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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of
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 (ACEZ2). Studies have attempted to understand SARS-CoV-2 S-protein interaction with
vertebrate orthologs of ACE2 by expressing ACE2 orthologs in mammalian cells and measuring
viral infection or S- protein binding. Often these cells only transiently express ACE2 proteins and
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 bi-cistronic vector with an easy to
guantify reporter protein to normalize ACE2 expression. We found that both binding of the S-
protein receptor-binding domain (RBD) and infection with a SARS-CoV-2 pseudovirus is
proportional to the amount of human ACE2 expressed at the cell surface, which can be inferred
by quantifying the level of reporter protein, Thyl.1. We also compared different ACE2 orthologs
which were expressed in stably transfected cells expressing equivalent levels of Thyl.1. When
ranked for either viral infectivity or RBD binding, mouse ACE2 had a weak to undetectable affinity
for S-protein while human ACE2 was the highest level detected and feline ACE2 had an
intermediate phenotype. 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 measuring emerging SARS-CoV-2 variant’s ability 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 important for controlling viral
spread and understanding the natural history of the virus. Here we describe a method to generate
cells stably expressing equivalent levels of different ACE2 orthologs, the receptor for SARS-CoV-
2, on the surface of a human cell line. We find that both binding of the viral Spike protein receptor
binding domain (RBD) and infection of cells with a SARS-CoV-2 pseudovirus are proportional to
ACE2 levels at the cell surface. Adaptation of this method will allow for the creation of a library of
stable transfected cells expressing equivalent levels of different vertebrate ACE2 orthologs which
can be repeatedly used for identifying vertebrate species which may be susceptible to infection

with SARS-CoV-2 and its many variants.

Introduction
The worldwide SARS-CoV-2 pandemic gave rise to an urgent need for accurate diagnosis,

effective treatment, and vaccine. Rapid progress has been made in understanding the steps of
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69 virus-cell entry, understanding the nature of the virus and its viral spread both through humans
70 and animals. It is well established that ACE2 serves as the cell-surface receptor for both SARS-
71 CoV-1 and SARS-CoV-2, though other molecules no doubt play an important role in viral
72 infectivity [1-5]. Due to the zoonotic nature of SARS-CoV-2 infection, there have been numerous
73  studies attempting to understand how different vertebrate ACE2 orthologs can interact with the
74  S-protein of SARS-CoV-2 [6-9]. This knowledge is necessary not only to understand the natural
75 history of the virus, but also to identify species which may be more susceptible to infection. Even
76  though ACEZ2 is a well conserved protein across the vertebrate clade, human polymorphisms
77  have been documented [10], and ACE2 orthologs from different animals have unique amino acid
78 sequences, which potentially alter the ability of a particular S-protein to bind to specific cells [11,
79  12]. The difference in ACE2 orthologs is thought to be a potential mechanism by which certain
80  species appear to be protected from infection, or how other species can act as an intermediate
81 when SARS-like coronavirus’s transition between host species [13, 14].

82

83  Since the beginning of the current global pandemic there have been multiple studies attempting
84  to determine which ACE2 orthologs serve as receptors for S-protein. These studies include 1.) in
85  silico models that predict which orthologs would be likely to bind S-protein based upon amino acid
86  residues known to interact with S-protein [4, 9, 15-25], 2.) in vitro cell-based studies where viral
87 infectivity of cells from different animals or cell-lines genetically modified to express different
88  ACE2 orthologs are examined for interactions with S-protein (or its RBD) or infection with the virus
89  or S-protein expressing pseudovirus [2, 6, 11, 26-30], 3.) and biochemical studies measuring the
90 binding of S-protein with different ACE2 proteins [31, 32]. There are advantages and drawbacks
91 toeach approach. In silico modeling enables rapid comparison of multiple orthologs, but is limited
92 to publicly available genetic data and predictions need to be validated experimentally.
93 Biochemically measuring SARS-CoV-2 S-protein and ACE2 association provides an accurate
94  measurement of the binding affinity between the two proteins, but requires the production and
95 purification of each ACE2 ortholog and the SARS-CoV-2 S-protein or RBD and does not
96 necessarily reflect association in the context of physiological virus-cell interactions. Cell infectivity
97  orbinding of soluble SARS-CoV-2 S-protein can provide information about which ACE2 orthologs
98 can successfully interact with S-protein at the cell surface. However, it requires genetically
99  modifying cells by plasmid transfection or lentiviral transduction with each ACE2 ortholog and

