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. Abstract

> Viruses increase the efficiency of close-range transmission between cells by manipulating
3 cellular physiology and behavior, and SARS-CoV-2 uses cell fusion as one mechanism for
4 cell-to-cell spread. Here we visualized infection using time-lapse microscopy of a human
5 lung cell line and used live virus neutralization to determine the sensitivity of SARS-CoV-
s 2 cell-to-cell spread to neutralizing antibodies. SARS-CoV-2 infection rapidly led to cell
7 fusion, forming multinucleated cells with clustered nuclei which started to be detected at 6h
s post-infection. To compare sensitivity of cell-to-cell spread to neutralization, we infected
o either with cell-free virus or with single infected cells expressing on their surface the
1 SARS-CoV-2 spike protein. We tested two variants of SARS-CoV-2: B.1.117 containing
n only the D614G substitution, and the escape variant B.1.351. We used the much smaller
1 area of single infected cells relative to infection foci to exclude any input infected cells
13 which did not lead to transmission. The monoclonal antibody and convalescent plasma
1 we tested neutralized cell-free SARS-CoV-2, with the exception of B.1.351 virus, which
15 was poorly neutralized with plasma from non-B.1.351 infections. In contrast, cell-to-
15 cell spread of SARS-CoV-2 showed no sensitivity to monoclonal antibody or convalescent
17 plasma neutralization. These observations suggest that, once cells are infected, SARS-
18 CoV-2 may be more difficult to neutralize in cell types and anatomical compartments
1v permissive for cell-to-cell spread.

» Introduction

xn If exposure to a virus leads to some cellular infection, infected cells may infect other cells by interacting
2 with them. This happens with multiple virus types [1]. In HIV, cell-to-cell spread involves a virological
23 synapse [2, 3] and is less sensitive to antiretroviral therapy [4] and neutralizing antibodies [5, 6]. A
2 low level of inhibitor was shown to be able to clear infection before but not after the first cells were
»s  infected [7].In SARS-CoV-2 infection, the virus causes major changes in cytoskeleton regulation [8] and
% cell fusion has been observed to be a mechanism of cell-to-cell spread in vitro [9].Fusion is mediated
2 by the binding of the SARS-CoV-2 spike glycoprotein on the cell surface with the cellular angiotensin-
2 converting enzyme 2 (ACE2), the target of spike, on yet uninfected cells. This process is restricted by
2 the interferon pathway and enhanced by the host TMPRSS2 serine protease [9]. Furthermore, spike
s has two subunits (S1 and S2) with a host furin protease required for cleavage which results in S protein
s activation. The cleavage of the S1/S2 site has been reported to be necessary for SARS-CoV-2 mediated
» formation of cellular syncytia and infection of lung cells [10]. Syncytia are one hallmark of SARS-CoV-
13 2 pathology [11, 12, 13], showing that this mechanism of cell-to-cell spread operates in vivo in some
% environments.

3 Antibody mediated neutralization of SARS-CoV-2 is a key immune response in Covid-19 disease and
s is predictive of immune protection [14, 15], with 50% protection from infection achieved at about 20%
» of mean convalescent antibody levels [14]. The SARS-CoV-2 spike on the virion binds to cell surface
;s ACE2 through the receptor binding domain (RBD) region of spike [16]. The RBD is the main target
s of neutralizing antibodies elicited by SARS-CoV-2 infection, with additional neutralizing antibodies
w directed at the N-terminal domain (NTD) of spike [17, 18].

a South Africa had two SARS-CoV-2 infection waves to date, with a possible third wave starting as
« this work is written (https://coronavirus.jhu.edu/map.html). The first wave (peak July 2020) consisted
s of viral variants with the D614G mutation (referred here as D614G). These variants were replaced by
s the B.1.351 variant in the second South African infection wave (peak January 2021). This variant has
s the L18F, K417N, E484K, and N501Y mutations in the NTD and RBD of spike, as well as a deletion
s in the NTD [19]. B.1.351 has been shown to escape neutralization by convalescent plasma elicited by
« mnon-B.1.351 infections, as well as reduce the potency of vaccine elicited neutralization [20, 21, 22, 23,
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w24, 25,26, 27, 28, 29, 30]. However, plasma immunity elicited by B.1.351 infection can effectively cross-
w0 neutralize the earlier variants which express the D614G mutation but not the cardinal mutations of
so B.1.351 [20, 31]. The live virus neutralization assay (LVNA) performed by us and by others uses the
st African green monkey VeroE6 cell line [32]. While this cell line can be used to read out the number of
52 SARS-CoV-2 infectious units, how well it reproduces human cell behavior in SARS-CoV-2 transmission
53 between cells is currently not well understood.

