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ABSTRACT

Coronavirus spike (S) glycoproteins mediate receptor binding, membrane fusion, and virus entry and determine host range. Mu-
rine betacoronavirus (3-CoV) in group A uses the N-terminal domain (NTD) of S protein to bind to its receptor, whereas the
3-CoVs severe acute respiratory syndrome CoV in group B and Middle East respiratory syndrome CoV in group C and several
a-CoVs use the downstream C domain in their S proteins to recognize their receptor proteins. To identify the receptor-binding
domain in the spike of human (3-CoV HKUI in group A, we generated and mapped a panel of monoclonal antibodies (MAbs) to
the ectodomain of HKU]1 spike protein. They did not cross-react with S proteins of any other CoV tested. Most of the HKU1
spike MAbs recognized epitopes in the C domain between amino acids 535 and 673, indicating that this region is immunodomi-
nant. Two of the MAbs blocked HKU1 virus infection of primary human tracheal-bronchial epithelial (HTBE) cells. Preincuba-
tion of HTBE cells with a truncated HKU1 S protein that includes the C domain blocked infection with HKU1 virus, but preincu-

bation of cells with truncated S protein containing only the NTD did not block infection. These data suggest that the receptor-
binding domain (RBD) of HKU1 spike protein is located in the C domain, where the spike proteins of a-CoVs and 3-CoVs in
groups B and C bind to their specific receptor proteins. Thus, two 3-CoVs in group A, HKU1 and murine CoV, have evolved to
use different regions of their spike glycoproteins to recognize their respective receptor proteins.

IMPORTANCE

Mouse hepatitis virus, a 3-CoV in group A, uses the galectin-like NTD in its spike protein to bind its receptor protein, while
HCoV-0C43, another 3-CoV in group A, uses the NTD to bind to its sialic-acid containing receptor. In marked contrast, the
NTD of the spike glycoprotein of human respiratory 3-CoV HKU1, which is also in group A, does not bind sugar. In this study,
we showed that for the spike protein of HKU1, the purified C domain, downstream of the NTD, could block HKU1 virus infec-
tion of human respiratory epithelial cells, and that several monoclonal antibodies that mapped to the C domain neutralized vi-
rus infectivity. Thus, the receptor-binding domain of HKU1 spike glycoprotein is located in the C domain. Surprisingly, two
3-CoVs in group A, mouse hepatitis virus and HKU1, have evolved to use different regions of their spike glycoproteins to recog-

nize their respective receptors.

oronaviruses (CoVs) primarily cause respiratory and enteric
diseases in humans, animals, and birds, and some CoVs also
cause systemic diseases, including hepatitis or neurological dis-
eases (1). Since the 2002-2003 epidemic of severe acute respiratory
syndrome (SARS), intensive surveillance of humans and animals
has led to the discovery of numerous other CoVs (2, 3). Phyloge-
netically, CoVs now are divided into four genera, called the a-, B-,
v-, and 8-CoVs (4). Currently there are six CoVs known to infect
humans: two a-CoVs, 229E and NL63; two 3-CoVs in group A,
0OC43 and HKU1; one B-CoV in group B, SARS-CoV; and one
B-CoV in group C, Middle East respiratory syndrome coronavirus
(MERS-CoV), that currently is causing an epidemic with an
~30% fatality rate (5-12). While the first four of these human
CoVs circulate only in humans and predominately cause mild
respiratory diseases, SARS-CoV and MERS-CoV are zoonoses as-
sociated with episodically emerging epidemics of severe respira-
tory infection, including pneumonia, the acute respiratory dis-
tress syndrome (ARDS), and death in about 10% to 30% of cases
(12, 13).
The large spikes on the envelope of CoV virions consist of
trimers of the ~200-kDa spike (S) glycoprotein that bind to host-
specific receptors; mediate virus entry, tissue tropism, and host
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range; and can affect virus virulence. S protein is the target for
CoV neutralizing antibodies and is an essential component of
CoV vaccines and vaccine candidates. CoV S proteins are class I
viral fusion proteins, like influenza virus hemagglutinin (HA),
HIV Env, Ebola virus G, and paramyxovirus F glycoproteins (14).
CoV S proteins contain two subunits, called S1 and S2, which are
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separated by a protease-sensitive amino acid sequence. S1 deter-
mines the specificity of receptor binding, while S2 mediates mem-
brane fusion and virus entry. Specific host membrane proteins
have been identified as receptors for the S1 domains of various a-
and B-CoVs, and host-specific differences in a particular CoV
receptor protein can determine the viral host range (15-25). CoV
S1 proteins generally contain two important domains. The first is
the N-terminal domain (NTD) that contains the receptor-binding
site for murine 3-CoV mouse hepatitis virus (MHV) in group A
(19) and also binds to sialic acid-containing moieties on host cell
membranes for several a-CoVs, such as transmissible gastroen-
teritis coronavirus (TGEV) of swine (26), several B-CoVsin group
A, such as HCoV-0OC43 and bovine CoV (27), avian y-CoV, and
infectious bronchitis virus (IBV) (28). The second domain in S1 is
the C domain that lies downstream of the NTD and contains a
variety of receptor-binding motifs that recognize host-specific de-
terminants of aminopeptidase N (APN), angiotensin converting
enzyme 2 (ACE2), or dipeptidyl peptidase 4 (DPP4) proteins that
act as receptors for different CoVs (29). Identification of the re-
ceptor fora CoV and characterization of the domain of the viral S1
protein that binds to specific sites on its receptor can aid in devel-
opment of vaccines, elucidate how the CoV jumps from one host
to another, and help to elucidate the complex changes in the spike
glycoproteins during CoV evolution.