100  controlling for the level of ACE2 at the cell surface is difficult.
101
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102  In vitro infection studies with multiple different types of viruses have demonstrated that the level
103  of viral receptor protein expressed at the cell-surface is a critical factor for viral entry into cells.
104  For instance, Davis et al. reported that cells expressing the highest levels of transfected DC-
105 SIGN(R) are more susceptible to West Nile Virus infection [33] than cells expressing lower levels
106  of DC-SIGN(R). Likewise, Koutsoudakis et al. found that entry of hepatitis C virus into cells is
107  dependent on CD81 cell-surface expression and defined a range of CD81 expression where viral
108 infectivity is directly proportional to CD81 expression [34]. Increasing expression of Coxsackie-
109  adenovirus-receptor (CAR) on poorly permissive cell lines increased the susceptibility of tumor
110 cells for recombinant adenovirus infection [35]. Human immunodeficiency virus can utilize both
111 CD4 and CCR5 as a receptor, and the relative expression of each receptor has been shown to
112  influence infectivity for different HIV isolates [36]. Therefore, when measuring SARS-CoV-2
113  infectivity in vitro, it is critical to consider the amount of ACE2 at the cell surface.

114

115 Here we describe the stable transfection of HRT-18G cells, a human rectal cancer cell line
116  capable of supporting beta-coronavirus replication [37, 38], with plasmid vectors containing a bi-
117  cistronic mRNA encoding different ACE2 orthologs and a cell-surface reporter protein, mouse
118 Thyl.1. We demonstrate that Thyl.1 is directly proportional to the amount of human ACE2 on
119 the cell surface and increasing ACE2 expression leads to both increased binding of a fluorescent
120 RBD and increased SARS-CoV-2 pseudoviral infectivity. We also generated stable cell lines
121  expressing either mouse or domestic cat ACE2 with equivalent Thyl.1 expression to the human
122  ACE2 cells and found that RBD binding, and infectivity is absent upon expression of mouse ACE2,
123  while feline ACE2 has an intermediate phenotype when compared to human. Our system can be
124  easily expanded to include more ACE2 orthologs to provide further insight as to how RBD/ACE2
125 interactions impact the susceptibility or resilience of species against SARS-CoV-2 infection and
126  transmission.

127

128 Results

129

130 ACE2 binding to SARS-CoV-2 Spike protein is necessary for viral infectivity

131 SARS-CoV-2 gains access to cells when its S-protein binds to the cell-surface receptor ACE2 [1-
132 4, 39, 40]. To confirm this in our chosen cell system we generated a cell line stably expressing
133  human ACE2 (hACEZ2) to examine the S-protein binding and SARS-CoV-2 pseudoviral infectivity.
134  We generated DNA plasmids encoding a bi-cistronic mRNA containing human ACE2 cDNA

135 followed by an internal ribosome entry site (IRES) and finally the mouse cell-surface protein
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136  Thyl.1 (Figure 1A). Because Thyl.1 and ACE?2 are translated by the same mRNA, we used the
137  relative expression of Thyl.1 as detected by widely available monoclonal antibodies to infer ACE2
138  expression, thus avoiding uncertainties regarding the interaction of assorted orthologs of ACE2
139  with available antibodies able to detect native ACE2 on the cell surface.