54 Here, we used a human lung cell line to visualize SARS-CoV-2 cell-to-cell spread by timelapse
55 microscopy and investigate the effect of cell-to-cell spread on the sensitivity of SARS-CoV-2 infection
s to neutralizing antibodies, where infection was with either with a D614G or the B.1.351 variant.

57 SARS-CoV-2 was able to rapidly induce cell fusion resulting in multi-nuclear cellular syncytia with
s clustered nuclei. Cell-free SARS-CoV-2 infection was neutralized with a monoclonal antibody and both
so  D614G-elicited and B.1.351-elicited convalescent plasma, although in agreement with previous results
e B.1.351 virus was poorly cross-neutralized by D614G-elicited plasma. In contrast, neither the mAb, nor
s any plasma/variant combination, was effective at reducing cell-to-cell spread of SARS-CoV-2. These
e results may indicate that SARS-CoV-2 may use cell-to-cell spread to reduce sensitivity to neutralizing
es antibodies, which may delay viral clearance in environments permissive for this infection mode.

« Results

s Rapid formation of syncytia upon SARS-CoV-2 infection

e We engineered a human lung cell line which can be productively infected by SARS-CoV-2 and where cell
e nuclei can be visualized by fluorescent microscopy. We used the H1299 non-small lung cell carcinoma
s line, labelled using a CD-tagging approach [33]. We used a clone of the cell line with a yellow fluorescent
s protein (YFP) labeled histone, leading to fluorescent labelling of the nucleus without overexpression of
7 the fluorescent tag. We then stably expressed the ACE2 receptor in these cells and selected cell clones
n which were infectable with SARS-CoV-2 (H1299-ACE2, Figure S1).
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Figure 1: SARS-CoV-2 infected cells fuse to form multinucleated cellular structures with clustered
nuclei. (A) Phase contrast (first row), YFP fluorescence (second row), and overlay images (third row) of infected
cells, where cell nuclei express YFP. Red in the overlay image denotes nuclei detected as clustered by automated
image analysis, while green denotes nuclei detected as non-clustered. Time of image post-infection is on the
top right of the phase image as hours:minutes, bar is 50um. (B) Percent of nuclei in multi-nucleate cells as a
function of time. Shown are the mean and standard deviation for infected cells (red) versus uninfected cells
(blue). (C) Number of nuclei through time in the timelapse movie. Shown are the mean and standard deviation
of the absolute number of nuclei per experiment. Three independent experiments were performed, where each
experiment used a different clone of H1299-ACE2 cells.

7 We performed time-lapse microscopy of live SARS-CoV-2 infection in Biosafety level 3 containment
7 to visualize and quantify cell-to-cell spread of SARS-CoV-2. Addition of a suspension of single infected
u cells to uninfected cells led to the formation of syncytia (Figure 1A top panel, Movie 1) which did not
75 occur in the absence of infection (movie 2). Syncytia showed distinct nuclear organization, with nuclei
7 often becoming clustered in a ring (Figure 1A, middle and bottom panels. movie 3). This was not
7 observed in uninfected cells even at high cell density (movie 4). We used automated image analysis
s to detect clustered nuclei (Figure S2). The analysis showed that clustering of nuclei within a multi-
7 nucleated cell occurred in a subset of cells upon SARS-CoV-2 infection, reaching about 20% of nuclei by
s 36 hours post-infection (Figure 1B). Unlike uninfected cells, there was little cell division in the infected
s cell culture, as shown by the constant number of nuclei detected over time (Figure 1C). The process of
& cell syncytia formation was detectable approximately 6 hours post-infection, consistent with the rapid
&3 infection cycle of this virus [34].
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u SARS-CoV-2 cell-to-cell spread loses sensitivity to neutralization by a monoclonal antibody

s To compare SARS-CoV-2 cell-free infection versus cell-to-cell spread, we used as the infection source
s either filtered supernatant from infected VeroE6 cells, or a single cell suspension of H1299-ACE2 cells
ez infected with the filtered VeroE6 cell supernatant. Virus used was an isolate from the B.1.1.117 lineage
ss  which contains the D614G substitution [20] and is referred to here as D614G.

