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Abstract

The SARS-CoV-2 outbreak and subsequent COVID-19 pandemic have highlighted the
urgent need to determine what cells are susceptible to infection and for assays to detect and
quantify SARS-CoV-2. Furthermore, the ongoing efforts for vaccine development have
necessitated the development of rapid, high-throughput methods of quantifying infectious SARS-
CoV-2, as well as the ability to screen human polyclonal sera samples for neutralizing antibodies
against SARS-CoV-2. To this end, our lab has adapted focus forming assays for SARS-CoV-2
using Vero CCL-81 cells, referred to in this text as Vero WHO. Using the focus forming assay as
the basis for screening cell susceptibility and to develop a focus reduction neutralization test. We
have shown that this assay is a sensitive tool for determining SARS-CoV-2 neutralizing antibody
titer in human, non-human primate, and mouse polyclonal sera following SARS-CoV-2 exposure.
Additionally, we describe the viral growth kinetics of SARS-CoV-2 in a variety of different
immortalized cell lines and demonstrate via human ACE2 and viral spike protein expression that

these cell lines can support viral entry and replication.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent
of the coronavirus disease 2019 (COVID-19) pandemic that rapidly traversed the globe beginning
in December 2019, causing socio-economic upheaval and straining healthcare infrastructure
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worldwide. The long (~five day) incubation period before symptom onset, combined with aerosol-
based transmission of SARS-CoV-2 has enabled the virus to ravage the immunologically naive
population and generate 7.2 million confirmed cases and over 400,000 deaths globally as of June
10th, 2020 [1, 2]. Since its isolation from a population of pneumonic patients in Wuhan within
the Hubei province of China, the scientific community has mobilized a massive effort to develop
sensitive and specific rapid-detection assays, as well as a vaccine that confers protection against
SARS-CoV-2 infection, with several candidates currently under evaluation. However, there is an
urgent need to identify susceptible cell lines for evaluation of potential antivirals and therapeutics
for COVID-19 treatment. Understanding susceptibility of certain cell lines may also improve our
understanding of SARS-CoV-2 viral pathogenesis. Furthermore, there is a need to develop rapid,
high-throughput assays for the detection of infectious virus and neutralizing antibodies against
SARS-CoV-2.

From phylogenetic analysis of early clinical isolates, it is known that SARS-CoV-2 is
classified as a Group 2B betacoronavirus within the family Coronavirinae [3-6]. It is most closely
related to severe acute respiratory syndrome coronavirus (SARS-CoV), the etiological agent of
SARS, thought to have emerged from a zoonotic infection in China in the early 2000s [5, 7]. It is
also more distantly related to Middle Eastern Respiratory Syndrome coronavirus (MERS-CoV)
and other human common cold coronaviruses (HCoVs) [6]. Group 2B betacoronaviruses are
enveloped viruses with a positive-sense RNA genome spanning 26-32kbp [8]. The protein coding
genes are flanked by a 5’ cap and a 3’ polyadenylated tail. The genome is organized into structural
and non-structural proteins. The 5’ end of the genome encodes the viral replicase in open reading
frames (ORF) laand 1b, followed by a transcription cassette encoding subgenomic RNAs. SARS-
CoV-2 encodes eight accessory proteins and four structural proteins: spike (S), envelope (E),
membrane (M), and nucleocapsid (N), which are encoded by subgenomic RNAs located at the 3’
end of the genome and are necessary for the production of successful progeny virions [8, 9].

Much has been learned about the life cycle of SARS-CoV-2 in recent months. Both SARS-
CoV-2 and SARS-CoV gain access to target cells by attachment of the viral spike protein to its
cognate receptor, the protein angiotensin converting enzyme 2 (ACE2)[10-12]. In humans, ACE2
is highly expressed on epithelial cells throughout the oropharyngeal tract, lungs, and small intestine
[13-15]. One subunit of the spike protein, S1, contains the receptor binding domain (RBD) and is
responsible for binding to human ACE2 (hACEZ2) [10, 16]. A second spike protein subunit, S2, is
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highly conserved and coordinates with transmembrane serine protease 2 (TMPRSS2) to promote
fusion with the host membrane [11, 17, 18]. While the spike-hACE2 interaction is a well-
established determinant of susceptibility and host tropism for SARS-CoV-2, in order to combat
the COVID-19 pandemic, scientists need to be armed with more information about the relationship
between the expression of hACEZ2, cell permissivity, and viral titer, which has yet to be elucidated.

Scientists are also beginning to understand that the infectious dose and route of exposure
may also play an important role in the development and severity of COVID-19. Particularly
important when considering infectious dose and route of exposure are susceptible and permissible
cell types. While it is known that the hACE2 receptor is required for entry, it is not well-understood
which human cell types may be more permissive to SARS-CoV-2 infection, with particular
uncertainty including if higher ACE2 expression coincides with increased risk for heightened
infection. Furthermore, it is unclear which cell types may be suitable for the successful evaluation
of antiviral and therapeutic drugs for in vitro screening before in vivo evaluation. Further
characterization of permissible cell types is necessary to improve our understanding of SARS-
CoV-2 pathogenesis and to develop therapeutic strategies for the treatment of COVID-19.

It has also been noted that following infection with SARS-CoV-2, people typically
seroconvert 20 days following symptom onset, and there is increasing evidence suggesting that
development of a neutralizing antibody response is a correlate of protection in patients recovered
from COVID-19 [19-22]. The COVID-19 pandemic has highlighted the necessity for testing for
neutralizing antibodies. As SARS-CoV-2 infection can have a range of manifestations from
asymptomatic to fatal multiple organ failure [23-27], antibody testing and serological surveys are
a critical tool for determining prior infection status and seroprevalence in a population . It is also
the goal of many candidate SARS-CoV-2 vaccines to induce neutralizing antibodies targeting the
viral spike protein, the major antigenic determinant of SARS-CoV-2 [28].

