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ABSTRACT

Human coronavirus NL63 (HCoV-NL63) is an alphacoronavirus that was first identified in 2004 in the nasopharyngeal aspirate

from a 7-month-old patient with a respiratory tract infection. Previous studies showed that HCoV-NL63 and the genetically

distant severe acute respiratory syndrome (SARS)-CoV employ the same receptor for host cell entry, angiotensin-converting en-

zyme 2 (ACE2), but it is largely unclear whether ACE2 interactions are sufficient to allow HCoV-NL63 binding to cells. The pres-

ent study showed that directed expression of angiotensin-converting enzyme 2 (ACE2) on cells previously resistant to HCoV-

NL63 renders them susceptible, showing that ACE2 protein acts as a functional receptor and that its expression is required for

infection. However, comparative analysis showed that directed expression or selective scission of the ACE2 protein had no mea-

surable effect on virus adhesion. In contrast, binding of HCoV-NL63 to heparan sulfates was required for viral attachment and

infection of target cells, showing that these molecules serve as attachment receptors for HCoV-NL63.

IMPORTANCE

ACE2 protein was proposed as a receptor for HCoV-NL63 already in 2005, but an in-depth analysis of early events during virus

infection had not been performed thus far. Here, we show that the ACE2 protein is required for viral entry but that it is not the

primary binding site on the cell surface. Conducted research showed that heparan sulfate proteoglycans function as adhesion

molecules, increasing the virus density on cell surface and possibly facilitating the interaction between HCoV-NL63 and its re-

ceptor. Obtained results show that the initial events during HCoV-NL63 infection are more complex than anticipated and that a

newly described interaction may be essential for understanding the infection process and, possibly, also assist in drug design.

Coronaviruses (CoVs) are enveloped positive-stranded RNA vi-
ruses with large genomes ranging in size from 27 to 32 kb. Six

human coronaviruses (HCoVs) have been identified to date, and four
of them (HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-
HKU1) are thought to be responsible for �30% of common cold
cases (1). In contrast, infection with severe acute respiratory syn-
drome coronavirus (SARS-CoV) results in a serious respiratory tract
infection, which in the 2002-2003 season affected approximately
8,000 patients, with a mortality rate of �10% (2, 3). Similarly, the
recently isolated Middle East respiratory syndrome coronavirus
(MERS-CoV) causes life-threatening pneumonia and renal failure,
with almost 300 fatal cases reported to date (4).

Human coronavirus NL63 was first identified in 2004 in the na-
sopharyngeal aspirate from a 7-month-old patient with a respiratory
tract infection. The virus is distributed worldwide and causes respi-
ratory infections of varying severity, with the most severe symptoms
seen in children and immunocompromised patients (5–9).

Like other human coronaviruses, the HCoV-NL63 genome en-
codes a glycoprotein, called the spike (S) protein, which protrudes
from the virion surface, thereby conferring the corona-like form
(6, 10, 11). The S protein is the main mediator of viral entry and
determines the host tropism of the coronavirus (12, 13). A study
undertaken in 2005 used retroviral reporter pseudoviruses carry-
ing the HCoV-NL63 spike (NL63-S) protein to show that HCoV-
NL63 engages the SARS-CoV receptor, angiotensin-converting
enzyme 2 (ACE2), for infectious entry (14–16). ACE2 is a type I
integral membrane protein abundantly expressed in tissues lining
the respiratory tract. This carboxypeptidase cleaves angiotensin II
and functions within the renin-angiotensin system (RAS) important

for maintaining lung homeostasis and blood pressure (17–19).

Downregulation of ACE2 protein levels may lead to the development

of acute respiratory distress syndrome. Thus, downregulation of

ACE2 expression in the lungs upon SARS-CoV infection is associated

with viral pathogenesis (20–23).

HCoV-NL63 can be cultured in monkey epithelial cell lines

that endogenously express ACE2 (e.g., LLC-Mk2, Vero E6, or

Vero B4 cells), as well as in the human hepatoma cell line, Huh-7;

this host preference is shared with SARS-CoV (24–26). Hofmann

et al. (14) conducted a thorough analysis of the cellular tropism of

these two human coronaviruses and found out that pseudovirions

bearing the spike proteins of HCoV-NL63 (NL63-S) and SARS-

CoV (SARS-S) showed similar abilities to infect target cells. How-

ever, some studies show that the SARS-CoV S protein has a higher

affinity for ACE2 than the HCoV-NL63 S protein (20, 27).

Even though the cellular receptor for HCoV-NL63 was de-

scribed previously, until the present it was unknown whether

ACE2 serves as an adhesion factor and is sufficient to facilitate

viral entry. Here, we show that directed expression of the ACE2
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protein renders the cells permissive to HCoV-NL63 infection. In-
terestingly, the presence of the receptor protein does not seem to
correlate with the adhesion of virions to cell surface, hence sug-
gesting the presence of yet another factor important during early
stages of infection. Subsequent analysis showed that heparan sul-
fate (HS) proteoglycans function as adhesion receptors for
HCoV-NL63, complementing the action of the ACE2 protein. As-
sessment of viral replication dynamics clearly shows that the ad-
hesion of HCoV-NL63 to heparin sulfate proteoglycans enhances
viral infection.