89 For cell-to-cell spread, cells were infected by cell-free virus for 16 hours before they were used as the
o infecting donor cells (Materials and Methods). We validated that spike was expressed on the cell surface
o of input infected cells by anti-spike antibody labelling of non-permeabilized cells (Figure S3), and that
e we were infecting with single infected cells (Materials and Methods and see below). Allowing the cell
o3 suspension to stand for 5 minutes after trypsinization and re-suspension of cells in media was sufficient
o to separate cell syncytia from the single infected cells to be used as the infection source. We used a
s live virus neutralization assay (LVNA), quantified by counting the number of focus forming units in a
s multiwell plate [32, 20] in H1299-ACE2 cells. These cells had well defined foci that were similar to those
or  observed in African Green Monkey VeroE6 cells generally used for LVNA, except that the H1299-ACE2
e cells were more sensitive to infection with the same stock of virus (Figure S4). Interestingly, in contrast
9 to VeroE6 cells, focus size did not increase with B.1.351 relative to D614G infection in H1299-ACE2
wo  cells.

101 We first used the Genscript BS-R2B2 rabbit monoclonal neutralizing antibody (referred to here by
02 its catalog number, A02051) to neutralize infection (Figure 2). We have previously shown that this
13 monoclonal antibody effectively neutralized cell-free virus [20]. We mixed the virus or infected cells
1s  with serially diluted antibody for 1 hour, then added the mixture to H1299-ACE2 cells and counted
s infection foci after 24 hours using automated image analysis (Figure 2A, Materials and Methods). We
s visualized the infecting cells 2 hours post-addition (Figure 2B, images on left) versus the foci formed 24
07 hours post-infection (Figure 2B, images on right). Foci were much larger than the input infected cells
s (Figure 2B bar graph), allowing us to select out by image analysis any input cells which did not lead to
0o infection foci (Materials and Methods).

110 Visual inspection showed that while cell-free infection was sensitive to neutralization by the mAb,
w  cell-to-cell spread was not (Figure 2C). We normalized the number of foci to the number of foci in the
uz absence of plasma on the same plate to obtain the transmission index (Tx, [4, 20]). This controls for
u3  experimental variability in the input virus dose between experiments. We plotted the data for each
us neutralization experiment as percent neutralization ((1 — T'z) x 100%, with values below 0 set to 0.
us  We fitted the data to a sigmoidal function with the antibody concentration required to inhibit 50% of
us infection (ICsg) as the only free parameter (Materials and Methods). For cell-free infection, IC5¢=47.4
ur ng/ml (95% CI 34.5 to 60.2 ng/ml). In contrast, there was no detectable neutralization by the mAb of
us  cell-to-cell spread (Figure 2D).

