

To determine whether DPP4 essentially contributes to infection, susceptible cells
were preincubated with polyclonal DPP4 antiserum prior to virus inoculation.
Infection of Huh-7 cells was blocked by this serum but not by control serum or ACE2
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Figure 2 HCoV-EMC S1 binding to DPP4. (a) Huh-7 cell lysates were incubated with HCoV-EMC and
SARS-CoV S1-Fc proteins and affinity-isolated proteins were subjected to protein electrophoresis under
non-reducing conditions. The arrowhead indicates the position of the ~110 kDa DPP4 protein specifically
isolated using the HCoV-EMC S1-Fc protein. (b) HCoV-EMC and SARS-CoV S1-Fc proteins were mock-
incubated or incubated with soluble DPP4 (sDPP4) or soluble ACE2 (sACEZ2) followed by Protein A
Sepharose affinity isolation and subjected to protein electrophoresis under non-reducing conditions.
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antibodies as evidenced by a strong reduction of virus infection, of virus excretion
and of virus-induced cytopathic effects (Fig. 4a and Supplementary Fig. 7). In
addition, infection of primary bronchiolar epithelial cells was blocked by the DPP4
antibodies in a dose dependent manner (Fig. 4b). We next examined whether DPP4
expression confers susceptibility to HCoV-EMC infection. COS-7 cells transfected
with the human DPP4 expression plasmid — but not with the empty plasmid — were
efficiently infected by HCoV-EMC as demonstrated by the presence of viral non-
structural proteins in the cells (Fig 4c) and of viral RNA (Fig 4d) and infectious virus in
the cell supernatants (not shown). Likewise, expression of bat DPP4 in COS-7 cells
conferred susceptibility to the virus although to a lesser extent (Fig. 4c). Transfection
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Figure 3 DPP4 is present on HCoV-EMC susceptible cell lines and human bronchiolar epithelial
cells. (a) COS-7 cells transfected with plasmids encoding human DPP4 (hDPP4), bat DPP4 (bDPP4) or
a control plasmid (pcDNA) were tested for S1 binding and staining with a polyclonal antiserum against
DPP4. (b) Similarly COS-7, Huh-7, Vero and bat cells were tested for reactivity with the same antiserum
against DPP4 (blue lines) or with a control normal goat serum (gray peak). DPP4 expression (red) was
also found in primary human bronchiolar epithelial cell cultures (c¢) and human bronchiolar tissue (d) and
appeared localized to the apical surfaces of non-ciliated cells that do not express -tubulin IV. (e) Double
stranded viral RNA (cyan) was detected in HCoV-EMC infected primary human bronchiolar epithelial cell
cultures and appeared localized to non-ciliated cells that express DPP4 (red). Stainings were performed
using antibodies directed against B3-tubulin 1V (ciliated cells; green), DPP4 (red), dsRNA (HCoV-EMC;
cyan), and DAPI (cell nucleus; blue). Scale bar is 10 ym.

44



DPP4 is a functional receptor for MERS-CoV

of human DPP4 in non susceptible cells of different species origin (feline, murine
and canine) did also permit infection with HCoV-EMC (Supplementary Fig. 8a),
whereas other human CoVs such as HCoV-NL63, -229E and -OC43 were not able
to infect hDPP4 transfected cells (Supplementary Fig. 8b-d). Collectively, our data
demonstrate that DPP4 of human and bat origin acts as a functional receptor for
HCoV-EMC.

After ACE2 and APN, DPP4 is the third exopeptidase to be discovered as a receptor
for CoVs. DPP4 is a multifunctional 766 amino acids long type-Il transmembrane
glycoprotein presented in a dimeric form on the cell surface. It preferentially cleaves
N-terminal Xaa-Pro dipeptides from hormones and chemokines thereby regulating
their bioactivity'. Yet the use of peptidases by coronaviruses may be more related
to their abundant presence on epithelial and endothelial tissues — the primary tissues
of CoV infection - rather than to their proteolytic activity which in case of APN and
ACE2 appeared not critical for infection™ '2. Consistently, HCoV-EMC infection
could not be blocked by the DPP4 inhibitors Sitagliptin, Vildagliptin, Saxagliptin or
P32/98 (Supplementary Fig. 9). DPP4 also plays a major role in glucose metabolism

Figure 4 DPP4 is essential for virus
infection. (a) Inhibition of HCoV-EMC
infection of Huh-7 cells by antibodies
to DPP4. Supernatants collected
at 2 h (open bars) and 20 h (closed
bars) were tested for presence of
HCoV-EMC RNA using a TagMan
assay. Results representative of three
different experiments are shown as
ACt values (One Way Anova test, *P<
0.05; n = 3 per group). (b) Infection
of human primary bronchiolar
epithelial cells is blocked by the
DPP4 antibodies in a dose-dependent
manner and samples were analyzed
at 2 h (open bars) and 20 h (closed
bars) post infection (One Way Anova
test, *P< 0.05; n = 3 per group). (c)
COS-7 cells transfected with plasmids
encoding human DPP4 (hDPP4), bat
DPP4 (bDPP4) or a control plasmid
(pcDNA) were inoculated with HCoV-
EMC at a multiplicity of infection of 1
and left for 1 hour. Cells were washed
twice and stained at 8 h after infection
or (d) supernatant collected at 2 h
(open bars), 20 h (closed bars) and 40
h (blue bars) was tested for presence
of HCoV-EMC RNA using a TagMan
assay. Results representative of three
different experiments are expressed
as GE (TCID50/ml) values (One Way
Anova test, *P< 0.05; n = 4 per group).
All error bars represent s.e.m.
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by its degradation of incretins and has been further implicated in T-cell activation,
chemotaxis modulation, cell adhesion, apoptosis, and regulation of tumorigenicity'®
'8, In humans it is primarily expressed on the epithelial cells in kidney, small intestine,
liver and prostate, and on activated leukocytes while it occurs as a soluble form in the
circulation' 8. At present little is known about the tropism of HCoV-EMC in vivo; the
virus has been detected only in upper respiratory swabs, urine, sputum and tracheal
aspirate?®. Our observation of DPP4 being expressed on non-ciliated bronchial
epithelial cells together with its reported expression in the kidney is consistent with
clinical manifestations of HCoV-EMC infection. It is important to note that most
respiratory viruses, including SARS-CoV'’, have a marked tropism for ciliated cells
that are more widely distributed along the upper and lower respiratory tract.

The epidemiological history of HCoV-EMC remains enigmatic. As for SARS-CoV and
HCoV-NL63'8, a bat origin possibly combined with the existence of an intermediate
animal reservoir seems feasible. In view of the evolutionary conservation of DPP4
and HCoV-EMC'’s ability to employ bat DPP4 as a functional receptor such host
species switching would not be surprising. Adaptive mutations in the SARS-CoV S1
domain allowing improved binding to human ACE2 have been noted explaining — at
least in part — the zoonotic transmission event'®?. Further in depth characterization
of the binding interface of HCoV-EMC S1 and DPP4 may shed light on the possible
adaptive processes of this virus or related CoVs utilizing DPP4 in novel host species.

Variations in soluble DPP4 levels in serum have been reported as clinically relevant
in a number of pathophysiological conditions including type-2 diabetes mellitus
and virus infections®. It will be important to investigate whether and how varying
soluble DPP4 levels affect HCoV-EMC pathogenesis. Downregulation of ACE2
expression after SARS-CoV infection has been shown to contribute to the severity
of disease? consistent with the protective role of soluble ACE2 in lung injury??. Given
the importance of DPP4 in regulation of chemokine and cytokine responses's one
may speculate that in vivo downregulation of the HCoV-EMC receptor may potentially
influence the pathogenesis of this virus. Preliminary findings in vitro, however,
indicate that S1 binding to DPP4 did not result in significant downregulation of DPP4
or of the DPP4 enzymatic activity on Huh7 cells (not shown), possibly due to the
observed active recycling of DPP4 from the plasma membrane'. Manipulation of
DPP4 levels or development of inhibitors that target the binding interface between
the S1 domain and receptor in vivo may provide therapeutic opportunities to combat
HCoV-EMC infection. In addition, future studies should address the development of
effective vaccines, including those that elicit antibodies that prevent HCoV-EMC'’s
binding to DPP4.
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Methods

Protein expression. A plasmid encoding HCoV-EMC S1-Fc was generated
by ligating a fragment encoding the S1 domain (residues 1-747) 3’-terminally to
a fragment encoding the Fc domain of human IgG into the pCAGGS expression
vector. Likewise, an S1-Fc expression plasmid was made for the SARS-CoV domain
S1 subunit (isolate CUHK-W1: residues 1-676), the FIPV S1 domain (isolate 79-
1146; residues 1-788) and the human ACE2 ectodomain (sACE2; residues 1-614).
Fc chimeric proteins 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). Purified ACE2-Fc was cleaved with thrombin
and soluble ACE2 was purified by gel-filtration chromatography. A DPP4 expression
vector was generated by cloning the full-length human DPP4 gene into the pCAGGS
or the pcDNAS3 vector. A plasmid encoding the ectodomain of human DPP4 was
generated by ligating a fragment encoding residues 39-766 of human DPP4 into a
pCD5 expression vector?® encoding the signal sequence of CD5 and an OneSTrEP
affinity tag (IBA GmbH). Soluble DPP4 ectodomain was prepared by transfection
of the expression plasmid into HEK-293T cells and affinity-purification from the
culture supernatant using Strep-Tactin sepharose beads (IBA GmbH). S1 binding
of cells was measured by incubating 2.5x10° cells with 15 pug/ml of S1-Fc followed
by incubation with FITC or DyLight488 labeled goat-anti-human IgG antibody and

analysis by flow cytometry.

Affinity-purification and detection of DPP4. Huh-7 cells were washed twice
with ice-cold PBS, scraped off the plastic with a rubber policeman, pelleted and
lysed in ice-cold lysis buffer (0.3% n-decyl-B-D-maltopyranoside in PBS) containing
protease inhibitors (Roche Complete Mini and phenylmethylsulfonyl fluoride) at a
final density of ~2.5x107 cells/mL. The supernatants of centrifuged cell lysates were
precleared with protein A sepharose beads after which 10ug of S1-Fc and 100l
protein A sepharose beads (50% v/v) was added to 1ml of cell lysate and incubated
for 1h at 4°C under rotation. Beads were washed thrice with lysis buffer and once
with PBS and subjected to protein electrophoresis (NOVEX® 4-12% Tris-Glycine
gradient gel, Invitrogen) under non-reducing conditions. A distinct ~110kDa protein
co-purified with HCoV-EMC-S1-Fc was visualized by GelCodeBlue staining, excised
from the gel, incubated with trypsin and analysed by mass spectrometry.

Mass spectrometry and data analysis. The distinct ~110kDa protein which
co-purified with HCoV-EMC-S1-Fc was excised from the gel and subjected to in-
gel reduction with dithiothreitol, alkylation with chloroacetamide and digestion with
trypsin (Promega, sequencing grade), essentially as described by Van den Berg
et al?*. Alternatively, affinity-isolated proteins were reduced and alkylated on beads
similarly as described above. Nanoflow LC-MS/MS was performed on either an
1100 series capillary LC system (Agilent Technologies) coupled to an LTQ-Orbitrap
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XL mass spectrometer (Thermo), or an EASY-nLC coupled to a Q Exactive mass
spectrometer (Thermo), operating in positive mode and equipped with a nanospray
source. Peptide mixtures were trapped on a ReproSil C18 reversed phase column
(Dr Maisch GmbH; column dimensions 1.5 cm x 100 um, packed in-house) at a
flow rate of 8 pl/min. Peptide separation was performed on ReproSil C18 reversed
phase column (Dr Maisch GmbH; column dimensions 15 cm x 50 ym, packed in-
house) using a linear gradient from 0 to 80% B (A = 0.1 % formic acid; B = 80%
(v/v) acetonitrile, 0.1 % formic acid) in 70 or 120 min and at a constant flow rate of
200 nl/min. The column eluent was directly sprayed into the ESI source of the mass
spectrometer. Mass spectra were acquired in continuum mode; fragmentation of
the peptides was performed in data-dependent mode by CID or HCD. Peak lists
were automatically created from raw data files using the Mascot Distiller software
(version 2.3; MatrixScience) or Proteome Discoverer (version 1.3; Thermo). The
Mascot algorithm (version 2.2; MatrixScience, UK) was used for searching against a
Uniprot database (release 2012_10.fasta, taxonomy: Homo sapiens, or Chlorocebus
sabaeus). The peptide tolerance was set to 10 ppm and the fragment ion tolerance
was set to 0.8 Da for CID spectra (LTQ-Orbitrap) or to 20 mmu for HCD (Q Exactive)
spectra). A maximum number of 2 missed cleavages by trypsin were allowed and
carbamidomethylated cysteine and oxidized methionine were set as fixed and
variable modifications, respectively.

Blocking of HCoV-EMC replication by DPP4 antiserum. Huh-7 and primary
airway epithelial cells (triplicates of one donor) were pre-incubated with antibodies to
DPP4 (polyclonal goat-anti DPP4 immunoglobulin, R&D systems) in a range of 0-20
pg/ml. Cells were infected with HCoV-EMC, incubated for 1 hour at 37°C, washed
and subsequently incubated with medium containing the respective antibody
concentrations. Supernatants were collected at 2 h and 20 h and were analysed for
the presence of HCoV-EMC RNA using a real-time Tagman assay.

Human bronchial epithelial cultures and confocal microscopy analysis.
Human bronchial lung tissue was obtained from patients (age >18 years old) who
underwent surgical lung resection in their diagnostic pathway for any pulmonary
disease and that gave informed consent. This was done in accordance with local
regulation of the Kantonal Hospital St.Gallen, Switzerland, as part of the St. Gallen
Lung Biopsy Biobank (SGLBB) which received approval by the ethics committee of
the Kanton St. Gallen (EKSG 11/044, 27 April 2011; and EKSG 11/103, 23 September
2011).

Primary human bronchial epithelial cultures were generated as previously
described?. Human bronchial epithelial cultures were maintained for 1-2 months until
pseudostratified and fully differentiated epithelia were obtained. Human bronchial
tissue or human bronchial epithelial cultures were fixed with 4% PFA (FormaFix) for
30 minutes at room temperature (RT). The fixed human bronchial tissue or cultures
were mounted in Tissue-Tek® OCT medium and snap frozen in liquid nitrogen, from
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which 10 pM horizontal sections were made. The cryosections were immunostained
using the procedure as described?, using mouse monoclonal antibody anti-B-
tubulin 1V (Sigma) and goat anti hDPP4 polyclonal antibody (R&D Systems) as
primary antibodies, and Dylight 488 labeled, anti-mouse IgG (H+L) and Dylight 549
labeled, anti-goat IgG (H+L) as secondary antibodies (Jackson ImmunoResearch).
Counterstaining was done with DAPI (Invitrogen). Fluorescent images were acquired
using EC Plan-Neofluor 40x/1.30 Oil DIC M27 or EC Plan-Neofluor 63x/1.30 Qil DIC
M27 objectives on a Zeiss LSM 710 confocal microscope. Image capture, analysis
and processing were performed using the ZEN 2010 (Zeiss) software packages.

HCoV-EMC infected human bronchial epithelial cultures were fixed with 4%
PFA (FormaFix) for 30 minutes at room temperature (RT). Fixed cultures were
immunostained using the procedure as described?®, with mouse monoclonal antibody
anti-dsRNA (J2, English & Scientific Consulting Bt.) and goat anti hDPP4 polyclonal
antibody (R&D Systems) as primary antibodies, and Dylight 488 labeled, anti-mouse
IgG (H+L) and Dylight 549 labeled, anti-goat IgG (H+L) as secondary antibodies
(Jackson ImmunoResearch). The rabbit monoclonal anti-B-tubulin conjugated with
Alexafluor 647 (9F 3, cell signaling) was applied as tertiary antibody. Counterstaining
was done with DAPI (Invitrogen). Z-stack images were acquired using a EC Plan-
Neofluor 63x/1.40 Qil DIC M27 objective on a Zeiss LSM 710 confocal microscope
from which a 3D reconstruction was made using maximum intensity projection.
Image capture, analysis and processing were performed using the ZEN 2010 (Zeiss)
and Imaris (Bitplane Scientific Software) software packages.

DPP4 enzymatic activity. DPPIV activity was measured on live cells using DPPIV/
CD26 Assay kit for Biological Samples (Enzo Life sciences). Briefly, Vero cells (1x10*
cells/well) were grown in 96 well plates, washed twice with PBS, incubated with
or without inhibitor (20ug/ml) for 10 min after which H-Gly-Pro-AMC substrate was
added and incubated for 10 min. Fluorescence intensity was measured at 380/460
nm using Tecan Infinite F200.

Cloning and expression of human and bat DPP4. Total RNA was isolated
from Huh-7 and PipNi/1 cells using RNeasy mini kit (Qiagen) and cDNAs were
synthesized by using the Superscript reverse transcriptase (Life Technologies). The
complete DPP4 genes were amplified using Pfu Ultra Il fusion HS DNA polymerase
(Stratagene) and cloned into the pcDNA 3.1 (+) expression vector (Life technologies).
After sequencing, alignment was performed using ClustalW in the MEGA 5.0
software package (www.megasoftware.net) and the trees were constructed by using
the neighbor-joining method with p-distance (gap/missing data treatment; complete
deletion) and 1,000 bootstrap replicates as in MEGA 5.0 pcDNA plasmids containing
the human or bat DPP4 or the empty pcDNA plasmid were transfected into COS-7
cells using lipofectamine 2000 (Life technologies). After 24 hours incubation cells
were stained with both goat anti-human DPP4 polyclonal antibody (R&D system)
and a rabbit anti-goat IgG-FITC antibody (Sigma).
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Virus infection, RNA extraction and quantitative RT-PCR. Virus stocks
of HCoV-EMC were prepared as described earlier*. Vero, COS7, Huh-7 and
kidney cells of the Pipistrellus pipistrellus bat cells' were inoculated with HCoV-
EMC for 1 h and incubated with medium containing 1% fetal bovine serum.
Formaldehyde fixed cells were stained using rabbit-anti-SARS-CoV nsp4
antibodies that are cross reactive for HCoV-EMC, according to standard protocols
using a FITC-conjugated swine-anti-rabbit antibody as a second step. RNA from
200 pl of culture supernatant was isolated with the Magnapure LC total nucleic
acid isolation kit (Roche) and eluted in 100 pyl. HCoV-EMC RNA was quantified
on the ABI prism 7700, with the TagMan® Fast Virus 1-Step Master Mix (Applied
Biosystems) using 20 pl isolated RNA, 1x Tagman mix, 0.5U uracil-N-glycosylase,
45 pmol forward primer (5-GGGTGTACCTCTTAATGCCAATTC-3’), 45 pmol
reverse primer (5-TCTGTCCTGTCTCCGCCAAT-3’) and 5 pmol probe (5’-FAM-
ACCCCTGCGCAAAATGCTGGG-BHQ1-3'). Amplification parameters were 5 min
at 50°C, 20 sec at 95°C, and 45 cycles of 3 s at 95°C, and 30 sec at 60°C. RNA
dilutions isolated from an HCoV-EMC stock were used as a standard. HCoV-NLG63,
HCoV-229E and HCoV-OC43 quantitative PCRs were routinely performed at the
diagnostics Department of Viroscience at the Erasmus MC Rotterdam.