MATERIALS AND METHODS

Cell culture. LLC-Mk2 cells (ATCC CCL-7; Macaca mulatta kidney epi-
thelial cells) were maintained in minimal essential medium (MEM; two
parts Hanks’ MEM and one part Earle’s MEM [Life Technologies, Po-
land]) supplemented with 3% heat-inactivated fetal bovine serum (Life
Technologies, Poland), penicillin (100 U ml�1), streptomycin (100 �g
ml�1), and ciprofloxacin (5 �g ml�1). Human 293T (ATCC CRL-3216;
kidney epithelial cells) and A549 (ATCC CCL-185; lung carcinoma cells)
cells were maintained in Dulbecco’s MEM (Life Technologies, Poland)
supplemented with 10% heat-inactivated fetal bovine serum (Life Tech-
nologies, Poland), penicillin (100 U ml�1), streptomycin (100 �g ml�1),
and ciprofloxacin (5 �g ml�1). Cells were cultured at 37°C under 5% CO2.

Isolation of nucleic acids and reverse transcription. HCoV-NL63
nucleic acids were isolated from cell culture supernatants using a Total
RNA Mini-Preps Super kit (Bio Basic, Canada), according to the manu-
facturer’s instructions. Reverse transcription was carried out with a high-
capacity cDNA reverse transcription kit (Life Technologies, Poland), ac-
cording to the manufacturer’s instructions.

Cell lines expressing ACE2. 293T cells (ATCC CRL-3216) were trans-
fected with the pLKO.1-TRC-ACE2 plasmid using polyethylenimine (PEI;
Sigma-Aldrich, Poland). The plasmid was based on the Addgene plasmid
10878 (28). At 24 h posttransfection, the cells were washed with sterile 1�

phosphate-buffered saline (PBS) and cultured at 37°C for 48 h in medium
supplemented with puromycin (2 �g ml�1) at 37°C with 5% CO2. Following
selection, cells were passaged, and the surviving clones were collected and
analyzed as described below. ACE2-expressing (ACE2�) cells were main-
tained in Dulbecco’s MEM supplemented with 10% heat-inactivated fetal
bovine serum, penicillin (100 U ml�1), streptomycin (100 �g ml�1), cipro-
floxacin (5 �g ml�1), and puromycin (1 �g ml�1).

ACE2-expressing A549 cells (A549_ACE2�) were generated using ret-
roviral vectors that were based on a Moloney murine leukemia virus sys-
tem. Briefly, Phoenix-AMPHO cells (ATCC CRL-3213) were transfected
with a pLNCX2 vector (Clontech, USA) encoding the ACE2 protein using
PEI. At 24 h posttransfection, the medium was refreshed, and the cells
were cultured for a further 24 h at 32°C. Subsequently, the vector-con-
taining supernatants were harvested, aliquoted, and stored at �80°C.

Wild-type (WT) A549 cells (A549_WT) cells were cultured in six-well
plates (TPP, Switzerland) and infected with 1 ml of generated retroviruses in
the presence of Polybrene (5 �g ml�1; Sigma-Aldrich). After 24 h of incuba-
tion at 37°C, the cells were cultured in medium supplemented with G418 (5
mg ml�1; BioShop, Canada) and passaged for 3 weeks at 37°C. Surviving
clones were recovered and analyzed as described below. A549_ACE2� cells
were maintained in Dulbecco’s MEM supplemented with 10% heat-inacti-
vated fetal bovine serum, penicillin (100 U ml�1), streptomycin (100 �g
ml�1), ciprofloxacin (5 �g ml�1), and G418 (5 mg ml�1).

Virus preparation, titration, and cell infection. The HCoV-NL63
stock (isolate Amsterdam 1) was generated by infecting monolayers of
LLC-Mk2 cells. Cells were then lysed by two freeze-thaw cycles at 6 days
postinfection (p.i.). The virus-containing liquid was aliquoted and stored
at �80°C. A control LLC-Mk2 cell lysate from mock-infected cells was
prepared in the same manner. The virus yield was assessed by titration on
fully confluent LLC-Mk2 cells in 96-well plates, according to the method
of Reed and Muench (29). Plates were incubated at 32°C for 6 days, and

the cytopathic effect (CPE) was scored by observation under an inverted

microscope.

In subsequent experiments, fully confluent cells (WT 293T cells or

293T cells expressing ACE2 [293T_WT/ACE2�] and A549_WT/ACE2�)

in six-well plates (TPP) were exposed to HCoV-NL63 at a 50% tissue

culture infective dose (TCID50) ml�1 of 5,000. HCoV-NL63-permissive

LLC-Mk2 cells were infected with the virus at a TCID50 ml�1 of 400.

Following a 2-h incubation at 32°C, unbound viruses were removed by

washing with sterile 1� PBS, and fresh medium was added to each well.

Samples of cell culture supernatant were collected every 24 h for 6 days

and analyzed by real-time PCR.