140  Following this rationale, we transfected HRT-18G cells, a human rectal cancer line capable of
141  supporting betacoronovirus replication, with the plasmid encoding hACE2 and Thyl.1 under
142  conditions to support stable transfection. Following transfection, cells were magnetically sorted
143  utilizing antibodies specific for Thyl.1. Three rounds of sorting were needed to generate a stable
144 cell line, termed HRT-18G/hACE2 with >95% of cells expressing Thyl.1 (Figure 1B). In
145  comparison to parent cells, stably transfected cells showed significant increase in Thyl.1 and
146  ACEZ2 antibody staining (Figure 1B & 1C). To determine the capability of hACE2 expressed on
147 HRT-18G cells to bind to the RBD of SARS-CoV-2 S-protein, we incubated the cells with Alexa
148  Fluor-647 labeled RBD protein purchased from a commercial vendor and analyzed them by flow
149  cytometry (Figure 1D). In contrast to parent cells, the RBD interacted with the hACE2 in a
150 concentration dependent manner (Figure 1E). We also assessed the capability of hACE?2 to allow
151 the viral infectivity compared to parent cells. Both HRT-18G and HRT-18G/hACE2 cells were
152  exposed to a (Vesicular Stomatitis Virus) VSV-derived SARS-CoV-2 pseudovirus expressing S-
153  protein and GFP at an MOI of 10 for short, defined periods of time, washed to remove excess
154 virus, and cultured for 16 hours. The number of infected cells was then determined by measuring
155  GFP expression by flow cytometry. As shown in Figure 1F, a measurable percentage of infected
156 HRT-18G/hACE2 cells was detected with as little as 5 minutes exposure to the virus inoculum,
157 and the number of infected cells steadily increased as exposure time was lengthened. Finally,
158 infected cells were visualized using fluorescence microscopy. HRT-18G and HRT-18G/hACE2
159  cells were infected with pseudovirus at a MOI of approximately 0.5. Twenty-four hours post-
160 infection, cells were examined by fluorescence microscopy for the presence of GFP positive cells.
161 In contrast to the parental HRT-18G cells, which showed no evidence of GFP expression, HRT-
162 18G/hACE2 cells were readily infected with SARS-CoV-2 S-protein expressing pseudovirus
163  (Figure 1G).

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

167

168 Cell surface ACE2 levels govern RBD binding and viral infectivity
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169  We hypothesized that increased expression of Thyl.1 would correlate with increased ACE2
170  expression leading to increased RBD binding and viral infectivity. We tested this hypothesis in
171  two different ways. First, we transiently transfected HRT-18G cells with hACE2-IRES-Thy1.1 DNA
172  and 48 hours later, we stained the cells for both Thy1.1 and hACE2. As shown by flow cytometry
173  analysis (Figure 2A), Thyl.1 staining strongly correlates with ACE2 levels detected by antibody
174  staining. As a control, we show individual Thy1.1 and ACE2 staining which result in no overlap in
175 signal (Figure 2A). To determine the interaction of transiently expressed hACE2 with RBD of S-
176  protein, we stained both HRT-18G and HRT-18G/hACE2 cells with Thyl.1 and fluorescently
177 labeled SARS-CoV-2 RBD protein. Consistent with data shown in Figure 1D and 1E, a strong
178  positive correlation was seen between Thyl.1 expression and RBD binding (Figure 2B), while
179  staining with either Thyl.1 or fluorescent RBD protein individually demonstrated no overlap in
180 signal.

181  Next, we fluorescently sorted HRT-18G/hACE?2 cells based upon Thyl.1 staining to isolate the
182  cells with the highest expression of Thyl.1, designated HRT-18G/hACE2++. As expected, Thyl.1
183  expression was significantly higher in these cells compared to both parent cells and HRT-
184  18G/hACE?2 cells (Figure 2C). To determine if the Thy1.1 expression is relative to the expression
185 of ACE2 we stained HRT-18G/hACE2 and HRT-18G/hACE2** cell lines with ACE2 antibodies.
186  Consistent with the Thyl.1 expression level, HRT-18G/hACE2++ cells showed an increase in
187  ACE2 expression compared to parent cells and HRT-18G/hACE2 (Figure 2D). HRT-18G, HRT-
188 18G/hACE2, and HRT-18G/hACE2++ cells were then labeled with a specific concentration of
189  fluorescent RBD and analyzed by flow cytometry. HRT-18G/hACE2++ cells showed a distinct
190 shiftin fluorescent intensity compared to parental cells and significant increase compared to HRT-
191 18G/hACE2 cells (Figure 2E). Finally, to confirm the importance of differential ACE2 expression
192  on viral infectivity, we conducted a time-course infection with the VSV-eGFP-deltaG-SARS-CoV-
193 2 S-protein pseudovirus. We hypothesized that cells with more ACE2 expression at the cell
194  surface would be more infectible when exposed to virus for brief periods of time. Consistent with
195 the result of S-protein binding to ACE2, the percent of infected, GFP-positive cells was greater in
196 cells expressing high levels of ACE2 (Figure 2F).

