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A B S T R A C T   

A range of cell culture infection models have been used to study SARS-CoV-2 and perform antiviral drug 
research. Commonly used African green monkey Vero, human lung-derived Calu-3 and ACE2+TMPRSS2- 
expressing A549 cells, each have their limitations. Here, we describe human ACE2-expressing H1299 lung cells 
as a more efficient and robust model for SARS-CoV-2 research. These cells are as easy to handle as Vero cells, 
support SARS-CoV-2 replication to high titers, display a functional innate immune response and are suitable for 
plaque assays, microscopy, the production of (genetically stable) virus stocks and antiviral assays. H1299/ACE2- 
based (CPE reduction) assays can be performed without adding a P-gP drug efflux pump inhibitor, which is often 
required in Vero-based assays. Moreover, H1299/ACE2 cells allowed us to perform CPE reduction assays with 
omicron variants that did not work in Vero-based assays. In summary, H1299/ACE2 cells are a versatile infection 
model to study SARS-CoV-2 replication in the context of antiviral drug development and virus-host interaction 
studies.   

1. Introduction 

The Severe Acute Respiratory Syndrome coronavirus 2 virus (SARS- 
CoV-2) caused a pandemic with unprecedented medical, societal and 
economic impact. It infected over 700 million people and caused 7 
million laboratory-confirmed deaths (as of August 2023). Several effi
cacious vaccines were developed within a remarkably short time and 
also antiviral (small molecules, monoclonal antibodies) treatment op
tions became available (Li et al., 2023) and were used in the clinic with 
varying success for a variety of reasons. 

Better antiviral drugs to treat SARS-CoV-2 infection in certain groups 
of (immune compromised) patients are still needed and development of 
effective and safe therapeutics with a broad spectrum of activity in
creases our preparedness for the next emerging coronavirus. Such 
compounds can be used either prophylactically or post-exposure to treat 
patients and protect their close contacts. In this manner, antiviral drugs 
could curb an epidemic at an early stage (Torneri et al., 2020) or slow it 
down to allow more time for vaccine development and distribution. 

Drug development efforts involve the screening and characterization 
of small molecules in virus-infected cells. For SARS-CoV-2, the cell- 
based screening of small molecule libraries has relied on a variety of 
cell lines, each with their own pros and cons. In particular African green 
monkey kidney Vero or Vero E6 cells (Ammerman et al., 2008) were 
used frequently, as they support the efficient replication of many viruses 
and they exhibit a clear cytopathic effect (CPE) that facilitates moni
toring of infection and the inhibitory effect of small-molecules. How
ever, Vero cells have a number of disadvantages as they are not human, 
are unable to produce interferon (IFN) (Desmyter et al., 1968; Emeny 
and Morgan, 1979), and express high levels of the efflux transporter 
P-glycoprotein (P-gP), also known as MDR1 (De Rosa et al., 2004), 
which can lead to an underestimation of compound efficacy. The latter 
issue can be circumvented by including a P-gP pump inhibitor in anti
viral assays (Boras et al., 2021; He et al., 2021) or by using P-gP 
knockout cells (Zhu et al., 2022). 

Another issue with Vero E6 cells is the fast adaptation of SARS-CoV- 
2, which involves mutations or deletions at or around a multibasic furin 
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cleavage site in the Spike (S) protein. Loss of this cleavage site affects S 
protein processing, SARS-CoV-2 infectivity, and pathogenesis (Johnson 
et al., 2021; Peacock et al., 2021), while also causing a pronounced 
plaque size increase on Vero cells (Ogando et al., 2020) and altering the 
viral entry pathway, impacting the outcome of antiviral assays. 

The use of permissive human cell lines like Calu-3 cells, human 
adenocarcinoma lung cells isolated from an adult male, can circumvent 
several of the issues related to the use of Vero cells. However, these cells 
are more difficult to handle, not very suitable for microscopy, assays 
using these cells can be less robust and they do not exhibit CPE as clearly 
as Vero E6 cells (Chu et al., 2020; Park et al., 2021) and therefore cannot 
be used in CPE reduction assays or plaque assays. 

