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ABSTRACT

Several viruses have the ability to form large multinucleated cells known as syncytia. Many properties of syncytia
and the role they play in the evolution of a viral infection are not well understood. One basic question that has
not yet been answered is how quickly syncytia form. We use a novel mathematical model of cell-cell fusion assays
and apply it to experimental data from SARS-CoV-2 fusion assays to provide the first estimates of virus-mediated
cell fusion rate. We find that for SARS-CoV2, the fusion rate is in the range of 6 x 10™*-12x10~%/h. We also use
our model to compare fusion rates when the protease TMPRSS2 is overexpressed (2—4 times larger fusion rate),
when the protease furin is removed (one third the original fusion rate), and when the spike protein is altered (1/
10th the original fusion rate). The use of mathematical models allows us to provide additional quantitative in-

formation about syncytia formation.

1. Introduction

In 2019, a novel coronavirus, SARS-CoV-2, was identified in Wuhan,
China and rapidly spread around the world (Chen et al., 2020; Wu et al.,
2020). The virus has a range of effects, from asymptomatic infection
(Syangtan et al., 2021) to severe illness and death (Sun et al., 2020;
Goyal et al., 2020; Jiang et al., 2020). While much has been learned
about the virus and it’s infection dynamics within the human body over
the last two years (Hakim et al., 2021), there are some aspects of
virus-host interaction that remain unclear. In particular, the mechanistic
links between severity of the disease, tissue damage, and viral load are
still not understood (Acer et al., 2022; Simons et al., 2022; El Jamal
et al., 2021).

One possible contributor to both damage and disease severity is the
formation of multinucleated cells known as syncytia. SARS-CoV-2 is
known to have the ability to form syncytia (Braga et al., 2021; Barre-
to-Vieira et al., 2022; Hoffmann et al., 2020) that can contribute to
disease severity in a number of ways. The formation of syncytia causes
physical tissue damage that results in more severe clinical symptoms
(Bussani et al., 2020). Additionally, the formation of syncytia has been
shown to initiate the cGAS-STING signaling pathway that can induce an
aberrant immune response (Ren et al., 2021), perhaps contributing to
severe cases of COVID-19. The syncytia have also been shown to inter-
nalize lymphocytes (Zhang et al., 2021a), preventing them from
responding to the infection.
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A number of experimental studies have started examining the fusion
process in more detail in an attempt to identify processes that control the
rate of fusion. Studies have found that syncytia formation was inhibited
by interferon-induced transmembrane proteins (Buchrieser et al., 2020)
and enhanced by the presence of the proteases TMPRSS2 (Buchrieser
et al., 2020; Hoernich et al., 2021; Papa et al., 2021) or furin (Papa et al.,
2021). Sanders et al. determined that cholesterol-rich regions of the
membrane are particularly susceptible to fusion (Sanders et al., 2021).
Fusogenicity has been linked to several different changes in the spike
protein. One study noted that the D614G substitution on the spike
protein increases syncytia formation (wen Cheng et al., 2021) while
other studies found that removal of the ER-retention motif or modifi-
cation of the spike protein cleavage site reduce the fusogenicity of the
virus (Wang et al., 2021; Papa et al., 2021). Another study examined the
quasispecies of SARS-CoV-2 produced during an infection and noted a
high frequency of a deletion mutation (SA20) on the spike protein that
increased the ability of the virus to form syncytia. Finally, a study of
syncytia formation of different SARS-CoV-2 variants suggests that the
more recent SARS-CoV-2 alpha, beta, and delta variants are more
fusogenic than the original Wuhan strain (Rajah et al., 2021).

While some of these studies have made quantitative comparisons of
the amount of fusion or the number of syncytia (Buchrieser et al., 2020;
Sanders et al., 2021; Papa et al., 2021; Rajah et al., 2021), this might not
provide the best assessment of the overall fusogenicity of the virus. A
modification to the spike protein or to the cell receptors that causes
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fusion to occur more slowly might still result in more overall tissue
damage, but this effect will not be captured by measuring the number of
syncytia at a specific, usually early, time. A better assessment of the
fusogenicity of a virus or a particular viral strain would be to estimate
the rate of virus-mediated cell fusion. Experimentally, fusion rate is
difficult to measure directly, but it can be estimated through the use of
mathematical models.

