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A B S T R A C T   

Besides pandemic SARS-CoV-2, also endemic seasonal human common cold coronaviruses (hCoVs) have a sig-
nificant impact on human health and economy. Studies on hCoVs and the identification of antivirals are therefore 
crucial to improve human well-being. However, hCoVs have long been neglected and the methodology to study 
virus infection, replication and inhibition warrants being updated. We here evaluated the established plaque- 
based assays to determine viral titers and cell-to-cell spread and developed protocols for the immunodetection 
of the viral nucleocapsid protein by flow cytometry and in-cell ELISA to study infection rates at early time points. 
The developed protocols allow detection of hCoV-229E infection after 2, and hCoV-NL63 and -OC43 infection 
after 3 days at a single cell level or in a 96 well microtiter format, in large sample numbers without being 
laborious or expensive. Both assays can be applied to assess the susceptibility of cells to hCoV infection and 
replication, and to determine the efficacy of antiviral compounds as well as neutralizing antibodies in a sensitive 
and quantitative manner. Application revealed that clinically applied SARS-CoV-2 targeting monoclonal anti-
bodies are inactive against hCoVs, but that the viral polymerase targeting antivirals remdesivir and molnupiravir 
are broadly active also against all three hCoVs. Further, the in-cell ELISA provided evidence that nirmatrelvir, 
previously shown to broadly inhibit coronavirus proteases, also prevents replication of authentic hCoVs. 
Importantly, the protocols described here can be easily adapted to other coronavirus strains and species as well as 
viruses of other families within a short time. This will facilitate future research on known and emerging (corona) 
viruses, support the identification of antivirals and increase the preparedness for future virus outbreaks.   

1. Introduction 

The ongoing severe acute respiratory syndrome coronavirus type 2 
(SARS-CoV-2) pandemic has demonstrated the danger from zoonotic 
spillovers of coronaviruses into the human population (Dhama et al., 
2020). Similar to SARS-CoV-2, SARS-CoV and Middle East respiratory 
syndrome coronavirus (MERS-CoV) have emerged in 2002 and 2012 as 
highly human pathogenic viruses (Cui et al., 2019). Studies on these 
coronavirus outbreaks have also drawn attention to the long neglected 
human coronaviruses (hCoV) (Ljubin-Sternak et al., 2021) that have 
entered the human population already 70–820 years ago (Forni et al., 
2017) and have only been considered as harmless seasonal common cold 
viruses (Corman et al., 2018; Cui et al., 2019; da Costa et al., 2020; 

Hartenian et al., 2020). HCoV-229E and -OC43 have already been 
known since the 1960s, while hCoV-HKU1 and -NL63 have only recently 
been identified in 2004 and 2005, respectively (Corman et al., 2018; Cui 
et al., 2019; van der Hoek et al., 2004; Woo et al., 2005). While 
hCoV-NL63 and -229E belong to the genera of alphacoronaviruses, -OC43 
and -HKU1 are betacoronaviruses (Corman et al., 2018). These four 
coronaviruses are endemic in the human population and circulate with 
annual peaks of infections in the winter months (Killerby et al., 2018; Li 
et al., 2020; Park et al., 2020), where they usually cause mild and 
self-limiting upper respiratory tract infections (Pyrc et al., 2007) and 
account for about 15–30% of common cold cases (Corman et al., 2018). 
Nonetheless, hCoVs are involved in 10–20% of hospitalizations due to 
respiratory illness (Fischer et al., 2021; Pyrc et al., 2007) and can cause 
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severe courses of disease with bronchiolitis and pneumonia, as well as 
enteric and even neurological diseases, especially in young children and 
immunocompromised adults (Corman et al., 2018; Pyrc et al., 2007). 
Furthermore, the economic costs due to mild common cold infections 
(though not exclusively by hCoVs) are estimated with 24–40 billion USD 
annually in the U.S. (Bramley et al., 2002; Fendrick et al., 2003). Thus, 
although usually causing mild infections, seasonal hCoVs have a sig-
nificant impact on human health, the economy and the health systems. 
Accordingly, there is an urgent need for drugs to treat or prevent hCoV 
infections. So far, however, there is no vaccine or antiviral drug against 
hCoVs available. 

The progress made by SARS-CoV-2 vaccine development and anti-
viral drug research might also be beneficial for hCoVs (Cannalire et al., 
2020; Malone et al., 2022) as coronaviruses share similarities in their 
spike proteins (Grifoni et al., 2020) and enzymes such as the most 
conserved RNA dependent RNA polymerase (Pyrc et al., 2007) or the 
3C-like protease (Dai et al., 2020). Thus, methods to readily study hCoV 
biology, infection, inhibition or serum neutralization in a 
high-throughput and quantitative manner are highly warranted. Com-
mon methods for in vitro wildtype hCoV infection experiments include 
indirect detection of virus-induced cytopathic effects (CPE) or direct 
detection of viral antigens in infected cells by western blotting, fluo-
rescence staining, or by detecting viral titers of progeny virus by qPCR or 
virus titrations (Carbajo-Lozoya et al., 2014; Flint and Racianello, 2015; 
Hirose et al., 2021; Hsu et al., 2021; Schirtzinger et al., 2022; Wang 
et al., 2021b). These methods can be laborious, time-consuming and lack 
sensitivity or specificity. Moreover, increasing sample sizes in these as-
says come with higher workloads and costs, making high-throughput 
analyses impractical. In the case of analyzing spike protein function, 
these drawbacks can be circumvented by working with pseudotyped 
lenti- or rhabdoviral particles, however, these do not recapitulate viable 
virus infection and replication (Li et al., 2018). Thus, we here estab-
lished protocols for quantifying authentic hCoV-229E, -NL63, -OC43 
infection and replication in cell lines by immunodetection of the viral 
nucleocapsid protein applying flow cytometry or in-cell ELISA. By spe-
cifically detecting newly synthesized nucleocapsid protein, infection can 
be quantified on a single cell level or in bulk cultures in a 96 well mi-
crotiter format. We validated the assays by analyzing the broadly active 
polymerase inhibitors remdesivir and molnupiravir (Malone et al., 
2022) and the cellular protease inhibitors camostat mesylate and E-64d 
(Hoffmann et al., 2020). The assays allow to determine the half maximal 
inhibitory concentrations (IC50) of the antivirals and confirm that 
remdesivir and molnupiravir are active against all hCoVs. In addition, 
the assays prove that the viral 3C-like protease inhibitor nirmatrelvir 
(Cannalire et al., 2020) also inhibits all three authentic hCoVs. In 
contrast, monoclonal antibodies designed for and used in the therapy of 
SARS-CoV-2 were not active against the hCoVs. Conclusively, the 
described assays offer a quantitative tool to study hCoV biology and 
evaluate infection rates and activity of drugs or antibodies against sea-
sonal coronaviruses. 

