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Abstract
Studies on fundamental aspects of human coronavirus (HCoV) infections regarding cell 
tropism and other crucial virus-host interactions are seriously hampered by the lack of a 
universal culture system. We investigated whether all four circulating HCoV can replicate 
on pseudo-stratified human airway epithelium cell cultures. We isolated several clinical 
representative strains of HCoV-HKU1, HCoV-229E, HCoV-OC43 and HCoV-NL63 
directly from nasopharyngeal material and characterized their cell tropism. Ten new 
clinical representative HCoV-229E (n = 1), HCoV-NL63 (n = 1), HCoV-HKU1 (n = 4) 
and HCoV-OC43 (n = 4) isolates were obtained. This revealed HCoV-NL63 as the most 
fastidious HCoV. Characterization of the cell tropism of the clinical isolates showed that 
HCoV-229E predominantly co-localizes with non-ciliated cells whereas HCoV-OC43, 
HCoV-HKU1 and HCoV-NL63 all infect ciliated cells. A similar cell tropism pattern 
was also found for the lab-adapted reference strains. Collectively, this demonstrates the 
HCoV-229E employs a different cell tropism than HCoV-NL63, HCoV-OC43 and HCoV-
HKU1 in the human airway epithelium.
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Introduction
Coronaviruses (CoVs) are pathogens that can infect a broad range of vertebrate species 
including livestock, companion animals and humans. Coronavirus infections are mainly 
associated with respiratory and enteric diseases [1–3]. The first reports on human CoVs 
(HCoV) appeared in the mid-1960s. The human viruses were isolated from persons 
with common cold, and two species were detected: HCoV-229E and HCoV-OC43 [4,5]. 
The viruses are associated with mild respiratory tract disease (common cold) that may 
cause more severe symptoms in elderly or immune-compromised individuals [6–11]. 
In 2002/2003 the appearance of the severe acute respiratory syndrome (SARS), caused 
by a formerly unknown coronavirus (SARS-CoV), exemplified the zoonotic potential of 
coronaviruses and their ability to seriously affect human health [3,12–15]. Since the SARS 
epidemic, the number of newly identified coronaviruses and host species continuously 
increased. The intensified global virus discovery efforts revealed also that more HCoVs 
must exist, demonstrated by the identification of HCoV-NL63 in 2004 and HCoV-HKU1 
in 2005 [16,17]. Both viruses are not emerging viruses like SARS-CoV but were previously 
unidentified. Infections by these viruses are as common and wide spread as HCoV-229E 
and HCoV-OC43 infections [18].
 Despite the accumulating knowledge on HCoV prevalence and burden of disease, 
studies on fundamental aspects of HCoV infections regarding cell tropism and other 
crucial virus-host interactions are seriously hampered by the lack of a universal culture 
system that allows propagation of all HCoVs. The difficulty of propagating HCoVs on 
conventional cell lines has been described in the mid-60s, and led to ex vivo culturing of 
human embryo respiratory tract explants [5,19–21]. Nowadays, we use the pseudo-stratified 
human airway epithelium (HAE) cell culture system as an alternative and convenient 
tool to propagate and characterize novel identified human respiratory viruses [22], 
including the previous unculturable HCoV-HKU1 [23]. The culture system also supports 
propagation of the laboratory reference stains of HCoV-229E, HCoV-NL63 and SARS-
CoV [24–27]. For HCoV-NL63, SARS-CoV and HCoV-HKU1 it is know that they exhibit 
the same cell tropism in HAE, however for HCoV-229E and HCoV-OC43 this has not 
been reported [23–27]. In addition, the available HCoV-229E and HCoV-OC43 reference 
strains have become lab-adapted with deletions or mutations in the viral genome [28,29]. 
 We investigated whether HAE cultures can be used as a universal cell culture system, 
to isolate new clinical representative HCoV strains. In total, we obtained 10 new clinical 
representative HCoV strains out of 18 HCoV positive nasopharyngeal specimens. In total, 
HCoV-229E (n = 1), HCoV-NL63 (n = 1), HCoV-HKU1 (n = 4) and HCoV-OC43 (n = 
4). Furthermore, the cellular tropism of a single representative HCoV-229E, HCoV-NL63, 
HCoV-HKU1 and HCoV-OC43 strain was determined. Finally, we compared the cell 
tropism with that of the HCoV-NL63, HCoV-229E and HCoV-OC43 reference strains.
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Material and Methods

Virus stocks
HCoV-NL63 (isolate Amsterdam 1) virus stock was obtained by inoculating a monolayer 
of LLC-MK2 cells as described previously [30]. Supernatant was harvested after 7 days and 
stored in aliquots at -80oC, after removal of cellular debris by centrifugation. HCoV-229E 
(Inf-1) MRC-5 cell culture supernatant was kindly provided by Volker Thiel, St. Gallen, 
Switzerland [31]. HCoV-OC43 (VR-759) was obtained commercially from the ATCC. 

