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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative
agent of coronavirus disease 2019 (COVID-19), the most severe pandemic in a century. The
virus gains access to host cells when the viral spike protein (S-protein) binds to the host
cell surface receptor angiotensin-converting enzyme 2 (ACE2). Studies have attempted to
understand SARS-CoV-2 S-protein interactions with vertebrate orthologs of ACE2 by express-
ing ACE2 orthologs in mammalian cells and measuring viral infection or S-protein binding.
Often, these cells only transiently express ACE2 proteins, and the levels of ACE2 at the cell
surface are not quantified. Here, we describe a cell-based assay that uses stably transfected
cells expressing ACE2 proteins in a bicistronic vector with an easy-to-quantify reporter pro-
tein, Thy1.1. We found that both the binding of the S-protein receptor-binding domain
(RBD) and infection with a SARS-CoV-2 pseudovirus are proportional to the amount of
human ACE2 expressed at the cell surface, which can be inferred by quantifying the level
of Thy1.1. We also compared different ACE2 orthologs, which were expressed in stably
transfected cells expressing equivalent levels of Thy1.1. When ranked for either viral infectiv-
ity or RBD binding, mouse ACE2 had a weak to undetectable affinity for S-protein, while
human ACE2 had the highest level detected, and feline ACE2 had an intermediate pheno-
type. The generation of stably transfected cells whose ACE2 level can be normalized for
cross-ortholog comparisons allows us to create a reusable cellular library useful for meas-
uring emerging SARS-CoV-2 variants’ abilities to potentially infect different animals.

IMPORTANCE SARS-CoV-2 is a zoonotic virus responsible for the worst global pandemic
in a century. An understanding of how the virus can infect other vertebrate species is im-
portant for controlling viral spread and understanding the natural history of the virus.
Here, we describe a method to generate cells stably expressing different orthologs of
ACE2, the receptor for SARS-CoV-2, on the surface of a human cell line. We find that
both the binding of the viral spike protein receptor-binding domain (RBD) and infection
of cells with a SARS-CoV-2 pseudovirus are proportional to the ACE2 levels at the cell sur-
face. This method will allow the creation of a library of stably transfected cells expressing
similar levels of different vertebrate ACE2 orthologs, which can be used repeatedly for
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cell surface receptor for both SARS-CoV-1 and SARS-CoV-2, although other molecules no
doubt play an important role in viral infectivity (1-5). Due to the zoonotic nature of SARS-
CoV-2 infection, there have been numerous studies attempting to understand how different
vertebrate ACE2 orthologs can interact with the spike protein (S-protein) of SARS-CoV-2
(6-9). This knowledge is necessary not only to understand the natural history of the virus
but also to identify species that may be more susceptible to infection. Even though ACE2 is
a well-conserved protein across the vertebrate clade, human polymorphisms have been
documented (10), and ACE2 orthologs from different animals have unique amino acid
sequences, which potentially alter the ability of a particular S-protein to bind to specific cells
(11, 12). The difference in ACE2 orthologs is thought to be a potential mechanism by which
certain species appear to be protected from infection or how other species can act as an in-
termediate when SARS-like coronaviruses transition between host species (13, 14).

Since the beginning of the current global pandemic, there have been multiple studies
attempting to determine which ACE2 orthologs serve as receptors for S-protein. These
studies include (i) in silico models that predict which orthologs would be likely to bind S-
protein based upon amino acid residues known to interact with S-protein (4, 9, 15-25), (ii)
in vitro cell-based studies where viral infectivity in cells from different animals or cell lines
genetically modified to express different ACE2 orthologs is examined for interactions with
S-protein (or its receptor-binding domain [RBD]) or infection with the virus or S-protein-
expressing pseudovirus (2, 6, 11, 26-30), and (iii) biochemical studies measuring the bind-
ing of S-protein with different ACE2 proteins (31, 32). There are advantages and drawbacks
to each approach. In silico modeling enables the rapid comparison of multiple orthologs
but is limited to publicly available genetic data, and predictions need to be validated
experimentally. The biochemical measurement of the SARS-CoV-2 S-protein—-ACE2 associa-
tion provides an accurate measurement of the binding affinity between the two proteins
but requires the production and purification of each ACE2 ortholog and the SARS-CoV-2 S-
protein or RBD and does not necessarily reflect associations in the context of physiological
virus-cell interactions. Cell infectivity or binding of soluble SARS-CoV-2 S-protein can pro-
vide information about which ACE2 orthologs can successfully interact with S-protein at
the cell surface. However, it requires genetically modifying cells by plasmid transfection or
lentiviral transduction with each ACE2 ortholog, and controlling for the level of ACE2 at the
cell surface is difficult.

In vitro infection studies with multiple different types of viruses have demonstrated
that the level of viral receptor protein expressed at the cell surface is a critical factor for
viral entry into cells. For instance, Davis et al. reported that cells expressing the highest
levels of transfected DC-SIGN(R) are more susceptible to West Nile virus infection (33)
than cells expressing lower levels of DC-SIGN(R). Likewise, Koutsoudakis et al. found
that the entry of hepatitis C virus into cells is dependent on CD81 cell surface expres-
sion and defined a range of CD81 expression levels where viral infectivity is directly
proportional to CD81 expression (34). Increasing the expression of coxsackievirus-ade-
novirus receptor (CAR) on poorly permissive cell lines increased the susceptibility of tu-
mor cells to recombinant adenovirus infection (35). Human immunodeficiency virus
(HIV) can utilize both CD4 and CCR5 as receptors, and the relative expression level of
each receptor has been shown to influence the infectivity of different HIV isolates (36).
Therefore, when measuring SARS-CoV-2 infectivity in vitro, it will be critical to consider
the amount of ACE2 at the cell surface.