2. Methods 

2.1. Cell culture 

Huh-7 cells (hepatocyte-derived carcinoma; kindly provided by 
Anna-Laura Kretz, Department for General and Visceral Surgery, Ulm 
University) were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 100 units/ml penicillin, 100 μg/ml strep-
tomycin, 2 mM L-glutamine, and 10% heat-inactivated fetal calf serum 
(FCS). Caco-2 cells (human epithelial colorectal adenocarcinoma; kindly 
provided by Prof. Barth, Ulm University) were grown in DMEM sup-
plemented with 100 units/ml penicillin, 100 μg/ml streptomycin, 2 mM 
L-glutamine, 1 mM sodium pyruvate, 1x non-essential amino acids, and 
10% FCS. Vero E6 cells (African green monkey derived epithelial kidney; 
ATCC® CRL-1586™) were grown in DMEM supplemented with 100 

units/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 1 mM 
sodium pyruvate, 1x non-essential amino acids, and 10% FCS for culture 
and 2.5% FCS for seeding, respectively. Calu-3 cells (human non-small- 
cell lung adenocarcinoma; ATCC® HTB-55™) were cultured in Mini-
mum Essential Medium Eagle (MEM) supplemented with 100 units/ml 
penicillin, 100 µg/ml streptomycin, 1 mM sodium pyruvate, 1x non- 
essential amino acids, 10% FCS. LLC-MK-2 cells (rhesus monkey kid-
ney) were cultured in MEM supplemented with 100 units/ml penicillin, 
100 μg/ml streptomycin, 2 mM L-glutamine, 1x non-essential amino 
acids, and 8% FCS. HCT-8 cells (human ileocecal adenocarcinoma; 
ATCC® CCL-244™) were grown in RPMI-1640 medium which was 
supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin, 
and 10% FCS. All cells were cultivated in a ventilated 175 ml flask at 
37 ◦C in a 5% CO2 humidified incubator. All cell lines were regularly 
tested for mycoplasma contamination and remained negative. 

2.2. Virus strains and propagation 

HCoV-229E (ATCC® VR-740™) was propagated on Huh-7 cells, 
-NL63 (Netherland 63) on LLC-MK2 cells (both NL63 and LLC-MK2 were 
kindly provided by Lia van der Hoek, Amsterdam, The Netherlands), and 
-OC43 (Organ Culture 43; ATCC® CR-1558 ™) on HCT-8 cells. To this 
end, 80% confluent cells were inoculated with a MOI of 0.1 in 10 ml 
medium supplemented with 2% FCS and kept at 33 ◦C. One day post- 
inoculation cells were washed with PBS before 10 ml of fresh medium 
supplemented with 2% FCS was added. The following days, cells were 
monitored daily under the light microscope until a strong cytopathic 
effect (CPE) was visible (5 days for hCoV-229E and -NL63 and 7 days for 
hCoV-OC43). Virus stocks were then harvested by centrifuging the su-
pernatant for 5 min at 1300 rpm to remove cellular debris and storing 
aliquots at − 80 ◦C. 

2.3. Tissue culture infection dose 50 (TCID50) 

Infectious titers of hCoV-229E, -NL63, or -OC43 were determined on 
Huh-7, Caco-2, or HCT-8 cells, respectively, in a 96 well format. To this 
end 25,000 (Huh-7, Caco-2) or 30,000 (HCT-8) cells were seeded per 
well in 100 µl medium supplemented with 2% FCS. The following day, 
62 µl of medium was added before the cells were inoculated with 18 µl of 
a 10-fold serial dilution of the virus stock and kept at 33 ◦C. At 7 days 
post infection, CPE (for hCoV-229E and -NL63) or rounding of cells (for 
-OC43) was evaluated by light microscopy and TCID50 calculated ac-
cording to Reed-Münch. TCID50 values were used to calculate the mul-
tiplicities of infection (MOI). 

2.4. Cell viability assay 

The effect of antivirals on the metabolic activity of cells was analyzed 
using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega 
#G7571). Metabolic activity was examined under conditions corre-
sponding to the respective infection assays. The CellTiter-Glo® assay 
was performed according to the manufacturer’s instructions. Briefly, 
medium was removed from the culture at the respective days of incu-
bation and 50 µl of PBS and 50 µl of substrate reagent were added. After 
10 min, luminescence of the samples was measured in an Orion II 
Microplate Luminometer (Titertek Berthold). Untreated controls were 
set to 100% viability. 

2.5. Plaque assay 

Plaque assays were performed in 12-well plates seeded with 700,000 
Huh-7 cells for hCoV-229 E, 700,000 Caco-2 or 400,000 LLC-MK2 cells 
for -NL63, 700,000 Huh-7 cells for -OC43 to reach a 100% confluent cell 
monolayer. The next day, cells were washed once with PBS and 400 µl 
PBS added. Virus stocks were titrated 1:10 in medium and 100 µl per 
dilution were added in duplicates to the cells to reach a final volume of 
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500 µl. Cells were incubated for 2 h at 33 ◦C while shaking every 20 min, 
and subsequently overlaid with 1.5 ml 0.6% Avicel in medium. 4- 
(hCoV-229 E) and 5-days (hCoV-NL63, -OC43) post infection, cells were 
fixed by adding 1 ml of 8% PFA and incubating for 45 min at room 
temperature. Cells were then washed once with PBS and stained for 20 
min with 0.5% crystal violet and 0.1% triton. Thereafter, cells were 
washed with PBS, dried, and plaques counted. Virus-induced plaques 
were quantified in ImageJ 1.53c by assessing number of pixels occupied 
by plaques. 

