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Abstract: Human coronavirus (HCoV)-NL63 is an important contributor to upper and lower respi-
ratory tract infections, mainly in children, while severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the etiological agent of COVID-19, can cause lower respiratory tract infections, and
more severe, respiratory and systemic disease, which leads to fatal consequences in many cases.
Using microscopy, immunohistochemistry (IHC), virus-binding assay, reverse transcriptase qPCR
(RT-qPCR) assay, and flow cytometry, we compared the characteristics of the susceptibility, replication
dynamics, and morphogenesis of HCoV-NL63 and SARS-CoV-2 in monolayer cultures of primary
human respiratory epithelial cells (HRECs). Less than 10% HRECs expressed ACE2, and SARS-CoV-2
seemed much more efficient than HCoV-NL63 at infecting the very small proportion of HRECs ex-
pressing the ACE2 receptors. Furthermore, SARS-CoV-2 replicated more efficiently than HCoV-NL63
in HREC, which correlates with the cumulative evidence of the differences in their transmissibility.

Keywords: ACE2; Alphacoronavirus; Betacoronavirus; COVID-19; human respiratory epithelial cells;
HCoV-NL63; SARS-CoV-2

1. Introduction

Coronaviruses (order Nidovirales, suborder Cornidovirineae, family Coronaviridae, sub-
family Orthocoronavirinae) constitute a recurring and continuous threat to public and animal
health. Human coronavirus infections, like the one caused by a human coronavirus (HCoV)-
NL63 (genus Alphacoronavirus), are usually mild and associated with only common cold
symptoms [1]. However, the consecutive emergence of three members of the genus Betacoro-
navirus, including severe acute respiratory syndrome virus (SARS-CoV) [2], Middle East
respiratory syndrome virus (MERS-CoV) [3], and most recently, SARS-CoV-2 (COVID-19
disease) [4] have repeatedly demonstrated the potential of coronaviruses to emerge from an-
imal reservoirs and cause fatal disease in humans. It therefore calls for the development of
robust experimental models that could help design mitigations and intervention strategies.

SARS-CoV [5], HCoV-NL63 [6], and SARS-CoV-2 [7] use angiotensin-converting en-
zyme 2 (ACE2) as the primary receptor for the binding of the viral transmembrane spike
(S) glycoprotein for cell entry, an essential step in establishing viral infection. In general,
the S protein is cleaved by proteases into S1 and S2 subunits during the maturation process
in the infected cells. S1 binds to the ACE2 receptor, whereas S2 mediates viral membrane
fusion [8,9]. Meanwhile, ACE2 is a multi-functional molecule expressed across all major
tissues of different animal species, and the modulation of its expression is critical for several
physiological and pathological processes [10]. The presence and expression levels of ACE2
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and how efficiently the virus uses this receptor could determine susceptibility to infection.
The similarities between the receptor binding domain (RBD) of HCoV-NL63 and SARS-
CoV have revealed a cross-inhibition of the ACE2 transduction by the S protein [11,12].
Thus, HCoV-NL63 has been proposed as a safe BSL-2 surrogate for developing therapeutic
interventions against SARS-CoVs.

Often, initial antiviral screening relies on the detection and quantification of replicating
viruses in cell culture. Specifically, this study compared susceptibility, replication dynamics,
and morphogenesis of SARS-CoV-2 and HCoV-NL63 growing in monolayer cultures of
primary human respiratory epithelial cells.

2. Materials and Methods

All infection experiments involving SARS-CoV-2 were performed in the BSL-3 labora-
tory facilities at Iowa State University (ISU) under pre-established/approved protocols.

2.1. Primary Human Respiratory Epithelial Cells (HREC)

Commercially acquired primary human respiratory epithelial cells (HREC) (PCS-300-
010, ATCC, Manassas, VA, USA) were subcultured on cell culture flasks (Nunc, Thermo
Fisher Scientific, Waltham, MA, USA) or plates (Greiner Bio-One North America Inc, Mon-
roe, NC, USA), pre-coated with PureCol® Type I collagen (40 µg/mL/4 mm2; Advanced
BioMatrix, Inc., San Diego, CA, USA), at a density of ~20,000 cells/cm2. HRECs were propa-
gated in ATCC airway epithelial cell basal medium (ATCC) supplemented with 500 mg/mL
HSA, 0.6 mM linoleic acid, 0.6 mg/mL lecithin, 6 mM L-Glutamine, 0.4% Extract P, 1.0 mM
epinephrine, 5 mg/mL transferrin, 10 nM 3,3’,5-Triiodo-L-thyronine (T3), 5 mg/mL hy-
drocortisone, 5 ng/mL epidermal growth factor (EGF), 5 mg/mL insulin, 100 IU/mL
of penicillin, 100 µg/mL of streptomycin (Pen-Strep) (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA), and 1.25 µg/mL of amphotericin B (AmpB) (Gibco™, Thermo Fisher
Scientific) (growth medium #1). Cells were dissociated with 0.5× TrypLETM express en-
zyme (Gibco™, Thermo Fisher Scientific) and neutralized using 50% heat-inactivated fetal
bovine serum (FBS; EquaFetal™, Atlas Biologicals, Fort Collins, CO, USA), mixed in LHC
basal medium (Gibco™, Thermo Fisher Scientific). Collected cells were either seeded di-
rectly using respective growth medium or frozen in LHC basal medium containing 30% FBS
and 10% dimethyl sulfoxide (DMSO) (Millipore-Sigma, Saint Louis, MO, USA). Specifically,
primary cells used in this study corresponded to passages 4–9 for HRECs.