Statistics. We compared the mean Ct values and log GE HCoV-EMC using One

Way Anova with Post test Bonferroni. Statistical analysis was performed with Prism
4.0 (Graphpad).
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Supplementary Figure 1. HCoV-EMC spike (S) protein and S1-Fc expression. (a) Schematic
representation of the HCoV-EMC S and S1-Fc fusion protein. Position of the predicted N-glycosylation
sites (W; predicted by the NetNGlyc server) and TM domain (yellow bar; predicted by the TMHMM server)
are indicated in the full-length S protein. The border between the S1 and S2 subunits is marked by the
presence of a predicted furin cleavage site (red triangle; predicted by the ProP 1.0 server). (b) Analysis
of purified EMC-S1-Fc and SARS-S1-Fc proteins. One microgram of purified EMC-S1-Fc and SARS-
S1-Fc proteins was analysed on a NoVEX® 4-12% Tris-Glycine gradient gel under reducing (left) and
non-reducing (right) conditions, and stained with GelCodeBlue reagent. Position and sizes of the marker

proteins are indicated.
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Supplementary Figure 2. DPP4-derived tryptic fragments as determined by mass spectrometry.
Shown is the human DPP4 protein sequence (NCBI RefSeq: NP_001926.2) with the tryptic fragments
corresponding to DPP4 obtained from the ~110 kDa band (Fig. 2A of main text) indicated in red.
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Supplementary Figure 3. Soluble DPP4, but not soluble ACE2, inhibits HCoV-EMC infection. HCoV-
EMC was preincubated with the indicated concentrations of soluble DPP4 (sDPP4; white bars) or soluble
ACE2 (sACEZ2; black bars). VERO cells were subsequently inoculated for 1 hour with the virus-protein
mixes. Cells were washed and the number of infected cells per well was counted 8 hours post infection
after immunofluorescence staining (One Way Anova test, *P< 0.05; n = 3 per group). Error bars indicate
s.e.m.
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Supplementary Figure 4. HCoV-EMC S1-Fc binding to cells. Binding of HCoV-EMC S1-Fc proteins to
COS-7 cells transfected with control pPCAGGS (grey line) or with pCAGGS-DPP4 (black line) expression
plasmid, analyzed by flow cytometry.
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Species UniProt accession nr. protein identity (%)
Homo sapiens ( Human) P27487 82,2
Macaca mulatta (Monkey) F6VRBO 82,0
Bos taurus (Bovine) P81425 81,4
Sus scrofa (Pig) P22411 81,3
Oryctolagus cuniculus (Rabbit) G1T1CA1 81,4
Felis catus (Cat) QIN2I7 80,2
Rattus norvegicus (Rat) P14740 78,6
Canis familiaris (Dog) F1PP08 77,3
Gallus gallus (Chicken) F1NDK7 63,1

Supplementary Figure 5. Phylogenetic analysis of DPP4. Phylogenetic tree of DPP4 from different
species by amino acid sequence analysis using neighbor joining (a) and percentage identity of bat DPP4
compared to that of different species (b).

57



Coronavirus spike-receptor interactions

10 20 30 40 50 60 70 a0
T T [y A Y (R Y TR (PR (AP IR DAY I DY B
Human METPWE-VLLGLLGARALVTIITVPVVLLNEGTDDATADSRETY TLT DYLENTYRLELYSLRWI SDHEYLYEQENNILVF 79
Monkey METAWK-VLLGLLGAAALVTIITVPVVLLNEGTDDATADSRETY TLTDYLENTYRLELYSLRWI SDEEYLYEQENNILVF 79
Rabbdt LOTPWE-VLLGLLGAAALVTIVIVPVVLLNEGTDAAAGDSRRTYTLND YLENTLRMRS Y SLOWI SDEEYLERQEDNILLF 79
Bovine METPWE-VLLGLLATAALVTIVITVPVVLLTEG-NDASTDSRRTY TLADYLENTFRMEFYNLRWVSDHEYLYEQENNILLF 78
Pig METPWE-VLLGLLGI AALVTVITVPVVLLNEGTDDAARDSRRTYTLT DYLESTFRVEFYTLOWI SDEEYLYEQENNILLF 79
cat METFWEK-VLLGLLGLAALITIITVPVVLLNEG-NDARR! TYTLTDYLENTFRVEFYSLRWVSDEDYLYKQDNNILLF 78
Dog VYLLWHRTVLGIRGLAEYTTLVGMERIILDESTDDAARDSRRTYTLT DYLENTFRVEFYSLRWI SDHEYLYEQENNILLF 90
Rat METPWE-VLLGLLGVAALVTIITVPVVLLNED--EARR! TYTLADYLENTFRV VEDSEYLYEQENNILLF 77
Bat METPWE-VLLELLGTAALVTIITVPAVLLEOG- - - NDADTRRETYTLEDYLESTIRTRNYNLEWI SDEEYLYROQENNILLF 76
Clustal Consensus ] Al B Lol B *1r n* . Bl Bl Bl bk h P Bt Rl R RA N N AN bl B §
90 100 110 120 130 140 150 160
e [ T e [ [ [ o D I DY |
Human HAEYGHSSVFLENSTFDEFGHSINDY SISPDGQFILLEYNYVEQWRESYTASYDI YDLNERQLITEERIPHNTOWVTWSP 150
Monkey HAEYGNSSVFLENSTFDEFGHSINDY SISFDGOFILLEYNYVEQWRESYTASYDI YDLNERQLITEERIPHRTOWNVTWSP 159
Rabbdt HAEYCHSSLFLANITFDEFCHSITDY VS PFDRLFLLLEYHYVEOWRESYTASYDI YDLNERQLITEERTIPHNTONITHAF 150
Eovine HRETGNSSIFLENSTFDEFGHSINDY SVSFDROTILFEYTHNY VEQWRES T TAST DI TDLNERQLITEERIFHNTOWITWSS 158
Pig HAEYGNSSIFLENSTFDELGYSTNDY SVSFDROFILFEYHNYVEOWRESYTASYDIYDLNERQLITEERIPHRTOWITWSP 159
Cat HAEYGNSSIFLENSTFDEFEHSINDY SVSFDGOFILLEYNYVEQWRESYTASYDIYDLNERQLITEERIPHRTOWITWSP 158
Dog HAEYCHSSIFLENSTFEEFEHSINDY VS PDGOFILLEYNYVEQWRESYTASYDIYDLEERQLITAERIPHNTONITWSP 160
Rat HAEHGNSSIFLENSTFEIFGDEIADY VS FDRLFVLLE Y VEQWRES T TASY SITDLNERQLITEERI FHNTOWITWSD 157
Bat HADHGHSSTFLENSTFDOFGYSINDY SVSPDRRFVLLEYHNYVEEWRESYTASYDI YDLNERQLITEERIPHDTOLISWSP 156
e
170 lg0 180 200 210 220 230 240
Buman mmrl..a.wm!nmnéunm!mpsmm-,xmzm,I'l‘nm’}lznméusmspg,mlwmmlm TLLIEYS 239
Monkey VGEHELAYVWRNDIYVEIEPNLPEHRITSTGEEDNI THGITDWVYEEEVFSAYSALWWSPHGTFLAYAQFNDTEVPLIEYS 239
Rabbdt EGHRLAYVWHNDIYVELEPHLPEQRITWT GEADVIYHGITDWVYEEEVFSAYSALWNWSPHGTFLAYAQFNDTGVPLIEYS 230
Bovine VCHELAYVWHND I YVENEPHSPAQRI TWT GEEDVIYHGITDWVY EEEVFSAYSALWNWSPNSTFLAYAQFNDTEVPLIEYS 238
Pig VEHELAYVWHND IYVENEPNLES ORI TWT CEENVI YHCVTDWVYEEEVFSAYSALNWSPNCTFLAYAQFNDTEVPLIEYS 229
Cat ECHELAYVWENDV Y VENEPHSSSHRI TWT GEERAT YNCIADWVYEEEIFSAYSALWNWSPEGTFLAYAQFNDTQVPLIEYS 238
Dog ECHELAYVWHNDV Y VENEPHIS2QRI TWRGEERVIYHCITDWVYEEEVFSAYSALWNWSPEGTFLAYAQFNDTEVPLIEYS 240
Rat ECHELAYVWENDIYVEIEPHLPSHRITSTGEENVIFNGINDWVYEEEIFGAYSALWNWSPNGTFLAYAQFNDTGVPLIEYS 237
Bat EGHELAYVWRNDIYIENDPNSPPORVIDDGREDAI SHGITDWVYEEEIFSTHS ALWWSPNGTFLATYARFNDTEVPRIEYS 236
e S
250 260 270 280 290 300 310 320
P e I T e I [ [ L TP A Dy P
Human FYSDESLOYPETVRVP YPEAGAVHP' SLSSVITHATSIQITAP--ASMLIGDH' TQERISLOWLR 317
Monkey FYSDESLOYPETVOVP YPEAGAVRPTVEF FVVRTDSLSSATHATSIQITAP - - ASMLIGDHYLCDOVTHWATCOERISLOWLR 317
Rabbit FYSDEALOYPETVRIPYPEACAVNPTVRFFVVNTDSLSSITHATSVQITAP- - ASMLICGDHYLCDVTWVTHERISLOWLR 317
Bovine FYSDESLOYPETVEIPYPEAGAVNPTIKFFVVHI SSLSPNINATSOQIVPP--GSVLIGDHYLCDOVTWVTEERISLOWLR 316
Pig FYSDESLOYPETVRIPYPEAGRAENPTVEF FVVDTRTLSPHASVISYQIVPP- - ASVLIGDHYLOCGVIWVTEERISLOWIR 317
Cat FYSDESLOYPMTMRIPYPEACAANPTVELFVIKTDNLNPHTHATSVEITER - - ARBMLTCDYYLODVTWANEERISLOWLE 316
Dog FYSDESLOYPETVRIPYPEAGAINPTVELFVVEIDNLISGTHATSVEISPPLVGAHLIGDY YLCDVTWVNEERI SMOWLR 320
Rat FYSDESLOYPETVWIPYPEAGAVNPTVEFFIVRTDSLSSTTTTIPHQITAP- - ASVITGDHYLCDOVAWVSEDRISLOWLR 315
Bat WH}ESI&JYPKTTELPYPHIMTMWWTWLT- --HLVPVQITAP--ASVLTGDHYLCDVTWATEERISLOWLER 311
Clustal Consengug .* *#;#aad &, #adddns wdw,,, . A | WRARE W Ry 230
330 340 350 360 370 380 390 400
B o A Py [y P [ty PRy Y () (A DR R |
Human RIQNYSVMDICDYDESSGRWNCLVARQHIEMSTTY SRFRPSEPHFTLDGNSFYKIISNEE:YRHICYFQIDKKD - 384
Monkey RIQNYSVMDICDYDESSCRWNCLVARQHIBTSTTY SRPRPSEPHPTSDGNSFYKIISNEE:YRHICYFQINKEN - 384
Rabbit RIQNYSVMDICDYDRS SGRWNCLVARQHIEMSTTY SRFRPARPHPTSDGNSFYKIMSNEE: YKHICYSLIDNQS - 394
Bovine RIQNYSIMDICDYDRSTGRWISSVCRQHIRISTT FRPARPHFTSDGNSFYKIISNEE:YKHICHFQTDERN - 393
Pig RAQNYSIIDICDYDRSTGRWISSVARQHIRISTTY SRPRPARPHPTSDGNSFYKIISNEE:YKHICHFPQTDESN - 3sd
Cat RIQNYSVMDIRDYNNSTCEWISSAAQRHIEMSTTY SRFRPARPHFPTSDCRNFYKIISNED: YKHICRFQIDKED - 393
Dog RIQNYSVMDIYDYNSTSG-WISSSAQKHIEMSTTY SRPRPERPHPTSDCKSFYKIISNGDGYKHICQPQIDKQD - 386
Rat RIQNYSVMAICDYDETTLVWNCPTTORHIBTSATCNCGRPRPARPHFTSDGSSFYKIVSDED: YKRICQPOKDREPRQVC 395
Bat RTQNY“I!DXG)Y‘DAPNSWCSVPHQE[“STT KPARPHFTADGNSFYKIMSNSESYEKRICYFQVDNQK---C 388
Ciusial Gonmenans & $eebyy * 8y . eee ses 0 00000 o0 eeeeie, ee,ees g, . 201
440 450 160 470
Human mu.’rsmx.wxsmn MP me_‘LQL&Dl‘ﬂVTLLS:ImIRCQ“ SVSFSIlm')QLlC.-‘i 474
Monkey LYKIQLSDYTKVTCLSCELNPERCQYYSVSPSKEAKYYQLRCSG 474
Rabbit TPITRGANEVIGIEALTSDYLYYISNRYKGMPGGRNLYKIQLTDHTKVTCLSCRLEPERCQYYSVSPCRGAKYYQLRCSG 474
Bovine TPITKGAWEVIGIEALTSDYLYYISNEYKGMPGARNLYKIQLNDYTRVTCLSCELNPDRCQYYSVSFSQEAKYYQLRCSG 473
Pig TFITKGANEVIGIEALTSDYLYYISNRHKGMP LYRIQLNDYTRVTCLSCELNPERCQYYSASFSNEAKYYQLRCFG 474
cat LYKIQLNDYTKVACLSCELEKPERCQYYSVSFSKEAKYYQLRCSG 473
Dog SRNLYKIQLNDYTEVTCLOSCELNPERCQYYSVLFSKDAKYYQLRCSG 476
Rat TFITK "V'XSMTSDYLYYZSF’IYM S RNLYKIQLTDETNERCLOCDLNPERCQYYSVSLSKEAKYYQLGCRG 475
Bat TLYKIQLNNITNVACLSCELDPERCQYYSASFSKGAKYTQLRCSG 468
Clustal Consensus See eee L 4, sese.e e eesses ., seesss » + 34T

Supplementary Figure 6. Alignment of amino acid DPP4 sequences from different species. UniProt
accession numbers used are mentioned under Supplementary Figure 5.

58



DPP4 is a functional receptor for MERS-CoV

490 500 510 520 530 540 550
s Jloimns [1s comllimissagel s srarell sy oo o ncnllissiminliin smonll mssnrml i somsalimssseunl s s
Human PHLPLYL'LIISSWDK LRVLEDN. mowonsmpvnmwnmnwnmsmunwn 554
Monkey PCGLPLYTLHSSVNDKCPRVLEDN SALDEMLONVOMP SKTLDFIILNETEFWYQMILP PHFDKSKKY PLLLDVY) 554
Rabbit PGLPLYTLHSSVNDQELRVLEDN SALDEMLQDVOMP SKTLDFIILNETKFWYQNVLP PHFDKSKKY PLLLEVY) 554
Bovine PCLPLYTLHNSNNDKELRVLENN SDLDOVLQDVOMP SKKLDFIHLHGTEFWYONILP PHFDKSKKY PLLLEVY) 553
Pig PGLPLYTLESSSSDEKRLRVLEDN SALDEMLODVOMP SKKLDVINLHCTEFWYONILP PHPDKSKKYPLLIEVY) 554
Ccat PGLPLYTLHRSSNDEELRVLEDN SALDKMLQEVONP SKRLDFIILNETKFWYQOMILP PHFDTSKKY PLLIDVY) 553
Dog POLPLYTLHRSSDDKRLRVLEDN SALDEMLODVONP SKELDSIILEETKFWYONILP PHFDASKKY PLLIDVY, 556
Rat PGLPLYTLHRSTDOKELRVLEDN SALDEMLODVONMP SKRKLDPIVLNETRFWYQNILP PH PDKSKKY PLLIDVY) 555
Bat POLPRY SLHSSSNDKELRLLENN TALYRTLRNIKNPRETLDVIHLH CMEFWYQMILPPHFDKSKEYPLLIDVYAGPCSQK 548
CIUSCEL COUUEOEUE * %% %48% % .45 ®599a%5 & i Risgat® 0,08 85 wesswimendeslenesanis assnnasn, €00
570 580

woris [wn [ vl fuovalfe
Human ADTVPRWATYHSTINIXVASFD»R ) ST
Monkey ADAVIRLNWATYLASTENIIVASFDCRGSCYQCDKIMEAINRRLTFEVEDQIRAARQPSKM: FVDNERIAINGWSY(
Rabbit ADAIFRLNWATYLASTENIIVASFDCRGSCYQODKIMEAINRRLCTLEVEDQIEAARQFSKM: FVDNERIAINCGWSY!
Bovine ADAIFRLNWATYLASTENIIVASIDGR YQGDKIMEAINRRLCTFEVEDQIRATROFPSKEM I FVDDERIAINGWSYC
Pig VDTVIRLSWATYLASTENIIVASFDGRGSGYQCDKIMEAINRRLTFEVEDQIBATROFSKM FVDDEKRIAINGWS Y
cat ADAIVRLNWATYLASTENIIVASFDGR YQCDKIMHAVNRRLGTFEVEDQIEAARQFPSEM:FVDDERIAINGWS Y

ADAVIRLNWATYLASTENIIVASID R IGNSYC
Rat ADAAFRLNWATYLASTENIIVASFDCRGSGYQCDKIMEAINKRL G TLEVEDQIRAARQFLEM: FVDSKRVAINCNS Y
Bat ADATFSLNWATYLASTRNIIVASFDCR YQ DEIMHAINREL:TLEVEDQIRAARQFSEM:FVDDERIAINCWSY

ClUBLAL CONBEMNBUE .51 * * . *4890seetetetsssettettsesetstss o, 408 08, 800,0, 408 250000 8 soesseesss (02

650 660 670 680 690 700 710 720
RSN, D SN N " DO Y— ————

Human VTSMVLGSGSGVIROSIAVAPVERWEYYDSVY TERYMGLPTPEDNLDHYRNSTVMSRAERNFRQVEYLLINGTADDNVEFQ 714
Monkey VTSMVLGSGSGVIRCOSIAVAPVERWRYYDSVY GLPT HYRNST JVEYLLIHG PO 714
Rabbit VTSMVLGSGSGVFRCSIAVAPVERNEBYYDSIY IGLPT Y JVEYLLIHGTADDNVEFQ 714
Bovine VTSMVLGAGSGVIROSIAVAPVEKNRYYDSVYTERYMGLPT! YRNST KQVEYLLING FQ 713
Pig VTSMVLGAGSGVIRCSIAVAPVEKNRYYDSVYTERYMGLPTPEDNLD Y YRNSTVMSRAERNFEQVEYLLINGTADDNVEFQ 714
Ccat VTSMVLGAGSGVIRCCIAVAPVERWEY Y DSVYTERYMGLPTPQDNLD Y YENSTVHSRARNFRKQVEYLLINGTADDNVEFQ 713
Dog VTSMVLGAGSGVIROSIAVAPVERWEYYDSVYTERYMCLPTPEDNLD Y YRNSTVMSRARNFRQVEYLLINGTADDNVEFQ 716
Rat VTSMVLGSGSGVFROSIAVAPVERWEYYDSVYT SLPT! 4 JVEYLLIHGTADDNVEFQ 715
Bat VTSMVLGAGSGVFROSIAVAPVEANRFYDSVYTERYMGLPTP GDNL JVEYLLIHG ¥Q 708
Clustal 1 badbaddl e, % 559
730 740 750 760 770

anaiilianaliialnsni sani s il s
Human QSAQISKALVDVGVDFOAMWY TDEDHGIASSTANQHI YTHMSHFIKQCPSLP 766
Monkey QSAQISKALVDAGVDFQAMWY TDEDHGIASSTAHQHIYTHMSHFIRQCFSLP 766
Rabbit QSAQISKALVDAGVDFQAMWY TDEDHGIDSSTANQHIYTHMSHFIRQCPSL- 765
Bovine QSAQISKALVDAGVDFQSMWY TDEDHGIASSTAHQHI Y THMSHFLEQCPSLL 765
Pig QSAQLSEALVDAGVDFOTMWY TDEDHCIASNMAHQHI Y THMSHFLEQCFSLP 766
cat QSAQISKALVDAGVDFQAMWY TDEDHCIASGPAHNQHIYTHMSHFIRQCPSLP 765

QSAQISKALVDAGVDFQAMWY TDEDHGIASSTAHQHIYTHMSHFIKQCFSLP 768
Rat QSAQISKALVDAGVDFQAMWY TDEDHGIASSTAHQHI Y SHMSHFLOQCPSLR 767
Bat QSAQITEKALVDAGVDFQAMWY TDEDE nmuquxrrmmnmcrsw 760
Clustal Consensus * LINOERR  SARNES W0 .-, L SR AT LA B €06

Supplementary Figure 6. Alignment of amino acid DPP4 sequences from different species. UniProt
accession numbers used are mentioned under Supplementary Figure 5.
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Supplementary Figure 7. Inhibition of HCoV-EMC infection of Huh-7 cells by antibodies to DPP4.
Mock inoculated cells (a,d), or cells inoculated with HCoV-EMC in the presence of normal goat serum
(b,e) or anti DPP4 antibodies (c,f) were fixed at 20h (a-c) or 40 h p.i. (d-f) and stained for viral antigen
(a-f) or with crystal violet (d-f).
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Supplementary Figure 8. DPP4 is not essential for infection with other HCoVs. LR7 (a), CRFK (a)
and MDCK (a-d) cells transfected with plasmids encoding human DPP4 (hDPP4) or a control plasmid
(pcDNA) were inoculated with HCoV-EMC (a), HCoV-NL63 (b), HCoV-229E (c) or HCoV-OC43 (d)
and left for 1 hour. Controls in the panels b-d included Vero cells infected with HCoV-NL63 or human
embryonic lung cells infected with HCoV-229E (c) or HCoV-OC43 (d). Cells were washed twice and
supernatant collected at 2 h (open bars), 20 h (closed bars), 72 h (red bars) or 120 hrs (blue bars) was
tested for presence of HCoV-EMC RNA using a TagMan assay. Results are expressed as GE (TCID50/
ml) values or ACt.
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Supplementary Figure 9. Effect of DPP4 enzyme inhibitors on HCoV-EMC infection. Vero cells were
treated with the indicated inhibitors at a concentration of 20 ug/ml for 1 h and subsequently inoculated
with HCoV-EMC by adding the virus. At 8 h p.i. cells were fixed and infected cells visualized (closed bars).
Enzymatic activity of DPP4 on the cells (open bars) and of the recombinant DPP4 control (open bar) or
substrate only (red bar) is depicted as relative fluorescence units (RFU).