2.6. Detection of hCoV infection by flow cytometry 

To establish infection and staining conditions for flow cytometric 
analyses, 96-well plates were seeded with 25,000 cells (Huh-7 for hCoV- 
229 E and -OC43 or Caco-2 for -NL63) in 100 µl medium supplemented 
with 2% FCS. The next day, 62 µl medium was added and cells inocu-
lated with 18 µl of a 5-fold titration of virus stock, to reach a final volume 
of 180 µl. After 2 h and 2, 3, or 4 days after incubation at 33 ◦C, cells 
were detached using 50 µl 0.05% trypsin, and fixed by adding 50 µl of 
8% PFA for 30 min. Cells were then transferred into a 96 well V-plate, 
centrifuged for 1 min at 3,000 rpm before antibody staining. Per-
meabilization and staining was performed for 40 min at 4 ◦C with 50 µl 
of 1:5,000 or 1:10,000 diluted rabbit anti-nucleocapsid protein anti-
bodies (anti-229 E (40640-T62); anti-NL63 (40641-T62); anti-OC43 
(40643-T62); all Sino Biological) in buffer B (Nordic MUbio Kit). Sub-
sequently, cells were washed two times with 200 µl FACS buffer (1% FCS 
in PBS) before they were stained for another 30 min with 50 µl of 
1:5,000, 1:10,000 and 1:15,000 dilutions of Alexa Fluor 647 conjugated 
goat anti-rabbit IgG antibody (#A32733; Thermo Fisher) in FACS buffer 
at 4 ◦C. After two more washing steps in FACS buffer, cells were 
analyzed by flow cytometry at a sample flow rate of 120 μl/min. To 
evaluate the activity of remdesivir, cells in 144 µl of medium were 
treated with 18 µl titrated remdesivir for 10 min before inoculation with 
18 µl of hCoV-229E (MOI 0.028), -NL63 (MOI 0.018) or -OC43 (MOI 
0.0088). 2 (229E) or 3 (NL63, OC43) days post infection, the established 
protocol was applied (Table 1), infection rates quantified and half 
maximal inhibitory concentrations (IC50) determined. 

2.7. Detection of hCoV infection by in-cell ELISA 

For in-cell ELISA, 25,000 cells (Huh-7 for hCoV-229E or -OC43 and 
Caco-2 for -NL63) were seeded in 100 µl of medium supplemented with 
2% FCS in 96 well plates. The following day, 62 µl fresh medium was 
added and the cells inoculated with 18 µl of a 2- or 10-fold serial dilution 
of virus stocks and cells incubated at 33 ◦C. 2 h, 2, 3, 4 or 6 days post 
infection, cells were fixed by adding 180 µl of 8% PFA for 30 min at room 
temperature and permeabilized for 5 min using 0.1% triton. Subse-
quently, cells were washed with PBS once and stained with 50 µl of 
1:5,000, 1:7,500, 1:10,000 or 1:15,000 diluted rabbit anti-nucleocapsid 
protein antibodies (anti-229E (40640-T62); anti-NL63 (40641-T62); 
anti-OC43 (40643-T62); all Sino Biological) in antibody dilution buffer 
(10% FCS and 0.3% tween 20 in PBS) for 1 h at 37 ◦C. Subsequently, cells 
were washed twice with washing buffer (0.3% tween 20 in PBS) and 
stained using 50 µl of an HRP-coupled anti-rabbit secondary antibody 

(#31460, Thermo Fisher) at dilutions of 1:7,500, 1:10,000 and 1:15,000 
for 1 h at 37 ◦C. After 3 washes, 50 µl of 3,3′,5,5′-tetramethylbenzidine 
(TMB) substrate was added for 5 min under light protection before the 
enzymatic reaction was stopped using 0.5 M H2SO4. Optical density was 
measured at 450 nm and baseline corrected at 620 nm using an ELISA 
microplate reader. Susceptibility to infection of Huh-7 (25,000 seeded 
per well), Caco-2 (25,000 seeded per well), Calu-3 (40,000 seeded per 
well), or Vero E6 (20,000 seeded per well) cells was analyzed by inoc-
ulation with titrated hCoV virus stocks (maximum MOI of 0.004 for 
hCoV-229E, 0.016 for -NL63, and 0.012 for -OC43). Antivirals were 
evaluated by pretreating cells with increasing concentrations of 
remdesivir (S8932, Selleckchem), molnupiravir (S8969, Selleckchem), 
nirmatrelvir (S9866, Selleckchem), camostat mesylate (SML0057, 
Sigma), or E-64d (E8640, Sigma) before in-cell ELISA was performed 
according to the optimal determined conditions (Table 2) and half 
maximal inhibitory concentrations (IC50) determined. For analysis of 
monoclonal anti-SARS-CoV-2 antibodies imdevimab, casirivimab 
(Roche) or bamlanivimab (NDC 0002–7910, Eli Lilly), virus was pre-
incubated with titrated antibodies for 30 min before inoculation of 
target cells at the optimal conditions (Table 2). 

2.8. Data and statistical analysis 

Data analysis was performed using Microsoft Excel 2019 and 
GraphPad Prism version 9.2.0 for Windows, GraphPad Software, San 
Diego, California USA, www.graphpad.com, R (version 4.0.1) and SAS 
(version 9.4). Plaque assays were quantified using ImageJ. Error bars 
were plotted as SD (standard deviation) for experiments with technical 
replicates and as SEM (standard error of mean) for experiments with 
more than one biological replicate. Compound dilutions that caused a 
50% reduction of infection (IC50) were calculated using a non-linear 
regression model (inhibitor vs. normalized response, variable slope). 
Z’ factors were determined as described (Iversen et al., 2006). Correla-
tions were assessed by non-parametric spearman correlation. 