2.2. LLC-MK2 Cells

Rhesus monkey (Macaca mulatta) kidney epithelial cells (LLC-MK2 cells; CCL-7™,
ATCC) were cultured using growth medium #2 [Eagle’s Minimum Essential Medium
(EMEM; ATCC) supplemented with heat-inactivated 10% FBS (ATCC), Pen-Strep, and
25 µg/mL gentamicin (Gibco™, Thermo Fisher Scientific) and incubated at 37 ◦C with
5% CO2.

2.3. HCoV-NL63 Culture and Propagation

HCoV-NL63 was propagated in LLC-MK2 cells as previously described [13]. The
reagent was deposited by the Centers for Disease Control and Prevention and obtained
through BEI Resources, NIAID, NIH: Human Coronavirus, NL63, NR-470. In brief, cells
with >90% confluency were pre-incubated at 34 ◦C with 5% CO2 for 1 h prior to virus inoc-
ulation. After washing cells twice with phosphate-buffered saline pH 7.4 (PBS) (Gibco™,
Thermo Fisher Scientific), HCoV-NL63 was added and incubated for 1.5 h at 34 ◦C with
5% CO2. Subsequently, the inoculum was replaced with growth medium #2 without FBS
(infection medium #1) and incubated for 5 days at 34 ◦C with 5% CO2. The virus was
harvested by three repeated freeze/thaw cycles at −80 ◦C, and cell debris was removed
by centrifugation at 3000× g for 20 min at 4 ◦C. Approximately 105 50% tissue culture
infectious dose per mL (TCID50/mL) of virus titer was achieved, which was aliquoted and
frozen at −80 ◦C for subsequent virus infectious studies on HRECs.
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2.4. SARS-CoV-2 Culture and Propagation In Vitro

Vero-E6 cells (CRL-1586, ATCC) were used to propagate SARS-CoV-2 according to
CDC protocol [14]. The reagent was deposited by the Centers for Disease Control and
Prevention and obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2,
Isolate USA-WA1/2020, NR-52281. In brief, cells were subcultured in Dulbecco’s Modified
Eagle Medium (DMEM; Corning, Corning, NY, USA) supplemented with Pen-Strep and
10% FBS in a T175 tissue culture flask. At 80% confluency, cells were washed with PBS, and
the SARS-CoV-2 virus was added to the cells in a 5 mL volume for 30 min and were shaken
every 5–7 min. After 30 min, 30 mL of warm DMEM supplemented with 5% FBS was
added to the cells. The inoculated cultures were then incubated at 37 ◦C in a humidified
5% CO2 incubator and observed for daily viral replication and cytopathic effects (CPE).
Viral supernatants were collected from cell culture flasks showing CPE greater than 90%,
and after removing the cell debris by centrifugation, the virus titer in the supernatants
was determined by plaque assay in Vero-E6 cells. After 3 passages of virus propagation,
approximately 107 PFU/mL of virus titer was achieved, which was aliquoted and frozen at
−80 ◦C for subsequent virus infectious studies on HRECs.

2.5. HCoV-NL63 and SARS-CoV-2 Infectious Studies in HRECs

Viral kinetics in HRECs were performed by seeding 1 × 105 cells per well in collagen-
coated 24-well plates (Greiner Bio-one) using growth medium #2; for staining 96-well clear
flat bottom black polystyrene surface-treated microplate (CellBIND Costar; Corning) was
used, as described previously [15]. After 24 h of incubation, cells were washed twice with
500 µL of LHC base medium (Gibco, Thermo Fisher Scientific), and inoculated at MOI-2
and MOI-1 in triplicate with HCoV-NL63 or SARS-CoV-2 or mock inoculated with infection
medium #2 (airway epithelial cell basal medium [PCS-300-030; ATCC] supplemented
with 2% Ultroser G [Sartorius, Göttingen Germany], 1% MEM nonessential amino acids
solution [Gibco, Thermo Fisher Scientific], 1% HEPES [Gibco, Thermo Fisher Scientific],
1% GlutaMax [Gibco, Thermo Fisher Scientific], 100 IU/mL penicillin, and 100 µg/mL
streptomycin) and incubated at 37 ◦C with 5% CO2 for 2 h. Cells were rinsed with LHC basal
medium, fresh infection medium #2 was added to each well, and plates were incubated at
37 ◦C with 5% CO2 for 96 h.