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

200

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

208

209  We created two additional HRT-18G cell lines expressing either domestic feline or mouse ACE2
210  orthologs using the Thyl.1 bi-cistronic expression system. When compared to HRT-18G/hACE2
211  cells, both HRT-18G/fACE2 (feline ACE2) and HRT-18G/mACE2 (murine) expressed equivalent
212 levels of Thyl.1 (Figure 3A) and therefore expressed equivalent levels of each ACE2 ortholog.
213  Cells were stained with antibodies for human ACE2 (as used in Figures 1 and 2) and only HRT-
214  18G/hACE2 cells stained positive for ACE2 (Figure 3B), indicating that this particular monoclonal
215 antibody does not recognize either feline or mouse ACE2. We then tested for SARS-CoV-2 RBD
216  interactions with each individual cell line by incubating fluorescently labeled RBD protein with cells
217  and measuring fluorescent protein binding by flow cytometry. Even though levels of Thyl.1 were
218  equivalent in all three cell lines (Figure 3A), the S-protein RBD binding varied depending on the
219  ACE2 ortholog expressed (Figure 3C). No interaction between mouse ACE2 and S-protein was
220  detected, and the RBD-binding pattern was the same as in parental HRT-18G cells (Figure 3C &
221  3D). Human ACE2 had the highest affinity against the S-protein RBD, while the feline ACE2 fell
222  between mouse and human (Figure 3C & 3D). To further confirm the hierarchy of the S-protein
223 RBD affinity against ACE2, we next infected the same set of cell lines with SARS-CoV-2
224  pseduovirions and measured the number of infected cells expressing GFP. Consistent with the
225  S-protein RBD bhinding with ACE2 in figure 3D and compared to parent cells, HRT-18G/hACE2
226  had the most infected cells and HRT-18G/mACE?2 the least infected cells, while HRT-18G/fACE2
227  cells ranked in between human and mouse (Figure 3E).

228

229 Discussion

230

231  The use of stably transfected cells expressing equivalent levels of assorted ACE2 orthologs
232  provides a number of advantages. Of particular importance is the expression of a defined amount
233 of ACE2 which can be achieved through the combination of stable transfection along with
234  expression of a reliable reporter protein. As we show in Figure 2, levels of easily-measurable
235  Thyl.1 are proportional to ACE2 levels, which in turn, correlates with both SARS-CoV-2 S-protein
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236 RBD binding and S-protein-mediated viral infectivity. In systems with transient expression of
237  ACEZ2 genes [6, 27, 30, 42], levels of ACE2 vary not only within a given population of cells, but
238  also between individual experiments. For example, as shown in Figure 2, transient expression of
239  hACE2 reveals a broad level of ACE2 expression which directly impacts S-protein RBD binding.
240  Selecting cells based upon defined levels of Thyl.1 expression ensures consistent levels of
241  ACEZ2. This is important when comparing the interaction of S-protein with different ACE2 orthologs
242  or homologs.

243

244  Several studies to date have expressed different ACE2 orthologs on cells to measure the potential
245  for SARS-CoV-2 infectivity. The results have shown some consistent patterns, such as the
246  inability of Mus musculus ACE2 to interact with SARS-CoV-2 [2, 24, 26, 32], (with the exception
247  of mouse cells from the cornea [43]) or the relatively high infectivity afforded by pangolin ACE2
248 [6, 26, 28, 29]. Results from other orthologs are more inconsistent. Conceicao et al. noted
249  discrepancies in studies examining a variety of bat ACE2 orthologs expressed by non-permissive
250 cells [28]. In some reports, horseshoe bat ACE2 expression leads to robust viral infectivity or S-
251  protein binding [2, 4, 26] whereas other reports suggest a more modest or very weak binding and
252  infectivity [11, 27-31]. Similar discrepancies appeared when examining palm civet ACE2, with
253  some reports indicating poor infectivity and/or S-protein binding [11, 28-32] in contrast with other
254  reports [2, 26]. Variations in cell surface ACE2 levels between the cells used to make these
255  comparisons likely explain some of these discrepancies. The Thy-1.1 reporter system we describe
256  may be useful in resolving these findings.