Other human cell lines have also been used in SARS-CoV-2 research, 
like Caco-2, Caki-1, HEK293T, Huh-7, and engineered A549 cells 
expressing the angiotensin-converting enzyme 2 (ACE2) receptor, with 
or without the transmembrane serine protease 2 (TMPRSS2). More 
complex systems, such as air-liquid interface cultured primary human 
airway epithelial cells have also been used. Each of these models come 
with their own limitations, ranging from low susceptibility/progeny ti
ters to culturing difficulties (e.g. slow growth, special and expensive 
medium requirements) (reviewed in Takayama, 2020). 

In this study, we describe the generation, characterization, and 
application in antiviral assays of H1299/ACE2 cells, human epithelial 
lung cells isolated from a male patient with carcinoma, which were 
engineered to ectopically express human ACE2. H1299 cells, with or 
without overexpression of ACE2, have also been used for certain SARS- 
CoV-2 experiments by others (Cele et al., 2021, 2022; Chen et al., 2021; 
Lu et al., 2022), but a more comprehensive and thorough character
ization of this infection model, and its description as a tool for antiviral 
research, has not been published yet. 

H1299/ACE2 cells were as easy to handle as Vero E6 cells, supported 
high levels of SARS-CoV-2 replication, and had a morphology suitable 
for microscopy. Moreover, we found that these human cells had a 
functional innate immune response and were easily transfectable. The 
cells displayed clear CPE upon SARS-CoV-2 infection, even when using 
omicron isolates (unlike Vero E6). The rapid accumulation of mutations 
in the SARS-CoV-2 S protein, as typically encountered in Vero E6 cells, 
was not observed in H1299/ACE2 cells. These features, together with 
the antiviral assays that we describe here, make H1299/ACE2 cells a 
versatile infection model for use in antiviral assays and studies on the 
role of host factors in SARS-CoV-2 replication. 

2. Material and methods 

2.1. Cell lines 

NCl–H1299 cells were kindly provided by Dr. Marc Vooijs (Maas
tricht University, Maastricht, the Netherlands). Vero E6 and H1299 cells 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza), 
with 8% (Vero E6) or 10% (H1299) fetal calf serum (FCS; Bodinco), 100 
IU/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich). The 
identity of H1299 and Vero E6 cells was confirmed by STR profiling 
(100% match). Following pcDNA3-hACE2 transfection (see below), the 
medium of H1299/ACE2 cells was also supplemented with 1200 μg/mL 
G418 every third passage. 

2.2. Generation and selection of H1299/ACE2 cells 

The construction of human ACE2 expression vector pcDNA3-hACE2 
was described previously (Broer et al., 2006). H1299 cells were trans
fected with pcDNA3-hACE2 using Lipofectamine-2000 (ThermoFisher). 
After 24 h at 37 ◦C, the transfection medium was replaced with selection 
medium containing 1200 μg/mL G418. At 4 days post transfection, cells 
were passaged and culturing was continued in the presence of G418. For 
enrichment of highly hACE2-expressing cells by fluorescence-activated 
cell sorting (FACS), cells were first detached using a non-enzymatic 

cell dissociation solution (Sigma-Aldrich). After washing with PBS 
containing 0.5% BSA and 2 mM EDTA (FACS buffer), cells were incu
bated with anti-hACE2 goat antiserum (R&D Systems) for 30 min at 4 ◦C. 
Cells were then washed twice with FACS buffer and were incubated with 
Alexa Fluor 647-conjugated anti-goat secondary antibody (Jackson 
Immuno) for 30 min at 4 ◦C. After washing, cells were resuspended in 1 
mL FACS buffer and sorted using a BD FACSMelody™ (BD Biosciences) 
to select the cell population with the highest hACE2 expression. Sorting 
was repeated once using the same protocol. Sorted cells were resus
pended in H1299 medium for further culturing. 