Quantitative PCR. The virus yield was determined using real-time

PCR (7500 Fast Real-Time PCR machine; Life Technologies, Poland).

Viral cDNA (2.5 �l per sample) was amplified in a 10-�l reaction mixture

containing 1� TaqMan Universal PCR master mix (Life Technologies,

Poland), specific probes labeled with 6-carboxyfluorescein (FAM) and

6-carboxytetramethylrhodamine (TAMRA) (100 nM), and primers (450

nM each). The following primers were used for HCoV-NL63 amplifica-

tion: sense, 5=-AAA CCT CGT TGG AAG CGT GT-3=; antisense, 5=-CTG

TGG AAA ACC TTT GGC ATC-3=; probe, 5=-FAM-ATG TTA TTC AGT

GCT TTG GTC CTC GTG AT-TAMRA-3=. ROX (6-carboxy-X-rhoda-

mine) was used as the reference dye. The reaction conditions were as

follows: 2 min at 50°C and 10 min at 92°C, followed by 40 cycles of 15 s at

92°C and 1 min at 60°C.

Gradient purification of HCoV-NL63. The virus stock was concen-

trated 25-fold using centrifugal protein concentrators (Amicon Ultra, 10-kDa

cutoff; Merck, Poland) and subsequently layered onto a 15% iodixanol solu-

tion in 1� PBS (OptiPrep medium; Sigma-Aldrich, Poland). Following cen-

trifugation at 175,000 � g for 3 h at 4°C (cushion), virus-containing fractions

were layered onto a 10 to 20% iodixanol gradient (in 1�PBS) and centrifuged

at 175,000 � g for 18 h at 4°C. Fractions collected from the gradient were

analyzed by Western blotting, followed by detection of the HCoV-NL63 nu-

cleocapsid (NL63-N) protein. The resulting virus-containing fractions were

aliquoted and stored at�80°C. The control cell lysate (mock) was prepared in

the same manner as the virus stock.

Detection of sgmRNAs. Total nucleic acids were isolated from virus-

and mock-infected cells at 5 days p.i. using a Total RNA Mini-Preps Super

kit (Bio Basic, Canada), according to the manufacturer’s instructions.

Reverse transcription was performed using a high-capacity cDNA reverse

transcription kit (Life Technologies, Poland), according to the manufac-

turer’s instructions. Viral cDNA (3 �l) was amplified in a 20-�l reaction

mixture containing 1� Dream Taq Green PCR master mix and primers

(each primer was used at 500 nM). The following primers were used to

amplify HCoV-NL63 subgenomic mRNA (sgmRNA): common sense

primer (leader sequence), 5=-TAA AGA ATT TTT CTA TCT ATA GAT

AG-3=; 1a/b polyprotein antisense, 5=-CAT CAA AGT CCT GAA GAA

CAT AAT TG-3=; spike antisense, 5=-ACT ACG GTG ATT ACC AAC ATC

AAT ATA-3=; spike (nested PCR) antisense, 5=-AGA GAT TAG CAT TAC

TAT TAC ATG TG-3=; open reading frame 3 (ORF3) antisense, 5=-GCA

CAT AGA CAA ATA GTG TCA ATA GT-3=; envelope (E) antisense, 5=-

GCT ATT TGC ATA TAA TCT TGG TAA GC-3=; membrane (M) anti-

sense, 5=-GAC CCA GTC CAC ATT AAA ATT GAC A-3=; nucleocapsid

antisense, 5=-CTT ATG AGG TCC AGT ACC TAG GTA AT-3=. The con-

ditions were as follows: 3 min at 95°C, 40 cycles (30 cycles for nested PCR)

of 30 s at 95°C, 30 s at 47°C, and 25 s at 72°C, followed by 5 min at 72°C and

10 min at 4°C. The PCR products were run on 1% agarose gels (1�

Tris-acetate EDTA [TAE] buffer) and analyzed using molecular imaging

software (Kodak).

Western blot analysis. Cells used for Western blot analysis were har-

vested at 5 days p.i. by scraping in ice-cold 1� PBS. The cells were then

centrifuged and resuspended in radioimmunoprecipitation assay (RIPA)

buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium de-

oxycholate, 0.1% SDS, pH 7.5), followed by lysis in RIPA buffer for 30 min

on ice. Subsequently, samples were centrifuged (10 min at 12,000 � g),

and the pelleted cell debris was discarded. Total protein concentration of

Milewska et al.