For understanding the antibody response, assays that measure neutralizing antibody titer
are considered the gold standard. One such tool for evaluating neutralizing antibody response is a
plaque/focus neutralization reduction test (PRNT/FRNT), which evaluates the ability of polyclonal
sera samples to prevent or reduce infection of a cell monolayer in vitro. Previously, for SARS-
CoV-2, only PRNT assays—which rely on the ability of virus to lyse infected cells and thus can
take 48-96 hours to develop—have been used in the assessment of the neutralizing antibody

response. It is not well known whether an FRNT—which uses an immunostaining protocol to


https://doi.org/10.1101/2020.08.20.259838

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.20.259838; this version posted August 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

94  detect virus and does not depend on cell lysis, and thus is often more rapid—is amenable for

95  detection of SARS-CoV-2 neutralizing antibody.

96 In this study, we describe the growth kinetics of SARS-CoV-2 in multiple cell types and

97  the methods our laboratory has used to optimize a SARS-CoV-2 focus forming assay (FFA) to

98 improve sensitivity and specific detection. By characterizing the growth kinetics of SARS-CoV-2

99 onavariety of immortalized and primary cell lines, we have demonstrated which of these cell lines
100 s susceptible to infection by SARS-CoV-2.We also demonstrate that the FFA can be adapted to
101  measure the neutralization capacity of polyclonal sera in an FRNT. This high throughput FRNT
102  assay can be applied to sera from both animal models of SARS-CoV-2 infection, as well as human
103 SARS-CoV-2 infected patients, and can serve as a useful assay for describing the kinetics of the
104  neutralizing antibody response to SARS-CoV-2. Additionally, we have compared the expression
105 of ACE2 and SARS-CoV-2 spike on these cell lines to determine how spike expression correlates
106  with susceptibility. The tools developed in this study have practical applications in both the basic
107  science and translational approaches that will be critical in the ongoing effort to slow the COVID-
108 19 pandemic.

109

110 Results

111

112 Cell types

113 Based on our previous work optimizing the FFA for WNV, [29] we proceeded to adapt the

114  FFA for the detection of infectious SARS-CoV-2. Along with spot number, the spot size and
115  border definition provide valuable information on possible differences in viral strains. As we have
116  observed that the foci morphology, as well as spot number, can vary dramatically under different
117  growth conditions, we sought to test different growth conditions and cell lines to determine the
118  optimal conditions for SARS-CoV-2 viral titration. This goal was guided by previous studies that
119  have suggested that the use of Vero cells from varying origins can impact viral titer [30, 31]. Using
120  both Vero CCL-81 (ATCC® CCL-81™, referred to in this text as Vero WHO) and Vero E6 (Vero
121 1008, ATCC® CRL-1586™) cell lines, we determined if differences in foci number or size
122  occurred to decide if one cell line was superior for titration by FFA (Figure 1A-1C). Although
123  many laboratories utilize Vero E6 cells for viral titer measurements of SARS-CoV-2 [32, 33], in

124 our laboratory, Vero E6 cells typically resulted in about two-fold lower foci formation relative to
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125 Vero WHO cells (Figure 1A-C). Figure 1A is a representative image of an FFA showing the
126 viral titration on both the Vero E6 and WHOs for both ~50 FFU and ~200 FFU when identical
127  numbers of cells are seeded per well. We noted that at identical higher dilutions of SARS-CoV-2
128  virus stocks, Vero WHO cells develop ~55 individual foci per well, whereas Vero E6 cells develop
129  ~27 foci per well (Figure 1A). The same pattern was observed at lower dilutions of virus, with
130  ~200 foci formation on Vero WHO cells yielding only ~100 foci on Vero E6 cells (Figure 1A)
131  The quantification of this difference in the Vero WHO and Vero EG6 cell type is shown in Figure
132  1B. Interestingly, when we compared this observation to the genome copy number by RT-qPCR,
133  we noted that Vero E6 cells tended to produce significantly more virus across all 24, 48, and 72-
134  hour timepoints (p = 0.0064) (Figure 1C). It is possible that the discrepancy between the FFA and
135 gRT-PCR data could be due to Vero WHO cells producing fewer genome copies yet more
136 infectious virus than E6 cells, while E6 cells sustain more viral replication but yield less infectious
137  virus. While we did not see any differences in foci morphology between the two Vero cell lines
138  we used, the significant difference in the number of foci observed between Vero E6 and Vero
139 WHO (p <0.0001) suggests that Vero WHO cells record higher viral titers than the Vero EG6 cells
140  for SARS-CoV-2 (Figure 1B).

141
142  Cell confluency
143 In order for SARS-CoV-2 to form distinct foci, it is critical to plate the optimal cell density.

144  We examined the impact of cell density on foci formation for both Vero WHO and Vero E6 cells
145 by plating identical dilutions of SARS-CoV-2 virus stocks on 96-well plates seeded with differing
146  numbers of WHO or E6 cells (3 x 104, 1.5 x 104 or 3 x 104 cells/well) one day prior to infection
147  of the cell monolayer. At these concentrations, on the day of infection, 3x104, 1.5x104 and 3% 104
148  cells/well resulted in monolayers that were 70, 80 and 90 percent confluent respectively for both
149  cell lines tested. Figure 1D is a representative image of the focus forming assay showing the foci
150 formations arising from different cell concentrations plated for both the Vero E6 and WHOs. The
151 quantification of the spot counts for Vero WHO cells is shown in Figure 1E. The quantification
152  of the spot counts for Vero E6 cells is shown in Figure 1F. For both the Vero WHOs and EG6 cells,
153  we observed a significant increase in the number of foci formed when either 1.5 x 104 (E6 p =
154  0.0480, WHO p = 0.0094) or 3 x 104 (E6 p = 0.0057, WHO p = 0.0024) were seeded per well

155  compared to 3 x 103. However, there was no significant increase in foci formation when increasing
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156  the cell density from 1.5 x 104 cells/well to 3 x 104 cells/well. Thus, while the Vero E6 cells
157  fostered lower foci numbers at each confluency as compared to the WHO cells, viral titers were
158 not significantly different at 1.5 x 104 cells/well or 3 x 104 cells/well irrespective of whether the
159  Vero WHO (Figure 1E) or Vero E6 (Figure 1F) cell line was seeded for the assay. We have
160 previously tested higher cell densities for FFAs and have noted that cell concentrations higher than
161 3 x 10a cells/well results in an overly confluent monolayer with more cells than can adhere to the
162  wells, leading to highly variable titer information (data not shown). The results of these studies
163  suggest that Vero WHO cells plated at either 1.5 x 104 or 3 x 104 cells/well was optimal for the
164  viral FFA.