2.3. Viruses and infection protocols 

SARS-CoV-2 isolate Leiden-0008 (GenBank accession number 
MT705206.1) was isolated at LUMC from a nasopharyngeal sample 
during the first wave of the pandemic in March 2020. Omicron BA.1 
isolate Leiden-O-71084/2021 (GenBank accession number 
OR427989.1) was isolated at LUMC from a clinical sample obtained 
from the National Institute for Public Health and the Environment 
(RIVM, Netherlands). Omicron BA.4 and XBB.1.5 were isolated from 
local clinical samples at LUMC. All virus infections were performed for 1 
h at 37 ◦C in infection medium consisting of Eagle’s minimal essential 
medium (EMEM), 25 mM HEPES (Lonza), 2% FCS, 100 IU/mL peni
cillin, and 100 μg/mL streptomycin. All experiments with SARS-CoV-2 
were performed in biosafety level 3 laboratories at Leiden University 
Medical Center. 

2.4. Plaque assays 

Vero E6 and H1299/ACE2 cells were plated 24 h before the assay in 
6-well clusters at 3.5 × 106 and 5.0 × 105 cells per well, respectively. 
Samples were 10-fold serially diluted in infection medium and cells were 
given a 0.5 mL inoculum for 1 h at 37 ◦C. After infection, the inoculum 
was substituted by an overlay of DMEM, 1.2% Avicel, penicillin +
streptomycin, 2% FCS, and 50 mM HEPES pH 7.4. After a 3-day incu
bation, cells were fixed with formaldehyde, and stained with crystal 
violet to visualize plaques and calculate virus titers. 

2.5. RNA isolation and RT-qPCR 

Cell culture supernatants were mixed with an equal volume of 3 M 
guanidine-thiocyanate, 2% N-lauroyl-sarcosine sodium salt, 50 mM Tris- 
HCl (pH 7.6) and 20 mM EDTA and RNA was isolated via the Bio-on- 
Magnetic-Beads (BOMB) method (Oberacker et al., 2019), using a Via
flo Assist Plus Robot (Integra) and SpeedBeads magnetic beads (Merck). 
RT-qPCR to determine absolute viral RNA copy numbers was performed 
as described previously (Salgado-Benvindo et al., 2020). 

Intracellular RNA was isolated using TriPure Isolation Reagent 
(Sigma-Aldrich). cDNA was generated in a reaction mixture containing 
10 U RiboLock RNase Inhibitor (ThermoFisher), 1 mM dNTPs, 200 U 
RevertAid H minus RT enzyme (ThermoFisher), 1 μg RNA, and 5 ng 
random hexamers that was incubated at 25 ◦C for 10 min, 42 ◦C for 1 h, 
and 70 ◦C for 10 min in a thermocycler. cDNA was amplified with primer 
sets targeting the mRNAs for IFN-β, ISG15, ISG54, Viperin, IL-6, and IL-8 
using the iQ™ SYBR® Green Supermix (Bio-Rad) in a CFX384 Touch™ 
Real-Time PCR Detection System (Bio-Rad). Primer sequences are 
available on request. Changes in gene expression were calculated 
through the ΔΔCt method. 

2.6. CPE reduction assay 

H1299/ACE2 cells (1 × 104 cells/well) were seeded in 96-well 
clusters. After 24 h, they were given 2-fold serial dilutions of a com
pound in infection medium and infected with 300 PFU of SARS-CoV-2. 
After 2 days (or 3 days for the omicron BA.1 variant), cell viability 
was measured with the CellTiter AQueous MTS Reagent (Promega) to 
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quantify the antiviral efficacy of compounds. To some assays, 0.25 μM of 
the P-gP pump inhibitor CP-100356 monohydrochloride (Sigma- 
Aldrich) was added in addition to the tested compound. This dose of CP- 
100356 was experimentally determined as optimal (to avoid unwanted 
effects on the virus or host cell), i.e. the lowest possible dose that had the 
maximum enhancing effect on the efficacy of remdesivir. Non-infected 
cells were treated in parallel to determine the compound’s cytotox
icity. MTS absorbance was measured with an EnVision multiplate reader 
(PerkinElmer) at 495 nm and values were normalized to non-infected 
untreated cells (100%). EC50 was determined by non-linear regression 
using GraphPad Prism. 