Here, we describe the stable transfection of HRT-18G cells, a human rectal cancer cell
line capable of supporting betacoronavirus replication (37, 38), with plasmid vectors con-
taining a bicistronic MRNA encoding different ACE2 orthologs and a cell surface reporter
protein, mouse Thy1.1. We demonstrate that the amount of Thy1.1 is directly proportional
to the amount of human ACE2 (hACE2) on the cell surface, and increasing ACE2 expression
leads to both increased binding of a fluorescent RBD and increased SARS-CoV-2 pseudovi-
ral infectivity. We also generated stable cell lines expressing either mouse ACE2 (mACE?2) or
domestic cat ACE2 with Thy1.1 expression equivalent to that in human ACE2-expressing
cells and found that RBD binding and infectivity are absent upon the expression of mouse

September 2022 Volume 96 Issue 17

Journal of Virology

10.1128/jvi.00256-22

2


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00256-22

ACE2 Levels and SARS-CoV-2 Spike Protein Binding Journal of Virology

ACE2, while feline ACE2 (fACE2) has an intermediate phenotype compared to human
ACE2. Our system can be easily expanded to include more ACE2 orthologs to provide fur-
ther insight into how RBD-ACE2 interactions impact the susceptibility or resilience of spe-
cies against SARS-CoV-2 infection and transmission.

RESULTS

ACE2 binding to SARS-CoV-2 spike protein is necessary for viral infectivity.
SARS-CoV-2 gains access to cells when its S-protein binds to the cell surface receptor
ACE2 (1-4, 39, 40). To confirm this in our chosen cell system, we generated a cell line
stably expressing human ACE2 (hACE2) to examine S-protein binding and SARS-CoV-2
pseudoviral infectivity. We generated DNA plasmids encoding a bicistronic mRNA con-
taining human ACE2 cDNA, followed by an internal ribosome entry site (IRES) and,
finally, the mouse cell surface protein Thy1.1 (Fig. TA). The use of Thy1.1 is advanta-
geous for several reasons. Thy1.1 is present on the cell surface and can be detected
with commercially available fluorescent antibodies, allowing both the quantification of
a reporter protein and the sorting of live cells stably expressing the transgene. Unlike
autofluorescent reporter proteins, Thy1.1 is not inherently fluorescent and will there-
fore not interfere with downstream applications that depend on fluorescence detec-
tion. Because Thy1.1 and ACE2 are translated by the same mRNA, we used the relative
expression of Thy1.1 to infer ACE2 expression, thus avoiding uncertainties regarding
the interaction of assorted orthologs of ACE2 with available antibodies able to detect
native ACE2 on the cell surface.

According to this rationale, we transfected HRT-18G cells, a human rectal cancer line ca-
pable of supporting betacoronavirus replication, with the plasmid encoding hACE2 and
Thy1.1 under conditions that support stable transfection. Following transfection, cells were
magnetically sorted utilizing antibodies specific for Thy1.1. Three rounds of sorting were
needed to generate a stable cell line, termed HRT-18G/hACE2, with >95% of cells express-
ing Thy1.1 (Fig. 1B). In comparison to the parent cells, stably transfected cells showed sig-
nificant increases in Thy1.1 and ACE2 antibody staining (Fig. 1B and C). To determine the
ability of hACE2 expressed on HRT-18G cells to bind to the RBD of SARS-CoV-2 S-protein,
we incubated the cells with an Alexa Fluor 647-labeled RBD protein purchased from a com-
mercial vendor and analyzed them by flow cytometry (Fig. 1D). In contrast to the parent
cells, the RBD interacted with hACE2 in a concentration-dependent manner (Fig. 1E). We
also assessed the ability of hACE2 to allow viral infectivity compared to the parent cells.
Both HRT-18G and HRT-18G/hACE2 cells were exposed to a vesicular stomatitis virus (VSV)-
derived SARS-CoV-2 pseudovirus expressing S-protein and green fluorescent protein (GFP),
termed VSV-GFP-deltaG_SARS-CoV-2 S-protein, at a multiplicity of infection (MOI) of 10 for
short, defined periods of time. Cells were washed to remove excess virus and cultured for
16 h prior to the analysis of GFP expression by flow cytometry. As shown in Fig. 1F, a meas-
urable percentage of infected HRT-18G/hACE2 cells was detected with as little as 5 min of
exposure to the virus inoculum, and the number of infected cells steadily increased as the
exposure time was lengthened. Finally, infected cells were visualized using fluorescence
microscopy. HRT-18G and HRT-18G/hACE2 cells were infected with pseudovirus at an MOI
of approximately 0.5. At 36 h postinfection, cells were examined by fluorescence micros-
copy for the presence of GFP-positive cells. In contrast to the parental HRT-18G cells, which
showed no evidence of GFP expression, HRT-18G/hACE2 cells were readily infected with
SARS-CoV-2 S-protein-expressing pseudovirus (Fig. 1G).

Taken together, these findings show that HRT-18G cells can be stably transfected
and sorted based upon Thy1.1 expression to generate a cell line expressing human
ACE2, which can bind SARS-CoV-2 RBD protein and support pseudoviral infection.