165
166  Incubation times
167 Like plaque assays, the incubation time for the FFA is highly dependent on the viral

168 replication cycle within the cells and the time required for infectious progeny to be released and
169  spread to neighboring cells. While — unlike traditional plaque assays — the FFA is not dependent
170 on viral lysis of infected cells, the development of visible spots is dependent on the time it takes
171  for viral protein production to occur and for infectious virus to spread to neighboring susceptible
172  cells. To determine the optimal time frame for infection of SARS-CoV-2 on a Vero WHO cell
173  monolayer to form individual foci, we tested a variety of incubation times. In order to optimize
174  these conditions, identical dilutions of SARS-CoV-2 virus stocks were added to infect Vero WHO
175  cells seeded at a density of 1.5 x 104 cells/well, and incubated for 20, 24, 48, or 72 hours post
176 infection. Figure 1G shows representative images of identical dilutions of SARS-CoV-2 FFAs
177  developed after 24, 48, or 72 hour incubation times, respectively. The mean spot size of foci at
178 each timepoint is quantified in Figure 1H. The mean spot count per well at each time point is
179  quantified in Figure 11I.

180 Altering the incubation time had the most dramatic impact on mean foci size amid all other
181  parameters tested. While there were no significant differences in the size of foci formed between
182 20 hours post infection (HPI) and 24 HPI (p = 0.0632), we did observe the formation of
183  significantly larger foci between the 24 and 48 HPI timepoints (p = 0.0031) , as well as the 48 and
184 72 HPI timepoints (p = 0.0134) (Figure 1H). Interestingly, at the same virus dilution, we found
185 that there were fewer spots between 24 HPI (mean spot number of 10) relative to the 48 HPI time
186  point (p = 0.0369, mean spot number of 13.5) but not the 72 HPI time point (p = 0.1895, mean
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187  spot value 12.5). Similarly, we found that there were no significant differences in the number of
188  foci formed between 48 and 72 HPI (p = 0.4198) (Figure 11). However, we noted that this
189  difference is within one standard deviation of the mean number of spots across all wells and was
190 insignificant when determining titers. From this result we concluded that incubation times greater
191 than 24 hours resulted in a slight but significant increase in spot number, while assays incubated
192  for up to 72 did not alter the spot number but did increase the spot size. This increase in spot size
193  but not number between 48 and 72 hours is a highly useful for the testing of anti-viral compounds
194  which may require longer incubation times. In addition, larger spot size makes this assay more
195 universally useful since laboratories without an automated machine can manually count spots,
196  where the large size will improve readability of the assay.

197 The FFA relies on an immunostaining protocol of an infected cell monolayer in order to
198 quantify infectious virus titer and is therefore dependent upon SARS-CoV-2-specific antibody
199  binding. For this purpose, polyclonal guinea pig sera (BEI: NR-0361) raised against SARS-CoV-
200 2 produces reproducible staining with minimal background. However, we have also used human
201  monoclonal antibodies for this purpose with success. Supplemental Figure 1A-1D shows an
202 optimized FFA immunostaining protocol using a human monoclonal antibody (Clone 2165,
203  Leinco Technologies, Product No. LT1900) and goat anti-human 1gG HRP (Invitrogen, Cat No.
204  62-8420) to detect infectious SARS-CoV-2 titer of virus stocks generated using Vero E6 and
205  Huh7.5 cell lines.

206
207 iral reolication i ible cell
208 As efforts to understand replication and transmission of SARS-CoV-2 are underway and

209 vaccine development moves forward, more information regarding permissive cell types for SARS-
210 CoV-2 infection and replication is needed. To determine the permissivity of several different cell
211  types to infection with SARS-CoV-2, we generated multistep growth curves for human, non-
212  human primate, murine, hamster, and gastric adenocarcinoma cell lines. Each of these cell lines
213  was infected at a MOI = 0.05 and cells or cell supernatants were collected aseptically, and total
214  RNA was isolated. Cellular RNA was normalized to an internal RNaseP control for human and
215 non-human primate cells and GAPDH for murine cells. Genome equivalents were determined
216 using the Applied Biosystems TagMan gene expression assay protocol for SARS-CoV-2
217  previously described [34].
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218 To identify susceptible cell lines, we first assessed genome copy number in non-human
219 primate African green monkey kidney epithelial cells (Vero WHO, Vero E6) as well as human
220  hepatocytes (Huh7.5, Huh7) and lung epithelial cells (A549, CALU-3). Figure 2A shows the
221  SARS-CoV-2 genome copy number for whole cells for human and non-human primate cell lines.
222  Figure 2B shows the SARS-CoV-2 genome copy number for cell culture supernatants for human
223  and non-human primate cell lines. In each cell line aside from Vero WHO and Huh7, genome
224 equivalents within the cell peaked at 24 HPI and remained relatively constant for the duration of
225  the experiment. SARS-CoV-2 genome equivalents in Vero WHO and Huh7 cells peaked at 48 HPI
226  and remained relatively constant for the duration of the experiment. The Vero E6 cell line reached
227  the highest titer at 6.44 x 10s copies/pL at 24 HPI, with the Huh7.5 and CALU-3 cell lines reaching
228 1.1 x 106 copies/uL and 5.0 x 10s copies/pL, at the same time point, respectively. Vero WHO and
229  Huh7 cell lines reached the highest titer, 1.3 x 10e copies/uL and 1.1 x 10e copies/puL,
230  respectively, at 48 HPI. The A549 cells, although susceptible to infection, appeared to support
231  little SARS-CoV-2 replication, reaching only 80 copies/pL at 24 HPI.