While the use of mathematical models to study the role of syncytia in
viral infections is still limited (Jessie and Dobrovolny, 2021; Alzahrani
et al., 2020), mathematical modeling has been used to estimate other
viral kinetics parameters for a variety of viruses (Baccam et al., 2006;
Gonzalez-Parra and Dobrovolny, 2015; Gonzalez-Parra et al., 2018; Liao
et al., 2020; Hernandez-Vargas and Velasco-Hernandez, 2020; Rezelj
and Vignuzzi, 2020). Parameter estimates have then been used to
compare a variety of scenarios, such as the effect of a particular muta-
tion (Pinilla et al., 2012; Paradis et al., 2015; Simon et al., 2016; Petrie
et al.,, 2015), the effect of treatment (Dobrovolny, 2020) or aging
(Wethington et al., 2019; Khan et al., 1080; Rodriguez and Dobrovolny,
2021; Gonzalez-Parra and Dobrovolny, 2018). Not only do these quan-
titative comparisons help us understand the effect of different changes,
the parameter estimates can point to mechanistic changes that can be
further explored with mathematical models.

In this manuscript, we fit a mathematical model to data from cell
fusion assays described in (Papa et al., 2021) to both estimate a
virus-mediated cell fusion rate, but to also quantitatively assess how the
fusion rate is affected by availability of proteases or modification of the
SARS-CoV-2 spike protein. In the absence of any changes to proteases or
the spike protein, we find a fusion rate in the range of 6 x
10~*-12x10™%/h. We find that the enhanced expression of TMPRSS2 on
acceptor cells increases the fusion rate while removal of furin on donor
cells decreases the fusion rate. Finally, altering the spike cleavage site
results in the largest decrease in the fusion rate.

2. Methods
2.1. Donor-acceptor cell fusion assay

The experimental data used in this manuscript was digitized from
Papa et al. (2021); for full experimental details see (Papa et al., 2021).
The cell-cell fusion assays start with two types of cells: donors and ac-
ceptors. The donor cell is co-transfected with the SARS-CoV-2 spike
protein and pmCherry-N1. The pmCherry-N1 causes donor cells to
fluoresce in red. The acceptor cell expresses the ACE2 receptor and is
stained with Cell-TrackerTM Green CMFDA to fluoresce in green. Both
donor and acceptor cells are seeded at 70% confluency in 24 multiwell
plates for transfection and/or staining. To allow sufficient time for
expression of proteins, cells are incubated for 5 h after transfection. At
this time, donor cells are detached and mixed with acceptor cells, then
the mixture is plated onto 12 multiwell plates. Fluorescence is measured
at several time points over 36 or 66 h with fused cells fluorescing in
orange.

The cell-cell fusion assay was used to assess the effect of several
biological conditions:

@ Effect of cell type: Both Vero cells and HEK293T cells were used as
donors and acceptors to verify that it was expression of surface
proteins that mediated cell fusion.

@ Effect of TMPRSS2: TMPRSS2 is a protease that has been shown to
aid in the cleavage of the SARS-CoV-2 spike protein (Takeda, 2022),
thereby enabling fusion of the virus to cells, and in these experi-
ments, enabling cell-cell fusion. Both Vero and HEK293T cells were
transfected to over-express TMPRSS2 to assess the effect of this
protease (Vero+TMPRSS2 or 293+ TMPRSS2). In another version of
these experiments, TMPRSS2 knockout cells were created that did
not express TMPRSS2 (293-TMPRSS2).
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@ Effect of furin: Furin is another protease thought to aid in the
cleavage of the SARS-CoV-2 spike protein (Zhang et al., 2021b). To
assess the effect of furin, Vero and HEK293T furin knock-out cells
were created.

@ Change in the spike cleavage site: Both TMPRSS2 and furin cleave
the spike protein at similar locations. A modified spike protein was
created with this cleavage site replaced so that neither protease could
cleave the spike protein. Cells expressing a modified spike protein
are denoted with ‘GSAS’, which is the amino acid substitution placed
at the RRAR site.

Table 1 contains a list of all the combinations of donor and acceptor
cells assessed in (Papa et al., 2021) and the corresponding figure and
curve containing the data for that case.

2.2. Mathematical models

The data in Papa et al. (2021) consists of the fraction of area in a
layer of cells containing syncytia. A simplified model of syncytia for-
mation for this system is given by

dD

L ,pa
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dA
= —yDA — ySA

i
— = 2yDA + ySA.
dat YDA +7y

(€Y

Here, donor cells, D, that are expressing the spike protein can bind with
acceptor cells, A, to form syncytia S. Note that S represents the number
of cells in the syncytia, not the number of syncytia. Already formed
syncytia can add additional cells by binding to acceptor cells. The syn-
cytia formation rate is y. We assume that each cell occupies the same
area, so converting to area will result in a common multiplicative factor
in all terms of the equation that will simply cancel out.