2.7. Immunofluorescence microscopy 

SARS-CoV-2-infected H1299/ACE2 cells grown on glass coverslips 
were fixed with 3% paraformaldehyde (PFA) in PBS for at least 4 h at 
room temperature. Coverslips were rinsed with PBS/glycine and per
meabilized with 0.2% Triton X-100 for 10 min. Staining was done with 
the following primary antibodies: anti-hACE2 goat antiserum (R&D 
Systems); anti-SARS-CoV nsp4 rabbit antiserum (van Hemert et al., 
2008); anti-SARS-CoV N protein mouse monoclonal antibody 46–4 
(Fang et al., 2006) and anti-SARS-CoV-2 Spike protein human mono
clonal antibody P008_052 (Graham et al., 2021) and secondary anti
bodies: Alexa488-conjugated donkey anti-goat (ThermoFisher); 
Cy3-donkey-anti-rabbit antibody (Jackson); Cy3-donkey-anti-mouse- 
IgG (Jackson); Alexa488-goat-anti-human-IgG (ThermoFisher). Nuclei 
were stained with Hoechst 33,258 (ThermoFisher). After mounting with 
Prolong Gold (ThermoFisher) coverslips were imaged on a Leica DM6B 
fluorescence microscope using the LASX software. 

2.8. Poly (I:C) transfection 

H1299/ACE2 cells were seeded into 12-well clusters at 2 × 105 cells/ 
well. After 24 h, cells were transfected with 500 ng poly (I:C) (Inviv
ogen) using Lipofectamine-2000 (ThermoFisher). After incubation for 7 
h at 37 ◦C, cell lysates were harvested with TriPure Reagent (Sigma- 
Aldrich) for RNA analysis. At 16 h post-tranfection (hpt), lysates for 
protein analysis were prepared using 4x Laemmli Sample Buffer. 

2.9. Next-generation sequencing (NGS) 

SARS-CoV-2 was passaged four times, once every 48 h, on H1299/ 
ACE2 cells (first infection MOI 0.1). Viral RNA was isolated from the 
medium with TriPure Isolation Reagent (Sigma-Aldrich). After quanti
fication using the Qubit™ RNA High Sensitivity (HS) kit (Thermo
Fisher), RNA was fragmented by incubation with NEBNext First Strand 
Synthesis Reaction (New England Labs) and random hexamers for 10 
min at 94 ◦C. NGS was performed by GenomeScan, Leiden, the 
Netherlands, using a NovaSeq 6000 Sequencing System (Illumina) as 
described previously (Ogando et al., 2020). After trimming to remove 
adaptor sequences, sequence reads from SARS-CoV-2 input virus (P0) 
and the harvest after 4 passages (P4) were mapped to the consensus 
sequence of the original Wuhan SARS-CoV-2 isolate (GenBank accession 
number NC_045512.2). For analysis of sequence variants, the initial 
variation frequency threshold was set at 10% to detect newly emerged 
mutations and variations. 

2.10. Immunoblot analysis 

H1299/ACE2 cell lysates prepared in 4x Laemmli sample buffer and 
resolved by SDS-PAGE were blotted onto Hybond 0.2 μM polyvinylidene 
difluoride membranes (GE Healthcare), which were subsequently 
blocked with 1% casein in PBS with Tween-20 (PBS-T). Membranes were 
incubated with anti-ISG15 (Santa Cruz), ISG56 (ThermoFisher), and 
GAPDH (Cell Signaling Technology), which were detected with 

secondary and fluorescently labeled tertiary antibodies on an Advanced 
Q9 Alliance imager (Uvitec Cambridge). 