Role of funding source 

Funders had no role in study design, data collection, data analyses, 
interpretation, or writing of the report. 

3. Results 

A classic method in virology for determining infectious titers is the 
visualization of virus-induced plaques in a cell monolayer, which results 
from viral cell-to-cell spread and cytopathic effects (CPE) (Flint and 
Racianello, 2015). We applied this method to hCoV-229E, -NL63, and 
-OC43 in different cell lines that were reported to be permissive for 
hCoVs (Bracci et al., 2020; Gerna et al., 2006; Herzog et al., 2008). We 
observed plaques after different times of viral infection (Fig. 1) and 
found that plaque formation in Huh-7 or Caco-2 cells was optimal after 4 
days of infection for hCoV-229E and 5 days for -NL63 (Fig. 1a and b). 
Titers were determined as 2.6 × 106 plaque forming units (PFU)/ml for 
hCoV-229E and 3.1 × 106 PFU/ml for -NL63. LLC-MK2 cells are also 
described to support hCoV-NL63 replication, however, failed in our 
plaque assays due to cell detachment in the presence of virus (Supple-
mental Fig. 1) (Herzog et al., 2008). Counting plaques by software 
analysis gave similar results as by eye (1.8 × 106 PFU/ml for hCoV-229E 
and 4.5 × 106 PFU/ml for -NL63). Depending on viral replication time, 
spread and degree of CPE, plaque sizes may differ between viral species 
and variants (Jeong et al., 2021; Kato et al., 2017). Thus, plaque area 
analysis can also provide information on the rate of viral replication and 
cell-to-cell-spread. We determined plaque areas by software analysis and 
found that when the plaque area was less than 10% counting of plaques 
was possible, while when the area was greater than 30% counting was 
not possible (Fig. 1a and b). Furthermore, as viral titers decreased, the 
total area of plaques also decreased, making this measurement tool 

Table 1 
Final SOP parameters for the optimal detection of hCoV infection by flow 
cytometry.  

Virus Cell 
line 

Days post 
infection 

MOI Primary 
antibody 

Secondary 
antibody 

HCoV- 
229E 

Huh-7 2 0.028 1:5,000 1:5,000 

HCoV- 
NL63 

Caco-2 3 0.018 1:5,000 1:5,000 

HCoV- 
OC43 

Huh-7 3 0.008 1:5,000 1:5,000  
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suitable for quantifying the efficiency of agents that act antivirally or 
virucidally or affect viral replication or cell-to-cell spread. In our ex-
periments, hCoV-OC43 infection of Huh-7 cells did not lead to plaque 
formation (Fig. 1c). This is consistent with the published finding that 
hCoV-OC43 only induces morphological changes but no CPE (Hirose 
et al., 2021) and rules out the plaque assay as a general method for 
quantifying -OC43 infection in all permissive cell lines (Bracci et al., 

2020). Conclusively, measuring plaque numbers and areas is suitable for 
determining titers and viral spread of hCoV-229E or -NL63 but not 
-OC43. However, this test does not allow to assess early virus infection 
and is unsuitable for high-throughput applications. 

For early detection of hCoV infection at the single cell level, we 
stained for newly translated hCoV nucleocapsid proteins and detected 
them by flow cytometry. To this end, hCoV permissive Huh-7 and Caco- 

Table 2 
Final SOP parameters for the optimal detection of hCoV infection by in-cell ELISA.  

Virus Cell line Days post infection MOI Primary antibody Secondary antibody Z′ factor S/N ratio 

HCoV-229E Huh-7 2 0.002 1:5,000 1:15,000 0.88 22.56 
HCoV-NL63 Caco-2 6 0.01 1:5,000 1:10,000 0.83 6.81 
HCoV-OC43 Huh-7 3 0.006 1:5,000 1:10,000 0.92 21.75  

Fig. 1. Plaque assays for quantifying infec-
tious hCoVs − 229E, -NL63 and -OC43 titers. 
Plaque assays were performed by inocula-
tion of target cells in duplicates with a 10- 
fold serial dilution of respective virus stock. 
Cells were incubated for 2 h and subse-
quently overlaid with Avicel. To visualize 
plaques, cells were stained with crystal vio-
let (left panels). Plaques were counted by 
eye and plaque area was quantified using 
ImageJ (right panels). Indicated are means 
from a single experiment carried out in du-
plicates. a) hCoV-229E titration was per-
formed on Huh-7 cells and evaluated 4 days 
post infection, b) hCoV-NL63 titration was 
performed on Caco-2 cells and evaluated 5 
days post infection, and c) hCoV-OC43 
titration was performed on Huh-7 cells and 
evaluated 5 days post infection. Dashed line 
indicates limit of detection.   

T. Weil et al.                                                                                                                                                                                                                                     



Antiviral Research 203 (2022) 105343

5

2 cells (Gerna et al., 2006; Herzog et al., 2008) (Fig. 1) were inoculated 
in a 96-well format with decreasing multiplicities of infection (MOI). 
MOIs were inferred from tissue culture infectious dose 50 (TCID50) ti-
trations to also include hCoV-OC43 that did not allow PFU determina-
tion (Fig. 1c). Viral replication was stopped at various time points post 
infection by fixing the cells in paraformaldehyde and staining for hCoV 
nucleocapsid proteins with appropriate primary anti-nucleocapsid an-
tibodies and fluorescently labelled detection antibodies at various di-
lutions. Cells were then analyzed by flow cytometry for the mean 
fluorescence intensities (MFI) and the percentage of nucleocapsid posi-
tive cells (Supplemental Fig. 2 and 2a–c). To ensure that only newly 
translated nucleocapsid protein is detected, we also determined the 
nucleocapsid protein from the viral inoculum after 2 h of infection 
(input control) and subtracted this value from all other conditions. The 
experiment resulted in a maximum of 97% nucleocapsid-positive cells 
already 2 days post hCoV-229E infection at a maximum MOI of 0.7 
(Fig. 2a). At an MOI of 0.45, 62% hCoV-NL63-infected cells were 
detected after day 3, increasing to 77% after day 4 (Fig. 2b). Similarly, 
after 2 days, at an MOI of 0.044, 62% hCoV-OC43-infected cells were 
detected, and the proportion did not further increase until the third day 
(Fig. 2c). At high MOIs, infection plateaued at around 100% for 
hCoV-229E, but decreased similarly to the other hCoVs with lower 
MOIs. MFI measurements showed highest fluorescence signals even at 
the lowest antibody dilutions and were consistent with the percentage of 
nucleocapsid positive cells (Supplemental Fig. 3 a-c). Using the highest 
concentration of primary and detection antibody gave the best results in 
terms of sensitivity and MOI-dependent infection and a standard oper-
ating procedure (SOP) was established for each virus (Table 1). 