Clinical material
Twelve nasopharyngeal specimens were collected in January 2010 at the Laboratory 
of Clinical Virology, department of Medical Microbiology, Academic Medical Center 
Amsterdam from patients that were hospitalized due to upper or lower respiratory tract 
illness. Samples were analyzed with in-house diagnostic qRT-PCR panel for human 
bocavirus (HBoV), human coronaviruses, human metapneumovirus, influenza virus 
A and B, respiratory syncytial virus, human picornaviruses, human adenovirus and 
human parainfluenzaviruses 1 – 4. All nasopharyngeal washes were positive for HCoVs, 
whereas the diagnostic panel was negative for all other viruses. One HCoV-NL63 positive 
specimen was obtained as previously described [32]. Five additional HCoV-NL63 positive 
nasopharyngeal specimens, negative for all other viruses, were obtained from the GRACE 
cohort study tested with a diagnostic panel as described elsewhere [33]. Human bocavirus 
(Bonn-1) was obtained as previously described [22].

Human airway epithelial cell culture
Normal primary human bronchial epithelial cells (HBEpC) were isolated from surgical 
removed bronchi tissue obtained locally in accordance with Academic Medical Center 
regulations. Bronchi segments were incubated in J-MEM (Sigma) with dissolved protease 
XIV/DNAse mixture (Sigma) in for 48 hours at +4oC, supplemented with following 
additives (Sigma); L-glutamine, Penicillin G sulfate (100 Units/ml), Streptomycin sulfate 
(100 µg/ml), Amphotericin B (1.25 µg/ml), Gentamicin (50 µg/ml) and Nystatine (100 
Units/ml). After cell dissociation the HBEpC were maintained for one or two serial 
passages as a monolayer in Bronchial epithelial cell serum-free growth medium (BEGM) 
[34], LHC basal medium (Invitrogen) supplemented with the required additives (Sigma). 
BEGM was refreshed with a 2 or 3 day interval. Sub-passage of HBEpC on to form pseudo-
stratified Human Airway Epithelial cell cultures was done as described previously [22]. 
Hereby the washing of the apical surface was adjusted to a 7 days interval. All cultures 
were maintained at 37oC in a 5% CO2-incubator.
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Human coronavirus infection
An aliquot of 50 µl clinical patient material or cell culture supernatant was diluted in 
200 µl HBSS and centrifuged for 4 minutes at room temperature with 1.500 x rcf. Two 
hundred µl of diluted clinical sample was directly inoculated upon the apical surface of 
pseudo-stratified human airway epithelium and incubated for 2 hours at 34oC in a 5% 
CO2-incubator. After 2 hours the inoculums were collected and stored in an equal volume 
of home-made virus transport medium (VTM). The apical side was rinsed three times 
with 500 µl of HBSS, before inoculated cultures were maintained at 34oC in a 5% CO2-
incubator. Samples were collected 2, 24, 48, 72 96, 120, 144 and 168 hour post-inoculation 
(hpi) from the apical side and at time points 48 and 96 hpi from basolateral side, unless 
described otherwise. Apical harvesting was performed by adding 200 µl of HBSS to the 
apical surface, incubated for 10 minutes at 34oC in a 5% CO2-incubator, followed by the 
removal and storage of the apical harvest in equal volume of VTM. Aliquots of 100 µl 
apical HBSS:VTM mixture of each time point was transferred into 900 µl L6 Lysis buffer 
for viral RNA quantification. Cultures were daily observed by eye with a phase contrast 
microscope. After 96 hpi the HAE cultures were fixated with 3.7% PFA in PBS for 30 
minutes at room temperature (RT), followed by rinsing the apical and basolateral sides 
with 1 ml of PBS. Fixated cultures were kept at 4°C in confocal staining buffer (2 % IgG-
free BSA (Sigma) in PBS with 0.1% saponin and 50 mM ammonium chloride) until 
further processing.