232 We also measured genome copy number in the cell culture supernatant for all of the cell
233  lines described (Figure 2B) For each cell line, viral RNA in the supernatant peaked at later
234  timepoints, either 72 HPI (Vero WHO, 4.7x 104 copies/puL; Vero E6, 1.4x 104 copies/uL; CALU-
235 3, 1.3x 104 copies/puL) or 96 HPI (A549, 2.6 copies/pL; Huh7, 27 copies/pL; Huh7.5, 8.6 x 103
236  copies/pL). Of these cell lines, the Vero WHO cells had the highest titers in the supernatant, while
237  Vero E6, Huh7.5 and CALU-3 cells were comparable in terms of titer. As expected, A549 cells
238 that did not contain high titers of cell-associated virus also did not contain high titers in the
239  supernatant. Interestingly, while Huh7 cells support relatively high titers of cell-associated virus,
240 they do not appear to yield high titers in the supernatant. These results suggest that Vero E6 cells
241  are most permissible for SARS-CoV-2 replication among all tested cell types and would be the
242  ideal choice for propagation. Vero WHO, Huh7.5, and CALU-3 cells are also permissible cell
243  types for SARS-CoV-2 infection and replication, however A549 cells do not appear to be suitable
244  for high levels of SARS-CoV-2 replication. Our results also suggest that Huh7 cells appear to be
245  permissible for SARS-CoV-2 infection and replication, but do not appear to be suitable for egress
246 into the cell culture supernatant.

247 Due to ongoing SARS-CoV-2 vaccine development efforts, there is an urgent need to

248  develop and evaluate the susceptibility of small animal models to SARS-CoV-2 infection and
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249  COVID-19. Recent studies have suggested that rodents may be used for these purposes, as well as
250  to study the adaptive immune response to SARS-CoV-2 infection [34-37]. To this end, we next
251  sought to determine permissivity of rodent cell lines to SARS-CoV-2 infection, namely 3T3 and
252  SHHCL17 cell lines. Figure 2C shows the SARS-CoV-2 genome copy number for whole cells for
253  murine and hamster cell lines, with Vero WHO cells included for comparison. Figure 2D shows
254  the SARS-CoV-2 genome copy numbers for cell culture supernatants derived from murine and
255  hamster cell lines, with Vero WHO supernatant included for comparison. From total cellular RNA,
256  we detected only 42 copies/pL in 3T3 cells at 72 HPI, the time point at which the titer peaked.
257  Similarly, with SHHC17 cells, we detected only 50 copies/uL at 24 HPI, the time point at which
258  thetiter peaked. In addition to total cellular RNA, we also examined supernatants from cell culture
259  and predictably found peak titers of only 3 copies/uL in 3T3 cells and just 33 copies/pL in
260 SHHCL17 cells, both at 96 HPI. These results suggest that neither 3T3 nor SHHC17 cell lines are
261  suitable for supporting SARS-CoV-2 replication or egress without further experimental
262  manipulation.

263 Finally, because it is known that hACE2 is highly expressed by intestinal epithelial cells,
264  we sought to examine the permissivity of human gastric adenocarcinoma cell lines to SARS-CoV-
265 2 infection [15]. For this purpose, we used AGS and MKN cell lines, and examined viral genome
266  copies associated with both total cellular RNA as well as the cell supernatant. Figure 2E shows
267 the SARS-CoV-2 genome copy numbers for whole cells from gastric adenocarcinoma lines, with
268  Vero WHO cells included for comparison. Figure 2F shows the SARS-CoV-2 genome copy
269  numbers for cell culture supernatants from gastric adenocarcinoma lines, with Vero WHO
270  supernatant included for comparison. We found that MKN cells yielded relatively high titers, with
271  cell-associated virus peaking at 1.0x 106 copies/uL at 24 HPI. Virus in the supernatant peaked at
272 5.0 x 104 copies/uL at 72 HPI. AGS cells yielded lower titers, with cell-associated virus peaking
273  at 4.6x 103 copies/uL at 24 HPI and virus in the supernatant peaking at 6.7 x 102 copies/pL 96
274  HPI. Interestingly, however, the titer in AGS cells appeared more variable compared to other time
275  points, increasing at 48 and 96 HPI and dropping at 24 and 72 HPI. These results suggest that these
276  gastric adenocarcinoma cell lines can support infection, replication and egress of SARS-CoV-2 as
277  well as, or in some cases better than, VVero cell lines.

278

279 G ificati f hACE2 and viral spike (S in | bl
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280 Given that our studies conducted to quantify SARS-CoV-2 viral genome copies in
281  susceptible cell lines yielded results that highlighted highly permissive cell lines, like Vero WHO,
282  while also distinguishing less permissive cell lines, like A549, we sought to analyze spike and
283  hACE2 protein co-expression to determine if higher hACE2 expression correlated with higher
284  susceptibility to SARS-Cov-2 infection.

285
286  Quantification of neutralizing antibody by FRNT
287 One facet of our understanding of the current SARS-CoV-2 outbreak that is rapidly

288  evolving is SARS-CoV-2 seroprevalence in the general population. At the same time, forming a
289  better understanding of and ability to assess the kinetics of the neutralizing antibody response to
290 SARS-CoV-2 could be essential in further vaccine and anti-viral development efforts. To this end,
291  we adapted the SARS-CoV-2 FFA for the quantification of neutralizing antibody (nAb) titers in
292  the form of an FRNT. This was accomplished by incubating serially diluted convalescent serum
293  from SARS-CoV-2 infected individuals with a known quantity of infectious SARS-CoV-2 (~60
294  FFU) and measuring foci formation. Infection was normalized to a PBS control to reflect the
295  percent neutralization of sera.

296 First, we sought to determine whether the FRNT could be used to detect a range of nAb
297  concentrations in human samples. Figure 4A shows the neutralization curves for human sera
298 samples, showing a decrease in virus neutralization as the serum is diluted out. These samples
299  were collected from 4 human subjects at the University of Puerto Rico following a positive gPCR
300 test for SARS-CoV-2. All subjects were in the convalescence period at the time of sample
301 collection. These assays were performed using deidentified residual sera samples.