61



Coronavirus spike-receptor interactions

Supplementary Table 1. Surface binding efficiencies of EMC-, SARS- and FIPV-S1-Fc proteins to
cells of different species as analyzed by flow cytometry.

Cell line: Binding efficiency S1-Fc proteins
SARS FIPV

Bos primigenius (cow) MDBK - +++ -
Canis familiaris (dog) MDCK - + =

BHK21 - ++ =
Mesocricetus auratus (hamster)

CHO - +++ =

CRFK - ++ ++++
Felis catus (cat) FCWF - ++ +++

FEA = + +++

293T +/- ++

A549 - ++ =
Homo sapiens (human)

Huh-7 +++++ ++++ -

Hela - + =
& fa (pig) LLC-PK1 + ++ =

us scrofa (pig

PD-5 - ++ =

VERO E6 + +++ =
Cercopithecus aethiops VERO 81 bk Ak -
(African green monkey) coSs7 _ ++ -

MARC145 - ++ -
Macaca mulatta (rhesus monkey) NEKeHY | ¢ +/- ++ -
Mus musculus (mouse) LR7 - - -
Oryctolagus cuniculus (rabbit) RK-13 - e -
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Coronavirus spike-receptor interactions

Abstract

The spike (S) protein of the recently emerged human coronavirus (MERS-CoV)
mediates infection by binding to the cellular receptor dipeptidyl peptidase 4 (DPP4).
Here we mapped the receptor-binding domain in the S protein to a 231-amino
acid fragment (residues 358-588) by evaluating the interaction of spike truncation
variants with receptor expressing cells and soluble DPP4. Antibodies to this domain
- much less so to the preceding N-terminal region - efficiently neutralize MERS-CoV
infection.
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Map the RBD of MERS-CoV

Just 10 years following the outbreak of the severe respiratory acute syndrome
coronavirus (SARS-CoV) the world is confronted with yet another deadly human
coronavirus. The virus, first provisionally called human coronavirus-EMC (hCoV-
EMC) (1, 2) but now named MERS-CoV, referring to its emergence in the Middle-
East and to the respiratory syndrome it causes, belongs to the betacoronavirus
genus lineage 2c (3). As of June 7" 2013, 55 cases have been laboratory confirmed
including 31 deaths, all from - or linked to - the Arabian Peninsula (4). Like with
SARS-CoV, patients affected by MERS-CoV suffer from severe and often lethal
lower respiratory tract infection. The epidemiology of MERS-CoV is still enigmatic,
but the geographical distribution of epidemiologically unlinked individuals points to
intermittent, zoonotic transmission from a - so far unknown - animal source, whereas
a number of reported clusters indicate limited human-to-human spread (5).

The main determinant of coronavirus tropism is the viral spike (S) protein as
it mediates binding to a cell-surface receptor. The MERS-CoV S protein, a 1353
amino acid type | membrane glycoprotein, assembles into trimers that constitute
the spikes or peplomers on the surface of the enveloped coronavirus particle. The
protein combines the two essential entry functions, namely that of host receptor
binding and membrane fusion, which are attributed to the N-terminal (S1, residues
1-751) and C-terminal (S2, residues 752-1353) half of the S protein, respectively
(Fig.1a). Recently we have identified dipeptidyl peptidase 4 (DPP4, also known as
CD26), expressed in the human lung, as a functional receptor for MERS-CoV(6).
Importantly, MERS-CoV can also use the evolutionary conserved DPP4 of other
species, most notably that of bats(6, 7).

Coronaviruses bind to receptors via independently folded, generally about 150-
300 residues long receptor binding domains (RBD) present in their S1 subunit, of
which the location within S1 can vary (8-10). Thus, for the betacoronavirus mouse
hepatitis virus (MHV) the binding to its CEACAM receptor (11) has been mapped to
the N-terminal ~300 amino acids of the spike protein (12, 13) whereas for the SARS-
CoV - of the same genus - binding to the ACE2 receptor (14) maps to residues 323-
502 of S1 (15, 16) (Fig.1a). Identification of the RBD can hence help the development
of monoclonal antibodies and vaccines for the treatment and prevention of infection.
The RBD is the most important target for neutralizing antibodies (12, 17, 18)
preventing virus-receptor interaction.

We previously used the S1 domain of MERS-CoV fused to the Fc-region of human
IgG to demonstrate the interaction of S1 with DPP4-expressing cells and with soluble,
i.e. non membrane-anchored DPP4 (6). To identify the receptor binding domain in
the MERS-CoV S1 subunit, we generated S1-Fc protein chimera’s with truncations
at the C-terminus and N-terminus of the S1 domain. We considered a three domain
structure of the MERS-CoV S1 protein (residues 1-357, 358-588 and 589-747) based
on the predicted location and structure of the RBD of two other betacoronaviruses,
MHV and SARS-CoV (12, 13, 15, 16), of which the homologous regions for MERS-

67




Coronavirus spike-receptor interactions

CoV S map to the residues 18-351 and 379-580, respectively (Fig.1b). In addition, a
soluble form of human DPP4 (residues 39-766) was made, which was C-terminally
tagged with the Fc region. These proteins were expressed in HEK-293T cells after
transfection of the respective expression plasmids and subsequently affinity-purified
from the cell culture supernatant using protein A sepharose beads as described(6).
The Fc region of purified sDPP4-Fc was proteolytically removed using trypsin (data
not shown). First, we analyzed the S1-Fc proteins and C-terminal S1 truncations
thereof for their ability to interact with sDPP4 using a co-purification assay. sDPP4
was efficiently co-purified by the S1-Fc variants encompassing residues 1-588 and
1-747 whereas the 1-357 S1-Fc variant was unable to bind sDPP4 (Fig.2a). We next
generated an S1-Fc variant comprising residues 358-588, a region homologous to
the ACE2 receptor binding domain in SARS-CoV S1 (Fig.2a). This S1-Fc truncation
variant efficiently bound soluble DPP4, indicating that the DPP4 receptor binding
domain is located within the 358-588 residues domain of the MERS-CoV spike
protein.

We subsequently tested the ability of these S1-Fc variants to bind to HEK-293T
cells transiently expressing DPP4 by using flow cytometry. The S1-Fc variants
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Figure 1. Receptor binding domains in betacoronavirus spike proteins and S1-Fc expression
constructs. (a) Schematic representation of the betacoronaviruses SARS-CoV, MERS-CoV S and MHV
(strain A59) spike (S) protein sequence (drawn to scale) aligned at the S1-S2 junction. The known receptor
binding domain in the S1 subunit of MHV and SARS-CoV S proteins and their corresponding homologous
regions in MERS-CoV S as defined by ClustalW alignment are indicated. Positions of the transmembrane
domain (yellow bar; predicted by the TMHMM server) and of the predicted N-glycosylation sites (W¥;
predicted by the NetNGlyc server, only shown for the MERS-CoV S) are indicated. The border between
the S1 and S2 subunits of the spike protein is represented by a vertical white line. (b) upper panel,
schematic presentation of the MERS-CoV S1 subunit (residues 1-751) sequence. Cysteine positions in
S1 subunit are indicated by vertical white lines with corresponding amino acid positions on top. Positions
of cysteines highly conserved among betacoronaviruses S1 proteins are in bold. Predicted disulfide bond
connections inferred from the structure of the SARS-CoV receptor binding domain are presented as
connecting black lines underneath. Lower panel, domains of the MERS-CoV S1 subunit expressed as
Fc chimera’s.
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encompassing residues 1-588 and 358-588 bound to DPP4-expressing HEK-293T
cells with efficiencies comparable to the full-length S1 protein whereas no binding
was observed with the 1-357 S1-Fc variant (Fig.2b). These data show the 358-588
amino acids S1 region to be essential and sufficient for binding to DPP4-expressing
cells, consistent with the results of the sDPP4 interaction study.

To confirm the observed interactions in a more biological assay we analyzed the
ability of the S1-Fc variants to prevent MERS-CoV infection. Thus, Huh-7 cells
were preincubated with the different S1-Fc variants before being inoculated with the
MERS-CoV. We found that the variants encompassing residues 1-747 and 358-588,
but not the 1-357 S1-Fc variant, inhibited infection (Fig.2c).

Finally polyclonal antibodies were raised in rabbits against the 1-747, 1-357 and
358-588 S1-Fc variants (Davids Biotechnology GmbH, Germany). The sera, which
displayed equal ELISA titers towards its antigen (1:300.000, data not shown), were
tested for their ability to neutralize virus infectivity. Antibodies raised against the 358-
588 S1-Fc variant efficiently neutralized virus infectivity, superior to those raised
against the 1-747 and 1-357 S1-Fc variants (Fig.2d). This indicates that neutralizing
epitopes within S1 are primarily localized to the RBD region. The elicited antibodies
are likely to block the interaction of the spike protein with DPP4 thereby neutralizing
MERS-CoV infectivity. Of note, antibodies raised against the MERS-CoV-S RBD did
not cross-neutralize SARS-CoV infection (data not shown). The results demonstrate
the potential of S1 protein and of the 358-588 S1 polypeptide as subunit vaccines
with a high biosafety profile compared to vaccines based on inactivated viruses or
live-attenuated virus.

Except for the betacoronavirus MHV, which binds to its CEACAM receptor through a
domain in the N-terminal part of its S1 protein, the RBDs of all other coronaviruses
that engage protein receptors and that have been mapped occur in the C-terminal
portion of the S1 subunit (Fig.3). Examples also include the alphacoronaviruses
binding to ACE2 (hCoV-NL63) and APN (e.g. TGEV, hCoV-229E) (10, 19-25). In this
study we have experimentally mapped the RBD of MERS-CoV to a 231-amino acid
fragment (residues 358-588) within the spike protein. This domain nicely corresponds
with the S1 region recently anticipated to interact with the DPP4 receptor on the
basis of theoretical S1 structure predictions (26). The RBD in the MERS-CoV S1
protein localizes in the same region where the SARS-CoV S protein interacts with
its ACE2 receptor (26).The SARS-CoV RBD structure displays a 5-stranded (3-sheet
core structure (B1-4 and B7) maintaining the overall domain conformation, and a
long extended loop containing two anti-parallel B-sheets (85 and B6) responsible
for receptor binding(16). Intriguingly, compared to SARS-CoV, the RBD of MERS-
CoV contains a relatively conserved core domain but a highly variable loop region,
tentatively explaining the differential receptor usage(26). Crystallization and structure
analysis of this MERS-CoV RBD region in complex with DPP4 will give detailed
insight into the virus-receptor binding interface.
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Figure 2. The DPP4 binding domain is located within residues 358-588 of the MERS-CoV spike
protein and efficiently elicits neutralizing antibodies. (a) S1-Fc chimeric proteins and soluble DPP4
(sDPP4) receptor were expressed from HEK-293T cells and purified from the culture supernatant. S1-
Fc proteinswere mixed with sDPP4 followed by protein A sepharose affinity isolation, analyzed on a
NoVEX® 4-12% Tris-Glycine gradient gel under non-reducing conditions, and stained with GelCodeBlue
reagent. Position of the S1-Fc proteins - running as dimers under non-reducing conditions due to an
Fc interchain disulphide bond - and sDPP4 as well as the sizes of the marker proteins are indicated.
Individual proteins were loaded as controls. (b) Binding of MERS-CoV S1-Fc proteins to DPP4 expressing
cells. 2.5x10% HEK-293T cells transfected with control pPCAGGS (grey shaded area) or with pCAGGS-
DPP4 (black line) expression plasmid were incubated with 15 pg/ml of the indicated S1-Fc followed by
incubation with DyLight488 labeled goat-anti-human IgG antibody and analysis by flow cytometry. An
Fc-chimera containing the S1 of infectious bronchitis virus (IBV-S1-Fc) was taken along as a negative
control. (c) Inhibition of MERS-CoV infection by S1-Fc 1-747, 1-357 and 358-588 variants. Huh7 cells
were preincubated with 40 pug/ml S1-Fc 1-747, 1-357 or 358-588 for 0.5 h prior to virus inoculation (1 h),
all at RT. Mock incubated cells (control) and cells incubated with a DPP4 polyclonal antibody (anti-DPP4)
were taken along as controls. Following incubation at 37° C for 8 hours, infected cells were detected by
immunofluorescence and infection was quantified (relative to control). The experiment was carried out
twice and the data of one a representative experiment are shown. Error bars indicate standard error of
the mean. (d) Neutralization of MERS-CoV infection by rabbit antisera raised against the S1-Fc 1-747,
1-357 and 358-588 variants. Virus (200 pfu) was premixed 1:1 with serial dilutions of sera obtained (open
bars) or after immunization (closed bars) prior to inoculation onto VERO cells and virus infection was
monitored by the occurrence of CPE at 72 hours post infection. Virus neutralization titers (VNT) were
determined in quadruplicate as the highest serum dilutions that completely prevent CPE. The experiment
was carried out twice and the data of one a representative experiment are shown. Error bars indicate
standard error of the mean.
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Figure 3. Localization of receptor-binding domains in coronavirus spike proteins. Schematic
presentation of the spike proteins of the alphacoronaviruses TGEV and hCoV-NL63 and of the
betacoronaviruses SARS-CoV, MERS-CoV and MHV (drawn to scale), aligned at the S1-S2 junction.
Blue boxes represent the receptor-binding domains (RBD) and indicate the engaged receptor. The RBD
of TGEV, hCoV-NL63, SARS-CoV and MHV have been confirmed by crystallography (12, 15, 22, 26).
Grey boxes indicate the transmembrane domain. Sequence IDs: TGEV (ABG89335.1), hCoV-NL63
(NC_005831.2), SARS-CoV (NP_828851.1), MERS-CoV (AFS88936.1), MHV (NC_001846.1).
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Abstract

We present a serological assay for the specific detection of IgM and IgG antibodies
against the emerging human coronavirus hCoV-EMC and the SARS-CoV based on
protein microarray technology. The assay uses the S1 receptor-binding subunit of
the spike protein of hCoV-EMC and SARS-CoV as antigens. The assay has been
validated extensively using putative cross-reacting sera of patient cohorts exposed
to the four common hCoVs and sera from convalescent patients infected with hCoV-
EMC or SARS-CoV.
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Introduction

In 2012, a novel human betacoronavirus (hCoV-EMC) emerged in the Middle-East
region [1, 2]. At the end of March 2013, 17 confirmed cases of hCoV-EMC infection
and a small number of probable cases had been reported to the World Health
Organization (WHO). Nine confirmed cases were reported by the Kingdom of Saudi
Arabia (KSA), two by Qatar, two by Jordan, three by the United Kingdom (UK) and
one by the United Arab Emirates [2-9]. The second and third case reported by the
UK resulted from person-to-person transmission after contact with the first case,
a family member who returned to the UK from Pakistan and KSA with respiratory
complaints due to an infection with hCoV-EMC [10]. Person-to-person transmission
may also have been involved in two clusters in KSA and a hospital cluster in Jordan
[2, 8]. Fifteen confirmed cases have presented with severe acute respiratory infection
(SARI), in some cases accompanied by acute renal failure [11-13]. Eleven patients
have died, five have recovered and one is still receiving intensive care at the time
of reporting [4, 9]. One confirmed contact case in the UK and one confirmed case
in KSA presented with mild illness, and the clinical manifestations appeared milder
in unconfirmed but probable cases in the hospital cluster in Jordan as well [2, 4, 8,
14]. It is important to understand the full spectrum of iliness associated with this new
human infection, and to determine how that relates to infectivity and the ability to
transmit the virus, as well as to outcomes of diagnostic tests.

The emergence of this novel hCoV lead to an international collaborative laboratory
response resulting in the rapid availability of diagnostic real-time reverse
transcription polymerase chain reaction (RT-PCR) assays, implemented world-wide
in various diagnostic laboratories [15-17]. Successful use of PCR-based diagnostics
relies on timing and technique of sampling, against knowledge about kinetics of
viremia and shedding of virus during the course of an infection. Investigations into
epidemiologically linked clinical cases in KSA and Jordan demonstrated that not in
all symptomatic patients within a cluster viral RNA could be detected by RT-PCR,
similar to what has been described for SARS and other infectious diseases [2, 14].
For diagnosis of hCoV-EMC infection, virus detection by RT-PCR during the acute
phase may be less sensitive as samples from the lower respiratory tracts (tracheal
aspirates, bronchoalveolar lavage) are necessary for optimal detection by RT-PCR,
and these are not as readily available as upper respiratory tract samples [1, 12, 22].
In patients with SARS-associated SARI, in particular those seen more than 14 days
after onset of symptoms, serological testing was imperative to complement RT-PCR
findings for adequate diagnosis. In addition to diagnostic applications, serology is
essential for the monitoring of the evolution of an outbreak, including (retrospective)
studies of asymptomatic/ mild cases and animal reservoir identification. [16, 18-21].

Currently an immunofluorescence assay (IFA) using hCoV-EMC infected Vero B4

cells is available through the Institute for Virology of the University of Bonn [16].
However, as the authors caution, this assay may generate false-positive results due
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to the global co-circulation of four hCoVs namely hCoV-NL63, hCoV-OC43, hCoV-
229E and hCoV-HKU1 (at present, the fifth SARS-CoV is assumed not to circulate
in the human population). Cross reactivity to conserved viral proteins limits the use
of such whole virus-based IFAs, especially as antibodies against coronaviruses
within a genus are generally known to cross react [4, 23]. Therefore, the European
Centre for Disease Prevention and Control (ECDC) advised not to screen patients
by regular IFA if second stage serology is not conducted [4]. For confirmation, virus
neutralization assays are the gold standard, but these are difficult to implement and
are not widely available. Therefore, there is a need for alternative methods.

Here, we describe the use of antigen-microarrays to measure antibodies directed
against the receptor binding spike domain S1 of hCoV- EMC and SARS-CoV. The
most variable immunogenic CoV antigen is the amino-terminal S1 subunit of the
spike protein, which exhibits at most only some 30% amino acid identity between
human CoV isolates (data not shown). We describe a specific serological tool,
distinguishing cross-reactivity with the four common hCoVs belonging to the same
genus as hCoV-EMC and SARS-CoV (genus Betacoronavirus, hCoV-OC43, hCoV-
HKU1), and to the genus Alphacoronavirus (hCoV-NL63 and hCoV-229E).