2.6. Immunohistochemistry Staining in Tissues and Cell Cultures

Immunohistochemistry (IHC) staining was used to confirm the expression of ACE2
in paraffin-embedded tracheal tissue sections from healthy adult donors (commercially
acquired via Novus Biologicals, LLC, Centennial, CO, USA) and primary HRECs. Deparaf-
finized sections were heat retrieved (96 ◦C for 30 min) using a citrate buffer (Millipore-
Sigma) and washed in tris-buffered saline containing 0.1% Tween 20 (TBST) (Millipore-
Sigma). For HRECs, confluent cell monolayers on 96-well plates were fixed with 4%
paraformaldehyde for 15 min and subsequently permeabilized with 0.1% Triton X-100
(Millipore-Sigma) for 10 min. The following primary antibodies were used in this study:
mouse monoclonal anti-ACE2 (4 µg/mL; E-11 Santa Cruz Biotechnology, Dallas, TX, USA);
mouse anti-pan-cytokeratin (0.5 µg/mL; AE1/AE3; Bio-Rad Laboratories, Hercules, CA,
USA); anti-HCoV-NL63 nucleocapsid (N) protein monoclonal antibody (2D4; Ingenasa-
Eurofins, Madrid, Spain) (0.25 µg/mL) and a recombinant anti-SARS-CoV-2 nucleocap-
sid (N) protein rabbit monoclonal antibody (0.75 µg/mL) (BEI Resources) [The follow-
ing reagent was obtained through BEI Resources, NIAID, NIH: Monoclonal Anti-SARS
Coronavirus/SARS-Related Coronavirus 2 Nucleocapsid Protein (produced in vitro), NR-
53791; SinoBio Cat: 40143-R001].

Both tissue sections and cells were stained using an ImmPRESS VR anti-mouse/anti-
rabbit IgG HRP polymer detection kit (Vector Laboratories, Newark, CA, USA) following
the manufacturer’s instructions. In brief, sections/cells were blocked with animal-free RTU
buffer (Vector Laboratories) for 30 min and incubated overnight with the corresponding
mouse or primary rabbit antibody at 4 ◦C. The tissues were treated with 0.1% hydrogen
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peroxide for 1 h, while cells were treated for 5 min, followed by incubation with the respec-
tive secondary antibody for 60 min. Chromogenic detection in situ was performed using
ImmPACT DAB EqV peroxidase substrate solution (Vector Laboratories) and hematoxylin,
followed by mounting (tissue sections only) in Tissue-Tek Glas mounting medium (Sakura
Finetek, Torrance, CA, USA). Microscopic images were captured using an Olympus® CKX4
microscope (Olympus® Corp., Center Valley, PA, USA), Infinity 2 camera, and Infinity
Analyze imaging software (Ver 6.5.5, Lumenera Corp., Ottawa, ON, Canada).

2.7. Cellular Characterization Using Flow Cytometry

Confluent monolayers of HRECs were trypsinized as described herein, and the dissoci-
ated cell suspension was incubated in PBS containing 100 µg/mL bovine deoxyribonuclease
I (Millipore-Sigma) and 5 mM magnesium chloride (Millipore Sigma) for 15 min at room
temperature. After incubation, the cell suspension was passed through a 30 µm cell strainer
(Miltenyi Biotec, Bergisch Gladbach, Germany), and cells were washed thoroughly by
centrifugation at 200× g for 5 min. Flow cytometric staining was performed using a cell
concentration of approximately 2 × 105 cells per treatment in FACS buffer (PBS supple-
mented with 1% FBS and 0.09% sodium azide). After a 30 min incubation step on the
ice and washing twice with FACs buffer, the cells were stained with LIVE/DEAD™ Fix-
able Near-IR Dead Cell Stain Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) at a previously determined concentration of 1:200. In case of ACE2 receptor ex-
pression, cells were stained with mouse anti-ACE2 (Santa Cruz Biotechnology) and fixed
with BD Cytofix/Cytoperm™ solution (BD Biosciences, San Jose, CA, USA) for 20 min
on ice. For assessing the pan-cytokeratin expression, fixed cells were permeabilized with
Perm/Wash™ buffer (BD Biosciences) for 30 min on ice, washed, and stained for mouse
anti-pan-cytokeratin (Bio-Rad Laboratories). Then, after 30 min incubation on ice with a
goat anti-mouse labeled Alexa Fluor® 647 (15 µg/mL, Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, PA, USA), the cells were washed twice and resuspended into 200 µL
FACS buffer. Samples were analyzed on an Attune NxT flow cytometer equipped with
an autosampler (Thermo Fisher Scientific) according to manufacturer protocols, including
the use of appropriate threshold and gate settings. Each sample was tested in duplicate,
including unstained, fluorescence minus one (FMO), and isotype controls. Compensa-
tion controls were also performed, and the corresponding data were analyzed using the
instrument software.

2.8. Viral Binding Assay

Human tracheal epithelial section slides were incubated overnight at 37 ◦C with
250 µL of heat-inactivated SARS-CoV-2 isolate USA-WA1/2020 or HCoV-NL63 at 37 ◦C in
a humidified chamber. After overnight (~16 h incubation with the virus, the tissue sections
were vigorously washed with TBST for 15 min at room temperature, and the IHC staining
was performed as described in Section 2.5 [15].

2.9. Reverse Transcription-qPCR (RT-qPCR) Assay

Viral RNA extractions were performed following the manufacturer’s instructions
using the E.Z.N.A.® Viral RNA Kit (Omega Bio-tek, Inc., Norcross, GA, USA). The re-
verse transcription (RT-qPCR) reactions were performed in triplicate using the following
primer/probes listed in Table 1. Each RT-qPCR reaction (20 µL final reaction volume) was
set up by combining 3 µL of the extracted template RNA in TaqMan Fast Virus 1-Step Master
Mix (Applied Biosystems™, Thermo Fisher Scientific, Foster City, CA, USA), 500/125 nM
primer/probes for SARS-CoV-2 or 400/100 nM primer/probes for HCoV-NL63.
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Table 1. List of primer/probe sequences used.