Human coronavirus viral yield
Viral RNA was isolated from the collected samples of the apical and basolateral harvests 
by the Boom method for total nucleic acids isolation [35], elution was performed in 
100 µl H2O. Reverse transcription was performed with Moloney murine leukemia 
virus reverse transcriptase (Invitrogen) (200 Units) and 12,5 ng of random primers 
(Invitrogen) in 10 mM Tris, pH 8.3, 50 mM KCl, 0.1% Triton X-100, 6 mM of MgCl2, 
and 25 µM of each deoxynucleoside triphosphate at 37°C for 60 min in a total volume 
of 20 µl. Quantification of HCoV viral yield was performed with real-time PCR, using 
the Platinum quantitative PCR SuperMix–uracil-DNA glycosylase (Invitrogen). Ten 
microliters of cDNA was amplified in 50 µl 1 × Platinum quantitative PCR SuperMix–
uracil-DNA glycosylase (Invitrogen) with 5.0 mM MgCl2, 10 µM of specific probe labeled 
with FAM (6-carboxyfluorescein) and TAMRA (6-carboxytetramethylrhodamine), 
and 45 µM of each primer. The following primers targeting the N gene were 
used for HCoV-NL63: sense, 5’-GCGTGTTCCTACCAGAGAGGA-3’; 
antisense, 5’-GCTGTGGAAAACCTTTGGCA-3’; and probe, 5’-FAM-
ATGTTATTCAGTGCTTTGGTCCTCGTGAT-TAMRA-3’. Primers targeting HCoV-
HKU1, HCoV-229E and HCoV-OC43 are described elsewhere [23,36]. All measurements 
were done with the ABI PRISM® 7000 Sequence Detection System (Applied Biosystems). 
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Following the UDG treatment for 2 min at 50 °C and denaturing for 10 min at 
95 °C, 45 cycles of amplification were performed for 15 s at 95 °C and 60 s at 60 °C.

Confocal microscopy analysis
Fixated HAE cultures were double immunostained for simultaneous detection of HCoVs 
proteins and ciliated cells. Human  intravenous immunoglobulin (1:200, Nanogam®, 
Sanquin B.V. 50 mg/ml) and mouse monoclonal anti-β-tubulin IV (1:400, Sigma) were 
applied as primary antibodies for 2 hours at RT in confocal staining buffer. Donkey derived, 
Dylight 488 labeled, anti-mouse IgG (H+L) and donkey derived, Dylight 594 labeled, 
anti-human IgG (H+L) (1:200) (Jackson immunoresearch) were applied as secondary 
antibodies for 1 hour at RT in confocal staining buffer, followed by nuclear DNA staining 
with Hoechst 33528 (5 µg/ml, Sigma). Dissected membranes with immunostained HAE 
cultures were mounted on a glass slide with Vectashield® mounting medium (Vector 
laboratories) under a coverslip sealed with nail polish. Fluorescent images were acquired 
on a Leica TCS SP2 AOBS spectral confocal microscope with a 63x HCX PL APO 1.32 
oil objective. Image analysis was performed with the Leica Application Suite, Advanced 
Fluorescence Lite (2.3.4 build 5379) software package (Leica).