257

258  Another advantage of our system is allowing researchers to infer cell-surface levels of ACE2
259  without the need for species-specific reagents. As shown in Figure 3, a monoclonal antibody that
260 recognizes human ACE2 fails to stain cells expressing either feline or mouse ACEZ2,
261  demonstrating that commercially available reagents may not be useful for measuring the cell-
262  surface levels of different ACE2 orthologs. Others have used polyclonal antibodies to detect
263  different ACE2 orthologs [6], however, it is not possible to determine precise levels of ACE2 with
264  polyclonal sera as the mixture of different antibodies with different affinities for different ACE2
265  orthologs confounds the ability to quantify expression. These reagents are useful in determining
266 if ACE2 is expressed but cannot reliably determine relative amounts of different ACE2 orthologs.
267 The use of a reporter in a bi-cistronic vector that can easily be measured, and used for

268  fluorescence-based cell sorting, allows us to compare SARS-CoV-2 S-protein interactions and
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269 viral infectivity without the need to develop and characterize specific reagents for each ACE2
270  ortholog to be studied.

271

272  Stably transfected cells can also be cultured indefinitely, which negates the need to repeatedly
273 transfect cells for each new experiment. The necessity of these renewable cells is especially
274  important when considering newly emerging SARS-CoV-2 variants. Many of the variants of
275  concern have altered binding of the viral S-protein to ACE2, which is of great concern to public
276  health [44-47]. It is still unknown if the newly emerged variants are more infectious to other
277  vertebrate animals, or if there is a shift of a species predicted susceptibility to a newly emerged
278  variant. With the presence of stably transfected cells expressing a defined amount of ACE2 that
279  simply need to be thawed from cryogenic storage, researcher will be able to rapidly determine if
280  particular variants are more or less infectious to particular animals.

281 It should be noted that measuring ACE2 interactions with SARS-CoV-2 may not be a perfect
282  method for predicting a species susceptibility to infection, progression to disease, and even viral
283  transmission. Forinstance, both in silico and in vitro studies have suggested that ferrets and mink
284  ACE?2 interacts poorly with S-protein [6, 9, 48], however these animals are readily infectible with
285  SARS-CoV-2, often dramatically so [49-52]. As the field progresses, it will behoove us to think not
286  only of ACE2 but other physiological differences between species which may impact SARS-CoV-
287 2 susceptibility.

288

289  Materials and Methods

290

291 Cell lines, antibodies, and reagents

292 HRT-18G and BHK-21 cells were obtained from American Type Culture Collection (ATCC,
293 Manassas, VA) and authenticated by the provider. Cell cultures were maintained in Dulbecco’s
294  Modified Eagle’s Medium (DMEM, Gibco, MA, USA) supplemented with 1% GlutaMax (Gibco),
295  7.5% fetal bovine serum (Atlanta Biological Inc., GA, USA), at 37 °C in a humidified incubator
296  containing 6% CO2. Cell lines were checked regularly for any mycoplasma contamination and
297  were tested negative for the presence of mycoplasma contamination using Universal Mycoplasma
298 Detection Kit (ATCC® 30-1012K™). Cell lines and their derivative cell lines were expanded and
299 frozen in aliquid nitrogen tank in cryogenic storage at low passage number. All Thyl.1 antibodies
300  (unlabeled, and FITC conjugated) were from eBiosciences and APC-coupled anti-ACE2 antibody
301  was from Abeomics. All antibodies were used according to manufacturer’s protocols. Alexa Fluor

302  647-protein labeling kit was from Invitrogen.
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303

304  Plasmid generation for ACE2 expression

305  All primers were obtained from Integrated DNA Technologies and PCR products were amplified
306  using a Veriti thermocycler (Applied Biosystem). For the generation of ACE2 expressing BHK-21
307  cells, human ACE2 cDNA (kindly provided by Sonja Best, NIH/NIAID) was used as a PCR
308 template. The open reading frame of hACE2 was amplified in PCR using hACE2 F: 5'-
309 TGGCCTGACAGGCCCTAAAAGGAGGTCTGAACATCATC-3 and hACE2_R: 5-
310 TGGCCTCTGAGGCCACCATGTCAAGCTCTTCCTGGC-3' primers and cloned to pSBbi-BH
311  vector using Sfil restriction site. The pSBbi-BH plasmid was a kind gift from Eric Kowarz (Addgene
312  #60515). ACE2 orthologs were cloned into the plasmid pCAGGS-IRES-Thyl.1, as described
313  previously [53]. ACE2 cDNA sequences encoding human, feline, or murine ACE2 were ordered
314  asgene blocks (IDT) using the NCBI reference sequences NM_001371415.1, NM_001039456.1,
315 and NM_001130513.1 respectively. Gene blocks were appended with either an Nhel or Clal site
316  at the N-terminus and Agel site on the C-terminus. Gene blocks fragments and pCAGGS-IRES-
317 Thyl.1 were digested with appropriate restriction enzymes, gel purified, ligated together using
318  Mighty Mix ligation kit (Takara), cloned into competent DH5a E. coli and selected for ampicillin
319 resistance. ACE2 sequences in positive clones were confirmed by Sanger DNA sequencing at
320 the Oregon State University Center for Quantitative Life Sciences (CQLS). Plasmids were purified
321  using Qiagen HiSpeed Midi Plasmid Purification kit according to the manufacturer’s instructions.
322