Target Gene Oligo Sequence

SARS-CoV-2 N1
Forward GAC CCC AAA ATC AGC GAA AT
Reverse TCT GGT TAC TGC CAG TTG AAT CTG
Probe FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1

SARS-CoV-2 N2
Forward TTA CAA ACA TTG GCC GCA AA
Reverse GCG CGA CAT TCC GAA GAA
Probe HEX-ACA ATT TGC CCC CAG CGC TTC AG-BHQ1

HCoV-NL63 N [16]
Forward GCGTGTTCCTACCAGAGAGGA
Reverse GCTGTGGAAAACCTTTGGCA
Probe FAM-ATGTTATTCAGTGCTTTGGTCCTCGTGAT-BHQ1

Human RNase P
Forward AGA TTT GGA CCT GCG AGC G
Reverse GAG CGG CTG TCT CCA CAA GT
Probe Cy5-TTC TGA CCT GAA GGC TCT GCG CG-BHQ-1

All RT-qPCR reactions included the positive control obtained through BEI Resources,
NIAID, NIH. The following reagents were deposited by the Centers for Disease Control
and Prevention and obtained through BEI Resources, NIAID, NIH: qPCR control RNA
from heat-inactivated SARS-CoV-2 (isolate USA-WA1/2020, NR 52347; Genomic RNA
from HCoV-NL63, NR-44105, and a “no template” control (NTC). RT-qPCR reactions were
run on Rotor-Gene Q (QIAGEN) with cycling conditions of 50 ◦C for 5 min holding for
reverse transcription, 40 cycles of 95 ◦C for 20 s denaturation, 95 ◦C for 3 s, and 60 ◦C
for 30 s for amplification. The RT-qPCR results were analyzed using Rotor-Gene Q Pure
Detection software (v 2.3.1). For this study, samples with a threshold cycle (Ct) above 35
were considered negative.

2.10. Data Analysis

Statistical analyses and plots were performed using the data from flow cytometry,
RT-qPCR and analyzed using GraphPad Prism® 9.0.2 software (GraphPad Software Inc., La
Jolla, CA, USA) and Excel 365 (Microsoft, Redmond, WA, USA). The statistical significance
was determined using the two-way ANOVA multiple comparisons of the Tukey test. For
all analyses, a p-value < 0.05 was considered statistically significant.

3. Results
3.1. Distribution of ACE2 Receptor and Virus Binding on the Human Trachea

Human trachea sections stained for ACE2 showed predominant expression on the
epithelial cells, particularly towards the tracheal epithelial lining (Figure 1a). However,
ACE2 expression was not observed in the subepithelial region of the trachea. Virus binding
assay on human tracheal sections incubated overnight with heat-inactivated SARS-CoV-2
(USA-WA1/2020) and HCoV-NL63 revealed virus attachment. Both SARS-CoV-2 and
HCoV-NL63 bound on the trachea’s epithelial and subepithelial regions (Figure 1b,c).
Meanwhile, the respective secondary antibody controls showed minimal background
staining (Figure 1d–f). Despite intrinsic limitations of the IHC technique, background
staining was minimized by adjusting different parameters, i.e., antibody concentrations,
hydrogen peroxide concentrations, and incubation times with the DAB substrate. In
addition, residual specific or non-specific binding of the virus to other cellular receptors in
the sub-epithelial region should be considered.
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Figure 1. Distribution of ACE2 receptor and attachment of SARS-CoV-2 and human coronavirus
(HCoV-NL63) to tissue sections of human trachea. These images show formalin-fixed paraffin-
embedded cross-sections of human tracheal sections stained with ImmPRESS VR anti-mouse/rabbit
IgG horseradish peroxidase (HRP) polymer detection kit. Dark brown represents the presence of
a protein interacting with a specific antibody and is considered a positive expression. Pale brown
background, and the nucleus counterstained with hematoxylin is blue. (a) Expression of ACE2 in
human trachea revealed by immunostaining with mouse anti-ACE2 monoclonal antibody (4 µg/mL);
and (d) corresponding negative control tissue sections stained with secondary anti-mouse HRP
antibody only. (b,c,e,f) The tissues sections presented in this panel show virus binding in formalin-
fixed paraffin-embedded cross-sections after overnight incubation with 250 µL (b) heat-inactivated
SARS-Related Coronavirus 2, Isolate USA-WA1/2020 or (c) HCoV-NL63. (e,f) Virus-incubated
sections that were stained with secondary anti-rabbit HRP antibody only. Scale bar—100 µm.

3.2. Determining ACE2 Receptors in Human Respiratory Epithelial Cells

Epithelial cell-specific staining of HRECs showed evident expression of pan-cytokeratin
(Figure 2a), while the corresponding secondary antibody controls had a minimal back-
ground (Figure 2b). Quantification analysis by flow cytometry further confirms that all the
cells expressed pan-cytokeratin, but only 6% of these cells expressed ACE2 (Figure 2c).
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Figure 2. Characterization of human respiratory epithelial cells (HRECs) for pan-cytokeratin and
angiotensin-converting enzyme-2 (ACE2) using target-specific markers. Primary HRECs stained
for mouse monoclonal to anti-pan-cytokeratin (epithelial cell marker; 0.5 µg/mL) showed strong
expression both in (a) IHC and (c) flow cytometry analysis. (b) HRECs incubated with a secondary
antibody only displayed minimum background. (c) HRECs were also quantified for the ACE2
expression using flow cytometry. Flow cytometry data was collected using an Attune NxT flow
cytometer. A representative of 10,000 events were acquired and analyzed for each sample. Cells were
gated for singlet population using forward (FSA) and side-scatter (SSA) properties, and the mean of
percent live cell population was used to quantify the levels of (c-i) pan-cytokeratin and (c-ii) ACE2
(n = 4). The bar graph represents the mean with the standard error of the mean (SEM).