19 SARS-CoV-2 cell-to-cell spread is not neutralized by convalescent plasma

120 We next proceeded to test neutralization of virus from plasma of convalescent participants. Five plasma
121 samples were from participants infected during South Africa’s first infection wave, peaking in July 2020
122 and consisting of viral variants that usually showed the D614G substitution but had none of the defining
123 mutations of B.1.351. Another 6 plasma samples were from participants infected in South Africa’s second
124 wave, peaking in January 2021, when the circulating variant was B.1.351. The infecting virus of most
125 participants was verified by sequencing.
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Figure 2: Insensitivity of SARS-CoV-2 cell-to-cell spread to a monoclonal neutralizing antibody.
(A) Experimental design. A blood draw and nasopharyngeal/oropharyngeal swab was performed on study
participants. Outgrown virus from nasal swabs (D614G or B.1.351) was used to infect H1299-ACE2 cells.
Either H1299-ACE2 infected cells or cell-free virus was used as the infection source. Convalescent plasma and a
commercial monoclonal antibody A02051 were tested for neutralization capacity using a live virus neutralization
assay which detects the number of infection foci. (B) Size differences between input infected cells 2 hours post-
addition and foci 24 hours post-infection . Three representative fields of view are shown for the input infected
cells (left images) or multi-cell infection foci (middle images) stained with an anti-spike antibody. Bottom image
is the masked image showing the labelled infected cell or focus as white. Scale bar is 0.2mm. Bar plot shows
automatically detected input infected cell and focus size. Results are from 10 fields of view for input infected
cells and 5 fields of view for foci. (C) Focus number in cell-free (top panels) and cell-to-cell infections (bottom
panels) in the presence of A02051. Antibody concentration used is above each set of two images. Scale bar is
2mm. (D) Quantified % neutralization. Points are means and SEM from 3 independent experiments.
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126 As with the mAb, we mixed the virus or infected cells with serially diluted plasma, then added the
12z mixture to H1299-ACE2 cells and counted infection foci after 24 hours. Plasma samples were tested
s at serial dilutions ranging from 1:25 to 1:1600. Our previous work showed that neutralization values
129 in different convalescent plasma donors for a given plasma dilution reasonably approximated a normal
o distribution [20] and we therefore present the mean neutralization across donors (Figure 3A-B). As an
w1 alternative, we also present the results from individual donors and their geometric mean (Figure 3C-
1 D). Neutralization for each plasma donor or across donors is represented by the 50% plaque reduction
1 neutralization titer (PRNTso, [35]), the reciprocal of the plasma dilution required for 50% neutralization.
134 Therefore, a higher number denotes stronger neutralization capacity.
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Figure 3: SARS-CoV-2 cell-to-cell spread is insensitive to neutralization by convalescent plasma
(A) Neutralization by first South African infection wave, D614G-elicited plasma of cell-free infection (green) and
cell-to-cell spread (orange). Infecting virus was either D614G (left panel) or B.1.351 (right panel). (B) Neu-
tralization by second South African infection wave, B.1.351-elicited plasma of cell-free infection and cell-to-cell
spread. Infecting virus was either B.1.351 (left panel) or D614G (right panel). For (A) and (B), points represent
mean and SEM of plasma from 5 (A) or 6 (B) study participants, with two independent experiments performed
per participant, and curves represent the sigmoidal fits. (C) PRNT5o of individual participants with D614G
elicited plasma when neutralizing D614G cell-free or cell-to-cell infection (left panel) or with B.1.351 elicited
plasma when neutralizing B.1.351 cell-free or cell-to-cell infection (right panel). (D) PRNTso of individual
participants with D614G elicited plasma neutralizing cell-free D614G or B.1.351 infection (left panel) or with
B.1.351 elicited plasma neutralizing cell-free D614G or B.1.351 infection (right panel). Fold-change shown in
(C) and (D) is the geometric mean of the fold-change per participant between cell-free and cell-to-cell infection
(C) or between the homologous virus and the heterologous, cross-neutralized virus (D). p-values are *0.05-0.01
and **0.01-0.001 by the non-parametric Wilcoxon rank sum test.

135 When cell-free D614G virus was used as the infection source, the PRNT5y combined across partici-
s pants was 328.4 (95% CI 290.6-377.4). In contrast, the PRNTsq for cell-to-cell spread was 3.6 with 95%
1w CI of 2.2-8.7 (Figure 3A, left plot). The value for cell-to-cell spread is an extrapolation, given that our
138 most concentrated plasma dilution was 1:25.
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139 Neutralization capacity of D614G infection elicited convalescent plasma was strongly attenuated with
1o cell-free B.1.351 virus (Figure 3A, right plot), consistent with our previous results in the VeroE6 cell line
1w [20] and the results of others [21, 22, 23, 24]. PRNT5 across participants was 12.1 (95% CI 6.6-71.3).
12 Cell-to-cell spread reduced PRNT5q to undetectable (Figure 3B, left plot).

143 PRNT;5o for neutralization by B.1.351 elicited plasma of B.1.351 cell-free virus was 119.1 (90.4-
s 174.8). Cell-to-cell spread reduced the PRNT5, to undetectable, given the uncertainty of the fit (Figure
s 3B, left plot). Cross-neutralization of the cell-free D614G variant with B.1.351 elicited plasma showed
us a PRNTsg of 43.7. PRNTsq for cell-to-cell spread was undetectable.

147 The analysis of neutralization capacity per participant showed very similar trends to the combined
us data. The PRNTj5 for neutralization of D614G virus with D614G-elicited plasma ranged between 227.7
1o to 458.9 (geometric mean 333.9), and dropped 86-fold with cell-to-cell spread (Figure 3C, left plot). The
150 PRNT}sg for neutralization of B.1.351 virus with B.1.351-elicited plasma ranged between 33.0 to 300.2
1 (geometric mean 119.8), and dropped 32-fold with cell-to-cell spread (Figure 3C, right plot).