13222 jvi.asm.org Journal of Virology

http://jvi.asm.org


each sample was quantified using the bicinchoninic acid (BCA) method,
and the resulting supernatants were mixed with sample buffer (0.5 M Tris,
pH 6.8, 10% SDS, 50 mg/ml dithiothreitol [DTT]), boiled for 5 min,
cooled on ice, and separated on 10% polyacrylamide gels alongside dual-
color PageRuler prestained protein size markers (Thermo Scientific, Po-
land). The separated proteins were then transferred onto a Westran S
polyvinylidene difluoride (PVDF) membrane (Whatman) by semidry
blotting (Bio-Rad) for 1.5 h at 100 V in transfer buffer consisting of 25
mM Tris, 192 mM glycine, and 20% methanol at 4°C. The membranes

were then blocked by overnight incubation (at 4°C) in Tris-buffered saline
(TBS)-Tween (0.1%) buffer supplemented with 5% skimmed milk (Bio-
Shop, Canada). A goat anti-human ACE2 ectodomain antibody (2 �g
ml�1; R&D Systems, USA) and horseradish peroxidase (HRP)-labeled
rabbit anti-goat IgG (26 ng ml�1; Dako, Denmark) were used to detect the
ACE2 protein in human cell lysates and cell supernatants. A mouse anti-
HCoV-NL63-N protein antibody (500 ng ml�1; Ingenansa, Spain) and
horseradish peroxidase-labeled rabbit anti-mouse IgG (65 ng ml�1; Dako,
Denmark) were used to detect the HCoV-NL63 nucleocapsid protein. A
mouse anti-�-actin antibody (50 ng ml�1; BD Biosciences, USA) and
horseradish peroxidase-labeled rabbit anti-mouse IgG (65 ng ml�1; Dako,
Denmark) were used for detection of �-actin. All antibodies were diluted
in 1% skimmed milk plus TBS-Tween (0.1%). The signal was developed
using an Immobilon Western Chemiluminescent HRP Substrate (Milli-
pore) and visualized by exposing the membrane to an X-ray film (Kodak).

Flow cytometry. A549 WT and ACE2� cells and LLC-Mk2 cells were
seeded in six-well plates (TPP, Switzerland), cultured for 2 days at 37°C,

FIG 1 Human cell lines overexpressing ACE2 protein. (A) Lysates of
A549_ACE2� (A549 �) and A549_WT (A549 �) cells and of 293T_ACE2�

(293T �) and 293T_WT (293T �) cells were tested for the presence of the
ACE2 protein with Western blotting using antibodies specific to the ectodo-
main of the human ACE2 protein. Concomitantly, �-actin protein levels were
assessed in each sample. Numbers on the left side represent molecular mass
(kDa) assessed with a size marker. The results shown are representative
of at least three independent experiments. (B) A549_ACE2�, A549_WT,
293T_ACE2�, and 293T_WT cells were tested for the surface expression of
the ACE2 protein with flow cytometry using antibodies specific to the
ectodomain of the human ACE2 protein. The results shown are represen-
tative of at least three independent experiments.

FIG 2 Cytopathic effect on A549_ACE2� cells during HCoV-NL63 infection.
ACE2-overexpressing (ACE2�) and wild-type (WT) A549 and 293T cells were
infected with HCoV-NL63 or mock inoculated and cultured for 6 days. Cyto-
pathic effect was observed only on HCoV-NL63-infected A549_ACE2� cells.
Magnification, �200. The results shown are representative of at least three
independent experiments.
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and stimulated with phorbol 12-myristate 13-acetate ([PMA] 1 �M;

Sigma-Aldrich, Poland) for 1 h at 37°C. To examine HCoV-NL63 adhe-

sion, cells were washed with 1� PBS and incubated with iodixanol-con-

centrated HCoV-NL63 or a mock control for 2 h at 4°C. The cells were

then washed with 1� PBS, fixed with 3% paraformaldehyde (PFA), per-

meabilized with 0.1% Triton X-100 in 1� PBS, and incubated for 1 h with

3% bovine serum albumin (BSA)– 0.1% Tween 20 in 1� PBS. To examine

the HCoV-NL63 adhesion, cells were mechanically detached from the

plate surface and incubated for 2 h at room temperature with a mouse

anti-HCoV-NL63-N antibody (1 �g ml�1; Ingenansa, Spain), followed by

1 h of incubation with an Alexa Fluor 488-labeled goat anti-mouse anti-

body (2.5 �g ml�1; Molecular Probes). For ACE2 staining, cells were

washed with 1� PBS, scraped from the plates, and incubated for 2 h at 4°C

with goat anti-ACE2 ectodomain IgG (4 �g ml�1; R&D Systems, USA),

followed by 1 h of incubation with a fluorescein isothiocyanate (FITC)-

FIG 3 HCoV-NL63 nucleocapsid protein expression in ACE2� cells. ACE2�

and WT 293T and A549 cells were infected with HCoV-NL63 (�) or mock
infected (�). HCoV-NL63 nucleocapsid protein was detected at 6 days p.i. in
A549_ACE2� and 293T_ACE2� cell lysates, suggesting viral replication. No
signal from the NL63-N protein was observed in mock-infected cells. A sample
containing lysate of LLC-Mk2 cells infected with HCoV-NL63 was used as a
positive control (PC). The position of the 55-kDa molecular mass marker is
shown on the left side. The results shown are representative of at least three
independent experiments.