Applying the SOPs, we investigated the feasibility of this assay for 
antiviral drug testing. For this, cells were incubated with the nucleoside 
analogue remdesivir before infection. The adenosine analogue remde-
sivir is a broadly active coronavirus RNA-dependent RNA polymerase 

inhibitor (Malone et al., 2022) that has already been shown to also be 
active against hCoV-229E, -NL63, and -OC43 (Brown et al., 2019; Hsu 
et al., 2021; Parang et al., 2020; Wang et al., 2021a). Our experiments 
confirm that all tested hCoVs are inhibited by remdesivir, with respec-
tive half maximal inhibitory concentrations (IC50) of 0.06 µM for − 229E, 
0.023 µM for -NL63, and 0.19 µM for -OC43 (Fig. 2d). Calculation of IC50 
values from the MFIs gave similar results (Supplemental Fig. 3d). Thus, 
nucleocapsid staining and flow cytometric analysis allow early and 
reliable quantification of hCoV infection rates and determination of the 
antiviral activity of drugs. 

Determination of infection rates by detection of viral proteins using 
in-cell ELISAs has proven very useful in the investigation of Zika virus 
(Aubry et al., 2016; Müller et al., 2017), and SARS-CoV-2 (Conzelmann 
et al., 2020; Schöler et al., 2020). To adapt this assay for hCoVs, we 
inoculated susceptible cells seeded in microtiter plates with decreasing 
MOIs of the hCoVs. At various time points, cells were fixed, per-
meabilized and stained with primary antibodies detecting the viral 
nucleocapsid proteins followed by an HRP-coupled secondary antibody 
(Fig. 3). High MOIs resulted in strong CPEs with massive cell death and 
detachment, resulting in low OD values (Fig. 3a). Lower MOIs resulted in 
higher ODs, which then decreased with further MOI dilutions. This 
MOI-dependent correlation with OD values was seen for all tested hCoVs 
(Fig. 3b and c; Supplemental Table 1). For all viruses, nucleocapsid 
could already be detected 2–3 days after inoculation, and at later time 
points also at low MOIs. However, hCoV-NL63 replicated the slowest 
and an optimal MOI correlation (r = 0.98, p < 0.001) was observed after 
6 days (Fig. 3b; Table 1; Supplemental Fig. 4). For hCoV-229E and 
-OC43 optimal MOI correlations (r = 0.98, p < 0.001; r = 0.98, p <
0.001) were determined after 2 or 3 days, respectively (Fig. 3d; Table 1; 
Supplemental Fig. 4). Correspondingly, optimal assay performance was 
observed upon minimal dilution of the primary antibody but high 
dilution of the detection antibody (Table 2). For SOPs resulting in 

Fig. 2. Detection of hCoV-229E, -NL63 and -OC43 infection by flow cytometry. a) 5-fold titrated hCoV-229E at a maximum MOI of 0.7 was inoculated onto Huh-7 
cells, b) 5-fold titrated hCoV-NL63 at a maximum MOI of 0.45 was inoculated onto Caco-2 cells, and c) 5-fold titrated hCoV-OC43 at a maximum MOI of 0.004 was 
inoculated onto Huh-7. 2 h (input control) and 2, 3 or 4 days post infection, cells were fixed. Immunostaining was performed using indicated concentrations of a 
virus-specific anti-nucleocapsid first antibody (1st AB) and an Alexa Fluor 647 coupled secondary detection antibody (2nd AB). Data are from a single experiment 
conducted in pooled duplicates. d) For applying flow cytometry to evaluate antiviral activities, respective target cells were seeded and the next day pre-treated with a 
2-fold serial dilution of remdesivir for 10 min. Next, cells were inoculated with hCoV-229E (MOI 0.028, left panel), -NL63 (MOI 0.018, center panel), or -OC43 (MOI 
0.008, right panel). At 2 (229E) or 3 (NL63, OC43) days post infection, cells were fixed and stained. Data were normalized to untreated virus control (100%) and are 
presented as mean ± SD of two independent experiments conducted in triplicates. Half-maximal inhibition values (IC50) were calculated using a non-linear 
regression model. 
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Fig. 3. Detection of hCoV-229E, -NL63 and -OC43 infection by in-cell ELISA. For establishing optimal conditions for the in-cell ELISA, target cells were seeded and 
the following day inoculated with a 10-fold or 2-fold serial dilutions of the respective virus. a) hCoV-229E was inoculated onto Huh-7 cells at a maximum MOI of 
0.44, b) -NL63 onto Caco-2 cells at a maximum MOI of 1.6, and c) -OC43 onto Huh-7 at a maximum MOI 0.35. d) hCoV-229E and -OC43 were titrated again 2-fold at 
maximum MOI of 0.004 or 0.006, respectively. At the indicated time points post infection, cells were fixed and permeabilized before cells were treated with different 
concentrations of anti-nucleocapsid primary antibody (1st AB) and subsequently with different concentrations of HRP-coupled secondary detection antibody (2nd AB). 
Optical density (OD) was measured at 450 nm and baseline corrected at 620 nm. Signals obtained 2 h post infection (input control) were subtracted from later time 
points. Data are shown as mean of duplicates ± range, performed once. 
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optimal and early assay evaluation, we chose MOIs of 0.002, 0.01, 0.006 
for hCoV-229E, -NL63, and -OC43, respectively, which results in high 
ODs >0.55 and signal to noise ratios >6.8 (Table 2). At these conditions, 
the resulting Z’ factors of 0.83, 0.88, and 0.92 indicate low intra-assay 
variation, showing that this in-cell ELISA is suitable for 
high-throughput applications (Iversen et al., 2006) (Table 2). 