Cell surface ACE2 levels govern RBD binding and viral infectivity. We hypothe-
sized that increased expression of Thy1.1 would correlate with increased ACE2 expres-
sion, leading to increased RBD binding and viral infectivity. We tested this hypothesis
in two different ways. First, we transiently transfected HRT-18G cells with hACE2-IRES-
Thy1.1 DNA, and 48 h later, we stained the cells for both Thy1.1 and hACE2. As shown
by flow cytometry analysis (Fig. 2A), Thy1.1 staining strongly correlates with ACE2
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FIG 1 Recombinant SARS-CoV-2 RBD protein binds to human ACE2 and facilitates pseudoviral infectivity. (A)
Schematic of the bicistronic mRNA (3,537 bp) for the production of human ACE2 (2,415 bp; 805 amino acids [aa])
and the reporter cell surface protein mouse Thy1.1 (489 bp; 163 aa). (B) HRT-18G cells were stably transfected with a
plasmid containing cDNA of hACE2 and magnetically sorted for Thy1.1 expression. HRT-18G/hACE2 (blue trace) and
parental HRT-18G (shaded histogram) cells were stained with fluorescent anti-Thy1.1 antibody, and expression was
analyzed by flow cytometry. (C) HRT-18G cells stably expressing ACE2 (blue trace) and parent cells (shaded
histogram) were incubated with fluorescent anti-ACE2 antibody and analyzed by flow cytometry. (D) HRT-18G
parental cells (shaded histogram) and HRT-18G/hACE2 cells (blue trace) were incubated with the Alexa Fluor 647-
labeled SARS-CoV-2 S-protein RBD and analyzed for protein binding by flow cytometry. (E) Same as panel D except
that cells were incubated with a range of concentrations of the Alexa Fluor 647-labeled SARS-CoV-2 S-protein RBD
and analyzed by flow cytometry. (F) HRT-18G/hACE2 and HRT-18G cells were infected with GFP-expressing SARS-CoV-
2 pseudovirus at an MOI of 10 for the indicated times, washed to remove excess virus, and incubated at 37°C
overnight. Infectivity was analyzed by flow cytometry 16 h later, and the percentage of GFP-positive (GFP") cells is
reported. (G) HRT-18G/hACE2 and parent cells were infected with a GFP-expressing SARS-CoV-2 pseudovirus at an
MOI of 0.5 and cultured for 36 h prior to analysis by fluorescence microscopy. Cells were stained with DAPI to
delineate the nucleus. All data presented are representative of results from three independent experiments. Statistical
significance is indicated (***, P < 0.0001). MFI, mean fluorescence intensity.
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FIG 2 Increased ACE2 expression potentiates SARS-CoV-2 RBD binding and pseudoviral infectivity. (A) HRT-18G cells were transiently
transfected with cDNA encoding hACE2 and Thy1.1 in a bicistronic cassette, and 2 days later, they were stained with fluorescently labeled
anti-Thy1.1 and -ACE2 antibodies and analyzed by flow cytometry. Single-antibody labeling controls are also depicted. (B) Cells were stained
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levels detected by antibody staining. As a control, we show individual Thy1.1 and ACE2
staining, which resulted in no overlap in signal (Fig. 2A). To determine the interaction
of transiently expressed hACE2 with the RBD of S-protein, we stained both HRT-18G
and HRT-18G/hACE2 cells with Thy1.1 and the fluorescently labeled SARS-CoV-2 RBD
protein. Consistent with the data shown in Fig. 1D and E, a strong positive correlation
was seen between Thy1.1 expression and RBD binding (Fig. 2B), while staining with ei-
ther Thy1.1 or fluorescent RBD protein individually demonstrated no overlap in signal.

Next, we fluorescently sorted HRT-18G/hACE2 cells based upon Thy1.1 staining to
isolate the cells with the highest expression levels of Thy1.1, designated HRT-18G/
hACE2++. As expected, the Thy1.1 expression level was significantly higher in these
cells than in both the parent cells and HRT-18G/hACE2 cells (Fig. 2C). To determine if
Thy1.1 expression is relative to the expression of ACE2, we stained the HRT-18G/hACE2
and HRT-18G/hACE2++ cell lines with ACE2 antibodies. Consistent with the Thy1.1
expression level, HRT-18G/hACE2+ + cells showed an increase in ACE2 expression
compared to the parent cells and HRT-18G/hACE2 cells (Fig. 2D). HRT-18G, HRT-18G/
hACE2, and HRT-18G/hACE2+ + cells were then labeled with a specific concentration
of fluorescent RBD and analyzed by flow cytometry. HRT-18G/hACE2++ cells showed
a distinct shift in the fluorescence intensity compared to the parental cells and a signif-
icant increase compared to HRT-18G/hACE2 cells (Fig. 2E). Finally, to confirm the im-
portance of differential ACE2 expression for viral infectivity, we conducted a time
course infection with the VSV-GFP-deltaG_SARS-CoV-2 S-protein pseudovirus. We
hypothesized that cells with more ACE2 expression at the cell surface would be more
susceptible when exposed to virus for brief periods of time. Consistent with the results
for S-protein binding to ACE2, the percentage of infected, GFP-positive cells was higher
in cells expressing high levels of ACE2 (Fig. 2F).

Together, these data indicate that measuring Thy1.1 levels in our system is a good
proxy for human ACE2 levels, and alterations in the level of ACE2 at the cell surface
can impact S-protein binding and viral infectivity.

ACE2 orthologs show different degrees of SARS-CoV-2 spike protein binding.
Given the zoonotic nature of SARS-CoV-2 (8, 41), it is necessary to reliably predict the sus-
ceptibility of both wild and domestic animals to SARS-CoV-2 infection, which is controlled
in part by the affinity of S-protein for ACE2. Our data indicate that the level of ACE2 at the
cell surface can influence both the binding of the RBD of the SARS-CoV-2 S-protein as well
as viral infectivity. Therefore, studies comparing different vertebrate ACE2 orthologs need
to account for the relative levels of ACE2 expressed at the cell surface.

We created two additional HRT-18G cell lines expressing either domestic feline or mouse
ACE2 (mACE2) orthologs using the Thy1.1 bicistronic expression system. Compared to HRT-
18G/hACE2 cells, both HRT-18G/fACE2 (feline ACE2) and HRT-18G/mACE2 (mouse) cells
expressed equivalent levels of Thy1.1 (Fig. 3A) and therefore likely have similar levels of
ACE2 mRNA. To confirm the equivalent mRNA levels of ACE2, mRNA was extracted from
cells, reverse transcribed to ¢cDNA, and quantified by quantitative PCR (qPCR). The relative
expression level of ACE2 was compared to that of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH). As shown in Fig. 3B, all cell lines had equivalent ACE2 mRNA levels. Cells were
then stained with antibodies for human ACE2 (as used in Fig. 1 and 2), and only HRT-18G/
hACE2 cells stained positive for ACE2 (Fig. 3C), indicating that this particular monoclonal
antibody does not recognize either feline or mouse ACE2. To demonstrate that different

FIG 2 Legend (Continued)