323  Cell transfection and stable cell line generation

324  For the generation of BHK-21 cells stably expressing human ACE2, the pCMV(CAT)T7-SB100
325 plasmid (encoding transposase required to generate stable transgene-expressing cell lines) was
326  co-transfected with pSBbi-BH hACE2 using TransIT-LT1 Transfection Reagent (Mirus Bio).
327 pCMV(CAT)T7-SB100 was a kind gift from Zsuzsanna Izsvak (Addgene #34879). The cells were
328  selected with 250 mg/ml hygromycin B Gold (InvivoGen) for 2 weeks. Surface expression of
329 hACE2 was confirmed by flow cytometry using anti-hACE2 antibody. For HRT-18G cell lines, 2.2
330 pg of pCAGGS-IRES-Thyl.1 vectors encoding ACE2 orthologs were linearized with Pvul,
331 subsequently purified, and 1076 cells were transfected into cells using Amaxa 96-well
332  Nucleofector (Lonza, Basel, Switzerland) SF kit on program DS-138. Transfected cells were kept
333 at 37 °C until optimal confluency was obtained. Cells were then prepared for magnetic bead
334  sorting using the MidiMACS™ Separator according to manufacturer’s instructions. Briefly, cells
335  were harvested and washed in specific sorting buffer, incubated with anti-Thy1.1 antibody for 30

336 min at 4°C. Cells were washed again and incubated with anti-mouse IgG microbeads (Miltenyi
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337  Biotech, Bergisch Gladbach, Germany) for 15 min at 4 °C. Washed cells were passed through
338 the LS column, eluted cells were mixed with fresh media and kept at 37 °C. The process was
339  repeated until a population of more than 90% Thy1.1 expression was acquired.

340

341 RBD labeling

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

349

350 Flow cytometry

351 HRT-18G cells stably or transiently expressing ACE2 orthologs were harvested, washed with
352  HBSS supplemented with 0.1% BSA. Cells were then labeled with FITC coupled anti-Thy1.1, APC
353  coupled anti-ACE2 or isotype control and incubated for 30 min at 4 °C. Cells were resuspended
354  in 0.1% BSA/HBSS and analyzed with Accuri C6 benchtop flow cytometer (BD Biosciences, San
355  Jose, CA, USA). For GFP analysis of virally infected cells, cells were harvested, washed in PBS,
356 fixed in 2% paraformaldehyde for 15 minutes at room temperature, washed in excess PBS, and
357  analyzed for GFP expression.

358

359  Virus generation, propagation, and infection

360 The generation of VSV-eGFP-deltaG_SARS-CoV-2 S-protein (hereafter SARS-CoV-2
361  pseudovirus) was as follows. The SARS-CoV-2 Spike full length sequence was amplified from
362  vector # NR-52310 (BEI) with primers TGTTTCCTTGACACTATGTTCGTGTTTCTGGTGCTG
363 and CACAAGTTGATTTGGTCAGGTGTAGTGCAGTTTCAC. The backbone vector pVSV-eGFP-
364 dG (Addgene # 31842) was linearized by PCR with primers
365 AGTGTCAAGGAAACAGATCGATCTC and CCAAATCAACTTGTGATATCATGC. The SARS-
366 CoV-2 Spike sequence was cloned into the linearized pVSV-eGFP-dG by the In-Fusion cloning
367 system (Takara Bio Inc.). The resulting pVSV-eGFP-deltaG_SARS-CoV-2 Spike vector was
368 verified by sanger sequencing. VSV-eGFP-deltaG_SARS-CoV-2 Spike was recovered as
369  previously described [54]. Briefly, BHK-21 and 293FT cells were plated together in 6-well plates