We then tested whether the in-cell ELISA can determine hCoV 

infection and replication in different cell lines. Vero E6 (epithelial 
monkey kidney), Calu-3 (epithelial human lung), Caco-2 (epithelial 
human colon) as well as Huh-7 (epithelial human liver) cells were 
inoculated with serially diluted hCoVs and infection rates were deter-
mined by in-cell ELISA (Table 2). In order not to miss weak infection or 
slow replication rates, we applied higher MOIs and performed the 
readout after additional days of cell culture. We found MOI-dependent 

Fig. 4. Determination of cell line susceptibility to hCoV infection by in-cell ELISA. Vero E6, Calu-3, Caco-2 or Huh-7 cells were seeded and on the following day 
inoculated with a 2-fold serial dilution of a) hCoV-229E, b) -NL63, or c) -OC43 at indicated MOIs. According to the established in-cell ELISA, cells were fixed and 
stained at 2–6 days post infection (d2-d6). Input control measured 2 h post infection was subtracted from the corresponding values on later time points. Data are 
presented as mean ± SD of one experiment conducted in 2–6 replicates. 
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signals of hCoV-229E infection only in Huh-7, but only marginal signals 
above background in Calu-3, Caco-2 and Vero E6 cells (Fig. 4a). The cell 
line showing the highest OD and thus most susceptible to hCoV-NL63 
infection was Caco-2, whereas modest infections signals were detected 
in Huh-7 and in Calu-3 cells upon high MOIs, and no infection in Vero E6 
cells (Fig. 4b). hCoV-OC43 was the only virus capable to infect Vero E6 
cells, and also infected Huh-7, but not Caco-2 or Calu-3 cells (Fig. 4c). 
These findings are in agreement with literature (Gerna et al., 2006; 
Herzog et al., 2008; Schirtzinger et al., 2022; Tang et al., 2005; von 
Brunn et al., 2015; Yoshikawa et al., 2010) and show the different 
tropism of hCoVs, and that the in-cell ELISA can be adapted to different 
cell lines, and can be used to determine cell susceptibility to infection. 

We next evaluated the in-cell ELISA SOPs for determining the ac-
tivity of antivirals. Remdesivir inhibited all tested viruses with IC50 
values of 0.051, 0.041, and 0.218 µM for hCoV-229E, -NL63, and -OC43, 
respectively (Fig. 5a) without being cytotoxic (Supplemental Fig. 5a). 
These values agree with those determined by flow cytometry, and show 
that hCoV-NL63 is most and -OC43 least sensitive to remdesivir. We next 
assessed the protease inhibitors camostat mesylate and E-64d (Hoff-
mann et al., 2020), targeting cell surface associated TMPRSS2 or 

endosomal cathepsin B/L. Of note, activity of inhibitors targeting 
cellular factors might depend on the tested target cell, which in this 
experiment were Huh-7 cells for hCoV-229E and -OC43, and Caco-2 cells 
for -NL63. Camostat mesylate was only active against hCoV-NL63 and 
inhibited infection with an IC50 of 13.21 µM (Fig. 5b), which is in line 
with the fact that -NL63 is susceptible to TMPRSS2 cleavage (Kawase 
et al., 2012). E-64d was slightly cytotoxic at the highest concentration 
(Supplemental Fig. 5a) but to some degree inhibited all hCoVs with 
− 229E (IC50 0.19 µM) being most sensitive (Fig. 5c). This shows that all 
viruses can use the endosomal entry pathway, and that hCoV-229E is 
most dependent on it (Shirato et al., 2017). In addition, we analyzed the 
novel anti-SARS-CoV-2 drugs molnupiravir (Malone et al., 2022), that 
received emergency use authorization by the Food and Drug Adminis-
tration in the USA (U.S. Food & Drug Administration, 2021a), and nir-
matrelvir (Owen et al., 2021) that is approved in the USA and the 
European Union (European Medicines Agency, 2022a; U.S. Food & Drug 
Administration, 2021b). Our assays show that all viruses are potently 
inhibited by the nucleoside analogue (Fig. 5d) as well as the 3C-like 
protease inhibitor (Fig. 5e). IC50 values are ranging from 1.62 µM to 
25.40 µM for molnupiravir which is similar to the IC50 value for 

Fig. 5. Application of in-cell ELISA to evaluate antivirals against hCoVs. To analyze compounds, target cells were treated with 5-fold serial diluted a) remdesivir, b) 
camostat mesylate, c) E-64d, d) molnupiravir or e) nirmatrelvir before inoculation with hCoVs. f) To analyze antibodies, virus was pre-incubated for 30 min with 
imdevimab, bamlanivimab, or casirivimab before inoculating target cells. hCoV-229E experiments were performed on Huh-7 cells at an MOI of 0.002 and infection 
determined by in-cell ELISA 2 days later. hCoV-NL63 experiments were performed on Caco-2 cells at an MOI of 0.01 and infection determined by in-cell ELISA 6 days 
later. hCoV-OC43 experiments were performed on Huh-7 cells at an MOI of 0.006 and infection determined by in-cell ELISA 3 days later. Data were normalized to 
untreated virus control (100%) and are presented as mean ± SEM of triplicate infections (performed twice for remdesivir, molnupiravir and nirmatrelvir and three 
times for camostat mesylate and E-64d). Half-maximal inhibition concentrations (IC50) were calculated using a non-linear regression model. 
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SARS-CoV-2 (European Medicines Agency, 2022b). Nirmatrelvir was 
described to have IC50 values of 0.078–0.215 µM against SARS-CoV-2 
(Owen et al., 2021) and we determined values from 0.08 µM to 4.1 
µM against the hCoVs. Broad activity has only been suggested due to the 
3C-like protease inhibitor activity, and we could now confirm this using 
replicating viral isolates. This highlights the broad activity of the 
coronavirus-enzyme specific inhibitors, and underlines the feasibility of 
the in-cell ELISA for high-throughput antiviral drug testing. In a recent 
study, the in-cell ELISA has already been applied to study neutralizing 
serum titers against genuine hCoVs (Lawrenz et al., 2022). Additionally, 
there are several monoclonal antibodies targeting the SARS-CoV-2 spike 
protein applied in clinics to treat COVID-19 patients (Taylor et al., 
2021). We here also tested whether the pharmaceutical antibodies 
imdevimab, bamlanivimab, or casirivimab also share neutralizing ac-
tivities against the hCoVs. To this end, we pre-treated the hCoVs with 
antibodies and performed infections. As expected, the SARS-CoV-2 
specific monoclonal antibodies did not cross-neutralize hCoVs (Fig. 5f, 
Supplemental Fig. 5b). In summary, the in-cell ELISA can be used to 
determine hCoV infection rates, cell susceptibility, antiviral activity of 
compounds as well as neutralization activities of antibodies. 

