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Abstract  22 

Coinfection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and other 23 
viruses is inevitable as the COVID-19 pandemic continues. This study aimed to evaluate cell lines 24 
commonly used in virus diagnosis and isolation for their susceptibility to SARS-CoV-2. While 25 
multiple kidney cell lines from monkeys were susceptible and permissive to SARS-CoV-2, many 26 
cell types derived from human, dog, mink, cat, mouse, or chicken were not. Analysis of MDCK 27 
cells, which are most commonly used for surveillance and study of influenza viruses, 28 
demonstrated that they were insusceptible to SARS-CoV-2 and that the cellular barrier to 29 
productive infection was due to low expression level of the angiotensin converting enzyme 2 30 
(ACE2) receptor and lower receptor affinity to SARS-CoV-2 spike, which could be overcome by 31 
over-expression of canine ACE2 in trans. Moreover, SARS-CoV-2 cell tropism did not appear to 32 
be affected by a D614G mutation in the spike protein.  33 

  34 
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INTRODUCTION: 35 

Coronavirus Disease 2019 (COVID-19) has resulted in more than 70 million laboratory confirmed 36 
cases and more than 1.6 million deaths in less than a year since the first case was confirmed. 37 
Coinfection with SARS-CoV-2 and other viruses, such as influenza virus, has been reported (1-38 
4). As cases of COVID-19 continue to climb sharply, more coinfections are expected, especially 39 
in the current and future influenza seasons.  40 

Isolation and propagation of virus from clinical specimens in cell cultures or embryonated chicken 41 
eggs are widely used for virus diagnosis and vaccine production, mostly under biosafety level 2 42 
(BSL2) containment. Currently, SARS-CoV-2 should only be isolated and propagated under BSL3 43 
containment due to its risk to laboratorians and the general public. Therefore, if any of these cell 44 
lines or eggs support productive replication of SARS-CoV-2, then a validated procedure should 45 
be implemented to rule out the presence of SARS-CoV-2 in the specimens prior to their 46 
inoculation. However, adding a diagnostic step specific to SARS-CoV-2 in many circumstances 47 
is impractical or substantially increases the cost and labor required. 48 

We conducted the present study to determine whether cell lines and eggs commonly used for 49 
isolation and propagation of influenza virus, poliovirus and other human viruses can support 50 
productive replication of SARS-CoV-2. If a substrate is confirmed to be insusceptible to SARS-51 
CoV-2, modification of procedures for diagnosis and isolation of susceptible viruses in that 52 
substrate may be unnecessary. While all results were repeated under the same or slightly different 53 
conditions, some of our results were further confirmed using two divergent SARS-CoV-2 strains, 54 
with multiple assay methods, and in cell lines from different sources.   55 

Our study provides important information on the risk of inadvertent propagation of SARS-CoV-2 56 
in cell lines and/or substrates when conducting diagnosis, isolation, propagation, or vaccine 57 
production of other viruses.  58 

 59 

MATERIALS AND METHODS  60 

Viruses 61 

SARS-CoV-2/USA-WA1/2020 (USA-WA1) was isolated from the specimen of the first confirmed 62 
case in the United States as described previously (5). SARS-CoV-2/Massachusetts/VPT1/2020 63 
(MA/VPT1) was isolated in Vero E6 cells from a nasopharyngeal specimen collected in April 2020. 64 
The recombinant fluorescent reporter virus icSARS-CoV-2-mNG was generated as described 65 
previously (6). The spike gene of all working stocks was sequenced. While USA-WA1 and 66 
MA/VPT1 did not have mutations or variations (at 20% cut off level), icSARS-CoV-2-mNG 67 
acquired a 5-residue insertion at the furin cleavage site resulting in a sequence change from 68 
“PRRARS” to  “PRRNIGERARS” in majority of the viral population. 69 

Cells 70 

MDCK-Atlanta, MDCK-London, and MDCK-SIAT1 cells were obtained from the International 71 
Reagent Resources (IRR). MDCK-hCK cells were kindly provided by Y. Kawaoka (University of 72 
Wisconsin-Madison). MDCK-NBL2, Vero E6, CV-1, A549, CRFK, Mv1Lu, RD, Hep-2c, HeLa, and 73 
L20B cells were obtained from American Type Culture Collection (ATCC)  or maintained at CDC’s 74 
Division of Scientific Resources. Chicken embryo fibroblasts (CEF) were obtained from Charles 75 
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River Laboratories (Wilmington, MA). All 25 cell lines listed in Table 1 were obtained from Quidel 76 
Corporation (San Diego, CA) in pre-seeded 24-well plates except for CRFK and RhMK cells, 77 
which were obtained in T-75 flasks and seeded into 24-well plates in the lab one day prior to 78 
infection. 79 

Virus Infection of cell lines 80 

Cells were seeded in 6-, 12-, or 24-well plates a day prior to infection or used directly upon receipt 81 
from a commercial source (Quidel). Infection dose for each experiment is specified in the results 82 
section or figure legends. Infection temperature was always 37oC. In general, inoculum was saved 83 
for back titration and the result was shown as 0 hours post inoculation (hpi) in some figures. Cells 84 
were then washed at 1-2 hpi and supernatants or cell lysates were collected daily for at least 3 85 
days and up to 5 days for infectious virus titration and for viral RNA quantification, respectively. 86 
Cytopathic effect (CPE) and fluorescence signals (for icSARS-CoV-2-mNG) were observed daily.  87 