3. Results and discussion 

3.1. Generation of the SARS-CoV-2-susceptible H1299/ACE2 cell line 

H1299 cells were transfected with a plasmid expressing human ACE2 
and the neomycin resistance gene, and selected by culturing in the 
presence of G418. Cells with high ACE2 expression were selected by two 
rounds of FACS using an anti-ACE2 antiserum. To assess their suscep
tibility to infection, H1299/ACE2 cells were infected with SARS-CoV-2 
isolate Leiden-0008 at an MOI of 0.1 for 1 h at 37 ◦C. After 24 h, the 
culture supernatant was harvested and cells were fixed and analyzed by 
immunofluorescence microscopy using antibodies recognizing the viral 
nsp4 protein and human ACE2 (Fig. 1A). Imaging confirmed ACE2 
expression and showed that SARS-CoV-2 productively infected H1299/ 
ACE2 cells, leading to CPE and viral spread. The infectious virus titers in 
supernatant samples from the H1299/ACE2 cells were determined by 
plaque assays on both H1299/ACE2 and Vero E6 cells, which are 
commonly used for virus titration. Three-day plaque assays yielded very 
similar titers on both cell lines (Fig. 1B), confirming that H1299/ACE2 
cells are as susceptible to SARS-CoV-2 infection as Vero E6. The plaque 
size was somewhat more heterogeneous on Vero E6 cells than on 
H1299/ACE2 cells (Fig. 1C), possibly related to the rapid cell culture 
adaptation that is known to occur in Vero cells (see 3.3). 

As expected, H1299/ACE2 cells could also be infected with SARS- 
CoV, but not with MERS-CoV (data not shown). We speculate that, by 
introducing other receptors in H1299 cells (such as DPP4, for MERS- 
CoV), this convenient model could be expanded to other (corona) vi
ruses as well. 

3.2. Replication kinetics of SARS-CoV-2 in H1299/ACE2 cells 

To investigate SARS-CoV-2 replication kinetics, H1299/ACE2 cells 
were infected with the early pandemic SARS-CoV-2 isolate Leiden-0008 
or with Omicron BA.1 isolate Leiden-O-71084/2021 at an MOI of 0.1 or 
1 (titers on Vero E6). Culture supernatants were harvested at 1, 12, 16, 
18, 20, 24, and 32 h post-infection (hpi), and also at 40 and 48 hpi for 
the MOI 0.1 infections, and then subjected to plaque assay on H1299/ 
ACE2 cells (Fig. 2A and B). Both isolates replicated well in these cells, 
although the omicron isolate showed slower kinetics and replicated to 
lower titers than the Leiden-0008 isolate. 

Infected cells were fixed at 8 hpi and subjected to immunofluores
cence staining for viral proteins (S and N) to determine the number of 
cells initially infected (Fig. 2C). This demonstrated that H1299/ACE2 
cells were efficiently infected, especially with the Leiden-0008 variant, 
which -as expected-at an MOI of 1 caused the infection of ~70% of cells. 
Infection with the omicron variant appeared somewhat less efficient, as 
~33% of the cells were infected at an MOI of 1, instead of the expected 
63%. At an MOI of 0.1–7% of the cells were infected. The weaker syn
cytium formation of the omicron variant compared to Leiden-0008 also 
contributed to the apparent lower infection efficiency. 

These results indicated that both early pandemic and omicron vari
ants of SARS-CoV-2 can efficiently infect H1299/ACE2 cells and that 
productive replication yields titers comparable to those obtained with 
Vero E6 cells. 