Results

Testing antigen quality. The amino-terminal receptor binding spike domain S1
of hCoV-EMC and SARS-CoV were spotted in serial dilutions (1:2 -1:8) on nitro-
cellulose slides and incubated with two-fold serial dilutions (1:20 - 1:640) of sera
from hCoV-EMC infected macaques, a rabbit immunized with hCoV-EMC S1 or
a SARS-CoV infected patient. All sera showed high-level IgG reactivity with their
homologous S1 antigen while only background reactivity was observed with the
heterologous antigen. Pre-immune serum of macaque and rabbit were non-reactive
(table 1). Based on these observations it was concluded that the antigens as printed
on the array slides were intact and with proper conformation for immuno-reactivity
with homologous antibodies.

Validation of protein array. To analyse the specificity of the microarray for
detection of hCoV-EMC and SARS-CoV IgM and IgG antibodies, the reactivity of
a cohort of human sera submitted to the RIVM for whooping cough diagnostics
was tested. The cohort consisted of 72 sera of non-exposed patients , ranging from
0-95 years in age. This cohort represents the putative cross-reacting potential in
the Dutch population, as previous studies in the Dutch population have shown high
seroprevalences for one or more of the four common hCoVs [26, 27]. The sera were
tested for IgM and IgG reactivity with the hCoV-EMC and SARS-CoV antigens at
dilutions 1:20 and 1:40 (table 1, figure 1). The observed reactivity was low. Based
on these results an arbitrary cut-off was set at 5,000 for IgM and at 10,000 for IgG
measurements.

78



Serological assay for detection of emerging HCoVs

The specificity of the micro-array was confirmed using serum samples from children
with known recent exposure and antibody responses to one of the four common
hCoVs, including the betacoronaviruses OC43 and HKU1. Sera were tested at
dilutions 1:20 and 1:160, with one serum for each hCoV tested in a two-fold dilution
series of 1:20- 1:640. None of the 14 sera showed reactivity above background, for
either IgG or IgM, with the hCoV-EMC and SARS-CoV antigens (Table 1, figure 1
and 2).

Subsequently, the array was tested with a single serum sample taken in week three
of iliness of a patient infected with hCoV-EMC [28], and convalescent serum samples
of two patients taken during the SARS-CoV epidemic. The serum of the hCoV-EMC
patient showed a clear positive, reactivity for IgG with EMC S1 in the dilution range
1:20- 1: 20,480, declining only at dilutions 1:5120 and higher. The IgM reactivity of
the hCoV-EMC serum with EMC antigen was saturated in the dilution range 1:20-
1:80 with declining, but clearly positive, levels of reactivity at higher dilutions. No
reactivity was observed with SARS antigen for either IgG or IgM.

The two SARS-CoV sera SARS-1 and SARS-2 gave a clear positive reaction with
the SARS antigen for IgG at dilutions 1:20-1:80 and 1:20-1:160 respectively, with no
reactivity for IgM given the chosen cut-off. No reactivity was observed with the EMC
antigen (Table 1, figure 1 and 2).

Serological diagnosis. Convalescent sera from three patients with severe
respiratory complaints and a travel history to the Middle-East were tested using the
newly developed microarray. None of the patients showed positive reactivity for IgM
or IgG with EMC-S1.

Table 1. Summary results of the validation of the hCoV-EMC and SARS-CoV S1 protein
micro-array.
hCoV-EMC Ag®® = SARS-CoV Ag*’

Sera Number IgG IgM lgG IgM
Human

population sera human 72 neg neg neg neg
hCoV-OC43 human 6 neg neg neg neg
hCoV-229E human 3 neg neg neg neg
hCoV-NL63 human 3 neg neg neg neg
hCoV-HKU1 human 2 neg neg neg neg
hCoV-EMC human 1 pos pos. neg neg
SARS-CoV human 2 neg neg pos neg.
Animal

pre-immunization rabbit 1 neg n.t. neg n.t.
hCoV-EMC post-immunization rabbit 1 pos n.t. neg n.t.
pre-infection macaque 1 neg n.t. neg n.t.
hCoV-EMC post-infection macaque 2 pos n.t. neg n.t.

a Agis S1 antigen.
b neg = negative reactivity; pos = positive reactivity; n.t. = not tested. Reactivity was scored based on the
arbitrary set cut-off.
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Figure 1. IgM and IgG reactivity of two-step serially diluted sera

with hCoV-EMC S1- (EMC S1

Ag, red bars) and SARS-CoV S1- (SARS S1 Ag, blue bars) spotted microarrays (n=89). Sera: 72

population sera 1:20 diluted (panel A (IgM) and E (IgG)), hCoV-EMC (pa

nel B (IgM) and F (IgG)), SARS-

CoV serum SARS-1 (panel C (IgM) and G (IgG)) and hCoV-OC43 (panel D (IgM) and H (IgG)). Panels
C and G are representative for all SARS-CoV sera tested (n=2). Panels D and H are representative for
all common hCoV sera tested (n=14). X-axes denote serum numbers (panel A and E) or serum dilutions:
two-step serial dilutions, staring dilution 1:20. Y-axes denote the measured median spot foreground

fluorescence intensities.
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Figure 2. Representative pictures of the protein microarray analysis of convalescent sera from
patients infected with the six known hCoVs. Vertically from top to bottom: Incubation with sera
containing antibodies to SARS-CoV, hCoV-EMC, hCoV-HKU1, hCoV-OC43, hCoV-229E and hCoV-NL63.
IgG (left panel) and IgM (right panel) reactivity of the six sera to SARS-CoV and hCoV-EMC S1protein
(SARS Ag and EMC Ag respectively). Colours reflect median spot intensity as shown in the legend on
the right. Antigens spotted in quadruplicate with dilution factor 1:2; sera dilution factor 1:20. Ag: antigen.
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Discussion

Here we present a protein microarray-based serological test for the confirmation
of hCoV-EMC and SARS-CoV infections. A major obstacle in the development of
detection tools for novel, emerging viruses is the availability of sufficient, well-defined
negative and positive sera for the assessment of the specificity and sensitivity of
the assays. Nevertheless, results so far suggest that the microarray seems highly
specific for the detection of IgM and IgG antibodies against these emerging hCoVs,
with no false-positive reactivity in 72 population sera and 14 sera known to be
positive for one of the four widely circulating hCoVs -OC43, -HKU1, -229E and
-NL63. Preferably high titer samples were used for assay validation, however the
exact titers of the antibodies against the common hCoVs in the latter validation
cohort were not known.

However, previous studies from the Netherlands have found that - by the age of
30 months- more than 50% of children seroconverted to one or more of the alpha
(hCoV-NL63, hCoV-229E) - or betacoronaviruses (hCoV-OC43, hCoV-HKU1), and
seropositivity reached 100% by 10 years of age for alphacoronaviruses [26, 27]. The
seroprevalence for betacoronaviruses was not specifically tested in the Netherlands,
but found to be 91% in adults in the US [30]. Therefore, the absence of false-positives
in our population samples is strong evidence for the specificity of the method. 1gG
and IgM antibodies to hCoV-EMC and IgG to SARS-CoV were clearly detectable in
positive patient sera. However due to the absence of a larger number of available
positive patient sera, determination of the sensitivity of the assay in relation to viral
loads, clinical manifestation and phase of infection needs more investigation. For this
essential clinical validation, the international sharing of positive sera by (national)
laboratories in possession of such sera is a prerequisite.

Currently, WHO and ECDC recommend the collection of paired serum samples,
preferably from the acute and convalescent phase, of all cases under investigation as
serological testing might be necessary to confirm infection when clinical presentation
and epidemiology suggest an infection with hCoV-EMC despite negative PCR results
[4, 22]. In addition serology is needed for contact investigations and source tracking.
A two-staged serological approach is recommended, which proved effective in a
contact investigation of an hCoV-EMC infection treated in Germany using IFA with
virus -infected cells for screening and as second-stage tests recombinant Spike
and Nucleocapsid transfected cells and virus neutralization tests [28]. Our protein
micro-array enables specific, one-stage, high-throughput testing, with the benefit of
minimal sample requirement. For other applications, we have used dried blood spots
for testing, which greatly facilitates shipping of samples (De Bruin et al. manuscript

in prep.).

The serological assay presented here is available and of great value for human and
animal population screening, both necessary to gain insight in the epidemiology of
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the novel hCoV. The array format can be modified to identify primary and intermediate
animal reservoirs by simple adaptation of the conjugate used to visualize reactivity
on the array as demonstrated for other applications (Freidl et al. manuscript in prep.).
Our assay is available to aid diagnosis in individual patients, for confirmatory testing
of positive tests and for (large-scale) contact studies.

Methods

Protein expression. Plasmids encoding the amino-terminal receptor binding
spike domain S1 of hCoV-EMC and SARS-CoV fused to the Fc part of human IgG
were expressed in HEK-293T cells and S1-Fc proteins were purified from the culture
supernatant by protein-A chromatography as described [24]. Purified S1-Fc was
cleaved by thrombin on the beads at the thrombin cleavage site introduced at the S1-
Fc junction. Soluble S1 was subsequently purified by gel-filiration chromatography
and concentrated using Amicon Ultra-0.5 filter (Merck, Darmstadt, Germany).

Preparation and testing of microarrays. Purified hCoV-EMC S1 and SARS-
CoV S1 were spotted in quadruplicate in two drops of 333 pL each in a twofold
dilution series ranging from 1:2-1:8 (starting at 200 ug/ml for undiluted antigen) on
16-pad nitro-cellulose coated slides (Fast Slides, Maine Manufacturing, Grand Blanc,
Michigan, USA) using a non-contact Piezorray spotter (PerkinElmer, Waltham,
MA, USA) as described earlier [25]. Slides were pre-treated with Blotto-blocking
buffer to avoid non-specific binding as described [25]. Dilutions of serum in Blotto
containing 0.1 % Surfact-Amps 20 (thermo Fisher Scientific Inc.) were transferred
in a volume of 90 pl to the slides and incubated for 1 h at 37 °C in a moist chamber.
Sera tested for the presence of IgM were treated with Gullsorb (Meridian Bioscience,
Inc. Cincinnati, OH, USA) to eliminate rheumatoid factor and immune IgG, which
can interfere with IgM assays. Upon washing, goat anti-human IgG (Fc-fragment
specific) or IgM (Fc5u-fragment specific) conjugated with Dylight649-fluorescent dye
(Jackson Immuno Research, West Grove, PA, USA) was incubated for 1 h at 37
°C in a moist chamber. After washing with buffer and water, the slides were dried.
Fluorescence signals were quantified by a ScanArray Gx Plus microarray scanner
(PerkinElmer) using an adaptive circle (diameter 80-200 uM) with a saturated signal
at 65535. Median spot fluorescence foreground (background subtracted) intensity
was determined using ScanArray Express vs 4.0 software.

Sera. For validation experiments the following serum samples were used. All sera
were stored at -20 °C or -80 °C prior to testing.

*Anonymized serum samples from 72 persons ranging in age from 0.1 year to
95.3 years sampled during 2008. These sera had been sent to the Dutch National
Institute for Public Health and the Environment (RIVM) for routine Bordetella
pertussis serology, thus representing a cohort biased towards patients with non
influenza-like respiratory symptoms. Anonymized use of serum from the RIVM
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was covered by the rules of the code of conduct for proper use of human tissue
of the Dutch Federation of Medical Scientific Associations.

*Anonymized serum samples of 10 children, ages ranging from 9-14 months,
known to be positive for antibodies to one of the four common hCoVs, as
determined by comparative ELISA using N antigen at a dilution factor of 1:200
[26, 27]. Samples were obtained in 2001, have been stored at -80°C and were
chosen from this age group because antibodies in this age group most likely result
from single exposures [27]. Two hCoV-HKU1, two hCoV-OC43, three hCoV-229E
and three hCoV-NL63 IgG positive sera were used.

*Three anonymized hCoV-OC43 positive sera (including one paired sampled)
from patients with virologically (PCR) and serologically (IgG IFA) confirmed
infection, and one hCoV-OC43 IgG positive serum as described in [28].

*Serum samples of two cynomolgus macaques infected with hCoV-EMC (virus
stock obtained as described [29]) taken at 28 days post infection, including a pre-
infection serum.

*A serum sample of a rabbit immunized with hCoV-EMC S1 taken 28 days post
immunization, including a pre-infection serum.

*One serum sample of a hCoV-EMC infected patient who was treated for SARI in
a hospital in Essen, Germany taken at day 20 after onset of illness. This serum
had an IgG titre of 1:10,000 and an IgM titre of 1:1,000 as determined by IFA on
cells infected with hCoV-EMC and an IgM and IgG titer of > 1:320 as determined
by IFA on cells expressing recombinant S protein [16, 28, 29].

*Convalescent serum samples of two SARS-CoV infected patients. Serum
SARS-1 was taken 3.5 years after disease. It had an IgG titer of 1:160 and no IgM
titer as determined by IFA on cells expressing recombinant S protein [28]. Serum
SARS-2 was taken 36 days after onset of iliness with an 1gG titre of 1:1000 in IFA
and 1:1600 in ELISA. No IgM titre was found by IFA (M. Niedrig pers. comm.).

*Convalescent serum samples of three patients with severe respiratory complaints
who had travelled to KSA, Dubai and Dubai/Qatar within 10 days before the onset
of iliness, and therefore had been tested to exclude hCoV-EMC by RT-PCR, as
recommended by WHO.

All human sera were collected in accordance with the ethical principles set out in the

declaration of Helsinki; Macaque and rabbit sera were collected in compliance with
Dutch laws on animal handling and welfare.
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Abstract

Feline enteric coronavirus (FECV) causes clinically mild or unapparent enteric
infection in cats but does occasionally convert by mutation into a highly virulent
form, the systemically replicating feline infectious peritonitis virus (FIPV), its tropism
concomitantly changing from enterocytes to macrophages. Serotype | FIPV has
been suggested to infect macrophages via the Dendritic Cell-Specific Intercellular
adhesion molecule-3-Grabbing Non-integrin (DC-SIGN), a C-type lectin restricted
to monocyte-derived cells, as a receptor. Whether the parental type | FECV has
an intrinsic capacity or does require adaptation to utilize DC-SIGN as a receptor
is unknown. To address this question, cell lines stably expressing feline DC-SIGN
(fDC-SIGN) were created but this did not or hardly render feline embryonic fibroblast
(FEA) cells and felis catus whole fetus (FCWF) cells susceptible to serotype | FECV
strain UCD. However, introduction of fDC-SIGN into human hepatoma (Huh7) cells,
which are naturally already somewhat susceptible to FECV UCD due perhaps to the
expression of an orthologue receptor for the virus, clearly enhanced the infection.
Subsequent passaging of FECV UCD in fDC-SIGN-Huh7 (fHuh7) cells yielded a
virus, FECV UCDp that had become highly infectious to fHuh7 cells as well as to
fDC-SIGN-FEA (fFEA) and fDC-SIGN-FWCF (fFCWF) cells in a DC-SIGN dependent
manner. Sequencing of FECV UCDp revealed two amino acid substitutions (D142G
and D317H) in the S1 receptor binding subunit of the viral spike (S) protein. By using
S-pseudotyped viruses we demonstrated the mutation D317H to be responsible for
the fDC-SIGN mediated cell entry enhancement and to correlate with an altered S
cleavage pattern. Yet, the adaptive mutations acquired did not confer to FECV UCDp
the capacity to infect macrophages, suggesting that alternative mutations in FECV
are required both for this tropism switch and for the pathotype change to FIPV.
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Introduction

Coronaviruses (CoVs) are a group of enveloped, positive-strand RNA viruses that can
infect a wide variety of mammals and birds causing respiratory and enteric diseases
(1). The coronaviral spike (S) glycoprotein, trimers of which form the characteristic
spikes on the virion, is a major determinant of host and tissue tropism as well as
of pathogenesis. It is a type | membrane glycoprotein of ~200kDa, which is highly
N-glycosylated with complex and high mannose sugars. The S protein mediates
virus entry by facilitating receptor binding and membrane fusion through its S1 and
S2 domains, respectively.

A remarkable characteristic of coronaviruses is their potential to change host, tissue
or cell tropism, which they achieve by adapting their S glycoprotein to alternative
receptors, and which often gives rise to a severe infection with potentially lethal
outcome. One such example of a host tropism switch is the severe acute respiratory
syndrome coronavirus (SARS-CoV) which caused the SARS epidemic in 2003 by
making its way to humans from an animal reservoir (2). Another intriguing example,
in this case of a tissue/cell tropism switch, is the feline coronavirus (FCoV), which
can suddenly change within an infected cat from an enteric to a systemic replicating
pathogen (3).

Together with canine coronavirus (CCoV) and transmissible gastroenteritis virus
(TGEV), FCoV belongs to the alphacoronavirus 1 species within the alphacoronavirus
genus. FCoVs are divided into two serotypes, serotype | and serotype I, based
on different genetic and antigenic features of their S proteins (4). Type | FCoVs,
which are the most prevalent in the field, have a distinctive feline S protein while
the more sporadic type Il FCoVs occasionally emerge by recombination of type |
FCoVs with CCoVs when these viruses meet in a common host and as a result of
which the feline virus acquires from its canine counterpart the S gene and some
flanking genome sequences (5). Both FCoV serotypes are further divided into
two pathotypes: feline enteric coronavirus (FECV) and feline infectious peritonitis
virus (FIPV) (6). FECVs are widely prevalent particularly in multi-cat households
and spread through the fecal-oral route (7-8). Their replication in intestinal epithelia
causes a mild or clinically unapparent infection. In contrast, FIPVs primarily infect
monocytes and macrophages leading to systemic and often lethal infections.

According to the internal mutation theory, the virulent FIPVs arise from avirulent
FECVs through the acquisition of mutations that enable the efficient replication in
monocytes and macrophages (9-11). Sequence comparisons of type | FECV and
FIPV strains have pointed towards mutations within the spike gene (12-13), yet,
functional and mechanistic relevance of these mutations for the pathotype switch is
lacking.
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Type Il FIPV, but not type | FIPV, was shown to utilize the feline aminopeptidase N
(fAPN) as a functional receptor for cell entry and can be efficiently propagated in vitro
(5). Type | and Il FIPV can both utilize the dendritic cell (DC)-specific intercellular
adhesion molecule (ICAM) grabbing non-integrin (DC-SIGN) to enter cells. DC-
SIGN is a calcium dependent (C-type) lectin that binds high-mannose carbohydrates
on glycoproteins or glycolipids of pathogens. It has been shown to augment the entry
of different enveloped viruses such as human immunodeficiency virus, Ebola virus
and Hepatitis C virus as well as a number of coronaviruses (14-17). For FCoVs,
stable expression of feline DC-SIGN (fDC-SIGN) on Crandell feline kidney (CRFK)
cells significantly enhanced the infection of both cell-adapted serotype | FIPV Black
strain and serotype Il FIPV strains (18). Moreover, the infection of FIPV type | and
[l in feline dendritic cells could be inhibited by mannan, a competitor of DC-SIGN
binding. Furthermore, infection of the in vivo targeted monocytes by the FIPV type
| Black strain and, to a lesser extent, by serotype Il FIPV was demonstrated to be
dependent on DC-SIGN expression (19).The receptor for the enteric serotype |
FECV is unknown. However, DC-SIGN can be excluded as a candidate receptor for
infection of enterocytes based on the lack of expression on these target cells.