Human B-CoV HKU1 virus in group A first was discovered in
Hong Kong in 2004 (11) and subsequently has been found in
humans worldwide, where it accounts for about 0.9% (0 to 4.3%)
of acute respiratory infections (30, 31). It is estimated that the
majority of children have been exposed to HKU1 before age 6
(32). Although HKU1 infections generally result in mild upper
respiratory tract disease, occasionally HKU1 can cause severe re-
spiratory diseases, including pneumonia in very young children,
the elderly, and immunocompromised patients (33). Biological
studies of HKU1 were challenging initially because infectious vi-
rus could not be readily isolated from clinical specimens in con-
tinuous cell lines. The recent discoveries that HKU1 can be iso-
lated in primary, differentiated human tracheal bronchial
epithelial (HTBE) cells and human alveolar type II (ATII) cells
cultured at an air-liquid interface has expedited isolation and
characterization of this ubiquitous human CoV from human clin-
ical specimens (34-37). In this study, we used our newly generated
HKUI S protein-specific neutralization antibodies and N-termi-
nal or C-terminal truncated S1 proteins to determine the location
of the RBD of the HKUT S protein.

MATERIALS AND METHODS

Cell lines. Vero E6 (African green monkey kidney epithelial cell line),
MRC5 (human fetal lung fibroblast), HRT18 (human rectal tumor cell
line), MDCK (Madin-Darby canine kidney cell line), and 293T (human
embryonic kidney 293 cell line transformed with simian virus 40 [SV40]
large T antigen) were obtained from the ATCC (Manassas, VA). All of
these cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and 2% penicillin, strepto-
mycin, and fungizone (PSF) (Life Technologies Inc.). The LLCMK?2 cell
line, kindly provided by Lia Van der Hoek (Academic Medical Center of
the University of Amsterdam), was maintained in Opti-MEM1 with 10%
FBS and 2% PSF. Primary human tracheal/bronchial epithelial (HTBE)
cells were obtained from LifeLine Cell Technology (Frederick, MD) and
cultured and differentiated as previously reported (35). Briefly, HTBE
cells were grown in BronchiaLife complete medium (BronchiaLife basal
medium with BronchiaLife B/T LifeFactors; LifeLine Cell Technology,
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Frederick, MD) and plated on 12-well Corning transwells (collagen-
coated and permeable; 0.4 pm; St. Louis, MO) until confluence and then
switched to differentiation medium as previously described (35). Prior to
virus inoculation, HTBE cell cultures were maintained for 3 weeks in
differentiation media at an air-liquid interface to generate well-differen-
tiated, polarized cultures that resembled in vivo ciliated respiratory epi-
thelium.

Viruses. Isolation and propagation of HKU1 virus (number 21) in
HTBE cells have been described elsewhere (35, 37). Briefly, differentiated
HBTE cells at the air-liquid interface were inoculated on the apical surface
with 150 pl per insert of each clinical sample (primary isolate) diluted 1:10
in DMEM containing 1% bovine serum albumin fraction V (BSA) or with
a1:10 or 1:100 dilution of passage 1 (P1) virus stock generated from apical
washes of primary cultures from HBTE cells harvested at 48 or 72 h post-
inoculation (hpi). After 4 h of incubation at 34°C, the virus inocula were
removed, and the HBTE cells were maintained at an air-liquid interface.
Amplified viruses were harvested at 48 or 72 h postinoculation by rinsing
apical surfaces twice with 150 pl of DMEM plus 1% BSA. Human coro-
naviruses 229E and NL63, bovine coronavirus (BCoV) Mebus strain, and
MHYV A59 were propagated in MRC5, LLCMK2, HRT18, and 17Cl.1 cells,
respectively. The Urbani strain of SARS-CoV was kindly provided by W. J.
Bellini at the Centers for Disease Control and Prevention (Atlanta, GA)
and was propagated in Vero E6 cells. All work with infectious SARS-CoV
was performed in the biosafety level 3 laboratory at the University of
Colorado School of Medicine (Aurora, CO).

Constructs and plasmids. The full-length, codon-optimized geno-
type A HKU1 spike gene preceded by a Kozak sequence was synthesized by
GenScript (Piscataway, NJ) and cloned into pcDNA3.1(+) (Invitrogen)
between HindIII and Xbal sites for eukaryotic expression. To eliminate a
furin cleavage site and minimize cleavage between S1 and S2, both argi-
nine 759 and arginine 760 were mutated with alanine substitutions in the
HKU1 S, construct. HKU1 S, served as the template to make a C-termi-
nally truncated construct, HKU1-S_, (see Fig. 4), which expresses the
soluble ectodomain (amino acids [aa] 1 to 1283) with a linker (GGGGS)
and a C-terminal FLAG tag. A series of deletion constructs encoding
HKU1 S14-755, S14-673, S14-534, S14-443, S14-294, S$295-755, and
$295-673 were amplified using the following primer pairs: S14-755 Fwd,
ATCGCTAGCCGTCATAGGCGACTTCAACTG; Rev, ATCGGATCCG
AACTTGAACTTGATGATGGTGAG; S14-673 Fwd, ATCGCTAGCCGT
CATAGGCGACTTCAACTG; Rev, ATCGGATCCGATGGAAATATATT
GTATGTCTTGTTG; S14-534 Fwd, ATCGCTAGCCGTCATAGGCGAC
TTCAACTG; Rev, ATCGGATCCGATGTTTTGCACTGTATTTCACTA
AAG; S14-443 Fwd, ATCGCTAGCCGTCATAGGCGACTTCAACTG;
Rev, ATCGGATCCGAAGAAGAAGGATTATAGTTG; S14-293 Fwd, AT
CGCTAGCCGTCATAGGCGACTTCAACTG; Rev, ATCGGATCCGAG
CTGCAAGATCTGGGATCGTAG; S295-755 Fwd, ATCGCTAGCCAAA
TCCCTCCTTCCCAATACTG; Rev, ATCGGATCCGAACTTGAACTTG
ATGATGGTGAG; S310-673 Fwd, ATCGCTAGCCGTTAAGCCTGTGG
CTACGGTG; Rev, ATCGGATCCGATGGAAATATATTGTATGTCTTG
TTG. HKUI S,, was used as a template. The PCR products then were
inserted between Nhel and BamHI sites of plg (a kind gift of Michael
Farzan, Scripps Research Institute, Florida campus), which provides a
CD5 signal peptide before Nhel and human Fc tag after BamHI (38).
Constructions of plasmids encoding trimeric, plasma membrane-bound
SARS SA19 and MERS SA16 glycoproteins are described elsewhere (39,
40).