Virus infection of embryonated chicken eggs 88 

Specific-pathogen-free (SPF) embryonated chicken eggs were obtained from Charles River 89 
Laboratories (North Franklin, CT, USA). USA-WA1 was inoculated into the allantoic cavity of 24 90 
8- to 12-day-old eggs at 105 TCID50/egg and incubated at 37°C for 3 days. Allantoic fluid was 91 
collected from individual eggs separately as E1 samples. One hundred µl of each E1 sample was 92 
passaged into a corresponding egg and 24 E2 samples were collected after 3 days of incubation. 93 
Similarly, 24 E3 samples were generated from passage of E2 samples in 24 eggs. All E1, E2, and 94 
E3 samples, as well as samples from cell lines, were titrated by TCID50 assay and viral RNAs 95 
were quantified by real-time reverse transcription PCR (rRT-PCR) assay (7). Synthetic RNA was 96 
used in the rRT-PCR assay to generate the standard curve for absolute quantification.  97 

Immunoblot detection of ACE2 98 

Cells were lysed in NP-40 lysis buffer and protein concentrations were determined using a BCA 99 
protein assay kit (Pierce). Cell lysates and recombinant ACE2 protein control (Sino Biological) 100 
were immunoblotted for ACE2 and β-actin using primary antibodies (1:500 polyclonal goat anti-101 
human ACE2, R&D Systems, AF933; 1:1000 monoclonal mouse anti-β-Actin, Abcam, AB8226) 102 
followed by secondary antibodies (1:4000 donkey anti-goat, Abcam; 1:4000 goat anti-mouse, 103 
Biorad). Immunoblots were developed using SuperSignal West Pico PLUS Chemiluminescent 104 
Substrate (ThermoFisher). 105 

Expression of recombinant ACE2 proteins 106 

The Expi293 Expression system (ThermoFisher) was used for production of histidine-tagged 107 
ACE2 (ectodomain) proteins. The Expi293F cells were transfected with pCAGGS-ACE2 108 
mammalian expression construct and cultured at 37°C with 8% CO2 at a shaking speed of 125 109 
RPM. The supernatant was harvested on day 5 and ACE2 protein was purified using HisTrap FF 110 
column (GE Life Sciences), followed by desalting. The purified protein was further concentrated 111 
on Amicon Ultra Centrifugal Filters with 50 KDa cutoff (Sigma-Aldrich). 112 

Bio-layer interferometry assay 113 

Affinity between SARS-CoV-2 S1 (Sino Biological, 40591-V02H) and human ACE2 (hACE2) or 114 
canine ACE2 (cACE2) were evaluated using Octet RED96 instrument at 30°C with a shaking 115 
speed of 1000 RPM (ForteBio). Anti-penta-His biosensors (HIS1K) (ForteBio) were used. hACE2 116 
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or cACE2 was loaded onto surface of biosensor at 100 nM in 10X kinetic buffer (ForteBio) for 5 117 
minutes. After 1 minute of baseline equilibration, 5 minutes of association was conducted with 10-118 
100 nM of S1 to hACE2 or 25-200 nM of S1 to cACE2, followed by 5 minutes of dissociation. The 119 
data were corrected by subtracting reference sample, and 1:2 (Bivalent) binding model with global 120 
fit was used for determination of affinity constants.  121 

Exogenous expression of ACE2 in MDCK cells 122 

Constructs co-expressing full-length hACE2 or cACE2 with mCherry2 protein (CMV promoter-123 
ACE2-IRES-mCherry2) were generated and transfected into MDCK-SIAT1 cells via 124 
electroporation with Lonza Nucleofector system (Lonza) using the manufacturer’s protocol with 125 
program A024. 1.5X106 MDCK-SIAT1 cells were transfected with 10 µg DNA (pCMV-hACE2-126 
IRES-mCherry2, pCMV-cACE2-IRES-mCherry2, or pCMV-IRES-mCherry2 empty control). One 127 
day post transfection, the cells were inoculated with USA-WA1 or icSARS-CoV-2-mNG. 128 

ACE2 Sequence alignment 129 

ACE2 protein sequences for human (NP_001358344.1), African green monkey (AAY57872.1), 130 
rhesus macaque (ACI04564.1), mouse (NP_001123985.1), dog (XP_005641049.1), cat 131 
(NP_001034545.1), American mink (QPL12211), and chicken (XP_416822.2) were aligned using 132 
MUSCLE alignment in Geneious Prime software (version 2019.2.3). 133 

 134 

RESULTS  135 

Replication of SARS-CoV-2 in a large set of cell substrates from a commercial source 136 