Journal of Virology

with fluorescently labeled anti-Thy1.1 antibody and the Alexa Fluor 647-labeled SARS-CoV-2 S-protein RBD and analyzed by flow cytometry.
Histograms of individual protein-labeled cells are also depicted. (C to E) HRT-18G/hACE2 cells (blue traces) were fluorescently sorted based
on Thy1.1 expression to generate the cell line HRT-18G/hACE2++ (orange traces). HRT-18G/hACE2 (H) and HRT-18G/hACE2++ (H*™) cells
and parental HRT-18G cells (P) (shaded histograms) were then incubated with anti-Thy1.1 (C) or anti-ACE2 (D) antibody or the Alexa Fluor
647-labeled SARS-CoV-2 S-protein RBD (E) and analyzed by flow cytometry. Histograms and quantitative MFI measurements are
representative of results from three independent biological replicates. (F) HRT-18G/hACE2 and HRT-18G/hACE2+ + cells were infected with
GFP-expressing SARS-CoV-2 pseudovirus for the indicated times, washed to remove excess virus, incubated in complete medium for 16 h,
and analyzed by flow cytometry for GFP expression. All data presented are representative of results from three independent biological

experiments. Statistical significance is indicated (***, P < 0.0001).
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FIG 3 Human (h), feline (f), and mouse (m) ACE2 orthologs are glycosylated, metabolically stable, and detected at the cell surface in stably
transfected HRT-18G cells. (A) HRT-18G cells were stably transfected with IRES-Thy1.1 plasmids containing cDNAs of human (blue), feline
(orange), and mouse (purple) ACE2 and magnetically sorted until equivalent levels of the reporter protein Thy1.1 were expressed on all three
cell lines. Staining of parental HRT-18G cells is shown as a negative control (shaded histogram). (B) RNA was isolated from equal numbers of
HRT-18G/hACE2, HRT-18G/fACE2, and HRT-18G/mACE2 cells. cDNAs were made from extracted RNAs of the tested cell lines, and qPCR was
performed using GAPDH as a housekeeping gene. C; values from ACE2 amplifications were normalized to C; values from GAPDH, and the
average fold changes from three independent experiments are shown. (C) To confirm the specificity of the ACE2 antibody for human ACE2,
HRT-18G/hACE2 (blue), HRT-18G/fACE2 (orange), HRT-18G/mACE2 (purple), and HRT-18G (shaded histogram) cells were simultaneously
incubated with fluorescently labeled ACE2 antibody and analyzed by flow cytometry. (D) HRT-18G cells expressing the indicated ACE2
orthologs were lysed and either mock treated or deglycosylated by incubation with PNGase F. Cell lysates were then resolved by SDS-PAGE
and immunoblotted (IB) with polyclonal antibodies to ACE2 or B-actin. Molecular weight markers are indicated. (E) Cells were cultured with
CHX for 0, 5, or 10 h, followed by lysis, SDS-PAGE, and Western blot analysis for either ACE2, B-actin, or LC3B. C, control: HRT-18G cells which
do not express any ACE2 ortholog. (F) Cell surface proteins were biotinylated prior to cell lysis. Biotin-conjugated proteins were isolated using
a streptavidin agarose slurry and analyzed by Western blotting for ACE2, E-cadherin, and B-actin.

ACE2 orthologs were expressed by each cell line, we examined total cell lysates with a com-
mercially available polyclonal antibody raised against a recombinant human ACE2 protein.
Western blot analysis demonstrates that ACE2 is detectable in all three cell lines and absent
from the parent cell line (Fig. 3D). Treatment of cell lysates with peptide-N-glycosidase F
(PNGase F) resulted in a shift in the apparent molecular weight of ACE2 (Fig. 3D), demon-
strating that each ACE2 ortholog is glycosylated.

It is possible that different orthologs of ACE2 are metabolically unstable in human
cells. To test this, we treated cells with cycloheximide (CHX) to prevent new protein
synthesis and measured the levels of each ACE2 ortholog over time by Western blot-
ting. As shown in Fig. 3E, each ACE2 ortholog is highly stable when expressed by HRT-
18G cells, as no appreciable ACE2 degradation is observed, even 10 h after blocking
protein synthesis. As a control, we measured the levels of LC3B, a rapidly degraded
protein involved in autophagy (42). As expected, the levels of LC3B were reduced fol-
lowing CHX treatment (Fig. 3E).

We next examined ACE2 ortholog localization to the cell surface. Cell surface pro-
teins were selectively biotinylated and isolated by binding to streptavidin. All ACE2
orthologs were detected in the cell surface fraction (Fig. 3F). Cytosolic B-actin was
absent from the cell surface fraction, whereas the cell surface marker E-cadherin was
present at the cell surface of all tested cell lines (Fig. 3F), demonstrating the surface
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FIG 4 SARS-CoV-2 RBD binding and viral infectivity with different ACE2 orthologs. (A) HRT-18G (shaded histogram), HRT-18G/hACE2 (blue
trace), HRT-18G/fACE2 (orange trace), and HRT-18G/mACE2 (purple trace) cell lines were incubated with 7.8 ng of the Alexa Fluor 647-
labeled SARS-CoV-2 S-protein RBD and analyzed for SARS-CoV-2 S-protein RBD/ACE2 binding by flow cytometry. (B) Same as panel A
except that cells were incubated with different concentrations of the Alexa Fluor 647-labeled RBD. The MFI of the population is reported
on the y axis. (C) HRT-18G/hACE2, HRT-18G/fACE2, HRT-18G/mACE2, and HRT-18G cells were infected with GFP-expressing SARS-CoV-2
pseudovirus for the specified times, washed to remove excess virus, and incubated for 16 h, and GFP-expressing cells were quantified by
flow cytometry. All data presented are representative of results from three independent biological experiments.

specificity of biotinylation. Therefore, human, mouse, and feline ACE2 orthologs
expressed in HRT-18G cells are metabolically stable, glycosylated, and localized at the
cell surface. Given that the levels of Thy1.1 and ACE2 mRNAs are nearly identical in
these cells, these data suggest that ACE2 ortholog expression levels will be similar
between cell lines.