FIG 4 HCoV-NL63 replication in ACE2-overexpressing cells. ACE2-overexpressing and wild-type cells were infected with HCoV-NL63 (�) or mock infected
(�) and cultured for 6 days. (A) Genomic RNA (1a) and a set of HCoV-NL63 sgmRNAs, including spike (S), ORF3, envelope (E), membrane (M), and
nucleocapsid (N), were detected in A549_ACE2� and 293T_ACE2� cells. No HCoV-NL63 sgmRNAs were detected in WT cells. LLC-Mk2 cells infected with
HCoV-NL63 (�) or mock infected (�) were used as controls. Positions of nucleotide size markers are shown on the left side of each panel. The results shown are
representative of at least three independent experiments. (B) HCoV-NL63 replication on A549 and 293T cells was evaluated with real-time PCR. A marked
increase in virus yield was observed on A549_ACE2� cells and, to a much lesser extent, on 293T_ACE2� cells. No increase in virus yield was observed on
HCoV-NL63-infected A549 and 293T WT cells. Data on virus replication are presented as the number of HCoV-NL63 RNA copies/ml. All assays were performed
in triplicate, and average values with standard errors (error bars) are presented.
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labeled rabbit anti-goat IgG antibody (13 �g ml�1; Dako, Denmark).
Cells were then washed, resuspended in 1� PBS, and analyzed by flow
cytometry (FACSCalibur; Becton Dickinson). Data were analyzed using
Cell Quest software (Becton Dickinson).

Confocal microscopy. LLC-Mk2 cells were seeded on coverslips in
six-well plates (TPP), cultured for 2 days at 37°C, and then stimulated
with PMA (1 �M; Sigma-Aldrich, Poland) for 1 h at 37°C. Subsequently,
the cells were washed with 1� PBS and incubated with iodixanol-concen-
trated HCoV-NL63 or a mock control for 2 h at 4°C. Cells were then
washed with 1� PBS, fixed with 3% PFA, permeabilized with 0.1% Triton
X-100 in 1� PBS, and incubated for 1 h with 5% BSA– 0.5% Tween 20 in
1� PBS. To visualize HCoV-NL63 adhesion, cells were incubated for 2 h
at room temperature with mouse anti-NL63-N IgG (0.25 �g ml�1; Ingen-
ansa, Spain), followed by 1 h of incubation with Alexa Fluor 488-labeled
goat anti-mouse IgG (2.5 �g ml�1; Life Technologies, Poland). Nuclear
DNA staining was performed with 4=,6=-diamidino-2-phenylindole
([DAPI] 0.1 �g ml�1; Sigma-Aldrich, Poland). Immunostained cultures
were mounted on glass slides in Vectashield medium (Vector Laborato-
ries, United Kingdom). Fluorescent images were acquired under a Leica
TCS SP5 II confocal microscope (Leica Microsystems GmbH, Mannheim,
Germany). Images were acquired using Leica Application Suite Advanced
Fluorescence (LAS AF) software, version 2.2.1 (Leica Microsystems CMS
GmbH), deconvolved with Huygens Essential package, version 4.4 (Sci-
entific Volume Imaging B.V., The Netherlands), and processed using
ImageJ, version 1.47 (National Institutes of Health, Bethesda, MD, USA).
Viruses attached to the cell were quantified using a three-dimensional
(3D) object counter plug-in for ImageJ (30) with the histogram threshold
set to 80. Analysis was performed on z-stacks (step size, 0.13 �m) of at
least 10 cells per sample.

Assessing the effects of neuraminidase on virus adherence. LLC-
Mk2 cells were seeded in six-well plates (TPP, Switzerland), cultured for 2
days at 37°C, and incubated with type V neuraminidase (from Clostridium
perfringens; 100 to 200 mU/ml [Sigma-Aldrich, Poland]) for 1 h at 37°C.
The adherence of iodixanol-concentrated HCoV-NL63 was examined as
described above.

Assessing the effects of sugars and heparan sulfate on virus replica-
tion and adherence. LLC-Mk2 cells were seeded in six-well plates (TPP,
Switzerland), cultured for 2 days at 37°C, and incubated with sugar mono-
mers (50 mM; Sigma-Aldrich, Poland) or heparan sulfate (HS; Sigma-
Aldrich, Poland) for 1 h at 37°C. Simultaneously, iodixanol-concentrated
HCoV-NL63 was incubated with tested compounds for 1 h at 4°C, and
virus adherence was examined as described above. To assess HCoV-NL63
replication, cells were washed with 1� PBS and infected with virus prein-
cubated with HS at a TCID50 ml�1 of 100. Following 2 h of incubation at
32°C, unbound virus was removed by washing with 1� PBS, and fresh
medium containing HS was added to each well. Samples of cell culture

supernatant were collected at 6 days postinfection and analyzed in a real-
time PCR assay.

RESULTS

Development of cell lines expressing the ACE2 protein. Human
cell lines stably expressing the ACE2 receptor (A549 and 293T)
were developed in-house. Expression and surface localization of
the ACE2 protein were confirmed by Western blotting (Fig. 1A)
and flow cytometry (Fig. 1B), respectively.

ACE2 acts as a receptor for HCoV-NL63 and is sufficient to
enable infectious entry. Human cell lines expressing the ACE2
protein were used to determine whether surface expression of
ACE2 is sufficient for HCoV-NL63 entry. Both ACE2� and WT
A549 and 293T cells were infected with HCoV-NL63 and cultured
for 6 days at 32°C. Infection of A549_ACE2� cells resulted in clear
CPE at 3 days p.i.; no CPE was observed in HCoV-NL63-infected
A549_WT cells and 293T_WT/ACE2� cells (Fig. 2A and B, re-
spectively).