Protein expression and purification of HKU1 spike glycoprotein. To
express the soluble HKU1-S,, and truncated HKU1 S glycoproteins,
plasmids (50 g per T150 flask) were transfected into HEK 293T cells at 70
to 80% confluence using polyethylenimine (Polyscience Inc., War-
rington, PA). After 16 h, cells were washed once and refed with 293 serum-
free medium (HyClone, Logan, UT). Supernatants containing S.,, and
truncated S proteins were harvested at 40 h and 64 h posttransfection.
Soluble S proteins were purified by affinity chromatography using either
an anti-FLAG M2 bead column for HKU1-S,_,, or a protein G column for
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FIG 1 Binding of mouse monoclonal antibodies to HKU1 S. (A) IFA. HEK 293T cells expressing HKU1 S protein were fixed and stained with the indicated MAbs
(undiluted hybridoma supernatants), followed by FITC-conjugated goat anti-mouse IgG. The concentration of antibody in each undiluted hybridoma super-
natant was the following: mHKUS-1, 25 pg/ml; mHKUS-2, 6.0 pg/ml; mHKUS-3, 4.0 pg/ml; mHKUS-4, 12.4 pg/ml; mHKUS-5, 25 pg/ml; mHKUS-6, 6.8
pg/ml. The experiment was repeated at least 3 times. CTRL, control. (B) Western blot analysis. Lane 1, 1 pg of purified Fc-tagged S14-294aa protein; lane 2, 1 ug
of purified Fc-tagged 5295-755aa protein. The blots were probed with either HRP-conjugated goat anti-human IgG or the indicated MAbs (undiluted hybridoma
supernatants), followed by HRP-conjugated goat anti-mouse IgG. The experiments were done twice.

Fc-tagged truncated proteins, and the purified S proteins were detected by
Western blotting with either anti-FLAG M2 or anti-Fc antibody. The pu-
rity of each protein preparation was demonstrated by SDS-PAGE fol-
lowed by Coomassie staining, and the concentration of each protein was
calculated according to the following equation: protein concentration =
(OD value of the protein measured by Nanodrop at 280 nm)/(protein
extinction coefficient), where the coefficients were the following: (S1-Fc,
1.67; NTD-Fc, 1.62; C domain-Fc, 1.44).

Generation of monoclonal antibodies to HKU1-S_,, protein. Eight-
to 10-week-old BALB/c mice were immunized with 100 pg of HKU1-S,,,
protein with 100 pl of TiterMax gold adjuvant (Sigma-Aldrich, St. Louis,
MO) at days 0, 14, 28, and 42. Injections were alternated between subcu-
taneous and intraperitoneal routes, and the final injection was done with
HKUI-S,,, proteins with PBS instead of adjuvant. Three days after the
final boost, mice were euthanized, spleens were harvested, and spleno-
cytes were fused with myeloma cells to generate hybridomas that were
cloned. The supernatant medium of each hybridoma clone was screened
for the presence of antibody. Antibodies to HKU1 spike protein were
detected by enzyme-linked immunosorbent assay (ELISA), Western blot-
ting, and immunofluorescence assay (IFA).

Generation of rabbit polyclonal antibodies to HKU1-S,_,, protein.
Two rabbits (1811 and 1814) were prescreened as negative for the pres-
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ence of cross-reactive antibodies to the HKU1 spike glycoprotein in their
sera and were immunized with 100 pg of purified HKU1-S,_,, protein
with Freud’s complete adjuvant, followed by boosters at days 14, 42, and
56 (Open Biosystems, Huntsville, AL). Two weeks following the final
booster, sera were collected and total IgG was purified using a protein G
column. Antibodies to HKU1 spike protein were detected by ELISA,
Western blotting, and IFA.

ELISA. Immulon 2HB plates (Thermo, Rochester, NY) were coated
overnight with 0.5 pg per well of goat anti-human IgG. After blocking
with 3% BSA, plates were incubated overnight at 4°C with either pu-
rified truncated, Fc-tagged HKUI S proteins or 100 pl of culture su-
pernatants containing truncated, Fc-tagged HKU1 S proteins. After
washing, hybridoma supernatants containing MAbs or purified anti-
bodies serially diluted in PBS with 3% BSA were added to the wells and
incubated at room temperature (RT) for 1 h. Unbound MAb was re-
moved by washing, and MAb bound to the truncated, Fc-tagged S
proteins was detected by horseradish peroxidase-conjugated goat anti-
mouse Ig (Jackson ImmunoResearch, West Grove, PA) diluted 1:1,000
and incubated at room temperature for 1 h. After washing, 100 pl of
o-phenylenediamine dihydrochloride (OPD) (Sigma, St. Louis, MO)
was added to each well and incubated for 15 min. The reaction then
was stopped by addition of 2 M sulfuric acid. The optical density was
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TABLE 1 Summary of IFA, Western blotting, ELISA, and HKU1 virus neutralization studies of mouse monoclonal antibodies to HKUI S

glycoprotein
Antibody and assay mHKUS-1 mHKUS-2 mHKUS-3 mHKUS-4 mHKUS-5 mHKUS-6
IFA?
HKU1 S +4++ + ++ ++++ + +
SARS S and infection - — — — — _
MHYV S and infection - — - — — _
MERS S — — — — _ _
BCoV infection — — — — — _
229E infection — — — - — _
NL63 infection - — — — — _
Western”
S14-294aa ++++ — — — — _
$295-755aa + - - — — _
ELISAC
HKUTI Secto ++++ ++++ ++++ ++++ ++++ ++++
S14-755aa 44+ o+t 4+ + ++++ ++++ ++++
S14-673aa ++++ F++ ++++ e+ ++++ ++++
S14-534aa ++++ — - — — _
S14-443aa ++++ — — — — _
S14-294aa ++++ - - — — _
§295-755aa + ++++ ++++ ++++ ++++ ++++
$295-673aa + o+t 4+ + ++++ ++++ ++++
Neutralization? - ++++ +4+++ - — -