We then tested SARS-CoV-2 RBD interactions with each cell line by incubating fluores-
cently labeled RBD protein with cells and measuring fluorescent protein binding by flow
cytometry. S-protein RBD binding varied depending on the ACE2 ortholog expressed (Fig.
4A). No interaction between mouse ACE2 and S-protein was detected, as the RBD-binding
pattern was the same as that in the parental HRT-18G cells (Fig. 4A and B). Human ACE2
had the highest affinity for the S-protein RBD, while feline ACE2 fell between the mouse
and human orthologs (Fig. 4A and B). To further confirm the hierarchy of the S-protein
RBD affinity for ACE2, we infected the same set of cell lines with SARS-CoV-2 pseudovirions
and measured the number of infected cells expressing GFP. Consistent with the S-protein
RBD binding with ACE2 and compared to the parent cells, HRT-18G/hACE2 cells had the
largest number of infected cells, and HRT-18G/mACE2 cells had the smallest number of
infected cells, while HRT-18G/fACE2 cells ranked in between the human and mouse cell
lines (Fig. 4C).

DISCUSSION

SARS-CoV-2, like SARS-CoV-1, uses host ACE2 as the receptor for viral entry into
cells. As such, experiments examining viral binding and entry into cells will likely be
influenced by the levels of ACE2 expressed at the cell surface. As the levels of ACE2
increase on the surface of cells, there is increased binding of recombinant viral spike
RBD protein to cells as well as increased viral infectivity (Fig. 2). It is therefore important
when comparing the abilities of different ACE2 orthologs to interact with SARS-CoV-2
to consider the relative expression of the ACE2 ortholog being examined.

Here, we attempt to normalize ACE2 levels using a bicistronic expression system, using
Thy1.1 levels as a proxy for ACE2 ortholog expression, which cannot be detected using
flow cytometry due to the absence of suitable antibodies. It should be emphasized that
Thy1.1 and ACE2 will be degraded with different kinetics within the cell. Therefore, Thy1.1
levels are almost certainly not equivalent to ACE2 levels on a molecule-by-molecule basis.
However, when examining stably transfected, bulk-sorted cells maintained under identical
cell culture conditions, Thy1.1 metabolic stability will likely be equivalent across all cell lines
when Thy1.1 is expressed at identical levels. Therefore, the levels of ACE2 ortholog mRNA
should also be equivalent between cells when Thy1.1 levels are equal (Fig. 3B).

At the protein level, different ACE2 orthologs may have different stabilities in cells
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owing to numerous potential factors. We therefore examined the stability and traffick-
ing of different ACE2 orthologs. All three ACE2 orthologs examined here were relatively
stable proteins, as no appreciable degradation was observed 10 h following protein
synthesis inhibition (Fig. 3E). If an ACE2 ortholog was inherently unstable or even a
portion of the newly synthesized ACE2 was unstable, then a decrease in protein levels
would have been readily observed following protein synthesis inhibition, similar to
what we observed for LC3B levels (Fig. 3E). Each ACE2 ortholog was also glycosylated
and readily detectable at the cell surface using biochemical means of measuring cell
surface proteins, demonstrating proper posttranslational modification and trafficking.
Because each ACE2 ortholog is relatively stable, glycosylated, and located on the cell
surface, and the levels of Thy1.1 are equivalent between cells, it is highly likely that
ACE2 orthologs are present at equivalent or nearly equivalent levels in their respective
cells.

The choice of cell line is also important to consider. We selected HRT-18G cells,
which are known to support betacoronavirus replication and can therefore be used in
studies with SARS-CoV-2. Endogenous (human) ACE2 was also not detected in these
cells by either flow cytometry or Western blotting, and the cell line proved to be resist-
ant to infection with the pseudovirus expressing SARS-CoV-2 spike protein. This sug-
gests that endogenous ACE2 expression is either completely absent or at a minimal
level that would not support infection. The susceptibility of engineered cells express-
ing human ACE2 to a GFP-expressing SARS-CoV-2 pseudovirus has the added benefit
of allowing researchers to conduct infectivity experiments without the need for a bio-
safety level 3 (BSL-3) facility. HRT-18G cells are also easily transfectable in our hands,
and importantly, stable transfectants can be generated and easily sorted. We did not
assess if these cells can be genetically modified through the use of retroviral gene
delivery; however, such an approach is likely to be feasible.

Stably transfected cell lines are highly desirable since they can be cultured indefinitely,
which negates the need to repeatedly transfect cells for each new experiment. The neces-
sity of these renewable cells is especially important when considering newly emerging
SARS-CoV-2 variants. Many of the variants of concern have altered binding of the viral S-
protein to ACE2, which is of great concern to public health (43-46). It is still unknown if
newly emerged variants are more infectious to other vertebrate animals or if there is a shift
in the predicted susceptibility of a species to a newly emerged variant. With the presence
of stably transfected cells expressing a defined amount of ACE2 that simply need to be
thawed from cryogenic storage, researchers will be able to preliminarily assess if particular
variants are more or less infectious to particular animals. It should be noted, however, that
there is some experiment-to-experiment variability in measuring both infectivity and
recombinant RBD binding to cells, and therefore, researchers should directly compare the
capacities of different variants to infect cells within experiments.

The analysis of stably transfected cells overcomes the limitations associated with
acute cellular stress induced by transfection. This is especially important when using a
bicistronic system where the reporter protein is decoupled from the protein of interest.
However, when cellular metabolism returns to normal after stable DNA integration and
cell sorting, the levels of Thy1.1 are likely to reach a steady state, and the half-life of
Thy1.1 will be consistent across HRT-18G-derived cell lines. This ensures that when dif-
ferent cell lines have equivalent Thy1.1 expression levels, they also have proportionally
equivalent levels of ACE2 mRNA (Fig. 3B). As we show in Fig. 2, the levels of Thy1.1 are
proportional to the ACE2 levels, which in turn correlate with both SARS-CoV-2 S-pro-
tein RBD binding and S-protein-mediated viral infectivity. In systems with transient
expression of ACE2 genes (6, 27, 30, 47), the levels of ACE2 vary not only within a given
population of cells but also between individual experiments. For example, as shown in
Fig. 2, the transient expression of hACE2 reveals a broad level of ACE2 expression,
which directly impacts S-protein RBD binding. Selecting cells based upon defined lev-
els of Thy1.1 expression in stably transfected cells ensures consistent levels of ACE2.
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This is important when comparing the interactions of S-protein with different ACE2
orthologs or homologs.