152 Comparison of cell-free infection in H1299-ACE2 cells showed that B.1.351 was poorly cross-neutralized
153 with D614G-elicited plasma. PRNT5o values for cross-neutralization ranged from 3.8 to 14.2, with a
15a geometric mean of 8.3, a 40-fold drop. In contrast, B.1.351-elicited plasma did not show as large of
155 a decrease in neutralization capacity when neutralizing D614G virus (range: 8.2-82.8, geometric mean
s 41.3) with a fold-change of about 3.

w  IDiscussion

158 We have shown that SARS-CoV-2 infection originating in infected cells is insensitive to neutralizing
159 antibodies. The importance of these results lies in the fact that in natural immunity, the antibody
1o Tresponse requires several weeks to reach its peak [36]. Given the rapid infection cycle of SARS-CoV-
11 2 [34], neutralization in natural infection very likely occurs after cells have been infected. If active
12 infection is still present, neutralization may not be effective to the same degree in all infected cell types
1 and anatomical compartments because of cell-to-cell spread of SARS-CoV-2. T cell immunity [37] to
s SARS-CoV-2 may be required clear compartments refractory to neutralization .

165 Unlike natural infection, the antibodies elicited by a vaccine should be present before the exposure
166 to the virus. A vaccine eliciting a strong neutralizing antibody response which lasts for months could
17 potentially clear the cell-free infection before it infects cells or cells capable of cell-to-cell spread. If
s lower neutralization capacity is elicited by the vaccine, some cells could be infected, since any vaccine
1o mediated T cell immunity would target infected cells, not the transmitted virus, and therefore some
o cellular infection would need to occur. Therefore, syncytia formation could potentially happen.

1 A caveat to our results is that we used a human cancer cell line, and modified it to express ACE-2.
1 However, syncytia are a common feature of SARS-CoV-2 lung pathology [11, 12, 13], showing that
73 the cell fusion mechanism of cell-to-cell spread operates in this environment. We used infected cells
s after they already expressed the SARS-CoV-2 spike protein on the cell surface, providing a target for
s neutralization. Despite this, there was no appreciable neutralization.

176 Both the earlier D614G variant and the B.1.351 variant showed similar insensitivity of cell-to-cell
w7 spread in D614G and B.1.351 elicited plasma, indicating that the insensitivity of cell-to-cell spread to
s neutralization is not specific to the infecting variant or the elicited neutralizing antibodies. We have
o also verified previous observations about the drop in B.1.351 neutralization by non-B.1.351 elicited
10 plasma in the H1299-ACE2 human lung cell system, as well as the cross-neutralization of D614G by
11 B.1.351-elicited plasma. Interestingly, in these experiments, neutralization of B.1.351 by its matched
122 plasma was weaker than neutralization of D614G by its matched plasma. Despite the overall weaker
13 neutralization capacity, the B.1.351-elicited plasma could still effectively cross-neutralize, showing that
18a  cross-neutralization is not necessarily linked to absolute neutralization capacity.

185 Like with other viruses, cell-to-cell spread of SARS-CoV-2 may prove to play a role in pathology and
16 possibly persistence. Future vaccine and therapeutic strategies should consider approaches to minimize
17 this mode of transmission.
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s Material and Methods

1w Ethical statement

1o Nasopharyngeal /oropharyngeal swab samples and plasma samples were obtained from 11 hospitalized
1 adults with PCR-confirmed SARS-CoV-2 infection enrolled in a prospective cohort study approved
12 by the Biomedical Research Ethics Committee (BREC) at the University of KwaZulu-Natal (reference
s BREC/00001275/2020). The D614G and B.1.351 isolates were outgrown from a swab taken as part of the
e cohort study (D614G) or from a residual nasopharyngeal /oropharyngeal sample used for routine SARS-
s CoV-2 diagnostic testing through our SARS-CoV-2 genomic surveillance program (BREC approval
s reference BREC/00001510/2020).