Despite the apparent lack of CPE in HCoV-NL63-infected
293T_ACE2� cells up to 7 days p.i., virus replication was exam-
ined by Western blotting with antibodies specific for the NL63-N
protein. The results showed that viral protein was detectable in
293T_ACE2� and A549_ACE2� cells, suggesting that expression
of the ACE2 protein rendered these cell lines permissive to infec-
tion by HCoV-NL63. No NL63-N protein was detected in WT cell
lines (Fig. 3).

Coronaviruses employ a discontinuous replication strategy to
generate sgmRNAs during minus-strand synthesis; these mRNAs
are then copied into plus-strand mRNAs. Plus-stranded sgmRNA
molecules are formed exclusively during virus replication and
may therefore serve as markers for an active infection. Thus, we
next examined WT and ACE2� cells for the presence of each
HCoV-NL63 sgmRNA after virus inoculation. As shown in Fig.
4A, HCoV-NL63 sgmRNAs were formed in A549 and 293T cell
lines expressing the ACE2 protein. Five mRNAs encoding viral
structural and accessory proteins (spike [S], ORF3 protein, enve-
lope [E], membrane [M], and nucleocapsid [N]) and genomic
RNA were present, indicating active virus replication. No replica-
tion was noted in WT cells. These results confirm that ACE2 may
act as a functional receptor for HCoV-NL63 virus.

Last but not least, viral replication kinetics was assessed by
real-time PCR in cell lines supporting HCoV-NL63 replication

FIG 5 Directed expression of the ACE2 protein on A549 cells does not alter HCoV-NL63 adhesion. Analysis of HCoV-NL63 adherence to ACE2-overexpressing
(ACE2�) or wild-type (WT) A549 cells was conducted with flow cytometry. The results shown are representative of at least three independent experiments.
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(Fig. 4B). The results confirmed virus replication and progeny
production in A549_ACE2� cells; a steep rise in the number of
viral copies in the culture medium was observed already on day 3
p.i., corresponding in time with the first signs of CPE. No CPE or
significant increase in viral yield was observed in 293T_WT/
ACE2� cells.

Adhesion of HCoV-NL63 to mammalian cells. Next, a set of
experiments to determine whether ACE2 serves as an attachment
factor for HCoV-NL63 was performed. To address this, A549_WT
and A549_ACE� cells were incubated at 4°C with gradient-puri-
fied HCoV-NL63, and virus adhesion to the cell surface was ex-
amined using flow cytometry. The virus bound to both cell lines,
suggesting that a cell surface molecule other than ACE2 must be
responsible for adhesion (Fig. 5).

Similarly, naturally permissive, normal (untreated) and PMA-
treated (31) LLC-Mk2 cells were incubated at 4°C with gradient-
purified HCoV-NL63, and virus adhesion to the cell surface was
examined by flow cytometry. Even though PMA-mediated ACE2
scission inhibited replication of HCoV-NL63 (Fig. 6A), we ob-
served no difference in virus attachment to normal and PMA-
treated cells (Fig. 6B). Likewise, a decrease in cell surface ACE2
protein levels on LLC-Mk2 cells after PMA treatment was con-
firmed by flow cytometry (Fig. 6C).

To confirm the flow cytometry results, we used confocal mi-
croscopy to examine HCoV-NL63 adhesion to PMA-stimulated
and normal LLC-Mk2 cells. A representative image is presented in
Fig. 6D, which confirms that ACE2 shedding does not affect
HCoV-NL63 binding to the cell surface.

Sialic acid or sugar moieties do not function as attachment
receptors for HCoV-NL63. The results outlined above suggest
that another molecule on the cell surface is responsible for virion
attachment. Therefore, the role of sialic acid in virus adhesion was
examined. To this end, HCoV-NL63 replication was analyzed in
cells preincubated with C. perfringens type V neuraminidase,
which shows a broad specificity for sialic acid-containing sub-
strates (32). Flow cytometric analysis of HCoV-NL63 adhesion to
LLC-Mk2 cells preincubated with neuraminidase showed no dif-
ference between control cells and cells lacking sialic acids and
ACE2 (Fig. 7A to C). To ensure that sialic acid was enzymatically
removed, influenza virus was used as a positive control. As ex-
pected, a significant inhibition of virus replication on A549 cells
was observed after neuraminidase treatment as this common car-
bohydrate moiety represents a functional receptor for influenza
viruses (data not shown).