As the prevalence of SARS-CoV-2 infection increases during the pandemic, or when social-137 
distancing restriction is relaxed in the post-pandemic era, additional coinfections with various 138 
human viruses are inevitable. Therefore, we assessed 25 cell substrates commercially available 139 
from Quidel (Table 1), some of which are widely used for virus diagnosis in clinical laboratories. 140 
The cells were seeded in 24-well plates and inoculated with 5x104 TCID50/well of a fluorescent 141 
reporter virus in which the ORF7a gene was replaced by the mNeonGreen gene  (icSARS-CoV-142 
2-mNG), allowing successful infection to be visualized by green fluorescence signal (6). Almost 143 
all non-human primate cell lines in this panel were susceptible to icSARS-CoV-2-mNG infection 144 
except for CV-1 cells (Figure 1). In contrast, none of the human, mouse, mink, dog, or cat cell 145 
lines tested yielded fluorescent cells after infection. The Super-E Mix cells were likely susceptible 146 
because this cell culture is a mixture containing BGMK cells, which were found to be susceptible 147 
to SARS-CoV-2 (Figure 1). We then inoculated all these cell lines with 5x104 TCID50/well of the 148 
wild type SARS-CoV-2/USA-WA1/2020 (USA-WA1) strain and titrated supernatants collected 149 
over 5 days. Consistent with the results from icSARS-CoV-2-mNG infection, all non-human 150 
primate cell lines except CV-1 cells supported productive virus replication, whereas all other cell 151 
lines failed to generate infectious virus (Figure 2). It should be noted that viral titers in CRFK cells 152 
increased slightly at 2 dpi (Figure 2), suggesting that this cell line may support a low level of 153 
replication. The results along with the cell substrates’ information are summarized in Table 1. 154 

 155 

 156 

 157 
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Replication of SARS-CoV-2 in influenza virus substrates 158 

MDCK cells and embryonated chicken eggs are widely used for influenza virus isolation and 159 
propagation. There are multiple lineages or derivatives of MDCK cells used by laboratories for 160 
different types or subtypes of influenza viruses. Some lineages, such as MDCK-SIAT1 and hCK 161 
cells, were genetically modified and cloned from single cells, resulting in altered cell morphology 162 
and enhanced susceptibility to some subtypes of influenza viruses compared to their parental 163 
MDCK cell lines (8, 9). The different lineages of MDCK cells have altered gene expression profiles 164 
and surface glycans, and it is unclear whether that would affect their susceptibility to SARS-CoV-165 
2. Therefore, we examined the susceptibility to SARS-CoV-2 in representative lineages of MDCK 166 
cells that are used widely in different laboratories, including MDCK-NBL-2, MDCK-Atlanta, MDCK-167 
London, MDCK-SIAT1, and MDCK-hCK. 168 

We inoculated Vero E6 cells (as a positive control) and various MDCK cell lines with 5x104 169 
TCID50/well of USA-WA1 and incubated for 1-2 hours at 37oC. Cells were then washed to remove 170 
the inoculum, and influenza virus infection media containing TPCK-trypsin and bovine serum 171 
albumin (BSA) was added to mimic the conditions used in influenza virus isolation. Supernatants 172 
were collected at the indicated times post-infection and viral titers measured. Vero E6 cells 173 
supported robust viral replication and reached peak titer within 2 days (Figure 3A), and infection 174 
killed most cells (data not shown). In contrast, none of the five MDCK cell lines tested supported 175 
SARS-CoV-2 replication. While residual infectious virus was present in some MDCK supernatant 176 
samples at 2 hpi, it was below the limit of detection (LOD) by 1-day post-infection (dpi) and did 177 
not cause any cytopathic effect (CPE) through 5 dpi. Similar experiments were conducted with 178 
the MDCK cell lines in which the infection media contained FBS rather than BSA, and again 179 
SARS-CoV-2 failed to replicate in any of the 5 MDCK cell lines (data not shown but almost 180 
identical to Figure 3A).  181 

Embryonated chicken eggs are another common substrate for influenza virus isolation, 182 
propagation, and vaccine production. We inoculated 24 eggs each with 105 TCID50 of USA-WA1 183 
and blindly passaged the virus in eggs for 3 passages (E1, E2, and E3). Viral titers in the allantoic 184 
fluid of E1, E2, and E3 eggs were below the limit of detection (101.5 TCID50/ml) even in E1 eggs 185 
(data not shown). We then used an rRT-PCR assay to quantify the viral RNA levels in the 186 
inoculum and allantoic fluid samples (7). Viral RNA decreased steadily over the 3 passages in 187 
eggs (Figure 3B). We also inoculated chicken embryo fibroblasts (CEF) with USA-WA1, and no 188 
infectious virus was produced from the cells (Figure 3A). These results clearly demonstrate that 189 
embryonated chicken eggs are not a susceptible substrate for the SARS-CoV-2 replication.  190 

Collectively, the data show that substrates commonly used to culture influenza A and B viruses 191 
are not susceptible to SARS-CoV-2 infection. 192 