149

HCoV cell tropism

9

Results

HCoV clinical isolates on HAE
The currently available isolate of HCoV-229E and HCoV-OC43 are known to have 
become lab-adapted with deletions or mutations in the structural protein genes. That may 
lead to reduced fitness, or even an alternative cell tropism. Therefore it was investigated 
whether new clinical representative strains of HCoV-229E and HCoV-OC43 could be 
isolated directly from 18 HCoV positive nasopharyngeal specimens. An aliquot of 50 µl 
from each sample was diluted 1:5 in HBSS of which 200 µl was used to inoculate at the 
apical side of the pseudo-stratified human airway epithelium and incubated for 2 hours 
at 34oC, followed by rinsing the apical surface of the cultures three times with HBSS to 
remove any residual unbound viral particles. The cultures were maintained at 34oC and 
200 µl harvests were collected from the apical side at 2, 24, 48, 72, 96, 120, 144 and 168 
hours post-inoculation (hpi). The viral RNA concentration of the 18 HCoV inoculated 
cultures ranged between 157 to 153 x 105 copies per milliliter (Table I). For three samples 
the viral yield within the diluted inoculums was below 1000 copies per milliliter (Table 
I). Quantification of the viral yield in subsequent time points of the 18 HCoV inoculated 
cultures showed that a steep increase of viral yield was detectable in 10 of the 18 HAE 
cell cultures starting at 48 hpi (Figure 1A-C). This increased till reaching a plateau level 
between 72 and 120 hpi. Beyond this point the viral yield of all HCoV positive cultures 
decreased overtime, for one culture the viral yield even became undetectable (Figure 
1C). The 10 positive inocula and sequential time points were typed using HCoV specific 
real time PCRs. In total, 4x HCoV-HKU1, 1x HCoV-229E and 4x HCoV-OC43 and 1x 
HCoV-NL63 clinical isolates were replicating. The low isolation rate of, one out of six, new 
HCoV-NL63 isolates directly from clinical specimens shows that HCoV-NL63 is more 
fastidious to isolate compared to the other three HCoV strains (Table I). 
 We investigated whether the decrease in HCoV viral yield after reaching plateau was 
due to cytopathic effect induced during HCoV infection. The morphological changes at 
the end of each incubation period was judged by phase-contrast microscopy. No visual 
changes in cell layer confluence, morphology or cilia movement were observed in any of 
the HCoV inoculated cultures compared with the control culture.
 It was determined whether the decrease of viral RNA yield beyond plateau level was 
donor depended, by sub-passage of three of the newly isolated HCoVs on HAE cultures 
established from a different donor. The HCoV-229E (0349), HCoV-OC43 (0500) and 
HCoV-HKU1 (0315) isolates displayed a shorter lag-period, but reached plateau in the 
same time frame as before. Beyond the plateau level again a reduction in viral yield 
was observed (data not shown). This suggest that the decrease in viral yield is affected 
by a HCoV specific, yet, unknown mechanism, especially because this decline was not 
observed using another human respiratory virus, human bocavirus 1, as control under 
similar experimental conditions (Figure 1E).
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Table 1 Isolation of clinical representative HCoV strain

Genotype Isolate Viral load 
(RNA copies / ml)

Replication

HCoV-229E 0552 6.67E+03 -

0349 6.58E+03 Yes

HCoV-NL63 R2354 1.53E+07 Yes

P0588 5.89E+05 -

J1816 5.01E+04 -

K1341 9.14E+03 -

K0109 5.49E+03 -

Ams-057 1.09E+06 -

HCoV-HKU1 0516 4.71E+06 Yes

0561 7.11E+05 -

0476 1.33E+05 Yes

0315 1.46E+04 Yes

0548 6.88E+02 -

0350 2.77E+03 Yes

HCoV-OC43 0500 1.57E+02 Yes

0671 3.43E+03 Yes

0634 1.66E+02 Yes

0562 3.28E+03 Yes
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Figure 1. Viral yield of clinical HCoV isolates on HAE.

The monitored viral yield is given as cycle threshold (Ct) value (y-axis) at each indicated hours post-inoculation (x-axis) for 

the clinical HCoV-229E (A), HCoV-OC43 (B), HCoV-HKU1 (C), HCoV-NL63 (D) and HBoV-1 isolates (E). The horizontal 
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HCoV cell tropism
The replication by clinical representative isolates from each of the four circulating HCoVs 
established that the HAE cell culture system is a universal HCoV cell culture system, 
allowing parallel comparison of the cell tropism from each clinical representative isolate, 
as well as the viral secretion pattern of newly produced virions. 
 We first determined the viral secretion pattern for the representative clinical HCoV-
NL63 (R2354), HCoV-229E (0349), HCoV-OC43 (0500) and HCoV-HKU1 (0315) 
isolates. The same experimental conditions were used as described above, except that the 
apical surface was harvested till 96 hpi, the basolateral compartment at 48 and 96 hpi. 
Similar replication kinetics at the apical side for the four selected clinical HCoV isolates 
were monitored as described earlier, with HCoV-NL63 being fastidious to propagate, in 
comparison with HCoV-229E, HCoV-OC43 (Figure 2A-C) and HCoV-HKU1. For HCoV-
NL63, HCoV-HKU1 and HCoV-OC43 no viral RNA in the basolateral compartment 
was detected. Surprisingly, for HCoV-229E viral RNA was detected at 48 and 96 hpi in 
the basolateral compartment that increased over time from 2 to 5010 RNA copies per 
milliliter, even after medium renewal 48 hpi. The amount of material and low viral yield 
was not enough to establish whether this represents infectious progeny virions or secreted 
viral RNA.
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Figure 2. Viral yield of cell culture reference strains versus clinical representative isolates.