3.3. Genetic stability of SARS-CoV-2 in H1299/ACE2 cells 

Rapid cell culture adaptation, associated with mutations in the S 
gene, is a well-known phenomenon when SARS-CoV-2 is passaged on 
Vero E6 cells. To investigate the stability of SARS-CoV-2 in H1299/ACE2 
cells, we serially passaged the SARS-CoV-2 Leiden-0008 and Leiden-O- 
71084/2021 isolates in H1299/ACE2 cells and compared the genomic 
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sequence of the initial virus stock used (P0) with that of the virus har
vested after 4 passages (P4). Passaging on Vero E6 cells leads to rapid 
emergence of variations at or around the furin cleavage site encoding 
region, usually within a few passages. NGS analysis of the Leiden-0008 
strain passaged 4 times on H1299/ACE2 cells indicated that mutations 
(deletions) that would inactivate the furin cleavage site were only 

present at a frequency below 5% of the total reads assigned and no 
mutations were found. No other signs of viral adaptation to H1299/ACE 
cells were detected by passage 4. 

NGS analysis of the Leiden-O-71084/2021 isolate at P0 and P4 did 
not identify any mutations that became dominant in the quasispecies 
population at P4. However, the only variation with a frequency above 

Fig. 1. H1299/ACE2 cells efficiently support SARS-CoV-2 replication. H1299/ACE2 cells were infected with SARS-CoV-2 isolate Leiden-0008 at an MOI of 0.1 and at 
24 hpi supernatant was harvested and cells were fixed. (A) Immunofluorescence microscopy of H1299/ACE2 cells stained for human ACE2 and the viral nsp4 protein. 
The supernatant of H1299/ACE2 cells infected with SARS-CoV-2 Leiden-0008 (MOI 0.1) and harvested at 24 hpi was used in a plaque assay on H1299/ACE2 and 
Vero E6 cells to compare progeny virus titers (B) and plaque morphology (C). 

Fig. 2. SARS-CoV-2 replicates to high titers on H1299/ACE2 cells. Cells were infected with SARS-CoV-2 Leiden-0008 or Omicron BA.1 isolate Leiden-O-71084/2021 
with an MOI of 0.1 (A) or 1 (B). Supernatant samples of the MOI 0.1 (A) or MOI 1 (B) infections were harvested at different time points and the infectious virus titer 
was determined by plaque assay on H1299/ACE2 cells. (C) Infected cells on glass coverslips were fixed at 8 hpi and processed for immunofluorescence microscopy to 
detect the viral N (red) and S (green) proteins. 
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threshold, i.e. present in 27% of reads at P4, was at nt 23,595, resulting 
in the R685H substitution in S, which has been shown to inactivate the 
furin cleavage site (Mykytyn et al., 2021). Whether this variation, which 
was not observed for Leiden-0008, was merely a chance event or specific 
adaptation of omicron isolates to H1299/ACE cells requires more 
extensive analysis. Nevertheless, since at passage 4 the majority (75%) 
of the omicron viruses did not contain this mutation yet, and since the 
Wuhan-like Leiden-0008 strain did not change, we still consider 
H1299/ACE2 cells more useful for virus culture and ‘multi-cycle’ assays 
than Vero E6 cells, in which faster adaptation is observed. 

To further assess their usefulness, we determined whether H1299/ 
ACE2 cells could be used to recover infectious virus from clinical sam
ples. Recovery attempts of the same 6 clinical specimens on Vero E6, 
Calu-3 and H1299/ACE cells in parallel, were successful in 5/6, 6/6 and 

6/6 cases respectively, highlighting the utility of H1299/ACE2 cells in 
isolating viruses from clinical samples. 