Replication of SARS-CoV-2 in polio and enterovirus substrates 193 

From patients potentially infected with polio or enteroviruses, stool specimens are used to 194 
inoculate appropriate cell lines for surveillance. As SARS-CoV-2 virus can infect multiple organs 195 
and tissues and its presence in stool specimens has been reported (10-16), it is important to 196 
determine if cell lines commonly used for polio and enterovirus culture could inadvertently 197 
propagate SARS-CoV-2. Therefore, RD, HeLa, Hep-2C, and L20B cells were inoculated with 198 
USA-WA1 at MOI of 0.1 and incubated for 2 hours after which the inoculum was removed and 199 
cells were washed 3 times to remove residual virus. No CPE was observed over a 4-day period, 200 
and SARS-CoV-2 was not detectable in supernatant collected at 1-4 dpi (data not shown). This 201 
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result was confirmed by rRT-PCR of cell lysate, which revealed that the total viral RNA levels 202 
decreased compared to the inoculum, indicating that virus did not efficiently initiate RNA 203 
transcription or replication (Figure 4). These results indicate that cell substrates regularly used for 204 
polio and enterovirus cultures are not susceptible to SARS-CoV-2 infection when cultured under 205 
these standard conditions.  206 

Replication of SARS-CoV-2 with Spike-D614G substitution 207 

During this study, we noticed that the proportion of naturally circulating virus containing a D614G 208 
substitution in the spike protein was rapidly increasing. The USA-WA1 strain is an early isolate 209 
that expresses spike with D614. To confirm that the cell susceptibility data obtained using this 210 
virus were valid with recent strains, a subset of representative cell lines were inoculated with high 211 
titer (5x105 TCID50/well) of SARS-CoV-2/Massachusetts/VPT1/2020 (MA/VPT1), which encodes 212 
a spike with G614. In selection of cell lines for the subset, we included Vero E6 cells as a cell line 213 
that should support replication of MA/VPT1 given our previous findings with USA-WA1 (Figure 214 
3A). Indeed, Vero E6 cells supported similar replication kinetics for MA/VPT1 as USA-WA1 215 
(Figure 5A). Even with a 10-fold higher inoculum of MA/VPT1 than previously used for USA-WA1 216 
tests (5x104 TCID50/well) , CV-1, A549, Mv1Lu, MDCK-NBL-2, and MDCK-SIAT1 cell lines were 217 
not susceptible to this SARS-CoV-2 strain encoding spike-G614. CRFK cells inoculated with 218 
MA/VPT1 generated virus titers slightly above the LOD at 1 dpi, after which titers decreased 219 
(Figure 5A). Viral titers were further confirmed by rRT-PCR. Similar to the virus titer data, 220 
inoculated CRFK cells had a 5-fold increase of viral RNA at 1 dpi compared to 2 hpi, but the RNA 221 
levels decreased over the next two days. In contrast, CV-1, A549, Mv1Lu, MDCK-NBL-2, and 222 
MDCK-SIAT1 cells did not shown any noticeable increase of viral RNA levels during the time 223 
course of this study (Figure 5B). All the 7 cell lines in this subset demonstrated very similar viral 224 
replication kinetics for both MA/VPT1 and USA-WA1 virus strains (Figures 2-5), indicating that 225 
the currently dominant virus strains with spike-G614 likely have the same cell susceptibility profile 226 
as earlier strains encoding spike-D614. 227 

ACE2 as a critical determinant in susceptibility and species specificity    228 

Coronavirus spike-host receptor interactions play the major role in species specificity (17).  SARS-229 
CoV-2 uses human angiotensin converting enzyme 2 (hACE2) as the host cell receptor (18).  230 
Multiple species including humans, monkeys, cats, minks, ferrets, hamsters, and dogs have been 231 
infected by SARS-CoV-2 in experimental and/or natural settings (19-24). To further investigate 232 
the mechanism of susceptibility or resistance and gain insight into SARS-CoV-2 species 233 
specificity, we analyzed the ACE2 expression levels in various cell lines. Multiple anti-ACE2 234 
antibodies were screened to identify a polyclonal antibody that reacts with ACE2 from African 235 
Green Monkey (Vero and CV-1), Mink (Mv1Lu), Canine (MDCK), and feline (CRFK) (data not 236 
shown). Using this antibody, we determined by immunoblot that endogenous ACE2 levels were 237 
very high in Vero E6 cells derived from African Green Monkey kidney but extremely low in the 238 
other African green monkey kidney cell line CV-1, which could explain the drastic difference in 239 
infectivity between these two cell lines. Canine ACE2 protein was not detectable in MDCK cells, 240 
which surely plays a role in their resistance to SARS-CoV-2 infection. Similarly, the feline CRFK, 241 
mink Mv1Lu and human A549 cells had very low or undetectable endogenous ACE2 expression 242 
(Figure 6). The low protein levels of ACE2 in those cells coincided with low mRNA levels 243 
determined by rRT-PCR (data not shown). 244 
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Since MDCK cells are the most important cell line for influenza virus isolation and propagation 245 
and dogs have been infected with SARS-CoV-2, we selected canine ACE2 (cACE2) for additional 246 
analysis. To better understand resistance of MDCK cells to SARS-CoV-2, constructs co-247 
expressing ACE2 protein (hACE2 or cACE2) under a CMV promoter and mCherry2 protein 248 
through an IRES element were transfected into MDCK-SIAT1 cells. MDCK cells expressing 249 
hACE2 (MDCK-hACE2) or cACE2 (MDCK-cACE2) as determined by mCherry2 expression were 250 
efficiently infected by icSARS-CoV-2-mNG (Figure 7A). As a control, MDCK cells were also 251 
transfected with an empty vector plasmid that expresses mCherry2 via the IRES element but does 252 
not encode an ACE2 protein (MDCK-vector). Consistent with wild type MDCK cells the MDCK-253 
vector control cells were not susceptible to SARS-CoV-2 (Figure 7A). These results were further 254 
confirmed by infecting MDCK-hACE2 and MDCK-cACE2 cells with the wild type virus USA-WA1 255 
and assaying viral replication kinetics. Viral infectious titers and viral RNA levels were elevated in 256 
MDCK cells overexpressing either hACE2 or cACE2 relative to MDCK-vector cells (Figure 7B and 257 
7C). 258 