ww Data and code availability statement

18 Sequence data that support the findings of this study have been deposited in GISAID.

199 Cells

20 Vero E6 cells (ATCC CRL-1586, obtained from Cellonex in South Africa) were propagated in complete
20 DMEM with 10% fetal bovine serum (Hylone) containing 1% each of HEPES, sodium pyruvate, L-
22 glutamine, and non-essential amino acids (Sigma-Aldrich). Cells were passaged every 3-4 days. H1299
23 and H1299 subclones were propagated in complete RPMI with 10% fetal bovine serum containing 1%
s each of HEPES, sodium pyruvate, L-glutamine, and non-essential amino acids and and passaged every
25 second day. HEK-293 (ATCC CRL-1573) cells were propagated in complete DMEM with 10% fetal
26 bovine serum containing 1% each of HEPES, sodium pyruvate, L-glutamine, and non-essential amino
207 acids and and passaged every second day.

x Single cell cloning to create H1299-ACE2 clones

200 The H1299-H2AZ clone with nuclear labelled YFP was constructed to overexpress ACE2 as follows:
a0 VSVG-pseudotyped lentivirus containing the human ACE2 was generated by co-transfecting 293T cells
an - with the pHAGE2-EF1alnt-ACE2-WT plasmid along with the lentiviral helper plasmids HDM-VSVG,
22 HDM-Hgpm2, HDM-tat1b and pRC-CMV-Rev1b using TransIT-LT1 (Mirus) transfection reagent. Su-
213 pernatant containing the lentivirus was harvested two days after infection, filtered through a 0.45um
ae filter (Corning) and used to spinfect H1299-H2AZ at 1000 rcf for 2 hours at room temperature in the
a5 presence of 5 ug/mL polybrene (Sigma-Aldrich). ACE-2 transduced H1299-H2AZ cells were then sub-
26 cloned at the single cell density in 384-well plates (Greiner Bio-One) in conditioned media derived from
a7 H1299 confluent cells. After 3 weeks, wells that had good growth of cell were trypsinized (Sigma-Aldrich)
28 and plated in two replicate 96-well plates (Corning), where the first plate was used to determine infec-
a0 tivity and the second was stock. The first plate was screened for the fraction of mCherry positive cells
20 per cell clone upon infection with SARS-CoV-2 mCherry expressing spike pseudotyped lentiviral vector
a1 1610-pHAGE2/EF1a Int-mCherry3-W produced by transfecting as above. Screening was performed
22 using a Metamorph-controlled (Molecular Devices, Sunnyvale, CA) Nikon TiE motorized microscope
23 (Nikon Corporation, Tokyo, Japan) with a 20x, 0.75 NA phase objective, 561 laser line, and 607 nm
24 emission filter (Semrock, Rochester, NY). Images were captured using an 888 EMCCD camera (Andor).
25 Temperature (37°C), humidity and CO2 (5%) were controlled using an environmental chamber (OKO
26 Labs, Naples, Italy). The three clones with the highest fraction of mCherry expression was expanded
27 from the stock plate and denoted H1299-C1, H1299-C7 and H1299-E3.

» Time-lapse microscopy

2o To produce infected donor cells, the three subclones of H1299 (C1, C7 and E3) were seeded at 4 x 10°
a0 cells/ml 1 day pre-infection. D614G virus was then added to the cells and cells were incubated for 16
an hours. On the same day as the donor cell infection, target cells (H1299-C1, -C7 and -E3) were seeded
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x at 20 x 10% cells/ml, in a total of 3ml, into duplicate wells of a fibronectin (Sigma-Aldrich) coated
a3 6-well optical plate (MaTek). 18 hours post target cell seeding and donor cell infection, infected donor
2 cells were trypsinized, resuspended at 20 x 10* cells/ml and added to the matched target cells at a 1:20
25 dilution. For time-lapse microscopy, donor-target infections were imaged in tandem using a Metamorph-
26 controlled Nikon TiE motorized microscope with environmental control as above in a biosafety level 3
2 facility. Excitation source was 488 laser line and emission was detected through a Semrock Brightline
2 quad band 440-40 /521-21/607-34/700-45 nm filter. For each well, four fields of view were captured
20 every 10 minutes for a total of 46 hours.