The monitored viral yield (copies / ml; y-axis) at each indicated hours post-inoculation (x-axis) for the cell culture adapted 

reference strains and the clinical representative isolate of HCoV-NL63 (A), HCoV-229E (B) and HCoV-OC43 (C).
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 To determine the cell tropism of each HCoV the HAE cultures were fixated 96 hpi to 
perform double staining with human intravenous immunoglobulins (IVIG) and a ciliated 
cell specific marker to determine the cell tropism of each HCoV. IVIG can be used for 
staining of infected cells, since western blot analysis on HCoV infected whole cell lysates 
or using recombinant expressed N protein-based ELISA showed that IVIG could detect 
the N protein from each HCoV strain (data not shown). The cell tropism of each HCoV 
strain was determined by counting the co-localization percentage of HCoV positive cells 
with ciliated and non-ciliated cell types. This was done by selecting six representative 
fields across each HAE culture, followed by counting the total number of ciliated cells 
and HCoV positive cells in each field. The overall infection percentage was determined 
by dividing the mean number of HCoV positive cells by that the of the mean total of 
ciliated cells per six fields. The overall infection percentage was 3% for HCoV-229E, 7% 
for HCoV-OC43 and 4% for HCoV-HKU1. For the clinical HCoV-NL63 isolate (R2354) 
it was not possible to determine the overall infection percentage due to the poor staining 
quality. In this case the reference strain of HCoV-NL63 was used as alternative, since 
it is >99% identical to clinical isolates [32]. The overall infection percentage for HCoV-
NL63 (Ams-01) was found to be 7%. The positive stained cells in HCoV-OC43, HCoV-
HKU1 and HCoV-NL63 infected cultures co-localized with ciliated cells, in contrast, and 
surprisingly, HCoV-229E co-localized predominantly with non-ciliated cells (Figure 3). 
As illustrated by the high percentage of HCoV-229E positive cells  co-localizing with non-
ciliated cells (64%), whereas only 19.3% with ciliated cells (Figure 4). The percentage of 
HCoV positive cells co-localizing with ciliated cells was 100% for HCoV-HKU1, 95.8% 
for HCoV-OC43 and 92,8% for HCoV-NL63 (Figure 4). 
 The HCoV-OC43 and HCoV-229E reference strains have a long culture history, that 
resulted in accumulation of nucleotide mutations or deletions along the genome that 
are not present in contemporary strains [28,29]. Furthermore, for the HCoV-OC43 and 
HCoV-229E reference strains it is unknown whether they exhibit the same cell tropism 
as found for the clinical isolates. To this end, it was examined whether the lab-adapted 
reference strains of HCoV-OC43 and HCoV-229E exhibit the same characteristics as 
their clinical analogous. After inoculation, the reference strains were detected 24 hpi and 
increased over time with 1 or 2 logs, reaching plateau levels between 72 and 96 hpi (Figure 
2 A - C). Thus, HCoV-OC43 and HCoV-229E have comparable kinetics as their clinical 
counterparts. No HCoV-OC43 viral RNA was detected in the basolateral compartment. 
Interestingly, HCoV-229E viral RNA was again detected at 48 and 96 hpi in the basolateral 
compartment, 958 and 471 RNA copies per milliliter respectively. The cell tropism of the 
cell culture adapted reference strains was similar as the clinical isolates (Figure 4). HCoV-
229E again predominantly co-localized with non-ciliated cells (77%), whereas the HCoV-
OC43 reference strain infected ciliated cells (100%). The overall infection percentage of 
HCoV-229E (8%) was higher than previously found for the clinical isolate, in case of 
HCoV-OC43 a comparable percentage was found (7%). 
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Discussion
This is the first study that demonstrates that HAE cell cultures are a universal HCoV 
culture system. A total of ten HCoV strains were acquired directly from clinical specimens. 
The cell tropism of clinical representative HCoV-HKU1, HCoV-229E, HCoV-OC43 and 
HCoV-NL63 strains revealed that HCoV-229E has a preference of infecting non-ciliated 
cells, whereas HCoV-NL63, HCoV-HKU1 and HCoV-OC43 all prefer ciliated cells. 
 We previously published on the convenience of the HAE culture system to isolate and 