@ For IFA, +++ + indicates that the percentage of virus antigen-positive cells was equal to or greater than 20%; + + +, between 10 and 20%; + +, between 5 and 10%; +, between
1 and 5%; —, no positive cells. For HKU1 S, MHV S, SARS S, and MERS § infection, cells were transduced with plasmids encoding the membrane-anchored S proteins of these
viruses. For SARS, MHV, BCoV, 229E, and NL63 infection, cells expressing the appropriate virus receptor proteins were infected with the indicated virus.

b For Western blotting, ++ ++ indicates very strong signal; ++ =+, strong signal; + +, weak signal; +, very weak signal; —, no signal.

¢ For ELISA, + + + + indicates positive signal at 1:4,096 dilution of MAb or further; + + +, positive signal at dilution between 1:256 and 1:4,096; + +, positive signal at dilution
between 1:4 and 1:256; +, positive signal from undiluted or 1:4 dilution of hybridoma supernatant; —, no signal with undiluted hybridoma supernatant.

4 For neutralization, ++++ indicates greater than 100-fold inhibition of HKUT virus infection, corresponding to the amount of viral RNA detected by real-time PCR in released
virus at 48 hpi; +++, 10- to 100-fold inhibition; ++, 5- to 10-fold inhibition; +, 2- to 5-fold inhibition; —, no inhibition.

read on a BioTek Synergy HT plate reader (BioTek, Winooski, VT) at
492 nm.

IFA. The specificity of the MAbs was determined by IFA on cell cul-
tures that displayed spike proteins of various CoVs on their plasma mem-
branes. Cells transfected with plasmids encoding the spike glycoproteins
of CoVs MHV, NL63, SARS, MERS, or HKU1 or cells infected with CoV's
MHYV, NL63, SARS, BCoV, 229E, or HKU1 were washed twice with
DMEM or PBS and then fixed in 100% methanol for 20 min at —20°C. As
positive controls for expression of the CoV S proteins on the fixed cells,
the following antisera were used. MHV S protein was detected with poly-
clonal goat anti-MHYV S antibody AO4 ata 1:200 dilution; 229E and NL63
S proteins were detected with mouse monoclonal anti-NL63 S protein
antibody 165 (kind gift from Donna Ambrusino, MassBiologics, Boston,
MA) at 10 pg/ml; SARS S protein was detected using rabbit anti-SARS S
antibody IMG 636 (Novus, Littleton, CO) at 1:200 dilution; MERS S pro-
tein was detected using mouse monoclonal anti-FLAG M2 (Sigma, St.
Louis, MO) at 1:200 dilution; BCoV infection was detected using mouse
monoclonal antibody to MHV nucleocapsid protein (a kind gift from J.
Liebowitz, Texas A&M College of Medicine, Bryan, TX) at 10 pg/ml; and
HKU1 S protein was detected using rabbit 1814 polyclonal antibody to
HKUI S protein at a 1:100 dilution. Bound antiviral antibodies were vi-
sualized using the following fluorescein isothiocyanate (FITC)-conju-
gated secondary antibodies: rabbit anti-goat IgG, goat anti-mouse IgG, or
goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) at
1:200 dilutions. Immunolabeled cells were imaged using a Zeiss Axioplan
2 or Nikon Eclipse TE2000-U fluorescence microscope.

Real-time PCR. Real-time PCR was performed as previously de-
scribed by Kuypers et al. (41) using RNA ultrasense one-step quantitative
reverse transcription-PCR (qRT-PCR) from Invitrogen, with minor
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modifications (36). Briefly, viral RNA was extracted from 140 wl of virus-
containing apical wash using a BioRobot from Qiagen, and 10 pl of viral
RNA extract was mixed with 10 pl of master mix containing 0.8 pl of H,O,
1 pl of enzyme, 4 pl of 5X buffer, 0.2 pl of 10 wuM probe (ATAATCCCA
ACCCATRAG), 1 pl of 10 pM primer F1 (TGGTGGCTGGGACGATAT
GT), 2.5 pl of 10 wM each primer mix (F2, TTTATGGTGGTTGGAATA
ATATGTTG; F3, TGGCGGGTGGGATAATATGT; R1, GGCATAGCAC
GATCACACTTAGG; R2, GGCAAAGCTCTATCACATTTGG; and R3,
GAGGGCATAGCTCTATCACACTTAGG), and 0.5 ul of MgSO,. RT-
PCR was performed using a Roche LightCycler 480 under the following
conditions: 50°C for 15 min, followed by 95°C for 2 min and then 45 cycles
of 95°C for 15 s and 60°C for 30 s. To calculate the viral genome copy
number in the samples, serially diluted synthetic DNA fragment contain-
ing the sequence of positions 15348 to 15442 of the HKU1 genome was
used as the quantitative standard for real-time PCR.