Several studies to date have expressed different ACE2 orthologs on cells to measure
the potential for SARS-CoV-2 infectivity. The results have shown some consistent pat-
terns, such as the inability of Mus musculus ACE2 to interact with SARS-CoV-2 (2, 24, 26,
32) (with the exception of mouse cells from the cornea [48]) or the relatively high infec-
tivity afforded by pangolin ACE2 (6, 26, 28, 29). Results from other orthologs are more
inconsistent. Conceicao et al. noted discrepancies in studies examining a variety of bat
ACE2 orthologs expressed by nonpermissive cells (28). In some reports, horseshoe bat
ACE2 expression leads to robust viral infectivity or S-protein binding (2, 4, 26), whereas
other reports suggest more modest or very weak binding and infectivity (11, 27-31).
Similar discrepancies appeared when examining palm civet ACE2, with some reports
indicating poor infectivity and/or S-protein binding (11, 28-32), in contrast to other
reports (2, 26). Variations in cell surface ACE2 levels between the cells used to make
these comparisons likely explain some of these discrepancies. The Thy1.1 reporter sys-
tem that we describe may be useful in resolving these findings.

Another advantage of our system is that it allows researchers to infer cell surface levels
of ACE2 without the need for species-specific reagents. As shown in Fig. 3, a monoclonal
antibody that recognizes human ACE2 fails to stain cells expressing either feline or mouse
ACE2, demonstrating that commercially available reagents may not be useful for measuring
the cell surface levels of different ACE2 orthologs. We and others have therefore used poly-
clonal antibodies to detect different ACE2 orthologs (6); however, it is not possible to deter-
mine precise levels of ACE2 with polyclonal sera, as the mixture of different antibodies with
different affinities for different ACE2 orthologs confounds the ability to quantify expression.
These reagents are useful in determining if ACE2 is expressed but cannot reliably determine
the relative amounts of different ACE2 orthologs. The use of a reporter in a bicistronic vector
that can easily be measured and used for fluorescence-based cell sorting allows us to com-
pare SARS-CoV-2 S-protein interactions and viral infectivity without the need to develop
and characterize specific reagents for each ACE2 ortholog to be studied.

The use of a bicistronic vector, while imperfect, is a robust approach to normalizing
ACE2 levels between cells. Alternative methods have their own benefits and drawbacks.
The expression of epitope-tagged ACE2 orthologs would allow the direct measurement of
ACE2 orthologs without the need to uncouple ACE2 expression from a second protein.
However, the presence of an epitope tag may induce alterations of both ACE2 structure
and function, which would need to be carefully determined. While amino acid variations
exist in ACE2 orthologs, which likely impact interactions with S protein, ACE2 is, overall, a
highly conserved protein. The length of the extracellular ACE2 domain appears well con-
served, suggesting that the insertion of an epitope tag in the extracellular domain may not
be well tolerated and could alter ACE2 function, including its efficiency in mediating SARS-
CoV-2 entry. Modifications to the intracellular C terminus of the ACE2 protein may be
better tolerated; however, this would make the sorting of cells using antibody labeling
impossible, as cells would need to be fixed and permeabilized for epitope-specific antibod-
ies to reach the target. The addition of an autofluorescent protein fused to the C terminus
could alleviate this problem; however, cells would then express high levels of fluorescent
protein, which could eliminate downstream fluorescence-based experiments.

Measuring ACE2 interactions with SARS-CoV-2 may not be a perfect method for pre-
dicting species susceptibility to infection, progression to disease, and even viral trans-
mission. For instance, both in silico and in vitro studies have suggested that ferret ACE2
and mink ACE2 interact poorly with S-protein (6, 9, 49); however, these animals are
readily infected with SARS-CoV-2, often dramatically so (50-53). As the field progresses,
it will behoove us to think not only of ACE2 but also of other physiological differences
between species that may impact SARS-CoV-2 susceptibility.

MATERIALS AND METHODS

Cell lines, antibodies, and reagents. HRT-18G and BHK-21 cells were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA) and authenticated by the provider. Cell cultures were
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maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, MA, USA) supplemented with 1%
GlutaMAX (Gibco) and 7.5% fetal bovine serum (Atlanta Biologicals Inc,, GA, USA) at 37°C in a humidified incu-
bator containing 6% CO,. Cell lines were checked regularly for any mycoplasma contamination and tested
negative for the presence of mycoplasma contamination using a Universal mycoplasma detection kit (ATCC
30-1012K). Cell lines and their derivative cell lines were expanded and frozen in a liquid nitrogen tank in cryo-
genic storage at a low passage number. All Thy1.1 antibodies (unlabeled and fluorescein isothiocyanate [FITC]
conjugated) were obtained from eBioscience, and allophycocyanin (APC)-coupled anti-ACE2 antibody was
obtained from Abeomics. The following primary antibodies were used for Western blot analysis: mouse mono-
clonal B-actin (clone AC-15; Sigma), rabbit polyclonal ACE2 (catalog number 21115-1-AP; Thermo Fisher),
mouse monoclonal E-cadherin (clone 4A2C7; Life Technologies), and rabbit polyclonal LC3B (clone D11; Cell
Signaling). Donkey anti-mouse and anti-rabbit secondary antibodies, coupled to infrared (IR) dyes 680 and
800, respectively, were obtained from Li-Cor. All antibodies were used according to the manufacturers’ proto-
cols. An Alexa Fluor 647 protein labeling kit was obtained from Invitrogen.