In view of the important role of DC-SIGN in FIPV infection of monocytes and
considering the observations with DC-SIGN expressing cell lines, we questioned
whether FECV has the intrinsic capacity to utilize DC-SIGN as a receptor or needs
to adapt to this receptor to convert to its FIPV pathotype. To address this question,
we established cell lines stably expressing fDC-SIGN and assessed the replication
characteristics of type | FECV infection on these cells.
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Results

Creation of cell lines stably expressing feline DC-SIGN. To enable
selection of appropriate cell lines for our study we first tested the susceptibility of
some cells for type | and type Il FIPVs. Using immunofluorescence staining against
FCoV nucleocapsid protein as an indicator we found feline embryonic fibroblasts
(FEA) cells to be susceptible to the type | FIPV Black strain and the type Il FIPV
79-1146 strain, while felis catus whole fetus (FCWF) cells could only be infected
by the FIPV 79-1146 strain (data not shown). Intriguingly, human hepatoma (Huh7)
cells were susceptible to the FIPV Black strain but not to the type Il FIPV, suggesting
these cells to express a human receptor orthologue for type | FCoV. In view of these
differential susceptibilities Huh7, FEA and FCWF cell lines stably expressing feline
DC-SIGN (fDC-SIGN) were generated using retroviral transduction and puromycin
selection. Cell surface expression of fDC-SIGN on the resulting fDC-SIGN-Huh7
(fHuh7), fDC-SIGN-FEA (fFEA) and fDC-SIGN-FCWF (fFCWF) was confirmed by
immunofluorescence staining (Fig.1).

fDC-SIGN is able to increase FECV I infection in a cell type dependent
manner. We then tested the effect of fDC-SIGN expression on entry of a serotype
| FECV. For this we used the serotype | FECV strain UCD which can be propagated
on a recently generated FECV-susceptible feline intestinal epithelial cell line (20).
Inoculation of the parental Huh7 cells with this virus generated some but few foci
of infection. Infection was markedly enhanced in fDC-SIGN expressing Huh7 cells
at all three time points (Fig.2A). In addition, analysis of the growth kinetics of FECV

— I ——
fDC-SIGN  Myc tag

FEA FCWF Huh7

fDC-SIGN +

fDC-SIGN -

Alexa 488 anti-myc tag
DAPI nuclei

Fig 1. Characterization of fDC-SIGN cell lines. After selection using puromycin, the expression of fDC-
SIGN on transduced cells (fDC-SIGN+) as compared to parental cells (fDC-SIGN-) was visualized by
immunofluorescence staining against myc tag. Nuclei were stained with DAPI.
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Fig 2. Different fDC-SIGN cell lines show different susceptibility to FECV UCD. (A) fHuh7 cells
(fDC-SIGN+) and Huh7 cells (fDC-SIGN-) were infected with FECV UCD (MOI=1, titrated on IEC cells).
At 24, 48 and 72 h p.i. infected cells were detected by immunofluorescence staining against nucleocapsid
protein of FCoV (green). Nuclei were visualized by DAPI staining (blue). (B) fHuh7 and Huh7 cells
were inoculated with FECV UCD (MOI=1, titrated on IEC cells). At 24, 48 and 72 h p.i. total virus was
harvested and titrated on IEC cells. (C) fDC-SIGN cells (fDC-SIGN+) and corresponding parental cells
(fDC-SIGN-) were infected with FECV UCD (MOI=1, titrated on IEC cells). At 72 h p.i. infected cells were
immunostained using antibody against FCoV nucleocapsid protein (green). Nuclei were visualized by

DAPI staining (blue).
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UCD demonstrated fDC-SIGN expression in Huh7 cells to increase virus production
by >2 logs, infectivity titers reaching a maximum of 1x10” TCID, /ml at 72 hour post
infection (p.i.)(Fig.2B). Despite this clear increase, the kinetics of infection was rather
slow and infection of all cells was never reached.

Next we comparatively analyzed the infection of FECV UCD on the three newly
generated fDC-SIGN cell lines and their parental cells. The immunofluorescence
analysis of infected cells confirmed the increased susceptibility of Huh7 cells due to
the fDC-SIGN expression (Fig. 2C). Occasional foci of infection were observed in
fDC-SIGN expressing FEA cells but not in the parental cells, whereas FCWF cells
were resistant to UCD infection irrespective of fDC-SIGN expression.

Passaging FECV UCD on fHuh7 cells improves virus infectivity on fDC-
SIGN expressing cells. Given the slow and limited replication of FECV UCD on
fHuh7 cells, we allowed the virus to adapt to these cells by passaging. Already after
one passage and sucrose purification, we noted that the passaged virus (FECV
UCDp) possessed a higher infectivity on fHuh7 cells with formation of extensive
syncytia and complete infection of the cell monolayer.

To compare the infectivities of FECV UCDp and UCD as well as their dependency
on DC-SIGN, both the parental and fDC-SIGN expressing Huh7, FEA and FCWF
cells were inoculated with each virus at equal MOI. Infected cells were visualized
after 8 and 24 h p.i. by immunofluorescence staining. fDC-SIGN increased the entry
and infection of both FECV UCD and FECV UCDp in Huh7 cells at 8 h p.i. and 24 h
p.i., but the enhancement was more significant for the cell adapted virus UCDp. At
24 h p.i. with this virus, extensive syncytia formation and cell detachment was seen
on fHuh7 cells. Intriguingly, the infectivity of FECV UCDp on the parental Huh7 cells
was also higher than that of FECV UCD (Fig. 3A). Infection of fDC-SIGN expressing
FEA and FCWEF cells with FECV UCD was very limited or absent at 8 and 24 h p.i..
Similar to fHuh7 cells, expression of fDC-SIGN in fFEA and fFCWF cells greatly
improved the infection of FECV UCDp (Fig. 3B and C).

Binding of mannose-rich carbohydrates to DC-SIGN can be blocked with the sugar-
polymer mannan. To test the specificity of binding of FECV UCDp to fDC-SIGN, cells
were preincubated with serial dilutions of mannan, followed by virus inoculation.
Infection of FECV UCDp in all fDC-SIGN expressing cell lines was reduced by
mannan in a dose dependent manner at both 8 h p.i. and 24 h p.i.. No significant
inhibition was seen after galactose treatment, taken along as a control, not even at
the highest concentration (Fig.4). While the infection of fFEA and fFCWF cells with
FECV UCDp could be fully blocked at 10 ug/ml of mannan, that of fHuh7 cells was
also inhibited considerably by mannan, but inhibition was never complete, not even
at the highest concentration used. This DC-SIGN-independent infection additionally
confirms the presence of a type | FECV receptor orthologue on Huh7 cells that can
be functionally recruited albeit with low efficiency.
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Fig 3. fHuh7-adapted FECV UCDp has increased infectivity towards fDC-SIGN expressing cell
lines. (A) fHuh7 cells (fDC-SIGN+) and Huh7 cells (fDC-SIGN-), (B) fFEA cells (fDC-SIGN+) and FEA
cells (fDC-SIGN-) and (C) fFCWF cells (fDC-SIGN+) and FCWF cells (fDC-SIGN-) were infected with
FECV UCD or FECV UCDp (MOI=1, titrated on IEC cells). At 24, 48 and 72 h p.i. infected cells were
visualized by immunofluorescence staining against the FCoV nucleocapsid protein (green). Nuclei were
visualized by DAPI staining (blue).
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fFCWEF cells were pretreated with serially diluted mannan starting at 100ug/ml at 37°C for 30 min, using
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on counting nuclei of fluorescent and non-fluorescent cells, and the extent of inhibition is expressed as the
fraction of infected (positive) cells in the treated vs the non-treated cells. The black bars refer to mannan
treatments, white bars to galactose treatment.
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We comparatively assessed the production of infectious FECV UCDp in fDC-SIGN
positive Huh7 and FEA cells and the corresponding parental cells. At 8, 24 and
48 h p.i. the total virus infectivity as well as the intra- and extracellular infectivity
were determined by titration on fHuh7 cells. The serotype Il FIPV strain 79-1146,
which utilizes fAPN as a functional receptor, was included as a control. Clearly,
the expression of fDC-SIGN did not render Huh7 cells susceptible to FIPV 79-
1146 nor did it change the infection of FEA cells by this virus (Fig.5D). In contrast,
consistent with the immunofluorescence data, fDC-SIGN expression increased the
production of FECV UCDp in Huh7 cells (Fig.5A). Also consistent with our previous
observations, expression of fDC-SIGN rendered the FEA cells susceptible to FECV
UCDp and allowed a productive infection (Fig. 5C). When comparing the intracellular
and extracellular virus titers, infectious FECV UCDp virions seemed to remain more
cell-bound than FIPV 79-1146, particularly at early time points after infection, which
is suggestive of a slow release of the FECV particles produced.

(A) Huh7 UCDp (B) Huh7 79-1146
8 8-

Hl Total HE Total
= Il Intra B Intra
,OE &1 Extra gﬁ- Extra
wn w
a (=]

G4 o 4
E E
s ]
g 2 g 24
) -
0- 0-lm, . . r e o
2 q'bl @ L "bh bﬂ: (hpi) L) "l? » @ f‘|9' e  (hpi)
fDC-SIGN+ fDC-SIGN- fDC-SIGN+ fDC-SIGN-
©) FEA UCDp (D) FEA 79-1146
B.

. Total . Total
E ¢ Bl Intra ? A Intra
s | Extra s Extra
wn wn
g, g
O 44 o
E E
=] =3
=3 =3
o 24 -3
- -

0 i i
P @ o g (hp) ® o @ ® o @ (hel)
fDC-SIGN+ TDC-SIGN- fDC-SIGN+ fDC-SIGN-

Fig 5. Kinetics of FECV UCDp and FIPV 79-1146 infections. fHuh7 and fFEA cells (fDC-SIGN+) as
well as their parental cell lines (fDC-SIGN-) were inoculated with FECV UCDp (MOI=0.1) or FIPV 79-1146
(MOI=0.01) at 370C for 1h after which unbound viral particles were removed by 3 washing steps. At 8, 24
and 48 h p.i. the total, intracellular and extracellular virus was harvested and titrated on fHuh7 cells (for
FECV UCDp virus) or fFEA cells (for FIPV 79-1146). (A) Growth of FECV UCDp in Huh7 and fHuh7 cells,.
(B) Growth of FIPV 79-1146 in Huh7 fHuh? cells. (C) Growth of FECV UCDp in FEA and fFEA cells. (D)
Growth of FIPV 79-1146 in FEA and fFEA cells.
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A substitution in the FECV UCDp S prote in enhances entry into fDC-
SIGN cell lines. Passaging was required for FECV UCD to more efficiently infect
DC-SIGN expressing cells, suggesting a role of adaptive mutations. Considering the
key role of the S protein in initiation of coronavirus cell entry we sequenced the spike
gene of FECVs UCD and UCDp. Two amino acid substitutions were identified, an
aspartic acid to glycine mutation at amino acid position 142 (D142G) and an aspartic
acid to histidine mutation at position 371 (D371H), both of which occur in the S1
subunit of the S protein (Fig. 6A). Neither of these mutations altered a predicted
N-glycosylation site.

In order to assess the effect of the D142G and D371H substitutions in FECV UCD
S protein mediated entry we employed a VSV pseudotyping system expressing a
luciferase reporter gene. Concentrated preparations of VSV pseudotyped with wild-
type S (VSV-S ) or mutant S proteins were used to inoculate our three fDC-SIGN
expressing cells fHuh7, fFEA and fFCWF. The relative infection rates of the target
cells, quantified by measuring luciferase activities, revealed that, while the D142G
mutation did not affect the entry efficiency of VSV-S  in any of the cell lines, the
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Fig.6 Mutation D371H in the FECV UCDp S1 subunit is the main cause of entry enhancement in
fDC-SIGN expressing cells. (A) Schematic presentation of mutations identified in the S1 region of FECV
UCDp spike protein. The positions of the transmembrane domain (purple bars; predicted by the TMHMM
server) and of the predicted N-glycosylation sites (y; predicted by theNetNGlyc server) are indicated. The
furin cleavage site between the S1 and S2 subunits are indicated by a red triangle. (B) The introduction of
the mutation D371H significantly increased the entry efficiency the pseudotyped VSV virus bearing FECV
UCD S protein (VSV-S ). Purified VSV-S , with and without mutations were inoculated on fHuh7,
fFEA and fFCWEF cells. The viral titers had been normalized by t he incorporated spike proteins analyzed
by western blot. After overnight incubation, the infection level was determined by measuring luciferase
activity in the cell lysates. The red dashed lines show the threshold in this experiment.
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D371H mutation - either alone or in combination with D142G - increased the entry
efficiency of VSV-S ., in all three DC-SIGN positive cell lines, the most obvious
enhancement being observed in the fFEA cells.

Introduction of mutation D371H affects cleavage of FECV UCD S
protein. The FECV UCD S proteins incorporated into VSV-S  particles were
analyzed by western blotting using a monoclonal antibody (MAb) against the Flag-
tag C-terminally appended to the S protein and using a MAb targeting the S1 subunit.
The FECV UCD S protein contains an optimal furin cleavage sequence (RRSRR) at
the S1-S2 junction. The Flag-tag antibody detected different forms of the wild-type
and mutant S proteins incorporated into the VSV-S ., particles (Fig. 7A). Based on
their migration pattern, these forms were interpreted as full-length S, S2, a truncated
S2 (S2*) and an SDS-resistant trimeric form of S2 (3XS2) migrating slower than
the full length S protein with an apparent size of about 250kDa. Quantification by
densitometry indicated the relative ratio of these bands to differ significantly for
the S proteins containing the D371H mutation (Fig. 7A). While for the wild-type S
and the S-D142G variant the S2 and S2* bands comprised 86% and 83% of all S
forms, respectively, these ratio’s decreased to 33% and 25%, respectively, for the
S proteins containing the D371H and D142G-D371H substitutions. In the latter two
viruses the full-length S and trimeric 3XS2 were the dominant S forms. As revealed
by the MAb against the S1 subunit, after the introduction of mutation D371H the
cleavage of full-length S protein was reduced slightly (Fig.7B). Thus, the D371H
substitution influences the S protein cleavage pattern and/or spike stability resulting
in the appearance of an approximately 250 kDa large S form, which we hypothesize
to be the trimeric S2* form. Further analysis of transiently expressed FECV UCD S
proteins by western blot also demonstrated reduced cleavage at the S1-S2 junction
for S proteins containing the D371H mutation (Fig.7C). Inclusion of furin inhibitor in
the cell culture medium during transient expression of S proteins in HEK293T cells
reduced the levels of the S2 forms relative to full length S protein for the S-D371H
mutant compared with wild-type S protein, confirming that furin is responsible for the
observed cleavage (Fig. 7D).

Increased infectivity of FECV UCDp on fDC-SIGN expressing cells is
not heparan sulfate dependent. Some viruses utilize cell surface heparan
sulfate proteoglycans as receptors, a trade which is often acquired by mutation upon
passaging in cell culture (21-23). The cell passaged serotype | FIPV strain UCD1
has a mutation in the furin cleavage motif occurring at the S1/S2 junction that blocks
furin cleavage but maintains a heparan sulfate proteoglycan binding site (BBxB; B
= basic amino acid) that is functional in enabling the virus to use heparan sulfate
as a receptor (23). Thus, in view of the altered furin cleavage pattern conferred by
the D371H mutation, we examined the potential of heparan sulfate as a receptor
for FECV UCDp by using heparin, a soluble glycosaminoglycan analogue, as a
competitor of heparan sulfate binding. FECV UCDp, FIPV UCD1 and the heparan-
sulfate dependent Enterovirus 71 were pretreated with heparin and subsequently
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Fig. 7 Mutation D371H inhibits S protein cleavage. The VSV-S  wild-type and mutant viruses purified
by pelleting through 20% sucrose were subjected to western blot analysis and S proteins were detected
using (A) a mouse anti-flag Mab conjugated with horse-radish peroxidase or (B) a mouse anti-FECV
UCD S1 Mab. The intensities of the different S1 bands were quantified using Quantity One® 1-D analysis
software (Bio-Rad Laboratories, Inc.). (C) The HEK293T cells transiently expressing FECV UCD spike
wild-type and mutant proteins were analyzed by western blotting and visualized by a mouse anti-flag Mab
conjugated with horse-radish peroxidase. The intensities of the different S protein bands were quantified
by Quantity One® 1-D analysis software. (D) Wild-type and D371H mutant spike proteins were transiently
expressed in HEK293T cells in the absence or presence of furin inhibitor (FI). At 48h p.i. the cells were

harvested for western blot analysis. Bands were visualized by the mouse anti-flag Mab conjugated with
horse-radish peroxidase.
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added to FEA and fFEA cells after which the relative infection levels were measured
by immunostaining. In parallel, as controls the same infections were performed after
pretreatment of cells with mannan. Enterovirus 71 was neither influenced by the
expression of fDC-SIGN nor by the pretreatment with mannan (Fig.8). In contrast,
infection of FEA cells by both serotype | viruses, FECV UCDp and FIPV UCD1,
was greatly enhanced by the expression of fDC-SIGN, while this enhancement
was counteracted by the pretreatment of the cells with mannan. Preincubation of
virus with soluble heparin greatly reduced infection of Enterovirus 71, but not that of
FCoVs UCD and UCD1. These observations indicate that the increased infectivity of
FECV UCDp after passaging on DC-SIGN expressing cells cannot be attributed to
the recruitment of heparan sulfate as a receptor.

Adaptive mutations in FECV UCDp do not confer macrophage tropism.
The expression of DC-SIGN in combination with adaptive mutation(s) in FECV UCDp
was sufficient for efficient infection of feline and human cells. To test whether FECV
UCDp can infect DC-SIGN positive macrophages, we inoculated activated bone
marrow macrophages with FECVs UCD and UCDp as well as with the macrophage-
tropic type Il FIPV 79-1146 control virus. In contrast to the successful infection by
FIPV 79-1146, no infection was seen in macrophages inoculated with FECVs UCD
or UCDp (Fig. 9). The result indicates that besides DC-SIGN additional determinants
are involved in the acquisition of macrophage tropism.
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Fig. 8 The cleavage inhibition of FECV UCD D371H mutant spike protein leads to fDC-SIGN usage
not that of heparin sulfate. fFEA (fDC-SIGN+) and FEA (fDC-SIGN-) cells were inoculated with FECV
UCDp, FIPV UCD1 or EV71 in the presence of mannan (100ug/ml) or after pretreatment of the viruses
with heparin (250ug/ml). Mock pretreatment and mock infection were included as controls. At 24h p.i.
infected cells were detected using an antibody against FCoV nucleocapsid protein (for FIPV UCD1 and
FECV UCDp) or an antibody against double strand RNA (for EV71) combined with goat anti-mouse IgG
Alexa 488. Nuclei were visualized by DAPI staining. Infection levels were quantified by counting nuclei of
fluorescent and non-fluorescent cells and expressing the relative rate of infection as the fraction of total
cells fluorescing.
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macrophages

FIPV-79-1146

DAPI nuclei

Fig. 9 Neither FECV UCD nor FECV UCDp can infect macrophages. Feline bone marrow macrophages
were cultured in medium supplemented with 100ng/ml fGM-CSF for 5 days. Parallel cultures were then
inoculated with FECV UCD or FECV UCDp (MOI=1) taking type Il FIPV 79-1146 as control (MOI=1,
titrated on FCWF cells). The infection by FECV UCDp was also conducted in fHuh7 cells as positive
control. At 24h p.i. cells were fixed and the infection was visualized by immunofluorescence staining of the
FCoV nucleocapsid protein (green); cell nuclei were visualized by DAPI staining (Blue).
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Discussion

Efficient infection of macrophages is the main feature that functionally distinguishes
the FIPV from FECV pathotype, yet the mechanism and genetic determinant(s)
underlying this FIPV distinction are not understood (11). We hypothesized that
adaptation of FECV to a macrophage receptor could be of critical importance for the
pathotype transition. Type | FIPVs have been shown capable of infecting macrophages
and monocytes using DC-SIGN as an entry receptor (19). Thus, we questioned
whether type | FECV possesses the intrinsic ability to recruit DC-SIGN for entry or
whether this trade is acquired during the virulence switch. Here we demonstrate that
FECYV could efficiently utilize feline DC-SIGN as a functional receptor on fDC-SIGN
expressing cells, but only after cell culture adaptation. Efficient fDC-SIGN receptor
utilization corresponded with the occurrence of two mutations in the S protein of the
cell-adapted FECV, one of which (D371H) was shown to actually cause the infection
enhancement. Yet, the efficient fDC-SIGN receptor recruitment was not sufficient to
render the cell-adapted FECV capable of infecting macrophages.