370 and infected with recombinant T7-expressing vaccinia virus (VTF7-3). Virus inoculum was
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371  removed after 1 h and cells were transfected with a mixture of plasmids using TransIT-LT1 (Mirus
372  Bio# MIR 2300), including pVSV-eGFP-deltaG_SARS-CoV-2 Spike (5 ug), N (Addgene # 64087),
373 P (Addgene # 64088), and L (Addgene # 64085) recovery support plasmids (3:5:1 pg). At 48 h
374  after transfection, the supernatant was collected, filtered through a 0.22 um filter to remove vTF7-
375 3, and used to infect fresh BHK-21/hACE2-BFP in 6-well plates. The recovered virus was
376 identified by fluorescence microscopy screening, passaged one more time in BHK-21/hACE2-
377 BFP and then, amplified by infecting BHK-21/hACE2-BFP in 75-cm? flaks. After 72 h post
378 infection, the supernatant was collected, cell-debris clarified, aliquoted and frozen at -80°C. The
379  presence of SARS-CoV-2 Spike was confirmed by western blot with anti-SARS-CoV-2 S1 (Sino
380  Biological # 40150-D004) and anti-SARS-CoV-2 S2 (Thermo Fisher # PA5-112048). The inability
381 of the rescued virus to infect BHK-21 cells in the absence of hACE2 was assessed by
382  fluorescence microscopy and flow cytometry. The virus was propagated by infecting BHK-
383  21/hACE2-BFP cells grown to confluency in a T-125 cm2 flask with a low dose of virus (equivalent
384  to an approximate MOI of 0.1) diluted in media to 15 ml in media containing 2% FCS for 48 hours.
385  The flask was then subject to three rounds of freeze-thaw to lyse cells and the media centrifuged
386 at 300 RCF for 15 minutes to pellet insoluble debris. Virus-containing supernatant was aliquoted
387  and stored at -80 C. Virus was tittered on BHK-21/hACE2-BFP cells and counting visible plaques
388 72 hours post infection. For infection studies, HRT-18G cells and their derivatives were plated in
389 24 well plates, 24 hours prior to infection to achieve confluency. Media was removed and virus
390 containing supernatant was added to the cells. For kinetic infections, virus was added at an
391  (Multiplicity of Infection) MOI of ~10 and cells were incubated for the indicated time. The virus-
392  containing media was removed, and cells were washed with complete media, and then incubated
393  for 16 hours in complete media.

394

395  Analysis of GFP-VSV infection by high-content imaging system

396 BHK-21/hACE2-BFP cells were infected with VSV-eGFP-deltaG_SARS-CoV-2 S protein
397  pseudovirus at an MOI of 0.5 for 2 hours with occasional agitation. Cells were then incubated with
398  virus-free complete media and incubated at 37 °C for 24 hours. The next day, cells were analyzed
399 by fluorescence microscopy (Leica DMIL LED), using Qcapture Pro 6.0 inverted scope camera to
400  capture cellular images.

401

402  Statistical analysis

403  All statistical analyses were performed using GraphPad Prism Software version 9.0 (GraphPad

404  Software Inc., San Diego, CA). Multiple groups comparisons were performed through one-way


https://doi.org/10.1101/2021.10.21.465386
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.21.465386; this version posted October 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

405 analysis of variance (ANOVA), followed by Tukey’s or Dunnett’'s multiple comparison post hoc
406 test. Values of p < 0.05 were considered statistically significant.