«0 Image analysis of multinucleated H1299-ACE2 cells in time lapse microscopy
1 images

22 Timelapse microscopy images were analysed using custom Matlab script. Fluorescently labelled nuclei
23 in the YFP channel were used to quantify the nucleation state of cell lines (Figure S2). Background
24 illumination signal in the YFP fluorescent channel was removed by subtracting 10% of maximum flu-
s orescence from the image. Fluorescent signal from YFP labelled nuclei was then used to generate a
xus binary mask and select individual nucleus objects in each image. Each nucleus object was categorized
27 as multi-nucleate or uni-nucleate based on the maximum area of a single nucleus. The maximum area,
xus  of a single nucleus, for each cell line was determined by identifying the largest single nucleus (by pixel
20 area) in the uninfected controls. Each nucleus object was also assigned a size value relative to the
0 average size of a single nucleus for a cell line. The average nucleus size (by pixel area), per cell line, was
s calculated from single nuclei in uninfected controls. Data generated in this way was graphed in R using
2 the ggplot2 package. Data from all three cell lines was used to calculate mean and standard deviation
»3  of the percentage of nuclei that were multi-nucleate at each timepoint, as well as the number of nuclei
»sa - at each timepoint for infected and uninfected cells.

= Isolation of plasma from blood

6 Plasma was separated from EDTA-anticoagulated blood by centrifugation at 500 rcf for 10 minutes and
s stored at -80°C. Aliquots of plasma samples were heat-inactivated at 56°C for 30 minutes, and clarified
s by centrifugation at 10,000 rcf for 5 minutes, where the clear middle layer was used for experiments.
»9  Inactivated plasma was stored in single use aliquots to prevent freeze-thaw cycles.

w0 LVNA using focus forming assay

1 To quantify neutralization of virus either in cell-free or cell-to-cell infections, H1299-C7 cells were plated
22 in an 96-well plate (Corning) at 30,000 target cells per well 1 day pre-infection. Importantly, before
%3 infection approximately 5ml of sterile water was added between wells to prevent more drying of wells at
x4 the edge of the plate which we have observed to cause edge effects. For the neutralization, plasma was
%5 serially diluted two-fold from 1:25 to 1:1600, where this is the concentration during the virus-plasma/
x6  infected donor cell-plasma incubation step before addition to target cells. Donor cells were prepared
%7 by infecting cells 1 day pre-infection with either D614G or B.1.351 virus. Briefly, virus was added to
s donor cells seeded at 4 x 105 cells/ml and incubated for 16 hours. These infected donor cells were
w0 trypsinized, spun down at 300 rcf for 3 minutes and resuspended at 20 x 10% cells/ml in fresh growth
20 medium - calibrated to result in approximately 100 focus-forming units (FFU) per microwell in the
o target cell plate. Before addition to target cells, the cell suspension was allowed to stand for 5 minutes
a2 to separate cell syncytia from the single infected cells to be used as the infection source. The cell
a3 suspension excluding precipitated cell syncytia and debris was validated using a microscope to contain
2 only single cells and used for the cell-to-cell infections. Virus stocks (for cell-free infections) were used
a5 at approximately 100 focus-forming units (FFU) per microwell. Both donor cells and virus were added
as to diluted plasma. The antibody-virus or antibody-donor cell mixtures were incubated for 1 hour at
o 37°C, 5% CO2. Target cells were infected with 100uL (1:2 of final volume) of the antibody-virus or
s antibody-donor cell mixtures for one hour, to allow adsorption of virus. Subsequently, 100uL of a 1x

10
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a0 RPMI 1640 (Sigma-Aldrich R6504), 1.5% carboxymethylcellulose (Sigma-Aldrich C4888) overlay was
20 added to the wells without removing the inoculum. Cells were fixed at 24 hours post-infection using 4%
s paraformaldehyde (Sigma-Aldrich) for 20 minutes. For staining of foci, a rabbit anti-spike monoclonal
22 antibody (mAb BS-R2B12, GenScript A02058) was used at 0.5ug/mL as the primary detection antibody.
23 Antibody was resuspended in a permiabilization buffer containing 0.1% saponin (Sigma-Aldrich), 0.1%
2 BSA (Sigma-Aldrich), and 0.05% tween (Sigma-Aldrich) in PBS. Plates were incubated with primary
s antibody overnight at 4°C, then washed with wash buffer containing 0.05% tween in PBS. Secondary
26 goat anti-rabbit horseradish peroxidase (Abcam ab205718) was added at 1 pg/mL and incubated for
27 2 hours at room temperature with shaking. The TrueBlue peroxidase substrate (SeraCare 5510-0030)
s was then added at 50uLs per well and incubated for 20 minutes at room temperature. Plates were then
250 dried for 2 hours and imaged using a Metamorph-controlled Nikon TiE motorized microscope with a 2x
20 objective (Nikon). Automated image analysis was performed using a Matlab2019b (Mathworks) custom
2 script, where focus detection was automated and did not involve user curation. Image segmentation
22 steps were stretching the image from minimum to maximum intensity, local Laplacian filtering, image
203 complementation, thresholding and binarization.