Western blotting. Spike proteins on virions released into the super-
natant media over infected cells or purified spike proteins were analyzed
on 4 to 15% SDS-acrylamide gels and transferred to nitrocellulose mem-
branes. The blot was blocked with 5% nonfat milk for 1 h at room tem-
perature, and proteins were detected directly either with horseradish per-
oxidase (HRP)-conjugated goat anti-human IgG (Abcam, Cambridge,
MA) at a 1:2,500 dilution or with supernatant media over hybridomas
cloned from mice immunized with HKU1 S protein, followed by HRP-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch, West Grove,
PA) at a 1:5,000 dilution. The bands detected by antibodies were visual-
ized with chemiluminescence reagent plus (Perkin-Elmer, Boston, MA)
according to the manufacturer’s instructions.

Virus neutralization assay. To assess the ability of mouse MAbs to
HKUTI S to neutralize the infectivity of HKU1 virus, the MAbs were incu-
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FIG 2 Inhibition of HKU1 virus entry by mouse MAbs to HKU1 S protein.
The HKU1 virus was incubated with either human IvIg (10 mg/ml) or undi-
luted hybridoma supernatants of the indicated mouse MAbs for 30 min at
37°C, and then virus-antibody mixtures were incubated on apical surfaces of
differentiated HTBE cells for 4 h. After removing the inocula, cells were
washed and then incubated for another 48 h. Infected cells were detected by
IFA with polyclonal rabbit 1814 anti-HKU1 S antibody (A), and RNA from
released viruses from apical washes at 24 and 48 h postinoculation were ana-
lyzed by real-time PCR (B). No Ab, 1% BSA but no antibody; Ivlg, human IvIg
at 10 mg/ml; mHKUS-1 to mHKUS-6, hybridoma supernatant antibody. ND,
not detected. *, P < 0.05. Experiments were done at least twice; one represen-
tative is shown.

bated with a 1:100 dilution of passage 1 or passage 3 of HKU1 virus for 30
min at 34°C, and then the virus-antibody mixtures were inoculated onto
the apical surface of differentiated HTBE cells and incubated for 4 h at
34°C. After removal of the virus-antibody mixture, the apical surfaces of
the cells were washed twice with DMEM plus 1% BSA to remove unbound
virus, followed by a third wash with 150 wl of DMEM plus 1% BSA that
was collected for RT-PCR analysis at the 4-h time point. Cells again were
washed once with 150 pl of DMEM plus 1% BSA at 24 h and 48 h post-
inoculation. Cells were fixed at 48 h postinoculation and assayed for
HKUI1 infection by IFA using rabbit 1814 polyclonal anti-HKU1 S anti-
bodies.

Blockade of HKU1 virus entry by preincubation with soluble HKU1
S proteins. Differentiated HTBE cells were incubated with various
amounts of soluble, truncated HKU1 S proteins for 1 h at 37°C. Passage 1
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FIG 3 Dose-dependent inhibition of HKUI1 virus entry by antibodies
mHKUS-2 and mHKUS-3. Inhibition experiments were performed as described
for Fig. 2 using the given amount of purified antibodies. (A and C) IFA; (Band D)
real-time PCR analysis. (A and B) Viruses from passage 1; (C and D) viruses from
passage 3. No antibody, 1% BSA but no antibody. mHKUS-1 and mHKUS-5
served as negative controls at concentrations of 100 pg/ml. Experiments were
repeated at least twice, and one representative is shown. ND, not detected.

September 2015 Volume 89 Number 17


http://jvi.asm.org

A

Receptor-Binding Domain of Human Coronavirus HKU1

1356312345678

1‘ RRKRR@
1< 51 "< 52
HKUI § FL M
| o RRK g 0 e 250 -
HKUI Secto  [2NID T gl
150 -
) 1 755 Linker- i - -4
Sl e —T— (GGGGs) 10 100 -
: 14 67 757
$14-673a
14 534,
Sl4-534aa I ryre— 50
14 443,
St T TTT— 37+
S14-2942a |14 294
(NTD-Fc) 205 755
S295-755aa (C-domain-Fc) [ Cdoman ] Fc tag

|3l0 673|

$310-673aa

FIG 4 Western blot analysis of N-, C-, or both terminal truncations of HKU1 S proteins. (A) Schematic diagram of N-, C-, or both terminal truncations of HKU1
S proteins. The truncated proteins with C-terminal Fc tags were purified and detected by HRP-conjugated goat anti-human IgG. The amino acid positions are
indicated relative to those of wild-type HKU1 S protein. NTD, N-terminal domain; CTD, C-terminal domain; TM, transmembrane domain; linker GGGGS,
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in a 4 to 15% SDS-PAGE and transferred to nitrocellulose membranes. The blots were probed with HRP-conjugated goat anti-human IgG antibody. Lane 1,
S14-755; lane 2, S14-673; lane 3, S14-534; lane 4, S14-443; lane 5, S14-294; lane 6, S295-755; lane 7, $310-673; lane 8, mock-transfected control. Lanes 1 to 6 were
blotted with undiluted hybridoma supernatants (Sups), and lane 7 was blotted with a 10-fold concentrated hybridoma supernatant. Experiments were done three

times, and one representative is shown.

amplified HKU1 virus then was diluted into an equal volume of each
HKU1 S protein and inoculated onto the apical surface of HTBE cells.
After 4 h of incubation at 34°C, the virus-protein mixture was removed
and cells were washed twice with DMEM plus 1% BSA, followed by a third
wash with 150 pl of DMEM plus 1% BSA that was collected for RT-PCR
analysis of viral RNA in released virus at the 4-h time point. Cells again
were washed once with 150 pl of DMEM plus 1% BSA at 24 h and 48 h
postinoculation, fixed at 48 h postinoculation, and assayed for infection
by immunofluorescence as described above.