We also investigate (in the Supplementary Material) a more sym-
metric model where both donor and acceptor cells can bind to already
formed syncytia. This would appear to be the more realistic model of the
processes occurring during the experiment. After all, syncytia should be
expressing both the spike protein and the ACE2 receptors, so should
have the ability to fuse with either donor or acceptor cells, but we found
that this model does not fit the data as well as the model where only
acceptor cells can bind to existing syncytia (see Supplementary Mate-
rial). This could be because syncytia express more of the spike protein

Table 1
Combinations of donor and acceptor cells and the figures in (Papa et al., 2021)
that contain the corresponding data.

Donor cell Acceptor Cell Figure Line/Symbol
Vero Vero 1D Black circles
Vero 293 1D Lavender circles
293 Vero 1D Cyan squares
Vero 293+TMPRSS2 1D Cyan/grey circles
293 Vero+TMPRSS2 1D Orange squares
293 Vero 3C Purple circles
293-furin Vero 3C Teal circles
293-GSAS Vero 3C Blue circles
293-furin-GSAS Vero 3C Orange circles
293 Vero 3E Black squares
293 Vero-furin 3E Pink squares
293-furin Vero 3E Teal circles
293-furin Vero-furin 3E Purple circles
293-GSAS Vero 3E Violet triangles
293-GSAS Vero-furin 3E Cyan triangles
293-GSAS-furin Vero 3E Black triangles
293-GSAS-furin Vero-furin 3E Pink triangles
Vero 293 5C Navy circles
Vero 293-TMPRSS2 5C Purple squares
Vero-GSAS 293 5C Rose triangles
Vero-GSAS 293-TMPRSS2 5C Magenta triangles




A. Amidei and H.M. Dobrovolny

for some reason or because the ODE model is not adequately capturing
the spatial heterogeneity of the system. Both models can be solved
analytically and mathematical analysis is included in the Supplementary
Material.

2.3. Model fitting procedure

Data is extracted from the figures using WebPlotDigitizer (www.
webplotdigitizer.com). Models are fit to data by minimizing the sum
of squared residuals (SSR) to estimate two free parameters. The first free
parameter is the fusion rate y. The second free parameter is the initial
fraction of donor cells (D(0)). For the fits described in the main manu-
script, we assume that cells cover the entire surface area, i.e. D(t) + A(t)
+ S(t) = 100. If we assume that there are initially no syncytia (S(0) = 0),
then we must have A(0) = 100 — D(0).

In the Supplementary Material, we also explore fits under the
assumption that the cells do not necessarily cover the entire surface area.
This requires an extra parameter to be fit: the total covered surface area
(7). In this case, we still assume that the initial number of syncytia is
zero, so our constraint becomes A(0) = T — D(0).

Posterior distributions for the parameter estimates are determined
using 1000 bootstrap replicates (Efron and Tibshirani, 1986). The
Mann-Whitney test is used to test for statistical differences between
distributions for the fusion parameter estimate. This test does not
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3. Results
3.1. Effect of cell type

One series of experiments examined whether the cell type used as
donor or acceptor changed the results of the experiment. Fig. 1 shows
the experimental time courses along with model fits for these experi-
ments (top row) and the resulting distributions for the fusion rates in the
three cases (bottom row). Parameter values for the fits are given in
Table 2. Correlation plots and likelihood profiles are included in the
Supplementary Material.

We find fusion rates of 7.73x10~4/h (95% CI (6.65-9.40) x 10~*/h)
for the Vero/Vero combination; 9.62x10~%/h (95% CI (7.07-12.0) x
10~%/h) for the Vero/293 combination; and 8.85x10 */h (95% CI
(6.78-11.3) x 10~*/h) for the 293/Vero combination. The distributions
for the estimated fusion rates for all three cases overlap substantially and
there is no statistically significant difference between the distributions
as assessed by the Mann-Whitney test (p = 0.030 for the Vero/Vero and
Vero/293 distributions; p = 0.15 for the Vero/Vero and 293/Vero dis-
tributions; and p = 0.36 for the Vero/293 and 293/Vero distributions).

Table 2
Best fit parameter values for experiments with different cell types.

require an assumption of normal distributions. To avoid overpowering, Experiment  Fusion rate (/hour) g::;‘:rlspercemage of SSR
100 random samples of 10 estimates are pulled from each distribution to
perform the statistical comparison and the mean p value is presented. Vero/Vero Zgi (6.65-9.40)x 17.7 (11.7-30.3) (526‘928 108)
Vero/293 9.62 (7.07-12.0)x 7.08 (3.79-14.7) 122
1074 (14.7-168)
293/Vero 8.85 (6.78-11.3)x 10.9 (6.02-21.7) 124
1074 (6.11-208)
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Fig. 1. Dependence of fusion rate estimates on cell type. Top row shows the experimental time courses of Vero/Vero fusion (left) and Vero/293 fusion (center) and
293/Vero (right) along with model best fit curves. Bottom figure shows the distributions of fusion rate estimates for each case.
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Thus the cell type used as the basis for donor or acceptor cell does not
appear to affect the fusion rate.