= Statistics and fitting

25 All statistics and fitting were performed using Matlab2019b. Neutralization data was fit to

206 Here Tx is the number of foci normalized to the number of foci in the absence of plasma on the
27 same plate at dilution D. To visualize the data, we used percent neutralization, calculated as (1-Tx) X
28 100%. Negative values (Tx>1, enhancement) were represented as 0% neutralization. Fit to a normal
209 distribution used Matlab2019b function normplot, which compared the distribution of the Tx data to
w0 the normal distribution (see https://www.mathworks.com/help/stats/normplot.html).

= ACE2 antibody staining

50 H1299-C7 cells were seeded at 4 x 105 cells/ml, in a total of 3 ml, into wells of a 6-well optical plate
w3 (Matek), 1 day prior to staining. For staining with ACE2, cells were washed twice with DPBS and then
s0 fixed with 2 mL/well 4% paraformaldehyde (Sigma-Aldrich) for 30 minutes. The paraformaldehyde was
w05 removed and cells were washed three times with DPBS. Primary ACE-2 antibody (Abcam ab272690)
w5 was added to cells at a concentration of 2.5 pg/mL in an antibody staining solution composed of
sor 1% Bovine Serum Albumin (Sigman-Aldrich) in DPBST. Cells were incubated with ACE2 antibody
s overnight at 4°C with rocking. Cells were then washed three times with DPBS and incubated with
s secondary antibody, goat anti-rabbit IgG Alexa Fluor 555 (Abcam ab150078) at a concentration of 4
a0 pg/mL in an antibody staining solution made up of 1% Bovine Serum Albumin (Sigman-Aldrich) in
su DPBST. The nuclear DAPI stain (Sigma-Aldrich) was used to counter-stain nuclei and added to the
a2 cells at a 0.5 pg/mL. For imaging, a Metamorph-controlled Nikon TiE motorized microscope with a
a3 60x oil immersion objective, 0.75 NA phase objective was used. Excitation source was 515 (Alexa Fluor
s 555) and 405 (DAPI) laser lines and emission was detected through a Semrock Brightline quad band
as  440-40 /521-21/607-34/700-45 nm filter. Images were captured using an 888 EMCCD camera (Andor).
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Figure S1: Generation of the H1299-C1, -C7 and -E3 clonal cell lines. (A) The H1299 epithelial cell
line with YFP labelled H2AZ was spinfected with the pHAGE2-EF1a-Int-ACE2 lentivector. Cells were single
cell cloned by limiting dilution in a 384 well plate. Clones were expanded into duplicate 96-well plates, where
one plate was used for seeding and the other plate was used to select infectable clones based on mCherry signal
from infection with SARS-CoV-2 mCherry expressing spike pseudotyped lentivirus. (B) Flow cytometry plots
of SARS-CoV-2 mCherry expressing spike pseudotyped lentivirus infection in H1299-C7 cells. (C) Images of

H1299-C7 cells stained with ACE2 and

DAPI. Scale bar is 50pum.
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Figure S2: Schematic overview of multinucleate image analysis. (A) Images of fluorescently labelled
nuclei were loaded into Matlab and a (B) binary mask was generated to separate individual nuclei objects. (C)
An object was classified as multinucleate (red) if the object’s area was larger than the maximum determined
size for a single nucleus, and uni-nucleate (green) otherwise. (D) The number of nuclei in each object was then
determined by comparing it to the average area of a single nucleus.
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Figure S3: Surface expression of spike on input infected donor cells. Cells were infected by cell-free
virus for 16 hours before they were used as the infecting donor cells. Infected donor cells were trypsinized
and added to target cells. Donor-target cell mixture was fixed and stained with rabbit anti-spike monoclonal
antibody (A02058) in staining solution without saponin, therefore staining any spike on the cell surface only.
Each image represents a different field of view of the donor-target cell mixture. Scale bar is 200pm.
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Figure S4: Comparision of SARS-CoV-2 infection in H1299-ACE2 and VeroE6 cells. Both H1299-
ACE2 and VeroE6 cells were infected with the same viral stock in the same experiment with D614G virus (A)
or B.1.351 virus (B) at different dilutions and focus forming assay was performed. Scale bar is 2mm.
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