3.3. Demonstration of SARS-CoV-2 and HCoV-NL63 Virus Infection in HRECs by IHC

SARS-CoV-2 virus stocks were generated in Vero-E6 cells, and the SARS-CoV-2 viral
nucleoprotein (positive brown staining) was demonstrated in infected cells 72 h post-
inoculation (hpi) via IHC staining (Figure 3a). The virus inoculated HRECs with a multi-
plicity of infection (MOI)-2 (Figure 3b) and -1 were susceptible to SARS-CoV-2 infection,
and the virus appeared to replicate efficiently in these cells. Similarly, HCoV-NL63 repli-
cated in LLC-MK2 cells, and corresponding viral nucleoprotein can be observed at 120 hpi
(Figure 3c). Again, the HCoV-NL63 virus could infect and replicate efficiently in HRECs at
an MOI-2 (Figure 3d) and -1. As expected, the corresponding mock-inoculated controls
(Figure 3e–h) remained negative throughout the infection medium inoculation.
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fection, either in SARS-CoV-2 or in HCoV-NL63. The Ct values of MOI-1 were higher than 

Figure 3. Cytopathic effect (CPE) and detection of viral nucleoprotein (SARS-CoV-2 or HCoV-
NL63) in human respiratory epithelial cells (HRECs) and the Vero E6 and LLC-MK2 cell lines used
to propagate SARS-CoV-2 and HCoV-NL63. Cells fixed in 4% paraformaldehyde were stained
with ImmPRESS VR anti-mouse/rabbit IgG horseradish peroxidase (HRP) polymer detection kit.
Anti-SARS Coronavirus/SARS-Related Coronavirus 2 nucleocapsid (N) protein (0.75 µg/mL), and
anti-HCoV-NL63 nucleocapsid (N) protein monoclonal antibody (0.25 µg/mL) were used to detect
corresponding viruses. Dark brown indicates the presence of a viral protein that interacts with
a specific antibody, which is considered a positive expression; pale brown denoted background
straining, and the nucleus was counterstained blue with hematoxylin. (a) Vero-E6 cells after 72 h
post-inoculation (hpi) with SARS-CoV-2 as positive control; (b) HRECs after 72 hpi with SARS-
CoV-2; (c) HRECs showing CPE after 120 hpi with SARS-CoV-2 (1—dying cells, 2—rounding of
cells); (g) LLC-MK2 cells after 120 hpi with HCoV-NL63; (h) HRECs after 120 hpi with HCoV-NL63.
(i) HRECs showing CPE after 120 hpi with HCoV-NL63 (3—cells mostly healthy looking but with
syncytia formation); (d–f,j–l) Respective mock inoculations with culture medium. Scale bar—100 µm.

Microscopic examination of SARS-CoV-2 infected cells revealed significant morpho-
logical changes (CPE), such as rounding of cells, cell detachment, and vacuolation by
72 hpi, which increased over time and in a dose-dependent manner (Figure 3c). In contrast,
for HCoV-NL63 infected cells, the CPE was relatively mild with minimal morphological
changes regardless of dose and time of infection (Figure 3i).
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3.4. SARS-CoV-2 and HCoV-NL63 Virus Replication Kinetics in HRECs Using RT-qPCR

To evaluate the differences in viral replication kinetics between SARS-CoV-2 and
HCoV-NL63 in HRECs, supernatants from three replicates were collected at different time
points (24, 48, 72, 96, 120 hpi) from each inoculated viral dose and evaluated using N
gene-based RT-qPCR assays. No significant differences in Ct values were observed during
infection, either in SARS-CoV-2 or in HCoV-NL63. The Ct values of MOI-1 were higher
than MOI-2 in HRECs inoculated with HCoV-NL63 and SARS-CoV-2 (Figure 4a). However,
when compared between the viruses, i.e., HCoV-NL63 and SARS-CoV-2, a statistically
significant difference (p < 0.05) was observed in Ct values at both MOI-2 and -1 (Figure 4b).
Ct values of SARS-CoV-2 were comparatively lower than HCoV-NL63 across all the time
points tested, resulting in more significant viral replication of SARS-CoV-2 in HRECs.
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Figure 4. Detection of viral nucleocapsid genes of HCoV-NL63 and SARS-CoV-2 in cell culture
supernatants of human respiratory epithelial cells (HRECs). (a) Line graph plotted using RT-qPCR
Ct values obtained from the supernatants of HRECs inoculated with two doses of virus (MOI-1 and
MOI-2) of HCoV-NL63 and SARS-CoV-2; (b) Bar graphs showing significantly (p-value < 0.05) low
Cts in SARS-CoV-2 inoculated HRECs compared to HCoV-NL63 at both MOI-2 and -1 across the time
points. All RT-qPCR reactions included mock inoculated, positive, and no-template controls (NTC).
Mean Ct values from 3 replicates at each dose were used to plot the graphs, and error bars represent
the standard error of the mean (SEM). * denotes p-value < 0.05 and ** p-value < 0.005.