A defined and high-titer stock of the serotype | FECV UCD virus was obtained using
a recently established feline intestinal epithelial cell line that allows propagation of
FECV field isolates (20). Using this stock we observed that human hepatoma cells
have limited susceptibility to FECV | UCD. Also the serotype | FIPV Black strain
had earlier been shown to replicate on these cells ((24) and own observations). The
observations suggest that Huh7 cells express the orthologue receptor which - to
some extent - can be recruited by serotype | FCoV.

Expression of fDC-SIGN alone was not sufficient for achieving efficient infection
of serotype | FECV. It enhanced the infection of Huh7 cells and rendered FEA
cells susceptible but FCWF cells remained refractory. However, already after one
adaptive passage on fDC-SIGN expressing Huh7 cells the virus acquired the
mutations that not only dramatically further enhanced the infection of Huh7 and FEA
cells but also rendered FCWEF cells largely susceptible. The responsible mutations
(D142G and D371H) in the adapted S protein did not alter the number of predicted
N-glycosylation sites, yet their strong effects were indeed due to the involvement of
lectin as demonstrated by the inhibitory consequences of mannan treatment.

One of the two residue substitutions in the UCDp S protein (D371H) was shown to
enhance S, pseudotyped VSV entry into DC-SIGN expressing cells. Intriguingly,
the D371H substitution reduced the cleavage of S proteins at S1/S2 junction, though
the furin cleavage site itself was not altered. As shown earlier, reduced cleavage
of coronavirus S proteins may generate a heparan sulfate binding site used for
heparan sulfate-dependent entry (21, 23). Adaptation of UCDp to heparan sulfate
as an attachment molecule appeared unlikely given the virus insensitivity for the
heparan sulfate analogue heparin. The furin cleavage site within the serotype | S
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protein (RRxRR) is highly conserved in FECV field strains (13). Mutations in the
furin cleavage site strains are frequently observed in serotype | FIPV isolates and
have hence been linked to the FECV-FIPV pathotype switch (13). Coincidently,
the five serotype | FIPV strains that can be propagated in cell culture all contained
mutations in the furin cleavage site (Black (GenBank: BAC05493.1), KU-2 (GenBank:
AAB47503.1), C3663 (GenBank: BAJ08255.1) and Yayoi (GenBank: BAM34500.1)
(25)). How and whether reduced spike cleavage correlates with virus propagation in
vitro and in vivo remains to be determined.

In summary, type | FECV UCD did not inherently possess the capacity to efficiently
enter and replicate in DC-SIGN-expressing cells but obtained this ability by acquiring
mutations during replication. However, DC-SIGN usage was not sufficient to render
serotype | FECV infectious to macrophages. For serotype Il FCoV, mutations in the
S2 subunit of the spike protein correlated with macrophage infection (26). More
efforts will be needed to identify the responsible mutations and clarify the mechanism
facilitating the macrophage tropism switch in serotype | FCoV.
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Methods and materials

Cells andviruses. FCWF, FEA, Huh7 and 293T cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum (FCS), 100U of
penicillin/ml and 100ug of streptomycin/ml (all from Life Technologies, Ltd., UK).
Feline intestinal epithelial cells (IECs) were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F12 Nutrient Mixture (1/1) supplemented with 100U of penicillin/ml,
100ug of streptomycin/ml, 100ug of gentamicin/ml, 5% FCS and 1% non-essential
amino acids 100x (Gibco-BRL) (20). Macrophage culturing was done as described
before (26). Briefly, the frozen bone marrow-derived mononuclear cells (BMMCs)
were thawed, washed, and suspended in RPMI 1640 medium containing 10%
FCS, 100U of penicillin/ml, 100ug of streptomycin/ml and recombinant feline GM-
CSF (R&D) at a final concentration of 100ng/ml. Culture medium for macrophages
was refreshed 5 days after seeding, and macrophages were ready for experimental
infection at 7 days after seeding.

Serotype | FECV UCD was propagated in feline IECs in FCS-depleted medium and
the third passage virus stock was used for all infection experiments. FECV UCD virus
was blindly passaged once on fHuh7 cells at low MOI. Total virus was harvested 72h
post infection (p.i.) by freeze-thawing cells and culture supernatant once, followed
by removing cell debris by one round of low-speed centrifugation. The virus was
then collected by pelleting through a 20% sucrose cushion at 30,000rpm at 4°C
for 2.5h in a Beckman SW32 rotor. The pellet was dissolved in OPTI-MEM (Gibco-
BRL) supplemented with 10mM HEPES (Gibco-BRL), and the virus was designated
passaged FECV UCD (FECV UCDp).

VSV pseudotyped viruses were produced as described before (27). In general,
the plasmids encoding FECV UCD and MERS-CoV S proteins were generated
by cloning into the pCAGGS expression vector the S genes of these two viruses
without the sequences encoding the ER and Golgi retention motif at the C-terminus
(FECV UCD, 17 amino acids from C-terminal; MERS-CoV, 16 amino acids from
C-terminal) but with a sequence encoding a C-terminal Flag tag for detection
purposes. HEK293T cells were transfected with S protein expression vectors using
polyethylenimine (PEI), and transfection medium was replaced with fresh culture
medium after overnight incubation. At 24h post transfection, the transfected cells
were infected with VSV-G pseudotyped VSVAG/FLuc virus at a MOI=1. Coronavirus
S-pseudotyped VSVAG/FLuc virions produced were harvested 18h post infection,
when about 90% of the cells were rounded up, and passed through a 0.45um filter to
get rid of cell debris. Harvested viruses were stored at -80°C after supplementation
with HEPES to 10mM, or directly purified.

Purification of pseudotyped viruses was conducted by sedimenting the virus particles
through a 20% sucrose cushion dissolved in PBS without Ca?* at 30,000rpm at 4°C
for 2.5h in a Beckman SW32 rotor. After ultracentrifugation the supernatant was
discarded and pellets were dissolved in OPTI-MEM supplemented with 10mM
HEPES.
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Generation of fDC-SIGN expressing cell lines. FCWF, FEA and Huh7 cell
lines expressing fDC-SIGN were created by transduction with produced vesicular
stomatitis virus (VSV) G protein-pseudotyped murine leukemia viruses (MLV)
containing pQCXIP-fDC-SIGN-c-Myc as described before (28). Briefly, HEK293T
cells were co-transfected with three plasmids, pMLV-gag-pol, pCAGGS-VSV-G and
pQCXIP-pQCXIP-fDC-SIGN-c-Myc, and the medium was refreshed after overnight
incubation of transfection mix. The supernatant with produced virus was harvested
48h post transfection and clarified by passing through 0.45um filter. Three parental
cell lines were transduced with generated MLV virus, and the fDC-SIGN-FCWF
(fFCWF), fDC-SIGN-FEA (fFEA) and fDC-SIGN-Huh7 (fHuh7) cell lines were
selected and maintained with medium containing puromycin (Sigma) (7.5ug/ml for
FCWEF and FEA cells; 2.5ug/ml for Huh7 cells). fDC-SIGN expression was confirmed
by immunofluorescence staining using mouse monoclonal antibody against c-Myc
antibody (Invitrogen) and Goat-anti-mouse Alexa 488 (Invitrogen).

Virus infections. To investigate the function of fDC-SIGN, Huh7 and fHuh7 cells
were infected with FECV UCD (MOI=1, based on TCID50 titration on IEC cells).
Cells were fixed at 24, 48 and 72h p.i. with 3.7% paraformaldehyde (PFA) for
immunofluorescence staining. Similarly, parallel cultures of fHuh7, fFEA and fFCWF
cells were infected by FECV UCD at MOI=1 and cells were fixed at 72h p.i. with 3.7%
PFA. Infection was visualized by immunofluorescence staining using a monoclonal
antibody against the FCoV nucleocapsid protein (AbD Serotec).

To compare the infectivity of FECV UCDp with that of FECV UCD, fDC-SIGN
expressing cells fHuh7, fFEA and fFCWF as well as their parental cell lines were
inoculated with FECV UCD or FECV UCDp (MOI=1, according to the TCID50
titrated on IEC cells). Infected cells were fixed with 3.7% PFA at 8h and 24hp.i. for
immunofluorescence staining.

To examine the involvement of fDC-SIGN in FECV UCDp infection, fHuh7, fFEA and
fFCWEF cells were pretreated with serial dilutions of mannan, the natural ligand of
DC-SIGN, at 37°C for 1h, and inoculated with FECV UCDp in medium containing
the same concentration of mannan. Galactose was taken as negative control in this
experiment. After inoculation, cells were further incubated at 37°C and 5% CO, and
fixed at 8h and 24h p.i. with 3.7% PFA. Immunofluorescence staining was performed
as above and infected cells were counted for further analysis.

In order to explore the use of heparan sulfate in FECV UCDp infection, fFEA cells
were inoculated after a 30min preincubation of the virus at 37°C with 250ug/ml
soluble heparin (Sigma). Enterovirus 71 which can enter cells via heparan sulfate
was taken along as a positive control. Mannan inhibition was included to specify the
involvement of fDC-SIGN. The inoculated cells were fixed at 24h p.i. with 3.7% PFA
for immunofluorescence staining.

Viral kinetics of FECV UCD and FECV UCDp. In order to examine the function
of fDC-SIGN in viral production of FECV UCD, Huh7 and fHuh7 cells were inoculated
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with FECV UCD at a MOI=1 (based on titration on IEC cells) and incubated at 37°C
for 1h. Subsequently, cells were washed three times to remove unbound virus
particles and incubated further in fresh medium at 37°C and 5% CO2. Total virus
was harvested at 1, 8, 24, 48 and 72h p.i., and then titrated on IEC cells.

Kinetics of FECV UCDp replication was studied by inoculation of Huh7, fHhu7, FEA
and fFEA cells at a MOI=0.1 for 1h at 37°C. Cells were then washed three times
to remove unbound virus particles and further incubated in fresh medium at 37°C,
5% CO,. FIPV 79-1146 (MOI=0.01) which uses pAPN as a functional receptor was
taken as control for this experiment. Total, intracellular and extracellular viruses were
harvested at 8h, 24h and 48h p.i., and titrated on fHuh7 (for FECV UCDp virus) or
fFEA cells (for FIPV 79-1146).

Sequencing. The total RNA of the fHuh7 cell passaged FECV UCDp or FECV
UCD from feces sample (29) was isolated using MACHEREY-NAGEL (MN) viral
RNA extraction kit according to the manufacturer’s protocol. cDNA was synthesized
by SuperScript Il Reverse Transcriptase (Invitrogen) with random primers (Thermo
Scientific). Three partially overlapping PCR products covering the entire spike gene
of both viruses were generated using three pairs of primers.

The PCR products were purified with MN Gel recovery Kit, and sequenced by
Macrogen (Macrogen Europe Inc.).

6976-2336 5’-ACTACTTAGGACCATACTGTGAC-3
5’-CGAATTCAAGTGTTGTTAGACCACGTTGGC-3’
3948-1873 5’-CAACCGCACCACGTATTATG-3’
5’-CCCTCGAGCAAGACGTGCGCCAAGATTA-3’
6259-2973 5-ACCTGTTGTTGTGGATTGTGC-3’

5’-GTTCCGCGGCTCGTCAAGTACAGCGTC-3

Western blotting. To analyze the incorporation of S proteins into pseudotyped
VSV, purified viruses were heated at 95°C in reducing Leammli sample buffer and
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
in a discontinuous gel with 8% acryl amide in the separating gel. The proteins were
transferred to a polyvinylidene fluoride membrane (BioRad) which was then blocked
with 5% FCS in PBS with 1% Tween 20. FECV UCD S protein was visualized by a
mouse monoclonal anti-FLAG conjugated to horseradish peroxidase (Sigma) or by
a mouse monoclonal antibody against serotype | S protein (5F8D8H9H9) diluted in
PBS containing 5% FBS and 1% Tween 20, the latter subsequently being visualized
with Rabbit anti-mouse immunoglobulin G conjugated horseradish peroxidase.
Bands on the blots was detected using the Oddessy imaging system (LI-COR Ltd.)
and the intensities of the bands were quantified by Quantity One (BioRad).
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Entry assay. Entry efficiency of VSV pseudotyped viruses carrying the FECV UCD
S proteins with and without mutations was measured by titrating the purified viruses
on three fDC-SIGN expressing cell lines starting from 1:100 dilution. At 16h post
infection, infected cells were washed once with PBS+Ca?* and lysed with 100ul lysis
buffer (1% Triton X-100, 50mM Tricine pH8, 100uM EDTA, 2.5mM MgSO,, 10mM
DTT). 40ul lysate was used to determine firefly luciferase activity in a luminescence
plate reader (Berthold Centro LB 960).

Immunofluorescence staining. Cells were fixed with 3.7% PFA diluted in PBS
containing Ca?* for 15min at room temperature (RT), and then permeabilized by 0.1%
TritonX-100 for 10min at RT. The infection of FECV UCD or UCDp was visualized
by immunostaining using a mouse monoclonal antibody anti-FIPV-nucleocapsid
protein (AbD Serotec, UK) followed by Goat-anti-mouse Alexa 488 (Invitrogen). The
infection of EV71 was visualized with a mouse monoclonal antibody against viral
double strand RNA followed by Goat-anti-mouse Alexa 488 (Invitrogen). Cell nuclei
were stained with DAPI.

Computational analysis. The position of the transmembrane domain and
N-glycosylation sites were predicted by the TMHMM server and the NetNGlyc
server, respectively. The furin cleavage site between S1 and S2 subunits of the
spike protein was predicted by ProP 1.0 server. Western blot signals were quantified
by Quantity One® 1-D analysis software. Statistical analysis was performed with
GraphPad Prism version 6.0. Cell counting was done using ImageJ.
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CHAPTER O

Summarizing discussion




Coronavirus spike-receptor interactions

oronaviruses are widely distributed among mammals and birds and are notorious

for their ability to change or expand their tropism, presumably due to their ability
to adapt to or recruit new host receptors. All four human coronaviruses HCoV-229E,
HCoV-NL63, HCoV-0OC43) and HCoV-HKU1 have been predicted to originate from
an animal reservoir (1-8). Apart from these more ancient cross-species transmission
events, the recent emergence of the zoonotic SARS and MERS coronaviruses
further indicates the capacity of coronaviruses to cross the species barrier. In addition
to host tropism switches, coronaviruses also can alter their cell tropism within an
infected animal, as exemplified by the feline coronavirus. Feline coronaviruses come
in two pathotypes, the low-pathogenic FECV and the highly virulent feline infectious
peritonitis virus (FIPV) (9). FECV can infect enterocytes and causes a clinically
mild or unapparent enteritis in cats (10). FIPV targets macrophages and causes a
highly lethal systemic infection in cats, called feline infectious peritonitis (FIP) (11).
It has been hypothesized that FIPV originates from FECV by (the accumulation of)
mutations that accommodate the observed cell-tropism switch (12).

The presence of an appropriate receptor on the cell surface is a prerequisite for
virus infection. Receptors are hence key determinants for virus cell, tissue and host
tropism. Hence studying coronavirus-receptor interaction is important to understand
the tropism switches as well as the pathogenesis and epidemiology of coronaviruses.
In this thesis, we investigated the receptor interaction of two coronavirus species:
the recently identified, zoonotic MERS-CoV and the serotype | feline coronavirus
(FCoV). In chapter 2 and 3, we identified dipeptidyl peptidase 4 (DPP4) as the
functional receptor for MERS-CoV and mapped the receptor binding domain
(RBD) in its S protein. In chapter 4, we described a serological microarray assay
using the S1 receptor binding subunit of the coronavirus S protein as an antigen
which appeared efficient in the study of the MERS-CoV epidemiology. In chapter
5, we investigated the genetic determinants of FECV for adaptation to the FIPV-
macrophage receptor, the dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin (DC-SIGN) receptor usage, which may be a critical step in the
FECV-FIPV ftransition. In this chapter, | will concisely summarize and discuss our
main observations chapter by chapter.
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DPP4: a novel peptidase receptor identified
for coronaviruses ( Chapter 2)

DPP4 usage and entry of coronaviruses

Soon after the identification of MERS-CoV, researchers investigated whether this
virus was able to utilize ACE2, the receptor for SARS-CoV, given the similar clinical
manifestations of infectious diseases caused by these two viruses. Miller et al
concluded that MERS-CoV does not use ACE2 as a functional receptor but a novel
receptor which is conserved among bats, pigs and humans (13). In chapter 2, we
identified DPP4 (also known as CD26) as the functional receptor for MERS-CoV
(14).

Coronaviruses seem to prefer exopeptidases as receptors for entry. After the
discovery of APN and ACE2, DPP4 is the third exopeptidase identified as a functional
protein receptor for coronaviruses (Fig.6.2). Most alphacoronaviruses utilize APN as
a receptor; however, the alphacoronavirus HCoV-NL63 utilizes ACE2, which also
serves as the receptor of the betacoronavirus SARS-CoV. This strongly suggests that
during evolution an APN-dependent ancestral HCoV-NL63 has switched receptors
by selecting another peptidase (ACE2) as its new receptor. So the convergent
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Fig 6.1 Flow cytometry analysis of binding of MERS-S1-Fc, MERS-RBD-Fc, HKU4-RBD-Fc, HKU5-
RBD-Fc recombinant proteins to DPP4 expressing cells. HEK293T cells transfected with pCAGGS-
human DPP4 (Red line) or pPCAGGS-bat DPP4 (black line) expression plasmids with pCAGGS (filled
grey) as control were incubated with 15ug/ml of the indicated Fc recombinant proteins followed by
incubation with Alexa 488 labeled goat-anti-human IgG antibody and analysis by flow cytometry. Fc-
chimera containing the S1 of FIPV 79-1146 (FIPV-S1-Fc) was taken along as a negative control.
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evolution of alpha- and betacoronaviruses for ACE2 receptor usage underlines the
strong preference of coronaviruses for cell-surface peptidases as receptors. Since
the catalytic function of these proteases is not relevant for virus entry, the reason
for this phenomenon remains unclear (14-18). Further investigation into this subject
may provide a theoretical basis for prediction of next potential receptor candidates.

The ACE2 and APN receptor are utilized by different coronaviruses (Fig.6.2). It is
hence conceivable that DPP4 is also used as a receptor by more coronaviruses
than MERS-CoV alone. Phylogenetic analysis demonstrated that MERS-CoV
is genetically closely related to two bat coronaviruses, HUK4 and HKUS, whose
genomic RNAs were isolated from lesser bamboo bats (Tylonycteris pachypus)
and Japanese pipistrelles (Pipistrellus abramus), respectively (19-20). To assess
DPP4 receptor usage of the HKU4 and HKU5 bat coronaviruses, we expressed and
purified the regions of the HKU4 and HKUS S proteins homologous to MERS-CoV
S-RBD. The putative HKU4-RBD but not the putative HKU5-RBD showed binding
activity to human DPP4 (Fig.6.1). No obvious binding of the HKU4-RBD to the
DPP4 of the Pipistrellus bat was detected, presumably explained by the divergence
in DPP4 sequences of Pipistrellus and the HKU4 host, Tylonycteris pachypus. We
have shown that MERS-CoV can bind and functionally use Pipistrellus DPP4 as
a receptor (Chapter 2 and Fig.6.1). Recent results from Yang et al confirmed that
the S protein of HKU4 - but not of HKU5 - was able to functionally recruit human
and bat DPP4 as receptors for cell entry (21). Thus, bats harbor coronaviruses that
can utilize human DPP4 as a receptor, at least in vitro, and hence are a possible
reservoir for MERS-CoV and other, potentially zoonotic coronaviruses.

Recent data from the study of Yang et al indicated that efficient entry of HKU4 via
DPP4 into human cells was dependent on the activation by exogenously added
proteases such as trypsin (21). In contrast, HKU4 mediated entry into bat cells was
not dependent on trypsin activation, presumably due to the presence of activating
proteases on bat cells. Trypsin-dependent entry has also been observed for PEDV
(22-23). There is mounting evidence that entry of coronaviruses - and consequently
virus tropism - is determined by two aspects: the binding to cognate receptors as
well as the presence of activating proteases.