302 Using the FRNT approach, we quantified the neutralizing antibody titer in the form of the
303  reciprocal serum dilution required to neutralize 50% of virus, or the FRNTso value. This assay can
304  also be used to determine the FRNT90 value (i.e. required for 90% neutralization). The FRNTso
305 and FRNT9o values are reported in Figure 4B. The reciprocal serum dilutions required for 50%
306 neutralization for the human samples (HS_A, HS_C and HS_D) are 2.161, 3.183, and 2.002,
307  respectively. The reciprocal serum dilutions required for 90% neutralization for HS_A, HS_C and
308 HS_Dare 1.377,2.725, and 1.739, respectively. For HS_B, the reciprocal serum dilution required
309 to neutralize both 50% and 90% of the virus was below the lower limit of quantitation (LLOQ) for
310 the assay.
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311 In order to increase confidence that these nAbs were the result of recent SARS-CoV-2
312 infection rather than cross-reactivity with the four circulating human common cold coronaviruses,
313 we performed an ELISA to examine binding of these sera samples to SARS-CoV-2 receptor-
314  binding domain (RBD). Figure 4C shows the absorbance at 450 nm (A450) values indicating that
315 sera from these subjects contain antibodies that can bind specifically to the receptor binding
316 domain (RBD) of SARS-CoV-2.

317 Having confirmed that our assay can detect nAb to SARS-CoV-2 in human sera, we next
318 sought to demonstrate that this assay is applicable for numerous sera sources including non-human
319 primates and mice. To this end, we performed an FRNT with non-human primate (NHP) sera,
320  which consisted of pooled sera samples from a group of Rhesus macaques in the convalescent
321  phase following SARS-CoV-2 infection by multiple routes (BEIl: NR-52401). Figure 4E shows
322  the neutralization curve for this pool of NHP sera. Low but detectable nAb titers were present in
323  this sample with an FRNTso value of 2.161 and FRNTe0 of 1.377, as depicted in Figure 4F.

324 Having shown that our assay can be utilized to quantify nAbs in NHP samples, we next
325 sought to demonstrate that this assay could also be used for quantifying nAbs in small animal
326  models such as mice. This also afforded us the opportunity to examine the nAb response both at
327  an acute time point (MS_A) and following repeat challenge (MS_B). For these sera samples, two
328 interferon receptor alpha (IFNAR1-/-) deficient mice were challenged with 5 x 104 focus forming
329  units (FFU) SARS-CoV-2. Sera was collected 10 days post infection (MS_A) or 65 days post
330 initial challenge and 5 days following final challenge (MS_B) as described in Figure 4D. Figure
331 4E shows the neutralization curves for mice at both acute and amnestic time points. Low but
332  detectable nAb titers were present for the acute time point (MS_A) with an FRNTso value of 2.601
333 and FRNT90 of 1.953, as depicted in Figure 4F. Following repeated challenge with SARS-CoV-
334 2, we were able to detect an increase in nAb titer, with FRNTso of 4.238 and FRNT90 of 3.663.
335 Having demonstrated that our FRNT assay can be used to quantify nAb titers for human
336  samples, non-human primates, and mice both in acute infection and memory responses, we next
337  sought to determine whether this assay could be used to quantify nAb resulting from a subunit or
338 DNA vaccine. To this end, we immunized C57BL/6 mice intramuscularly (i.m) with 50 ug of
339 DNA encoding the SARS-CoV-2 spike (MS_C). A subset of these mice was boosted 21 days later
340 (MS_B, MS_D) with 5 pg of DNA intramuscularly and sera collected 21 days following the boost.
341  Figure 4G shows the neutralization curves for these mice immunized with DNA encoding the
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342  SARS-CoV-2 spike protein. No neutralization was detected for a control animal that received no
343 immunization. From these data we were able to define the FRNTso values for MS_B, MS_C, and
344  MS_D, which are shown in Figure 4H, and are 2.045, 1.584, 1.227, respectively. However, the
345  FRNToovalues were below the LLOQ for the assay, as well as the FRNTsovalue for MS_A. These
346  results suggest that the FRNT can be used to detect nAbs in sera resulting from immunizations, in
347  addition to nAbs in human, NHP, and mouse sera resulting from SARS-CoV-2 infections.

348

349  Discussion

350 To address the need for high-throughput, rapid quantification of infectious SARS-CoV-2,
351  our group has developed a focus forming assay (FFA) for SARS-CoV-2 using Vero WHO cells.
352  The strength of the FFA is the rapid visualization of individual foci forming from a single
353 infectious unit or focus forming unit (FFU). The FFA for SARS-CoV-2 can be developed in as
354 little as 24 hours, shorter relative to traditional plaque assays for human coronaviruses which can
355 take 2-5 days [32, 38, 39]. The focus forming assay is also amenable to a 96-well plate format,
356 allowing for assays to be scaled up or automated to handle large volumes of samples quickly
357  relative to assays requiring plates with 24 wells or fewer. Automating the quantification of foci
358 using equipment such as a CTL machine can also streamline the process of screening large
359  numbers of samples. One potential disadvantage of the focus forming assay is the requirement of
360 a SARS-CoV-2 specific antibody as the primary antibody for foci immunostaining. However, for
361 our assays we have found that polyclonal guinea pig serum provides reproducible staining with
362 minimal background when used at the appropriate concentrations, and numerous human
363  monoclonal antibodies are now commercially available and suitable for this purpose [40-42].
364 In regard to the focus forming assay development, we initially hypothesized that the
365  absence of in Vero E6 cells would make them more susceptible to SARS-CoV-2 infection and
366  therefore a more sensitive choice of cell line for the focus forming assay. Surprisingly, we found
367 that Vero WHO cells were more suited to foci formation. It is worth noting that other labs have
368 shown that a higher titer and larger, clearer plaques result when Vero E6 cells are used in place of
369  Vero WHO cells when performing plaque-assay based titrations with SARS-CoV-2 [32]. This may
370  reflect differences between the Wuhan clinical isolate used in this study as opposed to the USA-
371  WAL/2020 isolate or this may be an artifact of the focus forming assay. Because we find that by
372 gPCR, genome copy number is typically highest in Vero E6 cells, we hypothesize that more
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373  defective or non-infectious virus results from replication in Vero EG6 cells. Additionally, high levels
374  of genome replication in Vero E6 may not correlate with ability to spread laterally in cell culture
375 and form foci. The discrepancy in SARS-CoV-2 replication in these two cell lines warrants further
376  study.