4. Discussion 

The emergence and rapid spread of SARS-CoV-2 once again illus-
trated the threat coronaviruses pose for public health. Coronaviruses not 
only burden humanity in the form of epidemics with high fatality rates 
but also through endemic and seasonal waves of infection that impact 
individual well-being (Corman et al., 2018; Fischer et al., 2021; Pyrc 
et al., 2007) and the economy (Bramley et al., 2002; Fendrick et al., 
2003). Compared to the highly pathogenic SARS-CoV, MERS-CoV and 
SARS-CoV-2, studies on hCoVs are rare (Ljubin-Sternak et al., 2021) and 
the methodology for quantification of hCoV infection outdated, espe-
cially when it comes to the suitability for high-throughput testing. Here, 
we have established immunostaining-based flow cytometry and in-cell 
ELISA methods that allow quantification of hCoV infection in vitro. 
While the in-cell ELISA allows detection of bulk infected cells in a 
high-throughput manner, flow cytometry can be used to detect indi-
vidual infected cells. Both assays can be applied to assess the suscepti-
bility of cells to hCoV infection and replication, and to determine the 
efficacy of antiviral compounds and neutralizing antibodies. In addition, 
both methods have the advantage of providing a highly sensitive and 
virus-specific readout within a few days, which contrasts with 
CPE-based methods where infection rates are determined indirectly by 
virus-induced cell death that occurs with longer incubation times (Bracci 
et al., 2020; Montazeri Aliabadi et al., 2021). Due to the use of anti-
bodies, material costs are slightly higher than for CPE-based assays, but 
very cost effective at ~ US$ 4 for one 96 well in-cell ELISA plate. At ~ US 
$ 26 per 96 well flow cytometry plate, this assay is more expensive but 
offers the advantage of single cell analysis, detection of additional pro-
teins, and high sensitivity. 

Viral plaque assays allow visualization of viral titers with high ac-
curacy (Flint and Racianello, 2015) and small-scale compound testing. 
By determining not only plaque number but also area, the rate of viral 
replication and cell-to-cell spread can be quantified. However, plaque 
assays have the main disadvantage of being laborious and time 
consuming to perform (about 5 days to result) and lacking 
high-throughput capability. As shown for SARS-CoV-2, plaque assays 
can be used for screening approaches (Amarilla et al., 2021), but cannot 
compete with high-throughput assays. In contrast, the in-cell ELISA we 
developed allows quantification of hCoV infection by hCoV-229E, -NL63 
and -OC43 in high sample numbers within a few days, without being 
laborious or expensive. Alternative qRT-PCR approaches have the 
disadvantage of being time consuming and expensive. We have already 
established in-cell ELISAs based on a similar approach for SARS-CoV-2 
(Conzelmann et al., 2020) as well as for Zika virus (Müller et al., 
2017). Thus, the protocols described here can be easily adapted to 

emerging viruses within a short time. Flow cytometry is more laborious 
than the in-cell ELISA, but offers higher sensitivity, allowing the analysis 
of single cells (Adan et al., 2017), and optionally additional expression 
of cellular proteins that might be affected. 

For all hCoVs examined, the in-cell ELISA showed nucleocapsid 
expression that correlated with viral input and reached high Z’ factors 
over 0.8, indicating suitability for high-throughput applications (Zhang 
et al., 1999). In general, we aimed to measure infection as early as 
possible with ideally high OD and S/N-ratios. For hCoV-229E high sig-
nals were obtained already 2 days post infection and for -OC43 3–4 days 
post infection. As previously described, hCoV-NL63 replication was slow 
(Herzog et al., 2008), resulting in best OD and S/N values 6 days post 
infection. In this case, the higher sensitivity of the flow cytometry assay 
allows detection of hCoV-NL63 infection as early as 3 days post infection 
and may thus be the more appropriate assay. As stated above, assay 
results might also be affected by the choice of target cells, which may 
show various degrees of CPE or have high or low permissiveness for 
infection. 

When evaluating in-cell ELISA data, we found that the assay can be 
adapted to different target cells but differs in performance. Vice versa, 
the assay is also useful in determining the susceptibility of cells to 
infection. In agreement with literature, hCoV-229E only infects Huh-7 
cells (Gerna et al., 2006; Tang et al., 2005; von Brunn et al., 2015) but 
not Vero E6 (Tang et al., 2005) or Calu-3 cells (Yoshikawa et al., 2010), 
and -OC43 was able to infect Huh-7 (Gerna et al., 2006) and Vero E6 
(Schirtzinger et al., 2022) but not Calu-3 cells (Yoshikawa et al., 2010). 
HCoV-NL63 was known to hardly infect Vero E6 (Gerna et al., 2006; 
Herzog et al., 2008) but replicated best in Caco-2 cells (Carbajo-Lozoya 
et al., 2014; Herzog et al., 2008) which was confirmed by our in-cell 
ELISA. Furthermore, our assay revealed that also Huh-7 or Calu-3 cells 
are suitable target cells for this coronavirus. This is in agreement with 
the fact that these cells express the hCoV-NL63 receptor ACE2 (Kawase 
et al., 2012; Zhang et al., 2021). 