The zoonotic SARS and MERS coronaviruses: the spike
protein is a key determinant of host tropism

The SARS-CoV and MERS-CoV are recent examples of zoonotic coronaviruses that
both cause severe lower respiratory tract infections in humans (1, 24-25). Yet their
mechanism for cross-species transmission seems quite distinct.

Zoonotic transmission of SARS-CoV has been related to adaptation to the human
ACE2 receptor ortholog. SARS-like viruses have been identified in horseshoe bats
and civet cats (1, 26). Civet cats, traded at wild-game markets for consumption, were
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postulated as an intermediate reservoir from which the SARS-CoV made its way to
humans after adapting its spike protein to the human ACE2 receptor ortholog (27).
However, recent studies showed that SARS-like viruses from horseshoe bats were
able to use human ACE2 indicating that direct transmission of bat SARS-like viruses
to humans is possible (8). Furthermore, investigation of the binding affinity of SARS-
CoV isolated during the SARS epidemic showed that human-adapted SARS-CoV
acquired a much higher receptor affinity to human ACE2 receptor than civet isolates.
Increased receptor interaction affinity was considered to be the central contributor to
the acquisition of the epidemic potential of SARS-CoV (28-30). During this adaptation
event, the virus switched sides and lost its old host gaining the capacity to invade a
new host (such as human). Altogether these data indicated that a successful host
switch of bat SARS-like viruses to human SARS-CoV, either directly or via the civet-
reservoir, is determined by acquisition of higher binding affinity to human ACE2.
Though direct transmission of SARS-like viruses from bats to humans cannot be
excluded, transmission via an intermediate host with an increased animal contact
time and consequent chances for a spill-over event, is more likely.

In contrast to SARS-CoV, MERS-CoV appears a classical zoonotic virus that
repeatedly crosses over to humans from the dromedary camel reservoir (7, 31-33).
This suggests that adaptation of the dromedary MERS-CoV towards the human
DPP4 receptor ortholog is not required for cross-species transmission. Indeed, the
binding affinity of MERS-CoV S1 to DPP4 of camels was comparable to that of
human DPP4 (34). Likewise, the binding affinity of MERS-CoV S1 to DPP4 of horses
and goats was similar to that of human DPP4. Indeed, structural analysis of the
DPP4-MERS-RBD interface indicates a high conservation of the virus contacting
residues in the DPP4 sequences of these species (35-36). Moreover, sequences of
MERS-CoV isolated from camels in Saudi Arabia and Qatar were closely related to
human MERS-CoV isolates (7, 37). In particular, no mutations have been found in
the receptor binding domains of the spike proteins of dromedary and human MERS-
CoV isolates, suggesting that cross-species transmission from camels to humans
does not require adaptation towards the human DPP4 ortholog (38).

The evolutionary conservation of DPP4, particularly at the MERS-RBD binding
interface, may be associated with its function as a receptor for a natural ligand,
the adenosine deaminase (ADA) (39). Binding of ADA to DPP4 is involved in T-cell
activation and regulation of epithelia and lymphocyte cell adhesion (40-41). The
elucidated structures of MERS-RBD-DPP4 and ADA-DPP4 complexes showed a
remarkable overlap in the footprint of ADA and MERS-RBD on DPP4 (35-36, 42-
44). The overlap in DPP4-binding sites is also demonstrated by the ability of ADA to
interfere with the binding of MERS-CoV S1 to DPP4 and the ability to inhibit MERS-
CoV infection in cell culture (35). Furthermore, the DPP4-interacting residues of ADA
- which are shared by MERS-CoV - display a high level of conservation. The use of
evolutionarily conserved host molecules as functional receptors by viruses including
MERS-CoV facilitates their cross-species transmission.
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Techniques used for receptor identification

The conventional process to identify a functional protein receptor of a coronavirus is
mainly divided into two steps: isolation of the molecule that can provide coronaviruses
entry into cells, and identification of the isolated molecule.

Multiple techniques have been applied to isolate receptor molecules. To sequester
the MERS-CoV receptor, we applied a straightforward co-purification technique
based on the specific interaction of the receptor binding subunit with its receptor.
To isolate the MERS-CoV receptor, we expressed recombinant S1 proteins tagged
with the Fc part of human IgG. This chimeric molecule was used to fish out the
receptor from a lysate of susceptible cells using protein-A chromatography (14). This
approach was successfully used earlier to identify the ACE2 receptor of SARS-CoV
(17). The S1-based receptor-isolation method is time-efficient, relatively cheap and
independent of using infectious viruses. In addition, this method is relatively simple
and specific since it relies on the interaction between S1 and the receptor. However,
a direct, durable and strong binding affinity of the S1 subunit with the receptor is
required to maintain the interaction during the co-purification procedure.

An alternative method independent of high virus-receptor affinity had been utilized
in the identification of APN as the receptor for TGEV. This technique was based
on monoclonal antibodies raised against solubilized membrane proteins of a
susceptible cell line. Monoclonal antibodies that neutralized virus infection were
subsequently used to precipitate the receptor APN (15). This approach is also
direct and straightforward, yet rather time-consuming and costly because of the
generation of numerous hybridoma cell lines and subsequent testing of antibodies
for neutralizing activity.

Alternative to the methods described above, the receptor can also be identified by
the virus overlay protein binding assay (VOPBA). This method has been successfully
used for the identification of CEACAM1 and APN as receptors for MHV and PEDV,
respectively (45-46). The VOPBA approach relies on the direct interaction between
virus particles and solubilized membrane proteins of susceptible cells that have
been subjected to Western blotting. The advantage of the VOPBA method is the high
avidity of intact viruses due to the ability to bind to multiple receptors blotted on the
membrane support. However, the native structure of solubilized membrane proteins
may be lost due to the SDS-detergent used in SDS-PAGE, which may be detrimental
for receptor interaction.

Recently novel, sophisticated techniques have been developed to identify ligand-
receptors interactions. One promising technique that may be used for identification
of coronavirus receptors is called avidity-based extracellular interaction screen
(AVEXIS). This technique has been used to screen receptor-ligand pairs in the
zebrafish immunoglobulin superfamily and to identify novel ligands for the receptor
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(47). The AVEXIS technique was also used to identify the Ok blood group antigen,
basigin, as the receptor for erythrocyte invasion in all tested P. falciparum strains
(48). Typically, the ligand and receptor are expressed as two different forms:
a monomeric biotinylated “bait” which can be captured on streptavidin-coated
microtiter plates, and a pentamerized “prey” tagged with B-lactamase for detection
purposes. Pentamerization of the ‘prey’ protein provides a higher binding avidity to
the bait. For coronavirus receptor identification, the S1 receptor binding subunit can
be expressed as bait while ectodomains of cell surface receptor candidates can be
expressed as preys. After binding of the prey protein, the colorimetric enzymatic
turnover of nitrocefin by the B-lactamase subunit will indicate the interaction. AVEXIS
can be applied as a high-throughput assay due to its high protein-protein avidity
and the ability to detect transient protein interactions with a low false-positive rate.
However, this technique relies on the generation of a large prey library containing
pentameric versions of all cell surface protein ectodomains as receptor candidates.

Another promising technique for isolation of coronavirus receptors is called ligand-
based receptor capture (LRC) which can be achieved using a trifunctional reagent
called TRICEPS (49). TRICEPS is a three-armed molecule containing i) an NHS ester
enabling cross-linking to ligands via primary amines, ii) a trifluoroacetyl-protected
hydrazine for the subsequent capture of glycoprotein receptors on gently oxidized
living cells and iii) a biotin tag for the affinity purification of captured glycopeptides.
To identify the receptors for coronaviruses, TRICEPS can be coupled to a purified
S1 subunit or to intact viruses via the NHS ester. After binding to the receptors on
the target cell, the S1- or virus-bound TRICEPS molecules can be coupled to the
carbohydrates of glycoprotein-type receptors via the aldehyde-reactive hydrazine
group. The biotin group of the TRICEPS molecule can subsequently be used for
affinity isolation of the captured glycopeptides for mass spectrometry analysis. LRC
is designed to detect ligand-receptor interactions under natural, biological conditions.
In addition, this technique is also suitable for identification of cell surface proteins with
weak or transient interactions by using multivalent ligands. Furthermore, this method
seems highly specific and efficient. However, this LRC-TRICEPS methodology,
which is marketed by Dualsystems Biotech company (http://www.dualsystems.com/
services/), is rather expensive.

After isolation of the receptor molecule, the isolated receptor can be identified either
by N-terminal protein sequencing or by mass spectrometry. Prior to the late 1970s,
N-terminal sequence analysis using Edman degradation was the main assay to
identify proteins (50-51). Starting from the mid-1990s, the application of N-terminal
sequencing was gradually replaced by mass spectrometry given its higher sensitivity
and efficiency with no need for purifying the affinity-isolated proteins to homogeneity
(52-55). However, N-terminal sequencing is more applicable if the host proteome,
a requirement for MS detection, is not known. The current N-terminal sequencing
technology can detect at least 20 to 25 residues of the N-terminus of proteins and
large peptides in the low picomolar range (56).
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Fig.6.2 Location of the N-terminal (NTD; indicated in blue) and C-terminal (CTD, indicated in grey)
domains in S1 receptor binding subunit of representative coronavirus species from different
genera. We define NTDs of a-CoV species based on homology with the deletion in PRCV S1 compared
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defined based on the identified sialic acids binding domain. The receptor and the location of the receptor
binding domain are indicated for each virus. N-Glycosylation sites of different spikes were predicted by
NetNGlyc 1.0 (Technical University of Denmark) and are indicated by V.
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Receptor binding domain (RBD): the main
player in receptor binding (Chapter 3)

The coronavirus S glycoprotein has a multidomain structure. It is generally divided
into two functionally distinct subunits, S1 and S2, responsible for receptor binding
and membrane fusion, respectively. The S1 subunit is further divided into two
subdomains, the N-terminal domain (NTD) and C-terminal domain (CTD). One - or
in some occasions both - of these two domains may comprise a receptor binding
domain (RBD), and mediate the entry of coronaviruses. For some coronaviruses the
S1-NTD has been shown to display sialic acid binding activity. The receptor binding
domain for protein receptors has been mapped to the S1-CTD with the exception
for MHV which binds its protein receptor CEACAM1 via the S1 N-terminal domain
(Fig.6.2).

In chapter 3, we mapped the receptor binding domain of MERS-CoV to a 231-aa
long fragment within the CTD of S1. We used in silico prediction of potential receptor
binding domains in the MERS-S1 based on the available functional and structural
data for the receptor binding domains of related betacoronaviruses. Subsequently
this information was used to construct truncated MERS-CoV S1 proteins, which we
assessed for their DPP4 binding capacity using different biochemical assays. Our
data were confirmed by the elucidation of the crystal structure of the MERS-RBD in
complex with DPP4 (43-44). Identification of the coronavirus RBD and visualizing
the RBD-receptor interaction paves the way for the development of prevention and
therapeutic strategies.

Receptor binding domain of coronavirus, a promising target
for development of intervention strategies

The S-RBD is the main target for neutralizing antibodies that makes it a promising
candidate for vaccine development and generation of therapeutic neutralizing
antibodies (57-58). Our immunization studies with different S1 variants indicated
that the RBD was most efficient in eliciting neutralizing antibodis (59). SARS-RBD-
Fc was demonstrated to be able to induce highly potent neutralizing antibodies with
high titer, and this antibody could neutralize the infectivity of pseudotyped viruses
carrying SARS-CoV spikes of both homologous and heterologous isolates (60-61).
Murine and human monoclonal antibodies (mAbs) targeting RBD of SARS-CoV were
produced, but mouse mAbs against SARS-CoV can just be administered to patients
in the early disease stage or for urgent treatment because of the human anti-mouse
immune response induced that will lead to the clearance of the antibody and a potential
allergic reaction (62). Recently, two neutralizing human mAbs targeting MERS-RBD
were isolated and characterized which were able to inhibit the infection of both
pseudotyped and live MERS-CoV at nanomolar concentrations. These monoclonal
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antibodies targeted different regions and neutralized pseudotyped MERS-CoV
synergistically (63). Thus, human neutralizing antibodies were considered to be
more suitable for development of therapeutic strategies.

The RBD of the coronavirus spike protein is also a promising vaccine candidate. An
earlier study on SARS-CoV demonstrated that vaccination with recombinant SARS-
RBD was able to induce long-term protection against a homologous challenge
in an animal model (64). In addition, the RBD is also the main domain to induce
T-cell immune responses against viral infection by harboring multiple conformation-
dependent epitopes. Two epitopes in the SARS-CoV spike protein responsible
for inducing CD8+ T-cell responses were mapped to aa436-433 and aa366-374,
respectively (65). Immunization of mice with a vaccine based on SARS-CoV spike
fragment (aa318-510) elicited not only neutralizing antibodies but also cellular
immune responses to against SARS-CoV infection collaboratively (66).

Apart from the generation of neutralizing antibodies, the development of drug
compounds may be explored to prevent the binding of the virus with its cognate
receptor. Receptor binding cannot be effectively competed with conventional
small-drug molecules. Larger compounds are needed instead that interact with a
high affinity with a larger surface on the receptor binding domain. One intriguing
possibility is the use of oligo-nucleotide aptamers that can be selected to e.g.
antagonize receptor binding. Using a protein (e.g. the receptor binding domain) as a
bait, interacting aptamers can be affinity-selected from a library of randomized -20nt
long oligonucleotides through a high-flux screening technique called Systematic
Evolution of Ligands by Exponential Enrichment (SELEX) (67-68). These stable
and low-immunogenicity aptamers can target small organic molecules to complex
proteins or even intact cells with high affinity and specificity (69-71). Aptamers
targeting viral glycoproteins have been developed as promising anti-viral agents
for both HIV and influenza virus (72-73). Thus, synthesized and selected aptamers
might represent another prospective prevention and therapeutic strategy against
coronavirus infection targeting the RBD of coronaviruses.

Function of the N-terminal domain of the coronavirus S
protein

The function of the NTD in the S1 subunit of coronaviruses has not been scrutinized
since more attention was given to the C-terminal domain (CTD), which contains the
RBD for most coronaviruses. The S1-NTDs of viruses belonging to the alpha, beta
and gammacoronavirus genera can act as lectins allowing binding to carbohydrate
receptors. Unlike MHV that evolved to bind to the CEACAM1 protein for entry,
the spike proteins of the betacoronaviruses HCoV-OC43 and Bovine coronavirus
(BCoV) recognize N-acetyl-9-O-acetylneuraminic acid (Neu5,9Ac2) carbohydrates
with a binding preference for a-2,6 linked Neu5,9Ac2 and a-2,3 linked Neu5,9Ac2,
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respectively (74-75). In addition, the NTD of the gammacoronavirus IBV was
identified as a lectin required for binding to chicken respiratory tract tissues in
an a-2,3-sialic acid-dependent way (76). For the alphacoronavirus TGEV, it was
postulated that the sialic acid binding activity located in the S1-NTD was related to
its enteropathogenicity (77). TGEV initiates its infection by binding to its species-
specific protein receptor APN, but its S1-NTD recognizes N-glycolylneuraminic
acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac) (78-79). The virus PRCV, a
spike mutant of TGEV containing a deletion of the NTD, fails to bind sugars and has
an altered tissue tropism only infecting respiratory tissues (80). A similar situation
is seen for the two pathotypes of FECV and FIPV with enteric and macrophage
tropism, respectively. Type | FECV UCD strain showed sialic acids binding activity
(81) while some FIPV strains (e.g. UCD4, UCD5 and UCD8) have a deletion of the
S1-NTD with tropism switch from intestine epithelial cells to macrophages. It has
been suggested that the sialic binding capacity of the S1-NTD is required for virus
replication in the gut but can be missed once the virus changes its tropism to outside
the gut environment (12).

Structural studies on the S1-NTD may facilitate the understanding of coronavirus
evolution. Such studies have demonstrated that the coronavirus S1-NTD shares the
same fold with host galectins, but divergent evolution lead to the different binding
ability of this domain to different sugar receptors or even a protein receptor (for
example CEACAM1 receptor for MHV) (82-83). Differences in binding capacity
may indicate the selection process during coevolution in different hosts. In addition,
compared with the human host galectins, viral lectins displayed hidden sugar binding
sites that are not easily accessible to host antibodies and immune cells, which may
be an evolutionary advantage for coronaviruses (84).
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S1 protein microarray assay, a reliable and
fast way for diagnosis (Chapter 4)

Crucial to the containment of a new, emerging virus epidemic is the rapid development
of diagnostic assays to identify the infected individuals or the virus reservoir. Within
two weeks after identifying the sequence of MERS-CoV, the Drosten lab developed
and published a protocol for the detection of viral RNA by real-time reverse
transcription polymerase chain reaction (RT-PCR) for which materials were made
available to many labs in the world (85). Moreover, they also developed a protocol
for detection of virus-specific antibodies based on whole cell immunofluorescence
assay (IFA) (86). The reliability of these diagnostic assays depends on their sensitivity
and specificity. Cross-reactivity with related viruses can lead to false-positive results
whereas positive cases may be missed if the assay is not sensitivity enough.

In Chapter 4, we developed a serological assay based on expressed and purified
recombinant S1 receptor binding subunits (87). The spike protein, particularly the
S1 subunit, is the major antigenic determinant for coronaviruses which contains the
maijority of neutralizing epitopes and is highly immunogenic upon infection or after
immunization. Therefore, the S1 subunit is a potentially ideal antigen to develop a
serological diagnostic method (88-91). Furthermore, compared to other immunogenic
viral proteins, the S1 subunit displays the highest sequence diversity across different
coronavirus species (92-93). These antigen characteristics are crucial to develop
a sensitive and specific serological assay. In an earlier immunological study, the
fragment consisting of amino acids 441-700 of SARS-CoV S protein has been
identified as a major immune antigen, which could serve as a useful tool to monitor
the antibody response from suspected SARS patients (92). In a recent study on
the antigenic relationship of PEDV and TGEV, cross-reactivity was not observed
for antibodies against the S protein but the N-protein contained at least one cross-
reactive epitope. (94). Indeed, in our S1-based serological assay, no cross-reactivity
was seen for the related betacoronaviruses MERS-CoV and SARS-CoV in the
detection of virus-specific IgM and IgG antibodies (87).

The glycan-array set-up of the serological assay used in our study is feasible
for high-throughput applications allowing the analysis of large numbers of sera
simultaneously. Moreover, only tiny amount of antigens and sera are required
which is of importance when analyzing sera of animals. The coronavirus S1-based
microarray has been successfully exploited by Reusken et al in the search for the
MERS-CoV animal host by analyzing sera from livestock in the Middle-East region
leading to the identification of the dromedary camel as the zoonotic reservoir of
MERS-CoV (7, 31, 95).
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DC-SIGN usage, not sufficient to switch cell
tropism of FECV to FIPV (Chapter 5)

The origin of FIPVs has been debated for years, but evidence accumulates that
FIPVs emerge as virulent variants of FECVs (10, 12, 96). The most accepted
hypothesis named the internal mutation theory postulates that FIPVs arise from
FECVs by the acquisition of mutation(s) during virus replication, which confers to the
virus the ability to efficiently infect macrophages (12). This hypothesis is supported
by several observations. One is that FECV and FIPV strains isolated from the same
cat shelter were genetically very closely related, while significant genetic variation
existed between FECVs and FIPVs that were from different geographic areas (12).
In addition, there is no evidence for horizontal transmission of FIPV from cat to cat
(97).

Acquisition of macrophage tropism is a hallmark that functionally distinguishes FIPV
from FECV strains (98). FECVs preferentially replicate in intestinal epithelial cells
while FIPVs exhibit a preference to infect macrophages and monocytes (10-11, 99-
103). Type | FIPV was shown to infect macrophages by recruiting DC-SIGN as a
receptor (104). Whether type | FECV has an inherent capacity to utilize DC-SIGN for
entry or acquires this capacity during the FECV to FIPV transition was still unknown.
In Chapter 5, our study demonstrated that adaptation of type | FECV to DC-SIGN-
expressing cells could be attributed to the acquisition of the mutation D371H into
the S1 binding subunit, but this adaptation was not sufficient to enable replication
capacity in macrophages, suggesting that more mutations may be needed for the
successful transition from FECV to FIPV pathotype.