Plasmid generation for ACE2 expression. All primers were obtained from Integrated DNA Technologies
(IDT), and PCR products were amplified using a Veriti thermocycler (Applied Biosystems). For the generation
of ACE2-expressing BHK-21 cells, human ACE2 cDNA (kindly provided by Sonja Best, NIH/NIAID) was used as
a PCR template. The open reading frame of hACE2 was amplified by PCR using primers hACE2_F (5'-
TGGCCTGACAGGCCCTAAAAGGAGGTCTGAACATCATC-3') and hACE2_R (5'-TGGCCTCTGAGGCCACCATGTCA
AGCTCTTCCTGGC-3') and cloned into the pSBbi-BH vector using the Sfil restriction site. The pSBbi-BH plas-
mid was a kind gift from Eric Kowarz (catalog number 60515; Addgene). ACE2 orthologs were cloned into
the plasmid pCAGGS-IRES-Thy1.1, as described previously (54). ACE2 cDNA sequences encoding human, fe-
line, and murine ACE2 were ordered as gene blocks (IDT) using the NCBI reference sequences under acces-
sion numbers NM_001371415.1, NM_001039456.1, and NM_001130513.1, respectively. Gene blocks were
appended with either an Nhel or a Clal site at the 5’ end and an Agel site at the 3’ end. Gene block frag-
ments and pCAGGS-IRES-Thy1.1 were digested with the appropriate restriction enzymes, gel purified, ligated
using a Mighty Mix ligation kit (TaKaRa), cloned into competent Escherichia coli DH5« cells, and selected for
ampicillin resistance. ACE2 sequences in positive clones were confirmed by Sanger DNA sequencing at the
Oregon State University Center for Quantitative Life Sciences (CQLS). Plasmids were purified using a Qiagen
HiSpeed Midi plasmid purification kit according to the manufacturer’s instructions.

Cell transfection and stable cell line generation. For the generation of BHK-21 cells stably express-
ing human ACE2, the pCMV/(CAT)T7-SB100 plasmid (encoding a transposase required to generate stable
transgene-expressing cell lines) was cotransfected with pSBbi-BH hACE2 using TransIT-LT1 transfection
reagent (Mirus Bio). pPCMV(CAT)T7-SB100 was a kind gift from Zsuzsanna lzsvak (catalog number 34879;
Addgene). The cells were selected with 250 mg/mL hygromycin B gold (InvivoGen) for 2 weeks. The sur-
face expression of hACE2 was confirmed by flow cytometry using anti-hACE2 antibody. For HRT-18G cell
lines, 2.2 ug of pCAGGS-IRES-Thy1.1 vectors encoding ACE2 orthologs was linearized with Pvul and sub-
sequently purified, and 10° cells were transfected into cells using an Amaxa 96-well Nucleofector SF kit
(Lonza, Basel, Switzerland) on program DS-138. Transfected cells were kept at 37°C until optimal conflu-
ence was obtained. Cells were then prepared for magnetic bead sorting using the MidiMACS separator
according to the manufacturer’s instructions. Briefly, cells were harvested, washed in specific sorting
buffer, and incubated with anti-Thy1.1 antibody for 30 min at 4°C. Cells were washed again and incu-
bated with anti-mouse IgG microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min at 4°C.
Washed cells were passed through an LS column, and eluted cells were mixed with fresh medium and
kept at 37°C. The process was repeated until a population with >95% Thy1.1 expression was acquired.

RBD labeling. Recombinant SARS-CoV-2 spike RBD (derived from strain Wuhan-Hu-1) protein was pur-
chased from ABclonal Technology and labeled with Alexa Fluor 674-reactive fluorescence dye according to
the manufacturer’s protocols (Invitrogen). HRT-18G cells and their derivatives were labeled by incubating the
cells with a specific concentration of the labeled RBD for 30 min at 4°C. Cells were then washed with Hanks’
balanced salt solution (HBSS) supplemented with 0.1% bovine serum albumin (BSA), resuspended in 0.1%
BSA-HBSS, and analyzed with an Accuri C6 benchtop flow cytometer (BD Biosciences, San Jose, CA, USA).

Flow cytometry. HRT-18G cells stably or transiently expressing ACE2 orthologs were harvested and washed
with HBSS supplemented with 0.1% BSA. Cells were then labeled with FITC-coupled anti-Thy1.1, APC-coupled
anti-ACE2, or the isotype control and incubated for 30 min at 4°C. Cells were resuspended in 0.1% BSA-HBSS
and analyzed using an Accuri C6 benchtop flow cytometer (BD Biosciences, San Jose, CA, USA). For GFP analysis
of virally infected cells, cells were harvested, washed in phosphate-buffered saline (PBS), fixed in 2% paraformal-
dehyde for 15 min at room temperature, washed in excess PBS, and analyzed for GFP expression.