RESULTS

Characterization of MAbs to HKU1 S protein antibodies. We
generated a panel of mouse monoclonal antibodies (MAbs) to
purified, soluble trimeric FLAG-tagged HKU1-S,,, protein. Six
MAbs, called mHKUS-1, mHKUS-2, mHKUS-3, mHKUS-4,
mHKUS-5, and mHKUS-6, with high affinity to purified HKU1-
Secto N ELISA, were selected for further study by immunofluores-
cence assay (IFA) and Western blot analysis. As shown in Fig. 1A
and Table 1, 293T cells transiently expressing HKU1 S protein and
fixed with methanol were strongly recognized by IFA with MAbs
mHKUS-1 and mHKUS-4. In contrast, mHKUS-2, mHKUS-3,
mHKUS-5, and mHKUS-6 bound less strongly to cells expressing
S protein (Fig. 1A and Table 1). None of the six selected anti-
HKUI1-S MAbs cross-reacted with any of the S proteins from
B-CoVs mouse hepatitis virus (MHV), bovine coronavirus
(BCoV), SARS-CoV, or MERS-CoV or from the human «-CoVs
229E and NL63 (Table 1).

We next tested whether any of the 6 MAbs could recognize
purified, truncated, and denatured HKU1 S proteins by Western
blotting. The mHKUS-1 antibody bound strongly to purified S14-
294aa by Western blotting and bound very weakly, but consis-
tently slightly above background levels, to $295-755aa (Fig. 1B).
None of the 5 other MAbs showed any significant level of binding
to truncated HKU1 S proteins or S proteins of other CoVs by
Western blotting (Fig. 1B and data not shown).

Effects of monoclonal antibodies on virus entry and release.
We next evaluated whether any of the 6 MAbs to HKU1 S protein
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were able to inhibit entry of HKU1 virus into HTBE cells. As we
previously showed (36), human intravenous immunoglobulin
(Ivlg) at 10 mg/ml effectively neutralized the infectivity of HKU1
virus from a clinical isolate and prevented infection of primary,
differentiated HTBE cells (Fig. 2A and B), indicating that pooled
human sera contain antibodies that can neutralize HKU1. Incu-
bation of HKUI virus with hybridoma supernatant containing
mHKUS-2 strongly neutralized HKU1 virus infection of HTBE
cells, and mHKUS-3 antibody also reduced HKU1 virus entry
(Fig. 2A). None of the 4 other HKU1 S MAbs had virus neutraliz-
ing activity detected using IFA.

To further evaluate the effect of the MAbs on HKU1 virus entry
and infection, we also used real-time PCR to quantitate the yield of
viral RNA from virions released from HTBE cells inoculated with
MAb-virus mixtures. Released virus in apical washes was collected
at 24 and 48 hpi, and viral RNA was extracted and quantitated by
real-time PCR. Figure 2B shows that mHKUS-2 antibody reduced
the yield of RNA from virus released from HTBE cells by over
20,000-fold and over 2,000-fold relative to the no-MADb control at
24 and 48 hpi, respectively. By 24 hpi, supernatant containing
mHKUS-3 had reduced virus release by over 1,700-fold, but by 48
hpi, virus RNA in supernatant had increased significantly and was
only about 10-fold less than that of the no-antibody control. The
mHKUS-4 antibody caused an over 80-fold reduction on virus
RNA release at 24 hpi but had no effect on virus RNA release by 48
hpi. Thus, although neutralization of HKU1 virus infectivity by
MAbs mHKUS-2, -3, and -4 was detectable at 24 h, apparently
small amounts of virus that escaped neutralization were able to
catch up and spread through the cultures by 48 h, most likely
because the continuous presence of inhibitory antibody could not
be sustained on the apical cell membrane, as it was maintained at
an air-liquid interface. The MAbs mHKUS-1, -5, and -6 showed
no virus neutralization activity at 24 or 48 hpi (Fig. 2B).

To further evaluate the virus-neutralizing activities of MAbs
mHKUS-2, -3, and -4, we used purified mHKUS-2, -3, and -4
MADs to determine the concentration of antibodies required for
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FIG 5 Mapping of epitopes of MAbs to HKUT1 S protein. (A) ELISAs were performed using supernatant containing the indicated proteins. Ctrl Ab, negative-
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performed using purified proteins and purified antibodies. The experiments were done twice, and one representative is shown.

effective inhibition of virus entry. Purified mHKUS-1 and
mHKUS-5 antibodies at 100 pg/ml and mHKUS-4 antibody at 1
pg/ml, 10 pg/ml, and 100 pg/ml did not block HKU1 virus entry
and production compared to the no-antibody control (Fig. 3A
and C). In contrast, HKU1 virus was completely neutralized by
mHKUS-2 and mHKUS-3 antibodies at a concentration of 100
pg/ml (Fig. 3A and C), and virus RNA release at 24 h and 48 h pi
was below the level of detection (Fig. 3B and D). When the anti-
body concentration of mHKUS-2 and mHKUS-3 was reduced to
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10 pg/ml, a few sporadic infected cells were observed by IFA at 48
hpi (Fig. 3A), and at 24 hpi virus RNA release was below the limit
of detection. However, mHKUS-2 antibody concentrations of 1
pg/ml and 0.1 pg/ml did not significantly reduce virus entry or
release of viral RNA (Fig. 3A and B), whereas mHKUS-3 antibody
ataconcentration of 1 pg/ml markedly reduced the release of viral
RNA (Fig. 3C and D). These results indicate that antibody
mHKUS-2 ata concentration of 10 pg/ml, but not at 1 pg/ml, can
effectively neutralize HKU1 virus and block virus entry and release
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of virions, whereas antibody mHKUS-3 can effectively neutralize
HKUI virus at a concentration of 1 pg/ml.