377 Our understanding of the impact of cell type on SARS-CoV-2 entry, replication, assembly,
378 and egress is in its infancy. These gaps in our knowledge were recently made evident by the use
379  of chloroquine and hydroxychloroquine—widely used anti-malarial drugs that create suboptimal
380 conditions for pathogens by raising endosomal pH—in the treatment of COVID-19. These
381 compounds were shown to be effective at preventing SARS-CoV-2 entry in Vero cells [43-45],
382  but were shown to be ineffective as a post-exposure prophylactic in a randomized, double-blind,
383  placebo-controlled clinical trial [46]. It has recently been shown that these compounds are not
384  effective in inhibiting SARS-CoV-2 entry in human lung cell lines (CALU-3) [47]. It is
385 hypothesized that this discrepancy across different cell lines and in patient populations exists
386  because the expression of proteins required for SARS-CoV-2 entry, namely TMPSSR2 and
387  Cathepsin L, is quite different between Vero cells and human lung cells [11, 48]. This scenario
388 underscores the importance of more basic research into susceptible cell types and their suitability
389  for in vitro drug screening, propagation, and quantification.

390 To advance our understanding of the SARS-CoV-2 life cycle in susceptible cell types, we
391  generated multi-step growth curves for a variety of human, simian, and rodent cell types. In most
392  cases, viral replication peaked at 24 HPI in susceptible cell lines and this cell-associated virus was
393  maintained for the duration of the experiment. In many cases, however, the presence of virus in
394  the supernatant did not peak until 72-96 HPI. In the context of the viral replication cycle, our data
395  suggests that genome replication in vitro peaks after just 24 hours, however assembly and egress
396 from infected cells may take as long as 72-96 HPI.

397 While there are conflicting reports concerning the suitability of Huh7 cells for SARS-CoV-
398 2 studies [32, 33] we observed a striking discrepancy was between cell-associated virus within the
399 total RNA and the virus detected within the cell supernatant. As much as 1.1 x 10e copies/pL of
400  cell-associated virus was detectable in RNA isolated from Huh7 cells, but virtually no detectable
401  virus was found in the cell supernatant. This suggested to us that viral entry—and hence the
402  production of cell-associated virus within the total RNA fraction—was independent of successful
403  viral egress. This trend did not hold for RIG-1- deficient Huh 7.5 cells [49], suggesting that viral
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404  egress is interferon (IFN) sensitive. This observation is in accordance with previous studies
405  describing SARS-CoV-2 sensitivity to type | IFNs [50, 51]. Further studies are warranted to
406  determine what factors are necessary and sufficient for viral egress and could therefore serve as
407  potential therapeutic targets.

408 Multiple groups have demonstrated success using golden Syrian hamsters to model SARS-
409 CoV-2 infection, pathogenesis, and possibly transmission [35, 52-54], which may reflect differing
410  susceptibility of hamster cell types based on anatomical location of the isolated cells.

411 We did not observe a strong correlation between ACE2 and viral spike protein levels, nor
412  did we see a strong relationship between viral genome copy and ACE2 mRNA level. Our results
413  suggest that host cell susceptibility to SARS-CoV-2 infection is more complicated than ACE2
414  expression alone, thus warranting further investigation.

415  Quantification of neutralizing antibody by FRNT

416 We have showed by ELISA that convalescent sera sourced from human, non-human
417  primate, and mice infected with SARS-CoV-2 can bind to the RBD of SARS-CoV-2. While the
418  S2 subunit of the SARS-CoV-2 spike protein is highly conserved among betacoronaviruses,
419  previous studies have showed that the RBD within the spike protein of SARS-CoV-2 is unique
420 [16, 55]. In serological studies of SARS-CoV-2, the presence of antibodies binding SARS-CoV-2
421 RBD is considered the most sensitive and specific indicator of previous SARS-CoV-2 exposure.
422  These results increase our confidence that within these polyclonal sera samples are neutralizing
423 antibodies that are specific to SARS-CoV-2, rather than cross-reactivity due prior coronavirus
424  exposure, as has been called into question by some [28, 55, 56].

425 As other labs have noted [57] we observed that binding to SARS-CoV-2 RBD appears to
426  correlate with neutralization capacity, as human samples with a high AUC for RBD binding by
427  ELISA also had lower EC50 values, indicating that low concentrations of sera from these patients
428  were sufficient to neutralize 50% of a standardized amount of virus. We have showed that each of
429  these samples can effectively neutralize SARS-CoV-2 in vitro and that neutralization can be
430 measured via FRNT.

431
432  Conclusions
433 In these studies, we have highlighted the utility of the FFA and FRNT assays in the

434  characterization of the antibody response to SARS-CoV-2. These assays are amenable to
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435 adaptation in a clinical setting to study human disease and in animal model-based approaches of
436  studying SARS-CoV-2 infection. We have also described the replication and viral growth kinetics
437  of SARS-CoV-2 in avariety of immortalized cell lines and showed that these cell lines can support
438 genome replication and viral protein production. Our findings underscore the need for further
439  research into the mechanisms of viral life cycle, immune evasion and basic science while also
440 emphasizing the need for translational research to aid in vaccine development and antiviral drug
441  discovery. The tools described here have practical applications in both the basic science and
442  translational approaches that will be critical in the ongoing effort to slow the COVID-19 pandemic.
443

444  Methods

445  Ethics statement

446  All animal studies were conducted in accordance with the Guide for Care and Use of Laboratory
447  Animals of the National Institutes of Health and approved by the Saint Louis University Animal
448  Care and Use Committee (IACUC; protocol 2771).

449

450  Viruses and Cells

451 SARS-CoV-2 stocks were derived from SARS-CoV-2 (Isolate USA-WA1/2020) from BEI
452  (Catalog #: NR-52281). Virus was passaged two times in Vero E6 cells (ATCC® CRL-1586™)
453  before clarification by centrifugation (3000 rpm for 30 min) and storage at -80°C until further use.
454  For determination of viral titer via focus forming assay, Vero WHO cells (ATCC® CCL-81™)
455  were used. Unless otherwise specified, all cells were cultured in Dulbecco's Modified Eagle
456  Medium (Sigma- D5796-500ML) containing 1% HEPES (Sigma- H3537-100ML) and 5% FBS
457  (Sigma- F0926) at 37°C, 5% CO2 (5% DMEM). AGS and MKN cells were gifted by R. J. DiPaolo.
458  SHHC17 cells were gifted by K. Toth.