Since H1299/ACE2 cells have low level TMPRSS2 expression, we 
assume that both the endosomal entry route and TMPRSS2-dependent 
entry at the plasma membrane are possible in these cells. However, 
we suspect that mainly the endosomal pathway is used in H1299/ACE2 
cells, as we found that hydroxychloroquine, which blocks this entry 
route had an antiviral effect (EC50 ~7 μM), while TMPRSS2 inhibitor 
camostat had no antiviral effect in H1299/ACE2 cells (EC50 > 50 μM). 
The EC50 for hydroxychloroquine in H1299/ACE2 was ~8x times higher 
than in Vero E6 cells (EC50 ~0.8 μM), suggesting that TMPRSS2 might 
also play a (minor) role in entry. Another indication for functional 
TMPRSS2 expression on H1299/ACE2 cells is the syncytium formation 
(not observed in Vero E6) that was observed with early pandemic isolate 

Fig. 3. H1299/ACE2 cells are capable of mounting an innate immune response. H1299/ACE2 cells were transfected with poly (I:C) and cell lysates were harvested 
for RNA and protein analysis at 7 or 16 hpt, respectively. (A) The relative expression levels of genes involved in the innate immune response and inflammatory 
response were determined by RT-qPCR. The expression level after poly (I:C) treatment was normalized to that in non-transfected cells. (B) ISG15 and ISG56 proteins 
in lysates of poly (I:C)-transfected and non-transfected H1299/ACE2 cells were detected by Western blot. GAPDH was used as loading control. 
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Leiden-0008 (Fig. 2C), for which TMPRSS2 is important (Buchrieser 
et al., 2020). 

3.4. H1299/ACE2 cells are capable of mounting an innate immune 
response 

One of the reasons why Vero E6 cells support the efficient replication 
of many viruses is that they do not produce interferon, which cripples 

the innate immune response. To determine if H1299/ACE2 cells are 
capable of mounting an innate immune response, cells were transfected 
with poly (I:C) and intracellular RNA was isolated at 7 hpt. The 
expression of genes involved in the interferon response (IFN-β, ISG15, 
ISG54 and viperin) and the inflammatory response (IL-6 and IL-8) was 
compared between poly (I:C)-treated and untreated cells (Fig. 3A). Poly 
(I:C) transfection led to an increase in the expression of all genes tested, 
suggesting that H1299/ACE2 cells have a functional innate immune and 

Fig. 4. H1299/ACE2 cells perform well in CPE reduction assays and do not require use of a P-gP pump inhibitor (A) Standard CPE reduction assays done in Vero E6 
cells or in H1299/ACE2, in the absence or presence of the P-gP inhibitor CP-100356, using remdesivir as a reference compound. Cells were infected with SARS-CoV-2 
early pandemic strain Leiden-0008 at low MOI and, viability was measured with a colorimetric MTS assay, 3 days post infection in the case of Vero E6 or 2 days post 
infection in the case of H1299/ACE2 cells. (B) Plaque assay with an omicron BA.1 isolate or early pandemic strain Leiden-0008. Fixation and staining were done at 5 
days post-infection, instead of the for Leiden-0008 commonly used 3 dpi, to allow appearance of the omicron plaques (C) CPE reduction assay with omicron strains 
BA.1, BA.4 and XBB.1.5, with viability determination at 3 days post infection. In all experiments, viability of non-infected cells treated with remdesivir was 
determined in parallel to assess possible cytotoxic effects. Viability was normalized to that of non-infected, untreated cells (100%). Mean ± SEM of 2 independent 
experiments performed in quadruplicate are shown. 
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inflammatory response. Western blot analysis of lysates harvested at 16 
hpt confirmed that not only at transcription level, but also at the protein 
level, these cells displayed a functional innate immune response, as a 
clear increase in ISG15 and ISG56 protein levels was observed after poly 
(I:C) treatment (Fig. 3B). Besides the fact that they are human cells, their 
capability of generating a functional innate immune response makes 
H1299/ACE2 a more relevant infection model for studying virus-host 
interactions than Vero E6 cells. 