Virus generation, propagation, and infection. The generation of VSV-eGFP-deltaG_SARS-CoV-2 S-
protein (SARS-CoV-2 pseudovirus here) was performed as follows. The SARS-CoV-2 spike full-length
sequence was amplified from vector NR-52310 (BEI Resources) using primers TGTTTCCTTGACACTATGTT
CGTGTTTCTGGTGCTG and CACAAGTTGATTTGGTCAGGTGTAGTGCAGTTTCAC. The backbone vector
pVSV-eGFP-dG (catalog number 31842; Addgene) was linearized by PCR with primers AGTGTCAAGGAAA
CAGATCGATCTC and CCAAATCAACTTGTGATATCATGC. The SARS-CoV-2 spike sequence was cloned into
linearized pVSV-eGFP-dG using the In-Fusion cloning system (TaKaRa Bio Inc.). The resulting pVSV-eGFP-
deltaG_SARS-CoV-2 spike vector was verified by Sanger sequencing. VSV-eGFP-deltaG_SARS-CoV-2 spike
was recovered as previously described (55). Briefly, BHK-21 and 293FT cells were plated together in 6-
well plates and infected with recombinant T7-expressing vaccinia virus (vTF7-3). The virus inoculum was
removed after 1 h, and cells were transfected with a mixture of plasmids using TransIT-LT1 (catalog num-
ber MIR 2300; Mirus Bio), including pVSV-eGFP-deltaG_SARS-CoV-2 spike (5 ng) and N (catalog number
64087; Addgene), P (catalog number 64088; Addgene), and L (catalog number 64085; Addgene) recov-
ery support plasmids (3, 5, and 1 g, respectively). Forty-eight hours after transfection, the supernatant
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was collected, filtered through a 0.22-um filter to remove VTF7-3, and used to infect fresh BHK-21/
hACE2-BFP cells in 6-well plates. The recovered virus was identified by fluorescence microscopy screen-
ing, passaged one more time in BHK-21/hACE2-BFP cells, and then amplified by infecting BHK-21/
hACE2-BFP cells in 75-cm? flasks. At 72 h postinfection, the supernatant was collected, clarified of cell
debris, aliquoted, and frozen at —80°C. The presence of SARS-CoV-2 spike was confirmed by Western
blotting with anti-SARS-CoV-2 S1 (catalog number 40150-D004; Sino Biological) and anti-SARS-CoV-2 S2
(catalog number PA5-112048; Thermo Fisher). The inability of the rescued virus to infect BHK-21 cells in
the absence of hACE2 was assessed by fluorescence microscopy and flow cytometry. The virus was
propagated by infecting BHK-21/hACE2-BFP cells grown to confluence in a T-125-cm? flask with a low
dose of virus (equivalent to a multiplicity of infection [MOI] of approximately 0.1) diluted to 15 mL in me-
dium containing 2% fetal calf serum (FCS) for 48 h. The flask was then subjected to three rounds of
freeze-thawing to lyse cells, and the medium was centrifuged at 300 relative centrifugal force (RCF) for
15 min to pellet insoluble debris. The virus-containing supernatant was aliquoted and stored at —80°C.
The titer of the virus was determined on BHK-21/hACE2-BFP cells by counting visible plaques at 72 h
postinfection. For infection studies, HRT-18G cells and their derivatives were plated into 24-well plates
24 h prior to infection to achieve confluence. Medium was removed, and the virus-containing superna-
tant was added to the cells. For kinetic infections, virus was added at an MOI of ~10, and cells were incu-
bated for the indicated times. The virus-containing medium was removed, and cells were washed with
complete medium and then incubated for 16 h in complete medium.

Fluorescence microscopy. BHK-21/hACE2-BFP cells were infected with VSV-eGFP-deltaG_SARS-CoV-2 S
protein pseudovirus at an MOI of 0.5 for 2 h, with occasional agitation. Cells were then incubated with virus-
free complete medium at 37°C for 24 h. The next day, cells were stained with 4’,6-diamidino-2-phenylindole
(DAPI) and analyzed by Leica DMLB fluorescence microscopy. Images were taken using a Qlmaging Retiga
2000R digital camera and analyzed using QCapPro6.0 software.

Western blot analysis. Cells were lysed at 10° cells/mL for 30 min on ice in a buffer comprised of
PBS with 1.0% Triton X-100 containing an EDTA-free protease inhibitor cocktail (Pierce) and then centri-
fuged at maximum speed to pellet insoluble material. The clarified lysate was mixed with Bolt LDS run-
ning buffer (Thermo Fisher) with 1.0 uM dithiothreitol (DTT) and heated at 97°C for 20 min. Proteins
were resolved by SDS-PAGE using 4 to 12% Bolt polyacrylamide gels (Thermo Fisher) and blotted onto
nitrocellulose membranes (iBlot 2). Membranes were blocked in buffer composed of Tris-buffered saline
with Tween 20 (TBS-T) containing 5% dehydrated milk for 30 to 60 min at room temperature.
Membranes were then exposed to primary antibody solutions in TBS-T with 0.5% milk for 60 to 120 min.
Membranes were washed with TBS-T and incubated with secondary antibody solutions in TBS-T with
0.5% milk for 60 min. After extensive washing with TBS-T and water, membranes were analyzed on an
Odyssey SA imaging system. In some instances, cells were treated with CHX (10 wg/mL) for 5 or 10 h
prior to cell lysis. Cell lysates were also subjected to treatment with PNGase F (New England BioLabs) for
1 h prior to denaturation with Bolt running buffer and heating of the sample. For analysis of cell surface
proteins, confluent cells cultured in T-75-cm? flasks were labeled with biotin using a cell surface biotin
labeling kit (Pierce cell surface protein and biotinylation and isolation kit; Thermo Scientific) according
to the manufacturer’s recommended procedures. Images were taken using an Odyssey Sa infrared imag-
ing system and analyzed using Image Studio version 3.1.

Quantitative PCR analysis. Total RNA was isolated from ~5 x 10° cells using a NucleoSpin RNA kit
(Macherey-Nagel) according to the manufacturer’s instructions. Five micrograms of total RNA from each
treatment was reverse transcribed to cDNA using the RNA-to-cDNA EcoDry premix (TaKaRa) containing
poly(dT) primers. Twenty nanograms of cDNA from each sample was used to perform real-time quantita-
tive PCR (gPCR) using Fast SYBR green master mix (Applied Biosystems) according to the manufacturer’s
recommendations. The following primers were used to amplify 190-bp ACE2 amplicons: 5'-ACAGAAAC
CAAACATAGATGTTACTGATGCAATG-3" and 5'-CCAAGCTGTGGGRTGGCAG-3'. As a control, the following
primers were used to amplify a 141-bp GAPDH product: 5'-GGTGCTCTCTGCTCCTCC-3" and 5'-GCCAGA
GTTAAAAGCAGCCC-3'. gPCR analysis was performed on the 7500 Fast Dx real-time PCR system (Applied
Biosystems). The average from three technical replicates was used to determine the relative expression
of ACE2 from three biological experiments. Results were obtained by normalizing the threshold cycle
(C,) values of ACE2 amplicons and expressed as fold changes relative to the values for the GAPDH ampli-
con controls.

Statistical analysis. All statistical analyses were performed using GraphPad Prism software version
9.0 (GraphPad Software Inc., San Diego, CA). Multiple-group comparisons were performed by one-way
analysis of variance (ANOVA), followed by Tukey’s or Dunnett’s multiple-comparison post hoc test. P val-
ues of <0.05 were considered statistically significant.
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