These results indicate that the resistance of MDCK cells to SARS-CoV-2 occurs at the virus entry 259 
step. Once bound, the genome is released, transcribed, translated, replicated and packaged into 260 
particles that bud from infected cells fairly efficiently.  However, overexpression of ACE2 in MDCK 261 
cells could result in greater ACE2 expression as compared to most natural cell lines. Thus, even 262 
if cACE2 does not bind the spike protein as efficiently as hACE2, overexpression could facilitate 263 
entry of SARS-CoV-2 into MDCK-cACE2 cells. To determine if cACE2 binding affinity to SARS-264 
CoV-2 spike was an additional factor preventing infection of MDCK cells, we conducted bio-layer 265 
interferometry (BLI) assays to compare the binding affinity of spike with cACE2 and hACE2. We 266 
identified that SARS-CoV-2 spike bound to cACE2 (KD = 19.5 nM) 15-fold less efficiently than 267 
hACE2 (KD = 1.30 nM)  (Figure 8).  The reduced binding affinity to cACE2 is likely a result of the 268 
sequence differences between the hACE and cACE2 in regions directly involved in spike binding 269 
(Figure 9). Thus, both low expression of cACE2 by MDCK cells and low binding affinity of cACE2 270 
to SARS-CoV-2 spike contribute to the resistance of MDCK cells to SARS-CoV-2. 271 

 272 

DISCUSSION 273 

In this study, we determined the SARS-CoV-2 susceptibility of more than 30 cell lines or 274 
derivatives and embryonated chicken eggs. This study corroborates and complements other 275 
susceptibility studies published in the past few months (25, 26). For example, Barr et al. recently 276 
showed that MDCK cells and embryonated eggs do not support productive SARS-CoV-2 infection 277 
(26). The data presented here are consistent with that study, and our infectious virus titration 278 
assay data further showed that SARS-CoV-2 loses infectivity rapidly in cells and eggs, while the 279 
viral RNA levels decreased quite slowly. In addition, the majority of currently circulating strains 280 
contain the D614G substitution in the spike protein, which could impact binding, entry, and/or 281 
species specificity, and viruses with this change were not tested in previous studies.  Herein, we 282 
showed that the spike-D614G substitution does not alter cell susceptibility of the cell lines tested 283 
including those with low levels of human (A549), non-human primate (CV-1), mink (Mv1Lu), cat 284 
(CRFK), or dog (MDCK) ACE2. In the future, even in the unlikely event that other spike 285 
substitutions render the binding of spike to cACE2 stronger (Fig 8), the low expression level of 286 
cACE2 in MDCK cells (Figure 6) still poses a high barrier for SARS-CoV-2 to overcome. Therefore, 287 
two independent studies together illustrate that MDCK cells and commonly utilized derivatives are 288 
not susceptible to SARS-CoV-2 and can be safely used for influenza virus isolation, propagation, 289 
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and vaccine production.  Additionally, chicken eggs which are used to manufacture most influenza 290 
virus vaccines do not support replication of SARS-CoV-2.   291 

We expanded our examination to other clinically relevant cell lines used in diagnosis and isolation 292 
of a wide array of human viruses, particularly respiratory viruses (Table 1). While many of those 293 
cells were tested with SARS-CoV-1 virus previously (25, 27-36), it is worth noting that cell 294 
susceptibility conclusions derived from SARS-CoV-1 studies do not always apply to SARS-CoV-295 
2. For example, we and others previously showed that Mv1Lu cells supported a moderate level 296 
of SARS-CoV-1 virus replication (31, 34), but they are not susceptible to SARS-CoV-2 replication 297 
as demonstrated in this study. This finding could be justified by the difference in ACE2 binding 298 
positions between SARS-CoV-1 and SARS-CoV-2 (37-40). Considering that mink ACE2 is only 299 
83% identical to human ACE2 (Figure 9), some of the different ACE2 residues may have more 300 
adverse impact on the SARS-CoV-2 entry than on the SARS-CoV-1 entry. This idea does not 301 
necessarily contradict recent reports of SARS-CoV-2 infections among mink on farms (20, 41-44); 302 
ACE2 expression is relatively low in Mv1Lu cells (Figure 6) but likely higher in various epithelial 303 
cells in vivo, enabling productive infection in minks even through a weaker spike-receptor 304 
interaction.  305 