3.5. H1299/ACE2 cells are suitable for testing antiviral compounds 

To determine if H1299/ACE2 cells can be used in antiviral drug 
screening assays, we developed a CPE reduction assay with SARS-CoV-2 
Leiden-0008. In our standard Vero E6 cell-based CPE reduction assays, 
remdesivir is often used as reference compound, which on average 
yielded an EC50 value of ~0.18 μM in the presence of the P-gP efflux 
pump inhibitor CP-100356 (Fig. 4A). In the absence of the P-gP efflux 
pump inhibitor, the EC50 value for remdesivir increased to an average 
value of 2.1 μM in Vero cells. The efflux of (potential) inhibitors that 
requires the use of CP-100356, as has also been described by several 
other research groups (Boras et al., 2021; He et al., 2021), represents a 
disadvantage of the application of Vero E6 cells in antiviral assays. To 
assess whether the P-gP efflux pump also poses a problem in 
H1299/ACE2 cells, we determined the EC50 for remdesivir in the pres
ence and absence of CP-100356 (Fig. 4A). Remdesivir inhibited 
SARS-CoV-2 replication with an EC50 of approximately ~0.035 μM in 
the absence of CP-100356 and 0.082 μM in the presence of the P-gP 
inhibitor (Fig. 4A), suggesting that this drug efflux pump is not present 
or at least not affecting the intracellular concentration of antiviral 
compounds. The fact that CP-100356 can be omitted in screening assays 
is another advantage of H1299/ACE2 cells over Vero E6 cells, since this 
compound could interact with compounds being screened. 

The CPE of omicron isolates on Vero E6 cells is less pronounced than 
that of earlier variants and therefore it was not possible - at least in our 
hands - to perform CPE reduction assays with these variants in our Vero 
cell-based assays. For example, after a 3-day CPE reduction assay with 
omicron in Vero E6 cells, 98.5% of cells remained viable, while this was 
around 20% when earlier variants were used. The tiny plaques - 
compared to those of the early pandemic isolate – that are visible in the 
5-day plaque assay in Fig. 4B indicate that omicron isolates replicated in 
our Vero E6 cells, but the limited CPE did not allow us to develop CPE 
reduction assays in these cells. 

The use of H1299/ACE2 cells allowed us to solve this problem, as we 
were able to develop functional CPE reduction assays with different 
omicron isolates, which caused sufficient CPE, with generally ~20–30% 
viability remaining (Fig. 4C). For the omicron isolates, the ~50 nM EC50 
value of remdesivir is similar to the value found for the early pandemic 
Leiden-0008 isolate (~35 nM). 

4. Conclusion 

Our newly generated human H1299/ACE2 lung cell line is highly 
susceptible to SARS-CoV-2, and characterization of virus replication 
demonstrated its suitability for antiviral assays and studying host re
sponses. H1299/ACE2 cells can be cultured as easily as Vero E6 cells, 
have a morphology suitable for microscopy, and exhibited CPE upon 
infection with SARS-CoV-2, including omicron variants. These cells 
could be infected as efficiently as Vero E6 cells, supported virus repli
cation to high titers and kinetics comparable to Vero E6. However, 
H1299/ACE2 cells have several advantages over Vero E6 cells. 1) 
H1299/ACE2 cells are human lung cells, thereby more relevant and 
which also means that more (functional genetic) research tools are 
available. 2) Unlike Vero cells, H1299/ACE2 cells are capable of 
mounting a functional innate immune response, making them more 
relevant for virus-host interaction studies. 3) SARS-CoV-2 was geneti
cally more stable on H1299/ACE2 cells, which is beneficial for multi- 

cycle antiviral assays and growing virus stocks. 4) Robust CPE reduc
tion assays with H1299/ACE2 cells yielded similar EC50 values for 
remdesivir as Vero-based assays, but without the need for a P-gP pump 
inhibitor. 5) Unlike Vero E6 cells, H1299/ACE2 cells can be used in CPE 
reduction assays with omicron variants, which allows comparison and 
spectrum of activity determination with a wider range of virus isolates. 

Taken together, our characterization of SARS-CoV-2 replication in 
H1299/ACE2 cells and the antiviral assays described here provide a 
useful addition to the arsenal of tools to study SARS-CoV-2 and identify 
inhibitors of replication. 
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