459

460  Focus forming assay

461  One day prior to the assay, Vero WHO cells were plated in a 96 well flat bottom tissue culture
462  treated plate. A cell density of ~1.5 x 104 cells per well is ideal, but target confluency is 90-95%
463  onthe day of the assay. For determination of titer of a sample or virus stock, serial 10-fold dilutions
464  of sample were made in a 96-well round bottom plate containing 5% DMEM. Media was then

465  removed from the 96-well flat bottom plate containing the Vero WHO cell monolayer and replaced
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466  with 100uL per well of diluted samples. This plate containing sample dilution on the cell
467  monolayer was placed in an incubator with 37°C, 5% CO:2 for 1 hour. _A solution of 2%
468  methylcellulose (Sigma-M0512-250G) in 1 x PBS was made in advance of the assay and stored at
469  4°C until ready to use. On the day of the assay and during the one-hour infection period, 2%
470  methylcellulose was diluted 1:1 in 5% DMEM and placed on a rocker to mix. The 1%
471  methylcellulose-media mixture (hereby referred to as overlay media) was stored at room
472  temperature until ready to use. After the one-hour infection period, the 96 well plate containing
473  sample dilution and cell monolayer was removed from incubator. Overlay was added to the plate
474 by adding 125 pL of overlay media to each well. This step reduces the uncontrolled spread of virus
475  throughout the monolayer on the well, making it difficult to distinguish individual foci._After the
476  addition of overlay media, the plate was returned to an incubator with 37°C, 5% COz2 for 24 hours.
477  Following the 24 hour incubation, the 96-well plate was fixed in a solution of 5%
478  paraformaldehyde (PFA) diluted in tissue culture grade 1 x PBS. An electron-microscopy grade
479  paraformaldehyde (Fisher, Cat No: EMS-15713-S) is recommended to preserve the integrity of the
480 viral proteins and improve the efficiency of the downstream immunostaining and detection steps.
481  The plate was removed from the incubator and the media containing the overlay and sample was
482  aspirated off. One wash with 150uL of 1 x PBS per well was performed, taking care not to disrupt
483  the cell monolayer. 50uL per well of 5% PFA in PBS was added for the fixing step. With the 5%
484  PFA still in the plate, the plate was submerged in a bath of 5% Formalin buffered phosphate
485  (Fisher: SF100-4) in 1 x PBS for 15 minutes at room temperature. After 15 minutes, the plate was
486  removed from the formaldehyde bath and the 5% PFA removed from the monolayer. One wash
487  with 100uL of 1 x PBS (tissue culture grade) per well was performed. The plate was submerged
488 in abath of 1 x PBS to rinse and removed from BSL-3 containment. _Foci were visualized by an
489  immunostaining protocol. The 96-well plate was first washed twice with 150uL per well of FFA
490  Wash buffer (1 x PBS, 0.05% Triton X-100). The primary antibody consisted of polyclonal anti-
491 SARS-CoV-2 guinea pig sera (BEI: NR-0361) and was diluted 1:15,000 with FFA Staining Buffer
492 (1 xPBS, Img/ml saponin (Sigma: 47036)).Then, 50uL per well of primary antibody was allowed
493  to incubate for 2 hours at room temperature or 4°C overnight. The 96-well plate was then washed
494  three times with 150uL per well of FFA Wash Buffer. The secondary antibody consisted of goat
495  anti-mouse conjugated horseradish peroxidase (Sigma: A-7289) diluted 1:5,000 in FFA Staining
496  Buffer. Similarly, 50uL per well of secondary antibody was allowed to incubate for 2 hours at
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497  room temperature or 4°C overnight. The plate was washed three times with 150uL per well of FFA
498  wash buffer. Finally, 50uL per well KPL Trueblue HRP substrate was added to each well and
499 allowed to develop in the dark for 10-15 minutes, or until blue foci are visible. The reaction was
500 then quenched by two washes with Millipore water and imaged immediately thereafter witha CTL
501 machine to quantify foci.

502

503  Focus reduction neutralization test

504  Briefly, sera samples were diluted 1:40 in 5% DMEM and added to the topmost row of a round
505 bottom 96-well plate. Sera samples were then serially diluted 1:3 down the remainder of the plate
506 in 5% DMEM. An equal volume of SARS-CoV-2 diluted to ~600 FFU/mL (~60 FFU/100uL) was
507 then added to the serially diluted sample, mixed thoroughly, and allowed to incubate at 37°C for
508 1 hour. Then 100pL of SARS-CoV-2+sera mixture was transferred to a Vero WHO cell monolayer
509 (as described in the focus forming assay). From this point, the assay was as described in the focus
510 forming assay section.

511

512  Enzyme-linked immunosorbent assay (ELISA)

513 Binding of human polyclonal sera to recombinant SARS-CoV2 proteins was determined by
514  ELISA. A lug/mL mixture of 50uL per well containing recombinant protein in carbonate buffer
515 (0.1M Na2C030.1M NaHCO3 pH 9.3) was used to coat MaxiSorp (ThermoFisher) 96-well plates
516 overnight at 4°C. Plates were blocked with blocking buffer (PBS + 5%BSA + 0.5% Tween) for 2
517  hours at room temperature the following day and washed four times with wash buffer. Polyclonal
518  sera was serially diluted in blocking buffer prior to plating. Sera was allowed to incubate for 1
519  hour at room temperature and washed four times with wash buffer. Following the one hour
520 incubation, goat-anti-human IgG HRP (Sigma) conjugated secondary (1:5000) was added and
521  allowed to incubate for 1 hour at room temperature. The plate was washed again four times with
522  wash buffer and the ELISA was visualized with 100uL per well of TMB enhanced substrate
523  (Neogen Diagnostics) and allowed to develop in the dark for 15 minutes. A solution of 1N HCI
524  was used to quench the reaction and the plate was read for an optical density of 450 nanometers
525 onaBioTek Epoch plate reader. The total peak area under the curve (AUC) was calculated using
526  GraphPad Prism 8.