Overall, our study provides important information on multiple cell lines and chicken eggs regarding 306 
their susceptibility to SARS-CoV-2. This study is important from a biosafety standpoint; humans 307 
can be coinfected by multiple pathogens. Specimens collected for testing and culture may contain 308 
SARS-CoV-2 and these data should help laboratories avoid inadvertent propagation. The data on 309 
canine ACE2 shed light on the relationship between SARS-CoV-2 susceptibility and ACE2 310 
receptor affinity (species specificity) and expression level, suggesting that even ACE2 proteins 311 
with a number of substitutions at key residues that contact SARS-CoV-2 spike protein can still 312 
serve as functional receptors when expressed at high levels.   313 
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Table 1. Overview of diagnostic cell lines obtained from a commercial source (Quidel).  327 

Cell 
line Organism Tissue Type/ 

Morphology Virus susceptibility profile* SARS-CoV-1 
susceptible 

SARS-CoV-2 
susceptible 

Vero African green 
monkey Kidney Epithelial AdV, coxsackie B, measles, mumps, rotavirus, 

rubella, influenza  Yes (28, 34) Yes 

Vero 76 African green 
monkey Kidney Epithelial AdV, coxsackie B, measles, mumps, poliovirus, 

rotavirus, rubella, West Nile Virus  Yes (35) Yes 

BGMK African green 
monkey Kidney Epithelial coxsackie B, poliovirus  Yes (28) Yes 

CV-1 African green 
monkey Kidney Fibroblast measles, mumps, rotavirus  Yes (28) No 

LLC-
MK2 

Rhesus 
macaque Kidney Epithelial enterovirus, myxovirus and poxvirus groups, 

poliovirus type 1, rhinovirus  Yes (28) Yes 

RhMK Rhesus 
macaque Kidney Epithelial enteroviruses, influenza, parainfluenza  Yes (31) Yes 

A549 Human Lung Epithelial AdV, influenza, measles, mumps, 
parainfluenza, poliovirus, RSV, rotavirus 

 No (28, 30, 
31); Yes(36) No 

HEL Human Lung Fibroblast AdV, CMV, echovirus, HSV, poliovirus, 
rhinovirus   No (28, 31) No 

HeLa Human Cervix Epithelial AdV, CMV, echovirus, HSV, poliovirus, 
rhinovirus  No (28) No 

HeLa 
229 Human Cervix Epithelial AdV, CMV, echovirus, HSV, poliovirus, 

rhinovirus  Unknown No 

HEp2 Human Cervix Epithelial AdV, coxsackie B, HSV, measles, 
parainfluenza, poliovirus, RSV  No (28) No 

MRC-5 Human Lung Fibroblast AdV, CMV, echovirus, HSV, influenza, mumps, 
poliovirus, rhinovirus  No (31) No 

MRHF Human Foreskin Fibroblast AdV, CMV, echovirus, HSV, mumps, poliovirus, 
rhinovirus  Unknown No 

NCI-
H292 Human Lung Epithelial AdV, HSV, influenza A, measles virus, RSV, 

rhinoviruses, vaccinia virus  No (30, 33, 36) No 

RD Human Muscle Spindle; 
multi-nucleated AdV, echovirus, HSV, poliovirus  No (28, 32) No 

WI-38 Human Lung Fibroblast AdV, CMV, echovirus, HSV, influenza, mumps, 
poliovirus, rhinovirus, RSV  Unknown No 

McCoy Mouse Unknown Fibroblast HSV  Unknown No 

MNA Mouse Nerve Neuroblastoma Rabies  Unknown No 

MDCK Dog Kidney Epithelial AdV, coxsackie virus, influenza, reoviruses  No (25, 28, 29, 
31, 33) No 

CRFK Cat Kidney Epithelial canine parvovirus, feline calicivirus, feline 
panleukopenia virus, rabies virus  Yes (25) Yes (limited) 

Mv1Lu American 
mink Lung Epithelial CMV, influenza   Yes (31, 34) No 

H&V-
Mix 

CV-1 and 
MRC-5 Mixture Mixture AdV, CMV, echovirus, HSV, influenza, 

poliovirus type 1, SV40 virus, VZV Unknown No 

R-Mix Mv1Lu and 
A549 Mixture Mixture AdV, CMV, HSV, influenza, measles, mumps, 

poliovirus, RSV, rotavirus Yes (31) No 
R-Mix 
Too 

MDCK and 
A549 Mixture Mixture AdV, HSV, influenza, MPV, measles, 

mumps, poliovirus, RSV, rotavirus, VZV  Unknown No 
Super 
E-Mix 

BGMK and 
A549 Mixture Mixture AdV, HSV, influenza, measles, mumps, 

poliovirus, RSV, rotavirus, VZV  Unknown Yes 

 328 

*Virus susceptibility profiles listed are as reported by Quidel and not verified in this study. AdV, 329 
adenovirus; CMV, cytomegalovirus; HSV, herpes simplex virus; RSV, respiratory syncytial virus; 330 
VZV, varicella zoster virus. 331 
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FIGURE LEGENDS  333 

Figure 1. SARS-CoV-2 infects select commercially sourced cell lines. Cell lines were 334 
inoculated with the SARS-CoV-2 reporter virus encoding mNeonGreen (icSARS-CoV-2-mNG) at 335 
5x104 TCID50/well in 24-well plates, and infected cells were identified by green fluorescence. 336 
Microscopy images were captured at 24 hpi using 10X magnification. Representative images at 337 
1 dpi are shown but similar results were observed through 5 dpi, and all mNeonGreen-negative 338 
cell lines remained negative. 339 