Comparable experiments were undertaken to analyze whether
lectins are responsible for HCoV-NL63 attachment to target cells.
For this, several sugar monomers, such as D-(�)-galactose,
D-(�)-mannose, D-(�)-N-acetylglucosamine, and L-(�)-fucose
(33–35), were used in virus adhesion experiments on LLC-Mk2
cells. Additionally, D-(�)-glucose, a carbohydrate monomer,

FIG 6 Adherence of HCoV-NL63 to LLC-Mk2 cells depleted of the ACE2
protein. LLC-Mk2 cells were depleted of surface ACE2 protein by incubation
with 1 �M PMA and subsequently incubated with purified HCoV-NL63 or
mock incubated. DMSO-treated cells were used as a control. (A) HCoV-NL63
replication on LLC-Mk2 ACE2� and ACE2� cells was evaluated with real-time
PCR. A significant decrease in viral replication was observed on LLC-Mk2 cells
pretreated with PMA compared to control cells. Data on virus replication are
presented as the number of HCoV-NL63 RNA copies/ml. (B) Analysis of
HCoV-NL63 adherence to ACE2� (� DMSO) and ACE2� (� PMA) LLC-
Mk2 cells. HCoV-NL63 was labeled with specific antibodies, and virus adhe-
sion was analyzed by flow cytometry. (C) A decrease in surface expression of

the ACE2 protein on LLC-Mk2 cells after PMA treatment was confirmed using
flow cytometry. (D) HCoV-NL63 adhesion to ACE2� (DMSO-treated) and
ACE2� (PMA-treated) LLC-Mk2 cells was confirmed by confocal microscopy.
LLC-Mk2 cells were pretreated with PMA or DMSO and incubated with pu-
rified HCoV-NL63. HCoV-NL63 virions are presented in green, while the blue
denotes DNA. Each image is a single confocal plane (xy) with two orthogonal
views (xz and yz) created by maximum projection of axial planes (thickness,
0.7 �m). Scale bar, 10 �m. The results shown are representative of at least three
independent experiments.
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which does not constitute a ligand for known mammalian lectins,
was included as a negative control. HCoV-NL63 adhesion to LLC-
Mk2 in the presence of selected sugar moieties was analyzed using
flow cytometry. No modulation of virus adhesion to the cell sur-
face was observed (Fig. 7D to H).

Heparan sulfate inhibits virus attachment and entry. As HS
proteoglycans are important for entry of several pathogens
(36–50), a soluble HS was used to assess whether attachment of
HCoV-NL63 is mediated by these molecules. Flow cytometric
analysis demonstrated that in the presence of HS, virus adhe-
sion to LLC-Mk2 cells was fully inhibited, showing the role of
this molecule in adhesion to susceptible cells and possibly also
in cell entry (Fig. 8A).

In order to analyze whether ACE2 protein participates in the
virus attachment process, additional experiments were per-
formed. For this, virus adhesion was analyzed in the presence of
HS (to avoid the masking effect) on LLC-Mk2 cells with surface
expression of ACE2 (dimethyl sulfoxide [DMSO]-treated) and on
ACE2-depleted (ACE2�; (PMA-treated) cells. Inhibition of vi-

rus-HS proteoglycan interaction resulted in lack of virus binding
also on ACE2� cells; no difference between ACE2� and ACE2�

cells was noted (Fig. 8A). Flow cytometry results were further
confirmed by confocal microscopy (Fig. 8B).

Subsequent analysis showed that preincubation of the virus
with HS results in a dose-dependent decline in virus replication
(Fig. 9). Taken together, obtained results show that HS proteogly-
cans act as HCoV-NL63 adhesion receptors and that their pres-
ence is important for virus entry and replication.

DISCUSSION

Human coronavirus NL63 was first identified �10 years ago.
Since then, a number of research groups have studied this patho-
gen, resulting in the publication of a considerable number of pa-
pers about the virus’s epidemiology and biology. Although at first
glance HCoV-NL63 may simply be considered a close relative of
HCoV-229E, the virus possesses several unique characteristics.
The most striking is that it is the only alphacoronavirus to use the
ACE2 protein for cellular entry (similarly to SARS-CoV). Because

FIG 7 HCoV-NL63 adhesion to neuraminidase-treated cells and in the presence of sugar moieties. LLC-Mk2 cells were treated with DMSO (A), 1 �M
PMA (B), or 1 �M PMA and 200 mU/ml type V neuraminidase (Neu) (C) and further incubated with purified HCoV-NL63 or mock incubated. Virus
adhesion was assessed also in the presence of 50 mM sugar monomers: galactose (D), mannose (E), N-acetylglucosamine (F), fucose (G), or glucose (H),
as a negative control. Virus adhesion was analyzed by flow cytometry. The results shown are representative of at least three independent experiments.
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these two pathogens use the same receptor, some investigators
wonder why SARS-CoV infection manifests as life-threatening
acute respiratory syndrome, while HCoV-NL63 infection results
in a common cold. One hypothesis presented by Glowacka et al.

assumes that HCoV-NL63-S shows only low affinity for the ACE2
protein; therefore, its infection efficiency is suboptimal (20).
However, Wu et al. showed that the affinity of NL63-S for ACE2 is
comparable with that of SARS-S (51). This discrepancy may result
from the fact that Glowacka et al. used the complete S1 domain of
HCoV-NL63-S, while Wu et al. used only the receptor-binding
domain (RBD). Furthermore, in contrast to HCoV-NL63 infec-
tion, SARS-CoV infection results in a marked downregulation of
ACE2 expression on the cell surface, thereby disrupting RAS ho-
meostasis; this in itself may cause severe lung injury (20). Dijkman
et al. showed that ACE2 expression was downregulated upon
HCoV-NL63 infection although the result was heavily dependent
upon the infection efficiency (52). Based on these reports, one
wonders whether ACE2 is actually the cellular receptor for HCoV-
NL63. The surface plasmon studies previously published by
Glowacka et al. and Wu et al. suggest that NL63-S-RBD may in-
teract with ACE2; however, another stimulus may be required to
expose the RBD and enable its interaction with ACE2. That would
suggest a similar strategy as one employed by HIV-1, where CD4
binding by gp120 results in structural alteration of the viral pro-
tein, which enables gp120 binding to coreceptors and subsequent
entry (53).