4. Discussion

Viral receptors are major drivers in defining the host range and tissue-specific or cell-
type-specific tropism towards viruses. The presence and expression of specific receptors
could determine the outcome of the infection. The human trachea sections analyzed
during this study expressed ACE2 receptors and spatial distribution on the epithelial
cells, particularly towards the tracheal epithelial lining, justifying further in vitro studies.
Human respiratory epithelial cells isolated from the tracheobronchial region were used
to evaluate the cell susceptibility and virus replication dynamics in HRECs monolayers
inoculated with SARS-CoV-2 and HCoV-NL63. Also, it is important to delineate these
early cell–viral events to understand the target host cell pathogenesis and differences in
transmissibility between different viruses and subsequent variants.
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In line with observations from our previous studies, HCoV-NL63 did not cause CPE
in monolayers of HREC, while significant CPE was observed in SARS-CoV-2-infected
HREC; the progressive loss of cell viability was driven by a cytotoxicity-mediated mech-
anism [15,17]. SARS-CoV-2 displayed significantly higher efficiency than HCoV-NL63,
infecting an extremely low population of HRECs expressing ACE2 receptors. Recent molec-
ular analysis of the ACE2 receptors in different mammalian species, as well as the RBD
domain of the spike protein on SARS-CoV-2, HCoV-NL63, and other coronaviruses, have
begun to shed light on the prediction of inter-species transmission [18,19].

Similar to what has been reported for SARS-CoV and MERS-CoV but contrary to
SARS-CoV-2, HCoV-NL63 replicated more efficiently in standard immortalized cells than
in monolayers of primary HRECs [20], which could correlate with the differences on their
transmissibility reported in vivo [7]. In fact, HRECs offer some advantages in sustain-
ing SARS-CoV-2 replication compared with standard immortalized cells [21], which are
relatively easy to maintain but are not the natural cell target of the virus. Despite the
aforementioned differences in cell susceptibility to infection, the assessment of viral growth
kinetics showed a slow viral replication, even for SARS-CoV-2 in HRECs monolayers,
compared to Vero E6 cells. ACE2 is indeed a critical factor for susceptibility and outcome
of the infection but not sufficient for efficient virus replication.

This and previous studies have demonstrated that HCoV-NL63 replication efficiency
in vitro is poor, not only compared to low pathogenic coronaviruses [22] or a highly trans-
missible virus-like SARS-CoV-2 [21], but also when HCoV-NL63 replication is compared
across different cells [20] and types of cultures (e.g., monolayer vs. organotypic). Con-
cerning the latter, we demonstrated in a previous study that HRECs and organotypic
air-liquid-interface (ALI) HREC, established from the same source (ATCC PCS-300-010;
Lot number: 70002486) and the same primary HRECs used in the present study, expressed
significantly higher levels of ACE2 receptor protein than HREC cultures and were more
susceptible to infection with HCoV-NL63 [17]. It is important to highlight that, contrary to
ALI-HRECs, the non-ciliated HREC monolayer cultures lack the morphological, structural,
and functional complexity, including ciliated cells, that are required to mimic the respira-
tory airway in vivo [17]. In this connection, Lee et al. [23] found that the ACE2 receptor
was mainly identified within the motile cilia of airway epithelial cells. As reviewed by
Bukowy-Bieryllo [24], primary HRECs lack ciliated cells or, after several passages, may
lose the ability to form cilia. Moreover, in a recent study [17], our group showed that
organotypic air–liquid interface human respiratory epithelial cell (ALI-HREC) cultures
in vitro, which resemble the respiratory epithelial lining in vivo, expressed significantly
more ACE2 receptor protein than monolayer/non-ciliated HREC cultures. This would
explain the apparent discrepancy between ACE2 protein expressions detected in trachea
sections (Figure 1) versus HREC (Figure 2). Thus, justifies the development of alternative
culture models to assess therapeutic interventions for low pathogenic respiratory coron-
aviruses like HCoV-NL63, which can be transferable to current and emerging coronaviruses
requiring BSL-3 facilities.

5. Conclusions

SARS-CoV-2 is more efficient at taking advantage of limited ACE2 receptor availabil-
ity on monolayer HRECs than HCoV-NL63. Furthermore, SARS-CoV-2 replicated more
efficiently than HCoV-NL63 in HRECs.

Author Contributions: Conceptualization, R.K.N. and L.G.G.-L.; methodology, G.C., R.K.N., J.C.M.-D.,
K.S.P. and M.B.-P.; validation, G.C., R.K.N., J.C.M.-D. and L.G.G.-L.; formal analysis, G.C., M.B.-P.
and R.K.N.; investigation, G.C., R.K.N., J.C.M.-D., K.S.P. and L.G.G.-L.; resources, R.K.N., B.H.B.
and L.G.G.-L.; data curation, G.C., M.B.-P. and R.K.N.; writing—original draft preparation, G.C.,
R.K.N. and L.G.G.-L.; writing—review and editing, G.C., R.K.N., J.C.M.-D., K.S.P., M.B.-P., B.H.B.
and L.G.G.-L.; visualization, G.C. and R.K.N.; supervision, R.K.N., B.H.B. and L.G.G.-L.; project
administration, L.G.G.-L.; funding acquisition, B.H.B. and L.G.G.-L. All authors have read and agreed
to the published version of the manuscript.