Figure 2. SARS-CoV-2 viral replication kinetics vary in commercially sourced cell lines. The 340 
25 cell lines obtained from Quidel were inoculated with USA-WA1 at 5x104 TCID50/well in 24-well 341 
plates, and supernatants were harvested at the indicated times and assayed for viral replication 342 
by TCID50 assay. Data are mean of n=4 ± sd. 343 

Figure 3. Influenza virus substrates do not support SARS-CoV-2 infection. (A) Vero E6, 344 
MDCK-NBL-2, MDCK-Atlanta, MDCK-London, MDCK-SIAT1, MDCK-hCK, and CEF cells were 345 
inoculated with USA-WA1 at 5x104 TCID50/well in 12-well plates, and supernatant were 346 
harvested and assayed for viral replication by TCID50 assay. (B) USA-WA1 total viral RNA levels 347 
in allantoic fluid from infected eggs were quantified by rRT-PCR using a standard curve 348 
generated by synthetic RNA. Not plotted are four eggs with undetectable RNAs for E3. Data are 349 
a mean of n=3 ± sd (cells) or n=24 ± sd (eggs). 350 

Figure 4. Poliovirus substrates do not support SARS-CoV-2 infection. Total viral RNA levels 351 
were determined by rRT-PCR (standard curve generated by synthetic RNA) from total RNA 352 
extracted from cell lines inoculated with USA-WA1 at MOI of 0.1 in 6-well plates. The data points 353 
at 1h are represented by the RNA from the inoculum while 2h and later time points are from RNA 354 
extracted from cell lysates. Data are mean of n=3 ± sd. 355 

Figure 5. SARS-CoV-2 with spike-G614 infects similar cell types as SARS-CoV-2 with spike-356 
D614. Vero E6, CV-1, A549, Mv1Lu, CRFK, MDCK-NBL-2, and MDCK-SIAT1 cell lines were 357 
inoculated with MA/VPT1 at 5x105 TCID50/well in 12-well plates. (A) Supernatants were collected 358 
at the indicated times and viral replication kinetics determined using TCID50. Total RNA was 359 
extracted from cells inoculated for the indicated times and (B) total viral RNA levels were 360 
determined using rRT-PCR (standard curve generated by synthetic RNA). For all, data are a 361 
mean of n=3 ± sd. 362 

Figure 6. ACE2 is differentially expressed across cell lines. Whole cell lysate from 363 
uninoculated Vero E6, CV-1, A549, Mv1Lu, CRFK, MDCK-NBL-2 and MDCK-SIAT1 cell lines 364 
were immunoblotted for endogenous ACE2 expression. Recombinant hACE2 (Sino Biological) 365 
was used as a positive control for detection of hACE2. 20 µg of cell lysates or 0.2 ng of 366 
recombinant hACE2 protein were loaded. β-actin was also immunoblotted from samples as a 367 
loading control. 368 

Figure 7. Overexpression of cACE2 permits SARS-CoV-2 infection of MDCK cells. (A) 369 
MDCK cells transiently overexpressing an empty vector control (MDCK-vector), hACE2 (MDCK-370 
hACE2) or cACE2 (MDCK-cACE2) were mock-inoculated or inoculated with icSARS-CoV-2-mNG 371 
reporter virus at 5x105 TCID50/well in 12-well plates, and viral infection detected by fluorescent 372 
microscopy. CPE was also imaged in inoculated cells. Representative images at 1 dpi are shown. 373 
(B-C) MDCK-vector, MDCK-hACE2, and MDCK-cACE2 cells were inoculated with USA-WA1 at 374 
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5x105 TCID50/well in 12-well plates. Supernatants were collected at the indicated times and (B) 375 
viral titers determined by TCID50 assay. Total RNA was extracted from cell lines inoculated for the 376 
indicated length of time and (C) total viral RNA were determined using rRT-PCR (standard curve 377 
generated by synthetic RNA). Data for (B-C) are a mean of n=3 ± sd. 378 

Figure 8. Canine ACE2 has lower affinity to SARS-CoV-2 spike protein compared to human 379 
ACE2. Bio-layer interferometry assay was used to determine the equilibrium dissociation constant 380 
(KD) of hACE2 or cACE2 protein with SARS-CoV-2 spike protein. hACE2 or cACE2 recombinant 381 
protein was loaded onto surface of biosensor at 100 nM and association was conducted at 10-382 
100 nM of S1-Fc for hACE2 and 25-200 nM of S1-Fc for cACE2, followed by dissociation. 383 

Figure 9. ACE2 protein sequences vary across species. ACE2 protein sequences from human, 384 
rhesus macaque, African green monkey, cat, dog, American mink, mouse, and chicken were 385 
aligned using MUSCLE. Residues involved in interaction with SARS-CoV-2 spike protein (based 386 
on ref (37-40)) are shown using hACE2 numbering, and residues varying from hACE2 are 387 
highlighted in yellow. A gap in alignment is indicated with a dash. Percent identity to hACE2 across 388 
the entire protein is shown.  389 
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Figure 1