Here, we showed that directed expression of ACE2 on cells
previously resistant to HCoV-NL63 infection renders them sus-
ceptible. Next, we examined whether viral adherence was depen-
dent upon the level of ACE2 expression. Comparative analyses
using gradient-purified virus, WT cells, and cells overexpressing
ACE2 showed that although ACE2 protein is a prerequisite for
virus infection, it does not affect binding of virions to the cell
surface. Also, selective scission of the ACE2 protein from the cell
surface does not affect the virus-cell interaction.

These observations are consistent with reports showing that
NL63-S protein has low affinity for ACE2 and suggest that another
molecule/set of molecules may serve as attachment factors. In
some betacoronaviruses, sialic acid may function as such a factor;
however, we found that removing these surface molecules with

FIG 8 HCoV-NL63 adhesion to ACE2�/ACE2� cells in the presence of hepa-
ran sulfate. (A) Flow cytometry analysis of HCoV-NL63 adhesion. The ACE2
protein was removed from the surface of LLC-Mk2 cells by incubation with 1
�M PMA (ACE2�), while control cells were treated with DMSO (ACE2�).
Adhesion of HCoV-NL63 was assessed on ACE2� and ACE2� cells in the
presence of 300 �g/ml HS or control PBS. (B) Confocal microscopy analysis of
HCoV-NL63 adhesion. LLC-Mk2 cells were stimulated with 1 �M PMA or
DMSO and incubated with purified HCoV-NL63 (NL63) in the presence or
absence of heparan sulfate (HS). NC, cells incubated with the mock sample.
HCoV-NL63 virions are presented in green, while the blue denotes DNA. Each
image is a single confocal plane (xy) with two orthogonal views (xz and yz)
created by maximum projection of axial planes (thickness, 4.8 �m). Scale bar,
5 �m. Bars in the graph represent the mean numbers of virions from 10 cells
per sample � standard errors.

FIG 9 HCoV-NL63 replication in the presence of heparan sulfate. LLC-Mk2
cells were infected with HCoV-NL63 in the presence of increasing concentra-
tions of HS or PBS. Virus replication in cell culture supernatants was evaluated
using real-time PCR on day 4 p.i. Data on virus replication are presented as the
number of HCoV-NL63 RNA copies/ml. All assays were performed in tripli-
cate, and average values with standard errors (error bars) are presented. For all
concentrations, the decrease in virus yield is statistically significant (Student’s
t test; P 	 0.05).
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neuraminidase had no effect on HCoV-NL63 replication or at-
tachment. Similarly, soluble sugars that should hinder the inter-
action between the potential lectin-like domain and cellular gly-
coproteins did not affect virus binding (33–35).

It has been reported that some beta- and gammacoronaviruses
(SARS-CoV, culture adapted mouse hepatitis virus [MHV], and
infectious bronchitis virus [IBV]) employ HS proteoglycans for
adhesion or entry to susceptible cells (48–50). Therefore, the ad-
hesion of the virus was evaluated in the presence of HS, a soluble
receptor analog. Apparently, this compound blocked the ability of
HCoV-NL63 to bind to the cell surface of susceptible cells, show-
ing that HS proteoglycans are responsible for virus binding on
cells. What is more, the presence of HS proteoglycans strongly
enhances virus infection, showing the relevance of the observed
phenomena.

One may, however, question whether the ability of HS binding
was not acquired due to cell culture adaptation, as described for
other coronaviral species (49, 54, 55). Analysis of the S gene shows
that despite in vitro propagation of the Amsterdam I strain, no
new potential HS binding sites can be identified compared to
those of clinical isolates (data not shown). It is possible, however,
that different HCoV-NL63 strains bind the HS with different af-
finities, which would explain the difficulty in acquiring new clin-
ical isolates and the late identification of the pathogen (56, 57).

In summary, we examined whether human ACE2 (the receptor
for HCoV-NL63) also serves as an attachment factor. HCoV-
NL63 adhered equally well to ACE2-expressing and -nonexpress-
ing cells. These observations indicated the existence of an addi-
tional molecule involved in HCoV-NL63 attachment to target
cells. Competition experiments using a range of soluble elements
of cellular membrane-associated components revealed that HS
proteoglycans constitute HCoV-NL63 adhesion receptors. Im-
portantly, the interaction of the virus with HS proteoglycans is
important not only for virus binding but also for virus replication.
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