characterize the novel identified human respiratory viruses human bocavirus and HCoV-
HKU1 directly from clinical specimens [22,23]. Here several new clinical isolates from 
HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-HKU1 were acquired, showing that 
HAE cultures can replace the ex vivo human embryo respiratory tract explants cultures 
that were initially used for isolating the current (lab-adapted) reference strains of HCoV-
229E and HCoV-OC43 [4,5]. The difficulty to acquiring new HCoV-NL63 isolates from 
clinical specimens suggest that the virus is more fastidious as the other HCoV strains. 
This may reflect the relative late discovery of HCoV-NL63, in 2004 [30]. Failure to isolate 
HCoV-NL63 from clinical specimens with a high viral RNA concentration reveals that 
other factors might be involved in successful HCoV-NL63 culturing. Perhaps HCoV-
NL63 infectivity is vulnerable to freeze-thaw cycles, type of storage solution or storage 
conditions. However, the lower replication kinetics of HCoV-NL63 in comparison to 
other HCoV strains suggest the presence of additional bottlenecks. We hypothesize that 
epithelial cells from bronchi tissue lack expression of certain yet unidentified cellular 
co-receptor or proteases needed by HCoV-NL63 that might be distributed in other 
lung regions. For instance it is still unknown whether HCoV-NL63 replicates evenly or 
more efficient in Type II pneumocytes or epithelial cells from the upper tracheal region, 
since we and others only used bronchial epithelial cells as source [25,27]. Interestingly, 
HCoV-NL63 is the only HCoV associated with the childhood disease croup [37,38]. This 
characteristic syndrome causes a local inflammation of the trachea region proximal to the 
vocal cords, resulting in a loud barking cough [39]. Therefore it should be investigated 
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whether HCoV-NL63 replicates more efficient in HAE cultures established from epithelial 
cells obtained from other regions of the respiratory tract.
 No signs of CPE were observed during infection of HAE cultures by any of the four 
circulating HCoV which is in accordance to what has been reported for other respiratory 
viruses [22,40,41]. In addition, no significant difference was observed in the number of 
ciliated cells between control and infected HAE cultures. However, it was not investigated 
whether the cilia beating frequency was reduced during infection. This has been shown 
for HCoV-229E in experimental inoculated human volunteers [42]. Thus, whether the 
cilia beating frequency is altered due to viral infection alone or, in combination, with the 
presence of adaptive immune cells in HAE cultures is still warranted. As the reduced cilia 
beating frequency has been involved in the congestion and accumulation of mucus of the 
upper airways, a hallmark of the common cold [42]. 
 To date, no report has documented the specific cell tropism for HCoV-OC43. Even 
though the virus has been identified in the mid-1960s, and shown to replicate on ciliated 
human airway organ explants, [4,5], this is the first study that demonstrate that the virus 
predominantly infects ciliated cells and its polarity of progeny virus production is as 
HCoV-NL63 and HCoV-HKU1 [23,27]. 
 The cell tropism of HCoV-229E is in stark contrast with that of the other three HCoV 
strains, as is its bipolar secretion pattern of viral RNA. Wang et al have shown that HCoV-
229E can infected HAE cultures after apical or basolateral inoculation, albeit apical 
inoculation was more efficient [24]. In the current study this was not determined, but no 
HCoV positive cell was observed at the basolateral surface (data not shown). Nonetheless, 
this does not excluded the possibility that infectious virus is secreted from the basolateral 
side. The mechanism by which basolateral trafficking occurs remains to be established, 
since a disruption of the trans-epithelial integrity does not occur [24]. 
 The capability of using HAE cultures as a universal HCoV cell culture system will 
allow detailed comparison of all four circulating HCoV strains to identify and study 
fundamental virus-host interactions that eventually will pave the way to the development 
of efficacious therapeutic options to reduce HCoV disease burden.
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