Viruses 2023, 15, 736 11 of 12

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fielding, B.C. Human Coronavirus NL63: A Clinically Important Virus? Future Microbiol. 2011, 6, 153–159. [CrossRef] [PubMed]
2. Peiris, J.; Lai, S.; Poon, L.; Guan, Y.; Yam, L.; Lim, W.; Nicholls, J.; Yee, W.; Yan, W.; Cheung, M.; et al. Coronavirus as a Possible

Cause of Severe Acute Respiratory Syndrome. Lancet 2003, 361, 1319–1325. [CrossRef]
3. Zaki, A.M.; van Boheemen, S.; Bestebroer, T.M.; Osterhaus, A.D.M.E.; Fouchier, R.A.M. Isolation of a Novel Coronavirus from a

Man with Pneumonia in Saudi Arabia. N. Engl. J. Med. 2012, 367, 1814–1820. [CrossRef] [PubMed]
4. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from

Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]
5. Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Gree-

nough, T.C.; et al. Angiotensin-Converting Enzyme 2 Is a Functional Receptor for the SARS Coronavirus. Nature 2003, 426, 450–454.
[CrossRef]

6. Hofmann, H.; Pyrc, K.; van der Hoek, L.; Geier, M.; Berkhout, B.; Pöhlmann, S. Human Coronavirus NL63 Employs the Severe
Acute Respiratory Syndrome Coronavirus Receptor for Cellular Entry. Proc. Natl. Acad. Sci. USA 2005, 102, 7988–7993. [CrossRef]

7. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A Pneumonia
Outbreak Associated with a New Coronavirus of Probable Bat Origin. Nature 2020, 579, 270–273. [CrossRef]

8. Belouzard, S.; Millet, J.K.; Licitra, B.N.; Whittaker, G.R. Mechanisms of Coronavirus Cell Entry Mediated by the Viral Spike
Protein. Viruses 2012, 4, 1011–1033. [CrossRef]

9. Millet, J.K.; Whittaker, G.R. Host Cell Proteases: Critical Determinants of Coronavirus Tropism and Pathogenesis. Virus Res. 2015,
202, 120–134. [CrossRef]

10. Tikellis, C.; Thomas, M.C. Angiotensin-Converting Enzyme 2 (ACE2) Is a Key Modulator of the Renin Angiotensin System in
Health and Disease. Int. J. Pept. 2012, 2012, 256294. [CrossRef]

11. Wu, K.; Chen, L.; Peng, G.; Zhou, W.; Pennell, C.A.; Mansky, L.M.; Geraghty, R.J.; Li, F. A Virus-Binding Hot Spot on Human
Angiotensin-Converting Enzyme 2 Is Critical for Binding of Two Different Coronaviruses. J. Virol. 2011, 85, 5331–5337. [CrossRef]
[PubMed]

12. Struck, A.-W.; Axmann, M.; Pfefferle, S.; Drosten, C.; Meyer, B. A Hexapeptide of the Receptor-Binding Domain of SARS Corona
Virus Spike Protein Blocks Viral Entry into Host Cells via the Human Receptor ACE2. Antivir. Res. 2012, 94, 288–296. [CrossRef]
[PubMed]

13. van der Hoek, L.; Pyrc, K.; Jebbink, M.F.; Vermeulen-Oost, W.; Berkhout, R.J.M.; Wolthers, K.C.; Wertheim-van Dillen, P.M.E.;
Kaandorp, J.; Spaargaren, J.; Berkhout, B. Identification of a New Human Coronavirus. Nat. Med. 2004, 10, 368–373. [CrossRef]
[PubMed]

14. Harcourt, J.; Tamin, A.; Lu, X.; Kamili, S.; Sakthivel, S.K.; Murray, J.; Queen, K.; Tao, Y.; Paden, C.R.; Zhang, J.; et al. Isolation and
Characterization of SARS-CoV-2 from the First US COVID-19 Patient. bioRxiv 2020. preprint. [CrossRef]

15. Nelli, R.K.; Phadke, K.S.; Castillo, G.; Yen, L.; Saunders, A.; Rauh, R.; Nelson, W.; Bellaire, B.H.; Giménez-Lirola, L.G. Enhanced
Apoptosis as a Possible Mechanism to Self-Limit SARS-CoV-2 Replication in Porcine Primary Respiratory Epithelial Cells in
Contrast to Human Cells. Cell Death Discov. 2021, 7, 383. [CrossRef] [PubMed]

16. Schildgen, O.; Jebbink, M.F.; de Vries, M.; Pyrc, K.; Dijkman, R.; Simon, A.; Müller, A.; Kupfer, B.; van der Hoek, L. Identification
of Cell Lines Permissive for Human Coronavirus NL63. J. Virol. Methods 2006, 138, 207–210. [CrossRef]

17. Castillo, G.; Mora-Díaz, J.C.; Nelli, R.K.; Giménez-Lirola, L.G. Human Air-Liquid-Interface Organotypic Airway Cultures Express
Significantly More ACE2 Receptor Protein and Are More Susceptible to HCoV-NL63 Infection than Monolayer Cultures of
Primary Respiratory Epithelial Cells. Microbiol. Spectr. 2022, 10, e01639-22. [CrossRef]