Mapping the location of the neutralization epitopes of
mHKUS-2 and mHKUS-3 MAbs. To determine where on HKU1
S protein the epitopes recognized by neutralizing MAbs
mHKUS-2 and mHKUS-3 are located, we engineered a series of
plasmids that encode soluble, human Fc-tagged HKU1 S proteins
with either N-terminal truncation (S295-755aa), C-terminal
truncations (S14-755aa, S14-673aa, S14-534aa, S14-443aa, or
S14-294aa), or both N- and C-terminal truncations (§310-673aa)
(Fig. 4A). The sites selected for these N-terminal or C-terminal
truncations were selected based on the alignment of HKU1 S pro-
tein with other CoV S proteins with known receptor-binding
domains. All but two of the truncated HKU1 S proteins were ex-
pressed well in 293T cells (Fig. 4B). The S14-673aa and the S310-
673aa proteins were considerably less stable than the other trun-
cated S proteins, so it was necessary to use 10-fold-concentrated
supernatants for Western blot and ELISA analysis (Fig. 4B).

Although all of the MAbs to HKU1 S recognized the full-length
HKUI S1 domain (S14-755aa) and the nearly full-length S1 do-
main, S14-673aa, in ELISA (Fig. 5), several MAbs behaved slightly
differently. For example, although mHKUS-1 and mHKUS-6
bound similarly to S14-755, antibody mHKUS-1 bound to S14-
673aa protein significantly better than mHKUS-6 (Fig. 5A). These
data suggest that the epitope recognized in S14-673aa has a slightly
different conformation than that in S14-755aa.

Only MAb mHKUS-1 bound to S14-534aa, suggesting that the
epitopes for antibodies mHKUS-2 through mHKUS-6 are located
between amino acids 535 and 673 of HKU1 S protein and that the
mHKUS-1 epitope likely lies between S14-534aa (Fig. 5A). To
further delineate the epitope recognized by MAb mHKUS-1, we
tested its ability to recognize the smaller S14-443aa and S14-294aa
truncated S proteins and found that MAb mHKUS-1 bound to
both. Therefore, the epitope recognized by mHKUS-1 likely is
located within S14-294aa, which contains the N-terminal domain
(NTD) of B-CoVs (Fig. 5A). In support of this conclusion,
mHKUS-1 showed minimal binding to S295-673aa and S295-
755aa (Fig. 5A).

To compare the binding affinities of the MAbs to HKU1 S
proteins, we performed ELISAs using purified S14-294aa and
$295-755aa proteins with purified MAbs. Figure 5B shows that
only mHKUS-1 antibody recognized S14-294aa protein. Binding
of MAb mHKUS-1 to S14-294aa was detected at 10 ng/ml, and
signal gradually increased as antibody concentration increased,
plateauing at around 10 pg/ml. While mHKUS-2, -3, -4, -5, and -6
MAbs did not bind to S14-294aa protein, all recognized the $295-
755aa protein and their binding patterns were very similar, with
binding detectable at 2.5 ng/ml and reaching a plateau at 40 ng/ml.

Receptor blockade of HKU1 virus infection by truncated S
proteins. Since the epitopes of MAbs mHKUS-2 and mHKUS-3,
the HKU1 virus-neutralizing MAbs, mapped between amino ac-
ids 535 and 673, we reasoned that this most likely is part of the
receptor-binding domain (RBD) located within the C domain
(S295-755aa) of the HKUI S protein. To test this hypothesis, S14-
755aa-Fc (S1), S14-294aa-Fc (NTD), and S295-755aa-Fc (C do-
main) proteins were purified and preincubated with HTBE cells to
occupy the virus receptor on the cell surface. Because of its poor
stability, we did not test the S310-673aa protein. Preincubation of
HTBE cells with S1-Fc protein at 2.5 wM significantly blocked
HKU1 virus entry (Fig. 6A) and reduced virus release from cells by
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FIG 6 Inhibition of HKU1 virus entry by CTD of HKUI S protein. Differen-
tiated HTBE cells were incubated with the indicated amount of S1, NTD, or
CTD proteins at 37°C for 1 h. HKUI1 viruses were diluted into the same
amount of proteins and added onto the HTBE cells for 4 h. After being washed,
cells were fixed and stained with polyclonal rabbit anti-HKU1 S antibodies at
48 h postinoculation (A), and released viruses from apical washes at 4 h, 24,
and 48 h of postinoculation were analyzed by real-time PCR (B). ND, not
detected.

31-fold at 24 hpi (Fig. 6B). However, preincubation of the cells
with purified NTD-Fc protein at 3 M did not significantly reduce
the number of cells infected by HKU1 virus compared to that of
the BSA control by IFA (Fig. 6A). In contrast, preincubation of
HTBE cells with the purified C domain-Fc at 3 uM markedly
decreased HKU1 virus infection by IFA (Fig. 6A) and reduced
virus release by 25-fold and 360-fold at 24 and 48 h postinocula-
tion, respectively, compared to that of the BSA controls (Fig. 6B).
The inhibition effect by C domain protein was dose dependent,
since C domain-Fc at 0.6 uM also showed an inhibitory effect on
HKUL1 virus entry (Fig. 6B). These results, together with the map-
ping of the virus-neutralizing MAbs to the C domain, strongly
suggest that the HKU1 RBD is located within the C domain of the
HKUT1 S protein, likely between amino acids 535 and 673.

DISCUSSION

Membrane fusion mediated by class I viral fusion proteins is the
complex process involving transition from the metastable prefu-
sion state to the six-helix bundle postfusion state. The receptor
binding and/or pH change act to trigger this cascade. Most coro-
naviruses use the C domains of their S proteins to bind to their
respective receptors and trigger this fusion (Fig. 7). All of the
known RBDs of a-CoVs are located within the C domain, al-
though NTDs of S protein of some a-CoVs bind sugar (Fig. 7A).
The RBDs of SARS-CoV, a group B 3-CoV, and MERS CoV, a
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FIG 7 Coronavirus spike proteins. (A) Diagram of coronavirus spike proteins. NTD, N-terminal domain; HRN, N-terminal heptad repeat; HRC, C-terminal
heptad repeat. Group indicates the CoV genus and group. (B) Amino acid sequence alignment of S1 subunits of different betacoronaviruses. The letters with red
underlining and red arrows are the contacting residues of MHV S protein with mouse CEACAM 1a, while the letters with black underlining and black arrows are
the sugar binding residues of BCoV S protein. The similarity of S1 among group A betacoronaviruses is about 71.9%, whereas the similarity of S1 among different
group betacoronaviruses is about 29.4%.
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group C B-CoV, also are located within the C domain (20, 21, 42).
In contrast, all known (3-CoVs in group A use their NTDs to bind
protein receptors or sugars (Fig. 7) (43, 44). Despite the fact that
the MHV NTD folds like a galectin, it has evolved to bind
mCEACAM 1a. Although their protein receptor remains to be de-
termined, the galectin-like fold NTDs of BCoV and OC43 bind to
9-O-acetyl sialic acid, which is essential for virus attachment
(27, 45).