527
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528 Isolation of RNA from cell culture and culture supernatants
529 RNA was isolated from cell culture and supernatant using an Invitrogen Purelink RNA mini Kit

530  according to the manufacturer’s instructions.
531

532 RT-gPCR

533  hACE2 expression was measured by qRT-PCR using Tagman primer and probe sets from IDT
534  (assay ID Hs.PT.58.27645939). SARS-CoV-2 viral burden was measured by gRT-PCR using
535 Tagman primer and probe sets from IDT with the following sequences: Forward 5° GAC CCC
536 AAA ATC AGC GAA AT 3’, Reverse 5> TCT GGT TAC TGC CAG TTG AAT CTG 3°, Probe
537 5" ACC CCG CAT TAC GTT TGG TGG ACC 3°. Synthesized hACE2 RNA was used as a copy
538 control to quantify the number of hACE2 molecules present in each sample. Similarly, a SARS-
539 CoV-2 copy number control (available from BEI) was used to quantify SARS-CoV-2 genomes.

540
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558

559

560

561  Figure Legends

562

563  Figure 1. Detection of SARS-CoV-2 by focus forming assay (FFA). (A) Formation of foci using
564 identical dilutions of virus on Vero WHO and Vero EG6 cell types. Briefly, cells were seeded at 1.5
565  x 104 cells/well in a 96-well plate one day prior to the assay. Identical dilutions of SARS-CoV-2
566  were allowed to infect cell monolayer for 1 hour at 37°C, 5% CO:2 before overlay with 2%
567  methylcellulose in 5% DMEM. Following a 24 hour incubation at 37°C, 5% COg, cells were fixed
568 inasolution of 5% paraformaldehyde diluted in 1 x PBS. Foci were visualized via immunostaining
569  with polyclonal guinea pig anti-SARS-CoV-2 sera and goat anti-guinea pig conjugated HRP. KPL
570  Trueblue Substrate was used for development of color and imaged the same day. (B)
571  Quantification by RT-gPCR of SARS-CoV-2 genome copy number at 24 HPI for Vero WHO and
572  Vero E6 cell types. (C) Representative image of difference in foci formation on Vero WHO and
573  Vero EG6 cell types following infection with identical dilutions of SARS-CoV-2. Differing numbers
574  of Vero WHO (D) or Vero E6 (E) cells were seeded in 96-well plates and infected with identical
575  dilutions of SARS-CoV-2 to determine the impact of on mean spot count per well. (F) Foci
576  formation using identical dilutions of SARS-CoV-2 on different cell densities of Vero WHO cells.
577  Impact of 20, 24, 48, and 72 hour incubation times on foci size (G) and formation (H) in a SARS-
578 CoV-2 focus forming assay with 1.5 x 104 cells seeded per well. (I) Representative images of
579 identical dilutions of SARS-CoV-2 foci following 24, 48, and 72 hour incubation periods. Data
580 displayed are the results of two independent experiments.

581

582  Figure 2. Viral replication and growth kinetics in immortalized cell lines. (A) SARS-CoV-2
583  genome copy number per pL as determined by RT-qPCR for human and non-human primate cell
584 lines infected with SARS-CoV-2 at a MOI = 0.05 and sampled at 24-hour intervals. Total cellular
585 RNA was extracted and normalized to a RNaseP control as well as a virus copy control. (B) SARS-
586 CoV-2 genome copy number per uL as determined by RT-gPCR for the culture supernatants of
587  human and non-human primate cell lines infected with SARS-CoV-2 at a MOI = 0.05 and sampled
588  at 24-hour time intervals and normalized to a virus copy control. (C) SARS-CoV-2 genome copy
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589  number per pL as determined by RT-gPCR for rodent cell lines infected with SARS-CoV-2 at a
590 MOI =0.05 and sampled at 24-hour time intervals. Total cellular RNA was extracted using $kit$
591  according to manufacturer specifications and normalized to a GAPDH control as well as a virus
592  copy control. Vero WHO cells are included for comparison. (D) SARS-CoV-2 genome copy
593  number per pL as determined by RT-gPCR for the culture supernatants of rodent cell lines infected
594  with SARS-CoV-2 at a MOI = 0.05 and sampled at 24-hour time intervals and normalized to a
595  virus copy control. Vero WHO cell supernatant is included for comparison. (E) SARS-CoV-2
596  genome copy number per pL as determined by RT-qPCR for human gastric adenocarcinoma cell
597 lines infected with SARS-CoV-2 at a MOI = 0.05 and sampled at 24-hour time intervals. Total
598 cellular RNA was extracted using $kit$ according to manufacturer specifications and normalized
599 toa GAPDH control as well as a virus copy control. Vero WHO cells are included for comparison.
600 (F) SARS-CoV-2 genome copy number per puL as determined by RT-gPCR for the culture
601 supernatants of human gastric adenocarcinoma cell lines infected with SARS-CoV-2 at a MOI =
602  0.05 and sampled at 24-hour time intervals and normalized to a virus copy control. Vero WHO

603  cell supernatant is included for comparison.

604

605  Figure 3. Cell lines expressing angiotension converting enzyme 2 (ACE2) and SARS-CoV-2 spike
606 protein

607

608  Figure 4. Quantification of neutralizing antibodies to SARS-CoV-2 in human and animal models
609 of infection. (A) Inhibition of SARS-CoV-2 by three human subjects (HS_1, HS 2, and HS_3)
610 >14 days post positive RT-qPCR test for SARS-CoV-2. The non-human primate sample (NHP_1)
611  was taken from a pool of Rhesus macaques >14 days post inoculation with SARS-CoV-2 CDC
612 isolate. The three mouse samples (MS_A, MS_B, MS_C, MS_D) were collected from IFNAR-/-
613 mice on a C57BL/6 background 10 days post i.v. and i.n. inoculation with SARS-CoV-2.
614  Neutralization capacity was measured by mixing serially diluted sera with a standardized amount
615 of virus (~60 FFU) and allowed to incubate for 1 hour at 37°C, 5% CO2 before allowed to infect a
616  cell monolayer as described in Figure 1. Inhibition of SARS-CoV-2 infection was normalized to a
617 PBS control containing no sera. (B) The FRNTso value as determined by focus reduction

618 neutralization test. Dashed line indicates limit of detection. (C) Area under the curve (AUC) for
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619  binding to recombinant receptor binding domain (RBD) protein from SARS-CoV-2 for human,

620  non-human primate, and mouse sera samples previously described.
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