18. Liu, Y.; Hu, G.; Wang, Y.; Ren, W.; Zhao, X.; Ji, F.; Zhu, Y.; Feng, F.; Gong, M.; Ju, X.; et al. Functional and Genetic Analysis
of Viral Receptor ACE2 Orthologs Reveals a Broad Potential Host Range of SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2021,
118, e2025373118. [CrossRef]

19. Lan, J.; Chen, P.; Liu, W.; Ren, W.; Zhang, L.; Ding, Q.; Zhang, Q.; Wang, X.; Ge, J. Structural Insights into the Binding of
SARS-CoV-2, SARS-CoV, and HCoV-NL63 Spike Receptor-Binding Domain to Horse ACE2. Structure 2022, 30, 1432–1442.e4.
[CrossRef]

20. Herzog, P.; Drosten, C.; Müller, M.A. Plaque Assay for Human Coronavirus NL63 Using Human Colon Carcinoma Cells. Virol. J.
2008, 5, 138. [CrossRef]

21. Zhu, N.; Wang, W.; Liu, Z.; Liang, C.; Wang, W.; Ye, F.; Huang, B.; Zhao, L.; Wang, H.; Zhou, W.; et al. Morphogenesis and
Cytopathic Effect of SARS-CoV-2 Infection in Human Airway Epithelial Cells. Nat. Commun. 2020, 11, 3910. [CrossRef] [PubMed]

http://doi.org/10.2217/fmb.10.166
http://www.ncbi.nlm.nih.gov/pubmed/21366416
http://doi.org/10.1016/S0140-6736(03)13077-2
http://doi.org/10.1056/NEJMoa1211721
http://www.ncbi.nlm.nih.gov/pubmed/23075143
http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://doi.org/10.1038/nature02145
http://doi.org/10.1073/pnas.0409465102
http://doi.org/10.1038/s41586-020-2012-7
http://doi.org/10.3390/v4061011
http://doi.org/10.1016/j.virusres.2014.11.021
http://doi.org/10.1155/2012/256294
http://doi.org/10.1128/JVI.02274-10
http://www.ncbi.nlm.nih.gov/pubmed/21411533
http://doi.org/10.1016/j.antiviral.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22265858
http://doi.org/10.1038/nm1024
http://www.ncbi.nlm.nih.gov/pubmed/15034574
http://doi.org/10.1101/2020.03.02.972935
http://doi.org/10.1038/s41420-021-00781-w
http://www.ncbi.nlm.nih.gov/pubmed/34893585
http://doi.org/10.1016/j.jviromet.2006.07.023
http://doi.org/10.1128/spectrum.01639-22
http://doi.org/10.1073/pnas.2025373118
http://doi.org/10.1016/j.str.2022.07.005
http://doi.org/10.1186/1743-422X-5-138
http://doi.org/10.1038/s41467-020-17796-z
http://www.ncbi.nlm.nih.gov/pubmed/32764693


Viruses 2023, 15, 736 12 of 12

22. Dijkman, R.; Jebbink, M.F.; Koekkoek, S.M.; Deijs, M.; Jónsdóttir, H.R.; Molenkamp, R.; Ieven, M.; Goossens, H.; Thiel, V.; van
der Hoek, L. Isolation and Characterization of Current Human Coronavirus Strains in Primary Human Epithelial Cell Cultures
Reveal Differences in Target Cell Tropism. J. Virol. 2013, 87, 6081–6090. [CrossRef] [PubMed]

23. Lee, I.T.; Nakayama, T.; Wu, C.T.; Goltsev, Y.; Jiang, S.; Gall, P.A.; Liao, C.K.; Shih, L.C.; Schürch, C.M.; McIlwain, D.R.; et al.
Robust ACE2 protein expression localizes to the motile cilia of the respiratory tract epithelia and is not increased by ACE
inhibitors or angiotensin receptor blockers. Nat. Commun. 2020, 11, 5453. [CrossRef]

24. Bukowy-Bieryłło, Z. Long-term differentiating primary human airway epithelial cell cultures: How far are we? Cell Commun.
Signal. 2021, 19, 63. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1128/JVI.03368-12
http://www.ncbi.nlm.nih.gov/pubmed/23427150
http://doi.org/10.1038/s41467-020-19145-6
http://doi.org/10.1186/s12964-021-00740-z
http://www.ncbi.nlm.nih.gov/pubmed/34044844

	Introduction 
	Materials and Methods 
	Primary Human Respiratory Epithelial Cells (HREC) 
	LLC-MK2 Cells 
	HCoV-NL63 Culture and Propagation 
	SARS-CoV-2 Culture and Propagation In Vitro 
	HCoV-NL63 and SARS-CoV-2 Infectious Studies in HRECs 
	Immunohistochemistry Staining in Tissues and Cell Cultures 
	Cellular Characterization Using Flow Cytometry 
	Viral Binding Assay 
	Reverse Transcription-qPCR (RT-qPCR) Assay 
	Data Analysis 

	Results 
	Distribution of ACE2 Receptor and Virus Binding on the Human Trachea 
	Determining ACE2 Receptors in Human Respiratory Epithelial Cells 
	Demonstration of SARS-CoV-2 and HCoV-NL63 Virus Infection in HRECs by IHC 
	SARS-CoV-2 and HCoV-NL63 Virus Replication Kinetics in HRECs Using RT-qPCR 

	Discussion 
	Conclusions 
	References