407

408 Figure 1. Recombinant SARS-CoV-2 RBD protein binds to human ACE2 and facilitates the
409 pseudoviral infectivity

410  A. Schematic of the bi-cistronic mMRNA for production of human ACE2 and the reporter cell surface
411  protein, mouse Thyl.1. B. HRT-18G cells were stably transfected with plasmid containing cDNA
412  of hACE2 and magnetically sorted for Thyl.1 expression. HRT18G/hACE2 (blue trace) and the
413 parental HRT-18G (shaded histogram) cells were stained with fluorescent anti-Thyl.1 antibody
414  and expression was analyzed by flow cytometry. C. HRT-18G cells stably expressing ACE2 (blue
415 trace) and parent cells (shaded histogram) were incubated with fluorescent anti-ACE2 antibody
416 and analyzed by flow cytometer. D HRT-18G parental cells (shaded histogram) and HRT-
417  18G/hACE2 cells (blue trace) were incubated with Alexa Fluor 647-labeled SARS-CoV-2 S-
418 protein RBD and analyzed for protein binding by flow cytometry. E. Same as in D except cells
419  were incubated with a range of concentrations of Alexa Fluor 647-labeled SARS-CoV-2 S-protein
420 RBD and analyzed by flow cytometer. F. HRT-18G/hACE2 and HRT-18G cells were infected with
421  GFP-expressing SARS-CoV-2 pseudovirus at an MOI of 10 for the indicated times, washed to
422  remove excess virus, and incubated at 37 °C overnight. The infectivity was analyzed by a flow
423  cytometer 16 hours later and the percentage of GFP positive cells reported. G. HRT-18G/hACE2
424  and parent cells were infected with a GFP-expressing SARS-CoV-2 pseudovirus at an MOI of 0.5
425  and cultured for 24 hours prior to analysis by fluorescence microscopy. All data presented is
426  representative of three independent experiments. Statistical significance is indicated as: *** P <
427  0.0001.

428

429

430 Figure 2. Increased ACE2 expression potentiates SARS-CoV-2 RBD binding and
431 pseudoviral infectivity.

432 A, B. HRT-18G cells were transiently transfected with cDNA encoding hACE2 and Thy1.1 in a bi-
433  cistronic cassette and two days later stained with (A) fluorescently labeled anti-Thyl.1 and ACE2
434  antibodies and analyzed by flow cytometry. Single antibody labeling controls are also depicted.
435  B. Cells were stained with fluorescently labeled anti-Thy1.1 antibody and Alexa Fluor 647-labeled
436 SARS-CoV-2 S-protein RBD analyzed by flow cytometry. Histograms of individual protein-labeled
437  cells are also depicted. C. HRT-18G/hACE2 (blue trace) were fluorescently sorted based on
438 Thyl.1 expression to generate the cell line HRT-18G/hACE2++ (purple trace). HRT-18G/hACE2
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439  and HRT-18G/hACE2++, and parental HRT-18G (shaded histogram) cells were then incubated
440  with (C) anti-Thyl.1, (D) anti-ACE2 antibodies, or (E) Alexa Fluor 647-labeled SARS-CoV-2 S-
441  protein RBD and analyzed by flow cytometry. Representative histograms are shown as well as
442  quantitative MFI measurements from three technical repeats. F. HRT-18G/hACE2 and HRT-
443  18G/hACE2++ cells were infected with GFP-expressing SARS-CoV-2 pseudovirus for indicated
444  times, washed to remove excess virus, and incubated in complete media for 16 hours and
445  analyzed by flow cytometry for GFP expression. All data presented is representative of three
446  independent experiments. Statistical significance is indicated as: *** P < 0.0001.

447

448

449  Figure 3. Equivalent expression of ACE2 orthologs and varied spike protein binding

450  A.HRT-18G cells were stably transfected with IRES-Thy1.1 plasmids containing cDNAs of human
451  (blue), feline (orange), and mouse (green) ACE2 and magnetically sorted until an equivalent level
452  of reporter protein Thyl.1 was expressed on all three cell lines. B. To confirm the specificity of
453  the ACE?2 antibody for human ACE2, HRT-18G/hACE2, HRT-18G/fACE2, HRT-18G/mACE2 and
454  HRT-18G (shaded histogram) cells were simultaneously incubated with fluorescently-labeled
455 ACE2 antibody and analyzed by flow cytometry. C. The four cell lines incubated with 7.8 ng of
456  Alexa Fluor 647-labeled SARS-CoV-2 S-protein RBD and analyzed for SARS-CoV-2 S-protein
457 RBD/ACE2 binding affinity by flow cytometry. D. Same as in C except cells were incubated with
458  different concentrations of Alexa Fluor 647-labeled RBD. The MFI of the population is reported
459 on the y-axis. E. HRT-18G/hACE2, HRT-18G/fACE2, HRT-18 G/mACE2 and HRT-18G cells were
460 infected with GFP-expressing SARS-CoV-2 pseudovirus for specified times, washed to remove
461  excess virus, and incubated for 16 hours, and GFP expressing cells quantified by flow cytometry.

462  All data presented is representative of three independent experiments.

463

464

465

466
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