The choice of assay also depends on viral properties. Even if cells are 
permissive to infection, infection may not lead to CPE or plaque for-
mation (Bracci et al., 2020). In the plaque assay, we observed that Huh-7 
plaques appeared blurred and faint upon infection with hCoV-229E, 
making counting difficult but still suitable for quantification of plaque 
area using a software. Similarly, LLC-MK2 cells infected with 
hCoV-NL63 detached after infection, making plaque detection impos-
sible (Herzog et al., 2008). None of the cell lines or conditions we 
studied resulted in visible plaques when infected with hCoV-OC43. 
Nevertheless, working with different lab-adapted strains, clinical iso-
lates or cell lines may show different plaque morphology (Kato et al., 
2017) (Bracci et al., 2020). These virus-dependent differences are most 
evident for hCoV-HKU1, which we did not analyze because none of the 
cell lines tested supported replication of this virus, that has only been 
cultured in primary human ciliated epithelial cells (Pyrc et al., 2010). 

Both flow cytometry and in-cell ELISA were suitable to evaluate anti- 
coronaviral compounds. The IC50 values obtained for broad-acting 
remdesivir were 0.06 and 0.051 µM for hCoV-229E, 0.023 and 0.041 
µM for -NL63, and 0.19 and 0.21 µM for -OC43, respectively by flow 
cytometry and in-cell ELISA, which is consistent between assays and 
within the ranges reported in the literature (Brown et al., 2019; Hsu 
et al., 2021; Parang et al., 2020). Only the hCoV-NL63 values differed 
from a study using qPCR of released viral genomes as an indicator of 
infection (Wang et al., 2021a). This highlights the caveats of quantifying 
antiviral activities by determining viral progeny after replication and 
supports our assay that directly measures infection rates. The described 
IC50 values of nucleoside analogue molnupiravir against the hCoVs 
(Wang et al., 2021b) are consistent with our findings, as is the described 
IC50 value of the SARS-CoV-2 protease inhibitor nirmatrelvir 
(PF-07321332) against hCoV-229E with an IC50 of 0.62 µM (Owen et al., 
2021). Our findings now add evidence that nirmatrelvir is not only 
active against the coronavirus proteases but also against replicating 
hCoV-NL63 and -OC43. Thus, our in-cell ELISA showed that this orally 
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administered drug is a broad-spectrum coronavirus inhibitor, with 
prospects for therapy of not only SARS-CoV-2 but seasonal coronavi-
ruses. Furthermore, the in-cell ELISA has successfully been applied to 
determine neutralizing antibody titers against hCoVs (Lawrenz et al., 
2022), and revealed herein that the clinically applied anti-SARS-CoV-2 
monoclonal antibodies do not have broad activity against the hCoVs. 
This is to be expected as the RBD of the SARS-CoV-2 spike protein, which 
is the target of the monoclonal antibodies, is different from the hCoV 
RBDs (Hicks et al., 2021; Huang et al., 2020; Taylor et al., 2021). 
Overall, this highlights the applicability and advantage of the in-cell 
ELISA for antiviral drug testing. 

The study of cellular protease inhibitors provides insight into viral 
processing and entry. Camostat mesylate inhibits TMPRSS2, which 
cleaves the spike proteins of SARS-CoV-2 and hCoV-229E and enables 
them to fuse at the plasma membrane (Hoffmann et al., 2020; Shirato 
et al., 2017). In contrast, the cathepsin B/L inhibitor E-64d interferes 
with spike processing in the endosome after viral uptake (Hoffmann 
et al., 2020; Shirato et al., 2017). Using in-cell ELISA, we found that 
hCoV-NL63 infection is more sensitive to TMPRSS2 than to inhibition of 
cathepsins, consistent with the fact that -NL63 appears to prefer 
TMPRSS2 over cathepsins (Kawase et al., 2012) which is expressed on 
the used Caco-2 cells (Hoffmann et al., 2020). Vice versa, hCoV-229E 
was strongly affected by E-64d and has previously been described to 
be dependent on cathepsin L (Shirato et al., 2017). However, the Huh-7 
cells used do not express TMPRSS2 (Esumi et al., 2015; Zhang et al., 
2021), thus inhibition by camostat mesylate was not expected and re-
quires another cell line for evaluation of hCoV-229E and -OC43 
TMPRSS2 dependency. There is a study that describes an inhibitory ef-
fect of camostat against hCoV-229E on TMPRSS2 positive cells, but this 
is also dependent on viral strain, isolate and passage (Shirato et al., 
2017). Similar effects were described for hCoV-OC43, where the 
laboratory-adapted strain (VIR-1558, which was also used in our study) 
was not affected, but clinical isolates were affected by camostat mesylate 
(Shirato et al., 2018). This again highlights how viral strains and cell 
lines impact the experimental outcome, which needs to be considered 
when working on receptor or entry preferences and screening for anti-
virals. In particular, it is important to work with more recent hCoV 
isolates to investigate viral tropism and replication. Especially, strong 
antigenic drift has been described for hCoV-229E (Eguia et al., 2021) but 
laboratories are still experimenting with a 50-year-old 
laboratory-adapted isolate (Hamre and Procknow, 1966). 

The ELISA, flow cytometry, and plaque protocols developed in this 
study for quantification of hCoV infections are easily adaptable to new 
strains and will facilitate future research on hCoVs. They have been 
shown to be reliable, widely applicable and suitable for high-throughput 
screening. Their application will enable the identification of hCoV in-
hibitors and screening for broad-acting anti-coronaviral compounds 
against highly pathogenic coronaviruses that may emerge in future. 
Thus, these new assays will facilitate coronavirus research and increase 
preparedness for future coronavirus outbreaks. 
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