Surprisingly, we found that HKU1 virus, another 3-CoV in
group A, uses its C domain, not NTD, to engage with its yet-to-
be-identified receptor. To our knowledge, this is the first study
demonstrating that the RBD of the HKU1 S protein is located
within the C domain. Truncated HKU1 S protein with the C do-
main, not NTD, effectively reduced HKU1 virus infection on
HTBE cells. Despite the fact that the NTD of group A B-CoV
HKUL1 is highly homologous to the NTDs of MHV, OC43, and
BCoV, its biological activity appears to be strikingly different from
that of the NTDs of these related viruses. The purified HKU1 NTD
binds to neither sugar (43) nor human carcinoembryonic anti-
gen-related cell adhesion molecules (CEACAMs) (data not
shown), and the NTD does not inhibit HKU1 virus entry (Fig. 6).
Failure of HKU1 NTD to bind a sugar or protein receptor is par-
ticular intriguing, since several critical sugar-interacting residues
(Y162, E182, W184, and H185) in BCoV’s NTD are conserved in
HKUP’s NTD (Fig. 7B) (44). In addition, the NTD of MHV bind-
ing to mCEACAM 1a is necessary and sufficient for membrane
fusion (19, 43, 46, 47), indicating that the binding of receptor by
the NTD of a group A B-CoV can trigger the membrane fusion
cascade. Thus, two 3-CoVs in group A, HKU1 and MHV, have
evolved to use different regions of their spike glycoproteins to
recognize their respective receptor proteins and trigger the con-
formational changes of S protein leading to membrane fusion.
This is a new example of the modular nature of the spike proteins
of CoVs (29, 48), in which binding and entry of two CoVs in the
same group are initiated by different regions of the spike glyco-
protein. The exact mechanism of how these two different domains
trigger the membrane fusion requires further investigation.

Interestingly, five of the six monoclonal antibodies bound the
C domain, while only one, nHKUS-1, recognized the NTD. These
results indicate that the C domain is highly immunogenic. Further
epitope mapping revealed that the epitopes of all five C domain
antibodies are located within amino acids 535 to 673 (Fig. 5),
suggesting that this region is immunodominant. We also found
that two of these antibodies were able to inhibit infection of HKU1
viruses, effectively indicating that this region (aa 535 to 673) con-
tains neutralizing epitopes. Within certain domains, the HKU1
spike glycoprotein displays remarkable sequence homology to
other betacoronaviruses (Fig. 7B). Of note, within our mapped
neutralizing HKU1 spike epitope (aa 535 to 673), amino acid se-
quences of 535 to 551, 573 to 583, 587 to 609, and 613 to 673 of
HKUI S protein are almost identical to either BCoV or MHV S
protein. Since none of our HKU1 antibodies cross-reacted with
MHYV or BCoV S proteins (Table 1), the neutralizing HKU1
epitope likely lies in the highly diverse region encompassing
amino acids 552 to 572, 584 to 586, and/or 610 to 612. For many
enveloped viruses, highly immunogenic neutralization epitopes
often are located in or around the viral RBD (49-51). Therefore,
we propose that amino acids 535 to 673, and possibly amino acids
552 to 572, 584 to 586, and 610 to 612, of the HKU1 spike protein
contain the RBD. Of note, the receptor-binding motifs of many
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viral spike proteins are comprised of residues that are spatially
close but largely separated in primary sequence (20, 21). Our neu-
tralizing antibodies, mHKUS-2 and mHKUS-3, do not recognize
denatured C domain truncated S protein well, indicating that the
neutralizing epitope is conformation dependent. Thus, the RBD
of HKUL1 S protein may contain residues outside this proposed
region, potentially within the highly variable regions encompass-
ing amino acids 451 to 457, 463 to 472, 477 to 494, 502 to 521,
and/or 527 to 532.

Phylogenetically, there are three genotypes of HKU1 viruses
(A, B, and C) resulting from viral recombination events (52). Al-
though S proteins from these genotypes are highly conserved,
there are noticeable differences between genotype A and genotype
B or C, which are identical. In particular, the sequences encom-
passing amino acid 558 and 568 (amino acid numbering from
HKU1 S protein clade A) of S proteins are markedly different
between genotypes A and B/C. Because of these differences, it will
be important to determine whether our neutralizing antibodies
also neutralize HKU1 viruses from genotype B/C and whether any
of our monoclonal antibodies can differentiate these genotypes in
IFA and ELISA for diagnostic purposes. Unfortunately, lack of
genotype B or C isolates hindered our ability to investigate these
differences.

In summary, using a panel of HKU1 S protein-specific MAbs,
we identified the C domain as the locus of epitopes recognized by
two HKUI neutralizing MAbs and showed that the soluble C do-
main can induce receptor blockade resulting in inhibition of
HKUI infection. These data demonstrate that the RBD of HKU1 is
located within the C domain of the S protein, likely between
amino acids 547 and 573. These results highlight that several
B-CoVs in group A have evolved to use different regions of their
spike glycoproteins to recognize their respective receptors. These
findings will aid studies of HKU1 virus pathogenesis and receptor
discovery and facilitate development of new models for -CoV
evolution.
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