Figure 1. SARS-CoV-2 infects select commercially sourced cell lines. Cell lines were inoculated with the
SARS-CoV-2 reporter virus encoding mNeonGreen (icSARS-CoV-2-mNG) at 5x104 TCID50/well in 24-well
plates, and infected cells were identified by green fluorescence. Microscopy images were captured at 24 hpi
using 10X magnification. Representative images at 1 dpi are shown but similar results were observed through 5
dpi, and all mNeonGreen-negative cell lines remained negative.
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Figure 2

Figure 2. SARS-CoV-2 viral replication kinetics vary in commercially sourced cell lines. The 25 cell lines
obtained from Quidel were inoculated with USA-WA1 at 5x104 TCID50/well in 24-well plates, and supernatants
were harvested at the indicated times and assayed for viral replication by TCID50 assay. Data are mean of n=4 ±
sd.
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Figure 3

A

Figure 3. Influenza virus substrates do not support SARS-CoV-2 infection. (A) Vero E6, MDCK-NBL-2,
MDCK-Atlanta, MDCK-London, MDCK-SIAT1, MDCK-hCK, and CEF cells were inoculated with USA-WA1 at
5x104 TCID50/well in 12-well plates, and supernatant were harvested and assayed for viral replication by
TCID50 assay. (B) USA-WA1 total viral RNA levels in allantoic fluid from infected eggs were quantified by rRT-
PCR using a standard curve generated by synthetic RNA. Not plotted are four eggs with undetectable RNAs
for E3. Data are a mean of n=3 ± sd (cells) or n=24 ± sd (eggs).
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Figure 4

Figure 4. Poliovirus substrates do not support SARS-CoV-2 infection. Total viral RNA levels were
determined by rRT-PCR (standard curve generated by synthetic RNA) from total RNA extracted from cell lines
inoculated with USA-WA1 at MOI of 0.1 in 6-well plates. The data points at 1h are represented by the RNA
from the inoculum while 2h and later time points are from RNA extracted from cell lysates. Data are mean of
n=3 ± sd.
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Figure 5

A B

Figure 5. SARS-CoV-2 with spike-G614 infects similar cell types as SARS-CoV-2 with spike-D614. Vero
E6, CV-1, A549, Mv1Lu, CRFK, MDCK-NBL-2, and MDCK-SIAT1 cell lines were inoculated with MA/VPT1 at
5x105 TCID50/well in 12-well plates. (A) Supernatants were collected at the indicated times and viral replication
kinetics determined using TCID50. Total RNA was extracted from cells inoculated for the indicated times and (B)
total viral RNA levels were determined using rRT-PCR (standard curve generated by synthetic RNA). For all,
data are a mean of n=3 ± sd.
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Figure 6. ACE2 is differentially expressed across cell lines. Whole cell lysate from uninoculated Vero E6,
CV-1, A549, Mv1Lu, CRFK, MDCK-NBL-2 and MDCK-SIAT1 cell lines were immunoblotted for endogenous
ACE2 expression. Recombinant hACE2 (Sino Biological) was used as a positive control for detection of hACE2.
20 µg of cell lysates or 0.2 ng of recombinant hACE2 protein were loaded. β-actin was also immunoblotted from
samples as a loading control.
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Figure 7

Figure 7. Overexpression of cACE2 permits SARS-CoV-2 infection of MDCK cells. (A) MDCK cells
transiently overexpressing an empty vector control (MDCK-vector), hACE2 (MDCK-hACE2) or cACE2 (MDCK-
cACE2) were mock-inoculated or inoculated with icSARS-CoV-2-mNG reporter virus at 5x105 TCID50/well in 12-
well plates, and viral infection detected by fluorescent microscopy. CPE was also imaged in inoculated cells.
Representative images at 1 dpi are shown. (B-C) MDCK-vector, MDCK-hACE2, and MDCK-cACE2 cells were
inoculated with USA-WA1 at 5x105 TCID50/well in 12-well plates. Supernatants were collected at the indicated
times and (B) viral titers determined by TCID50 assay. Total RNA was extracted from cell lines inoculated for the
indicated length of time and (C) total viral RNA were determined using rRT-PCR (standard curve generated by
synthetic RNA). Data for (B-C) are a mean of n=3 ± sd.
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Figure 8

Figure 8. Canine ACE2 has lower affinity to SARS-CoV-2 spike protein compared to human ACE2. Bio-
layer interferometry assay was used to determine the equilibrium dissociation constant (KD) of hACE2 or
cACE2 protein with SARS-CoV-2 spike protein. hACE2 or cACE2 recombinant protein was loaded onto surface
of biosensor at 100 nM and association was conducted at 10-100 nM of S1-Fc for hACE2 and 25-200 nM of S1-
Fc for cACE2, followed by dissociation.

KD=1.30nM KD=19.5nM
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Figure 9

Figure 9. ACE2 protein sequences vary across species. ACE2 protein sequences from human, rhesus
macaque, African green monkey, cat, dog, American mink, mouse, and chicken were aligned using MUSCLE.
Residues involved in interaction with SARS-CoV-2 spike protein (based on ref (37-40)) are shown using hACE2
numbering, and residues varying from hACE2 are highlighted in yellow. A gap in alignment is indicated with a
dash. Percent identity to hACE2 across the entire protein is shown.
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