Whitaker et al demonstrated that the loss of an intact furin cleavage site at the S1-
S2 junction of the S protein is correlated with the observed cell tropism change of
FECV to FIPV. Sequence analyses of a number of FECV and FIPV strains indicated
that all FECVs contain an intact furin cleavage site at the S1-S2 junction of their S
protein whereas 64% of FIPVs have lost this furin cleavage site (105). Our study on
the FECV serotype | strain, described in chapter 5, also implied that impaired furin
cleavage of the S protein correlates with more efficient entry of DC-SIGN expressing
cells. The proteolytic requirements of S protein fusion activation of FCoVs may
hence also somehow determine cell tropism and pathogenicity.

Transition to the lethal pathotype FIPV may also require mutations in the S2
subunit. Research based on the serotype Il FECV strain 79-1683 and FIPV strain
79-1146, indicated that mutations in the S2 subunit of the S protein were vital for
gaining macrophage tropism (98). Sequence comparison of the spike genes of
feline coronaviruses from serotype | FECV and FIPV infected cats revealed the
occurrence of two mutations (M1058L and S1060A) in the S2 subunit of the S protein
that together make a distinction between FECV from FIPV in >95% of the cases.
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Chang et al hypothesized that these two mutations, perhaps in combination with
other mutations, may be responsible for the cell tropism switch (106). Since the S2
subunit mediates membrane fusion, the crucial step for cell tropism switch might be
the fusion function of viral membrane with macrophage membrane (106).

The ftransition from FECV to FIPV was postulated to be influenced by the
immune status of FECV-infected cats. Immunosuppression induced by feline
immunodeficiency virus (FIV) infection in cats co-infected with FECV increased the
chances for these cats to develop FIP (107). In FIV positive cats, FCoV titers in
faeces were 10 to 100-fold higher while virus shedding lasted longer and induction
of antibodies was delayed and reaching lower titers as compared to control cats
(96). The immunosuppression status likely supports the replication of FECV which
may increase the emergence of mutations. To exclude a direct role of FIV, it would
be interesting to study the effects of immune suppression induced by alternative
methods such as by using immune suppressive agents.

To further clarify the molecular mechanism of the observed cell tropism change of

feline coronaviruses, the phenotype of these mutations in the virus context should be
investigated using a reverse-genetics system.
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Concluding remarks

Knowledge on the receptor usage of coronaviruses will shed light on the biology of
coronaviruses and provide a theoretical basis for the development of prevention and
therapeutic strategies. In this thesis, we investigated the receptor interactions of two
coronavirus species, MERS-CoV and FCoV.

In the study of MERS-CoV, we identified DPP4 as a functional receptor and mapped
the receptor binding domain within the S1 subunit of the S protein. Because of its
high immunogenicity and sequence diversity, the S1 subunit of the S protein was
used to setup a serological microarray. This tool was instrumental in the identification
of the zoonotic reservoir for MERS-CoV, which appeared to be the dromedary camel.
The high level of sequence homology between the human and camel DPP4 domains
interacting with the MERS-CoV spike at least partially explains the successful
transmission of MERS-CoV from dromedary camel to humans. However, human-
to-human transmission appears inefficient indicating that other factors (e.g. DPP4
receptor expression along the respiratory tract) may determine the efficiency of virus
transmission. The receptors for several coronaviruses have not been identified yet.
Intriguingly, of the four protein receptors thus far identified for coronaviruses, three
are proteases; yet the reason for this preference is still a mystery. Identification of
novel receptors and further study of known receptors of coronaviruses may help to
answer these questions.

For FCoVs, we demonstrated that the capacity of an enteric feline coronavirus to
use DC-SIGN for cell entry could be achieved by the acquisition of mutations in the
S1 subunit, but the mechanisms involved are not understood. In addition, the key
determinants for the FECV to FIPV transition are still under debate. More research is
needed to uncover the underlying mechanism for this virus pathotype change.
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English summary

Infectious diseases caused by virus infections account for a significant part of
public health problems, with consequent economic losses. Viruses are ubiquitous
in nature causing disease in animals and humans. Coronaviruses, the viruses of
study in this dissertation, are pathogens that can infect birds and mammals. The
first identified coronavirus was the infectious bronchitis virus (IBV), the etiologic
agent of infectious bronchitis in poultry flocks. Since then coronaviruses have been
detected in numerous avian and mammalian species generally causing respiratory
and gastrointestinal infections. In humans coronaviruses have been identified as
causative agents of the common cold. However, coronavirus infection may also lead
to severe disease in humans, exemplified by the zoonotic, severe acute respiratory
syndrome coronavirus (SARS-CoV) that caused a world-wide epidemic in 2002-
2003.

Coronaviruses are enveloped viruses and their corona-like morphology originates
from the protrusion of trimers of the large envelope protein Spike (S) from the virion
surface. The S protein, a type | membrane protein, can be divided into two subunits -
S1 and S2 - that display distinct functions. Coronavirus infection starts with the virus
contacting the receptor molecules present on the host cell surface through their S1
subunit which is followed by fusion of the viral membrane with the cell membrane
mediated by the membrane-anchored S2 subunit. The receptor molecules that are
exploited by coronaviruses can be proteins such as the angiotensin-converting
enzyme 2 (ACE2) for SARS-CoV, or sugar moieties such as sialic acids for HCoV-
0OC43.

The entry of coronaviruses depends on the specific binding of the spike proteins
with their cognate receptors on the host cell, which can be viewed as a key (spike)
and lock (receptor). The specific interaction of spikes with the receptors determines
the virus’ cell, tissue and host tropism, and further influences the pathogenesis of
viral infections. Changes in the receptor binding region of the spike protein that
occur during replication of viral RNA genomes may result in the recruitment of new
receptors and adaptation to a new host or a different cell type. These changes in
host and cell tropism may lead to infection with different, potentially lethal outcome.

The zoonotic SARS coronavirus likely evolved to infect humans by a number of
changes in the spike protein that allowed the efficient interaction with the human
ACE2 receptor. Ten years after the SARS outbreak, a new zoonotic coronavirus
emerged in Saudi Arabia, named Middle East respiratory syndrome coronavirus
(MERS-CoV). MERS-CoV causes a severe and often lethal respiratory infection in
humans, reminiscent of that of SARS. However, MERS-CoV does not enter cells
via ACE2, the receptor for SARS-CoV. In a collaborative effort with scientists of the
Erasmus Medical Centre in Rotterdam we identified the cell surface protein DPP4 as
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the receptor for the MERS coronavirus (Chapter 2). Based on the specific interaction
between the receptor binding subunit S1 of the S protein and the receptor, we
precipitated dipeptidyl peptidase 4 (DPP4) from the cell lysate of susceptible cells.
Further studies demonstrated that DPP4 is indeed a functional receptor for MERS-
CoV since overexpression of DPP4 in non-susceptible cells endowed binding of
the S1 subunit and susceptibility to virus infection. Furthermore, by tissue staining,
MERS-CoV infection was localized to the non-ciliated cells of human bronchiolar
epithelia that express DPP4, consistent with the clinical symptoms. The identification
of a functional receptor for MERS-CoV turned out to be a key finding to understand
how this coronavirus can cross species borders.

In the receptor recognition process, coronaviruses bind to receptors via their
independently folded receptor binding domain (RBD) localized within S1 subunit.
Previous studies with other coronaviruses demonstrated that the RBD comprises the
main B-cell epitopes that induce potent neutralizing antibodies. Thus, identification
of the RBD of MERS-CoV could facilitate the development of prevention and
therapeutic strategies for MERS-CoV. In Chapter 3, we mapped the putative RBD
regions to the N- and C-terminal domains of S1, based on the location of the RBD
of two other coronaviruses of the betacoronavirus genus, MHV and SARS-CoV. We
expressed variant recombinant S1-Fc chimera’s with N and C-terminal truncations
encompassing the S1 N- and/or C-domain and used these proteins in a receptor pull-
down assay and FACS cell binding analysis. The RBD of MERS-CoV was mapped
to the C-domain (residues 358 to 588) of the MERS-CoV S protein. In contrast to the
N-terminal domain (residues 1-357), antibodies raised against the RBD were highly
efficient in neutralizing MERS-CoV infection.

The S1 subunit of the coronavirus S protein is highly immunogenic and displays a
high sequence diversity across different coronavirus species. As such the S1 antigen
was considered as a potentially ideal antigen candidate for the development of a
robust and specific serological diagnostic method for coronaviruses. In Chapter 4,
a serological assay was developed in collaboration with scientist from the RIVM
using recombinantly expressed and purified S1 subunits of SARS-CoV and MERS-
CoV as antigens. These S1-based serological assay showed high specificity in the
detection of antibodies against these human coronaviruses and was later found
to be of great value in the identification of the dromedary camels as the zoonotic
reservoir of MERS-CoV as well as for the study of the MERS-CoV epidemiology in
humans and animals.

Feline coronaviruses are hypothesized to undergo a pathotype switch by mutation,
changing from a clinically mild or asymptomatic, enteric infection to a fatal, systemic
infection. Recruitment of novel receptors might be one of the underlying mechanisms
for this phenomenon. The receptors for type | enteric FCoVs have not been identified
yet. The DC-SIGN molecule has been demonstrated to function as a receptor for
the systemically replicating, macrophage-tropic FIPV strains. These cell surface
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molecules are presentonimmune cells including macrophages, butnoton enterocytes,
the primary target cell of the enteric form (FECV) of type | FCoVs. In Chapter 5 we
probed the question whether FECV has already the inherent ability to recruit DC-
SIGN as a functional receptor or whether the virus requires adaptation towards this
FIPV-receptor during the pathotype switch (Chapter 5). Our results showed that type
| FECV UCD strain can recruit DC-SIGN to some extent for virus entry in a cell type
dependent manner. Passaging of the virus in DC-SIGN expressing cells conferred
increased infection capacity in DC-SIGN expressing cells, which correlated with a
mutation in the receptor binding subunit of the virus’ S protein. However, the ability
of the cell-adapted virus to recruit DC-SIGN as a receptor appeared not sufficient for
acquiring macrophage tropism. Thus, the cell tropism switch of type | FCoVs from
enterocytes to macrophages is not determined by DC-SIGN usage alone but also by
other factors that need to be determined in the future.

Coronavirus infection of the host cell is largely determined by the specific interactions
between the spike protein and the receptor. Receptor interaction is hence considered
as the main determinant for the tropism of the virus. Our studies on the functional
receptors of coronaviruses will help to clarify the coronavirus entry mechanism and
may aid in understanding the cell, tissue and host tropism switches of coronaviruses
that can lead to new (zoonotic) severe diseases. Moreover, the acquired knowledge
on the function of the coronavirus S protein can be translated into prevention and
therapeutic strategies against coronavirus infection.
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Nederlands samenvatting

Infectieziekten veroorzaakt door virussen zijn verantwoordelijk voor een belangrijk
deel van de volksgezondheidsproblematiek. Virussen die ziekte veroorzaken
zijn wijdverspreid onder mensen en dieren. Coronavirussen - de virussen die
in dit proefschrift bestudeerd worden - kunnen ziekte veroorzaken bij vogels en
zoogdieren, inclusief de mens. Het eerst geidentificeerde coronavirus was het
infectieuze bronchitis virus (IBV), het etiologisch agens van infectieuze bronchitis in
pluimvee. Sindsdien zijn er vele coronavirussen gevonden in vogels en zoogdieren;
ze veroorzaken veelal respiratoire en gastro-enterale infecties. Coronavirusinfecties
leiden bij mensen doorgaans tot een gewone verkoudheid. Coronavirussen kunnen
echter ook ernstige ziekte veroorzaken bij mensen. Het ‘severe acute respiratory
syndrome’ coronavirus (SARS-CoV) dat in 2002-2003 een wereldwijde epidemie
veroorzaakte is daarvan een indringend voorbeeld.

Coronavirussen zijn membraan-omhulde virussen. Hun corona-achtige morfologie
wordt veroorzaakt door grote, trimere complexen van het Spike (S) glycoproteine op
het virion opperviak. Het S eiwit is een type | membraan eiwit en is onderverdeeld in
twee subunits — S1 en S2 — met onderscheiden functies. Coronavirusinfectie begint
met binding aan het receptor molecuul op het opperviak van de gastheercel via
het S1 subunit gevolgd door fusie van het virale membraan met het celmembraan,
een proces dat wordt gemedieerd door het membraan-verankerde S2 subunit.
De receptoren gebruikt door coronavirussen kunnen bestaan uit eiwitten (b.v.
het angiotensin-converting enzym 2 [ACE2] voor SARS-CoV) ofwel suikers (b.v.
siaalzuren voor het huimane coronavirus OC43 [HCoV-OC43]).

Het binnendringen (“entry”) van coronavirussen in cellen is afhankelijk van de binding
van de spike eiwitten aan hun specifieke receptoren op de gastheercel. De ‘sleutel-
slot’ interactie tussen de gastheer-receptor en het virale receptor bindende eiwit is
cruciaal voor het vermogen c.q. de specificiteit van virussen om cellen, weefsels en
gastheren te infecteren. Veranderingen in het receptor-bindende domein van het
spike eiwit die optreden tijdens de genoom-replicatie van RNA-virussen kunnen
leiden tot het rekruteren van nieuwe receptoren met als gevolg de aanpassing van
het virus aan een ander celtype of zelfs een nieuwe gastheer. Deze veranderingen in
cel- en gastheertropisme van het virus kunnen leiden tot een heel ander type infectie
c.q. ziektebeeld met soms dodelijke afloop.

Het van oorsprong animale SARS coronavirus heeft zich waarschijnlijk aan mensen
aangepast na een aantal wijzigingen in het spike eiwit die een meer efficiénte
interactie met de humane receptor ACE2 receptor mogelijk maakten. Tien jaar na de
SARS-uitbraak dook er in 2012 een nieuw, zodnotische coronavirus op in Saoedi-
Arabié, het Middle East respiratory syndrome coronavirus (MERS-CoV). MERS-CoV
veroorzaakt bij de mens een ernstige en vaak dodelijke infectie van de luchtwegen,
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vergelijkbaar met SARS. Echter, MERS-CoV maakt geen gebruik van ACE2, de
receptor voor SARS-CoV. In samenwerking met wetenschappers van het Erasmus
Medisch Centrum in Rotterdam hebben wij het cel oppervlakte-eiwit dipeptidyl
peptidase 4 (DPP4) als de receptor voor het MERS-CoV geidentificeerd (hoofdstuk
2). Gebruikmakend van de specifieke interactie tussen het receptor-bindende S1
subunit van het S eiwit en de receptor, konden wij het DPP4 eiwit precipiteren uit een
cel-lysaat van MERS-CoV ontvankelijke cellen. Kunstmatige expressie van DPP4 in
niet ontvankelijke cellen maakte binding van het S1 subunit aan deze cellen mogelijk
en zorgde er voor dat deze cellen nu ontvankelijk werden voor MERS-CoV. Hiermee
was aangetoond dat het DPP4 een functionele receptor is voor MERS-CoV. MERS-
CoV infectie van menselijke bronchiolaire epitheel cellen co-localiseerde met de
DPP4-positieve, niet-gecilieerde epitheel cellen. De identificatie van een functionele
receptor voor MERS-CoV is belangrijk gebleken om te begrijpen hoe dit coronavirus
van dier naar mens kan overspringen.

Coronavirussen binden hun receptoren via een receptor bindings domein (RBD)
in het S1 subunit van het spike eiwit. Eerdere studies aan andere coronavirussen
lieten zien dat het RBD de belangrijkste B-cel epitopen bevat van neutraliserende
antilichamen. De identificatie van het RBD in het MERS-CoV S eiwit is daarom
van belang voor de ontwikkeling van preventie- en therapeutische strategieén
voor MERS-CoV. In hoofdstuk 3, hebben we de mogelijke RBD regio’s in de N- en
C-terminale domeinen van het S1 subunit gelokaliseerd, gebaseerd op de locatie
van de RBD van twee andere coronavirussen in het betacoronavirus genus, n.l.
muizenhepatitisvirus (MHV) en SARS-CoV. We hebben S1 varianten met deleties
van het N- of C-terminale domein geproduceerd en de interactie met de receptor
getestin een receptor precipitatie assay en een FACS-gebaseerde cel binding assay.
De RBD van MERS-CoV bleek gelokaliseerd in het C-terminale domein (aminozuur
358-588) van het MERS-CoV S eiwit. In tegenstelling tot het N-terminale domein
(aminozuur 1-357) bleken antilichamen opgewekt tegen het RBD zeer efficiént in
neutralisatie van de MERS-CoV infectie.

Het S1 subunit van het coronavirus S eiwit is zeer immunogeen en laat tussen de
verschillende coronavirus species een grote sequentiediversiteit zien. Door deze
twee eigenschappen is het S1 deel van het S eiwit een goed kandidaat antigeen voor
een robuuste en specifieke serologische test voor coronavirussen. In hoofdstuk 4 is
een dergelijke serologische test in samenwerking met wetenschappers van het RIVM
ontwikkeld. De test is gebaseerd op het gezuiverde S1 subunit van de S eiwitten van
SARS- en MERS-CoV. Deze test liet een hoge gevoeligheid en specificiteit zien in de
detectie van antilichamen tegen deze humane coronavirussen en is later gebruikt bij
de identificatie van de dromedarissen als het zodnotisch reservoir van MERS-CoV
en bij het bestuderen van de epidemiologie van het MERS-CoV bij mens en dier.

Kattencoronavirussen kunnen van pathotype veranderen, mogelijk als gevolg van
mutatie. Daarbij verandert de doorgaans milde of asymptomatische darminfectie in
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een fatale, systemische infectieuze peritonitis (FIP). Het onderliggend mechanisme
hiervan is onbekend, maar de acquisitie van nieuwe receptoren speelt hierbij
mogelijk een rol. De receptoren van de enteraal replicerende feliene coronavirussen
(FECV) zijn nog niet geidentificeerd. Voor de systemisch replicerende virussen
(FIPV) die macrofagen infecteren is het zgn. DC-SIGN molecuul aangetoond als een
functionele receptor. Deze cel oppervlakte moleculen zijn aanwezig op bepaalde
immuuncellen - zoals macrofagen - maar niet op enterocyten, wat de doelcellen
van FECV zijn. In hoofdstuk 5 hebben we onderzocht of FECV de capaciteit heeft
om DC-SIGN te gebruiken als een functionele receptor of dat er in de FECV-naar-
FIPV switch aanpassingen nodig zijn om deze FIPV receptor te kunnen rekruteren
(hoofdstuk 5). Onze resultaten toonden aan dat — afhankelijk van het celtype —
FECV (i.c. de serotype | UCD stam) DC-SIGN-positieve cellen kan infecteren. Het
passeren van het virus in DC-SIGN-positieve cellen leidde tot een geadapteerde
variant met een sterk toegenomen infectiviteit op DC-SIGN-positieve cellen, wat
correleerde met een mutatie in het S1 subunit van het S eiwit. Echter, het vermogen
van het aangepaste virus om DC-SIGN te rekruteren als functionele receptor bleek
niet voldoende voor het verkrijgen van een macrofaagtropisme. Hieruit blijkt dat de
cel tropisme verschillen tussen FECV naar FIPV niet (alleen) door aanpassing aan
DC-SIGN verklaard kunnen worden en dat verder onderzoek nodig is om hiervoor
een verklaring te vinden.

Coronavirusinfectie van de gastheercel wordt grotendeels bepaald door de
specifieke interacties tussen het spike eiwit en de receptor. Receptor interactie wordt
derhalve beschouwd als de belangrijkste determinant van het tropisme van het
virus. Studies naar de receptor interactie van coronavirussen kunnen inzicht geven
in het mechanisme van de cel, weefsel en gastheer tropisme veranderingen die
coronavirussen kunnen ondergaan. Bovendien is kennis over de receptor interactie
van het coronavirus S eiwit belangrijk bij de ontwikkeling van strategieén voor de
preventie en de therapie van coronavirusinfecties.
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