The model fitting also provides an estimate of the initial percentage
of donors (Table 2). We note that the estimated initial percentage of
donors is small considering that the experimental protocol suggests that
there should initially be a fairly even mix of donors and acceptors. As
shown in the Supplementary Material (Fig. S5), the asymmetric model
can capture a plateau in the area covered by syncytia of less than 100%
by adjusting the initial fraction of donors and acceptors. Thus the low
estimates of initial percentage of donor cells are reflecting the low
plateau of the syncytia, rather than an actual skewed ratio of donor and
acceptor cells.

Virology 575 (2022) 91-100

shown in the bottom row of Fig. 2. Best fit parameter estimates are given
in Table 3 while correlation plots and likelihood profiles are given in the
Supplementary Material.

The model fits for the fusion experiments with cells over-expressing
TMPRSS2 do not quite capture the height of the plateau present in the
experimental data. The Supplementary Material explores extensions to
the model and fitting methodology that help correct this issue. For the
Vero/293 combination, we find a fusion rate of 2.31 x1073/h (95% CI

Table 3
Best fit parameter values for experiments examining the effect of TMPRSS2.

Experiment Fusion rate (/hour)  Initial percentage of SSR
donors
3.2. Effect of TMPRSS2 Vero/293 9.62 (7.07-12.0) x 7.08 (3.79-14.7) 122
104 (14.7-168)
. . Vero/ 2.31 (1.79-3.50 3.26 (0.702-8.98 393
Experiments to study the effect of TMPRSS2 were performed in two e2r<9)3 +TMPRSS2 1073( ) ( ) (57.0-537)
combinations of donor/acceptor cells. The Vero/293 combination was Vero,/293- 1.23 92.1 (90.4-93.1) 15.5
tested with the acceptor both over-expressing TMPRSS2 (Vero/ TMPRSS2 (0.713-2.15)x (1.73-25.1)
-3
293+ TMPRSS2) and the acceptor having TMPRSS2 knocked out (Vero/ so3 ;08 678115 105 (6.02.21 124
293-TMPRSS2). The 293/Vero combination was tested only with /Vero 16,54( 78-11.3)x 9 (6.02-21.7) (6.11-208)
acceptor cells over-expressing TMPRSS2 (293/Vero+TMPRSS2). Fig. 2 293/ 3.96 (2.88-7.47)x  1.10 (0.0133-4.70) 653
shows the experimental time courses of the data sets used in this analysis Vero+TMPRSS2 1073 (231-757)
along with model best fits. The estimated fusion rate distributions are
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Fig. 2. Dependence of fusion rate estimates on TMPRSS2. Top row shows the experimental time courses of Vero/293 fusion (left) and Vero/293+TMPRSS2 fusion
(center) and Vero/293-TMPRSS (right) along with model best fit curves. Center row shows the experimental time courses and model fits for 293/Vero fusion (left)
and 293/Vero-+TMPRSS2 fusion (right). Recall that cells with + TMPRSS2 are over-expressing TMPRSS2 while cells with -TMPRSS2 have had TMPRSS2 knocked out.
Bottom figure shows the distributions of fusion rate estimates for the different Vero/293 combinations (left) and the different 293/Vero combinations (right).
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(1.79-3.50) x 10~3/h) when acceptor cells over-express TMPRSS2 and a
fusion rate of 1.23x1073/h (95% CI (0.713-2.15) x 10~3/h) when the
acceptor cells have TMPRSS2 knocked out. For the 293/Vero combi-
nation, we find a fusion rate of 3.96x10"3/h (95% CI (2.88-7.47) x
1073/h). For cells over-expressing TMPRSS2, we find a statistically
significant increase in the fusion rate for both donor/acceptor combi-
nations (p < 1x10~2 for both cell combinations). In the case of the
TMPRSS2 knockout cells, we find a higher fusion rate than baseline,
although the difference is not statistically significant (p = 0.081).

3.3. Effect of furin

Experiments to study the effect of furin were performed with a single
donor/acceptor combination (293/Vero), but furin knockouts were
created for both Vero and 293 cells to study whether it is the presence of
furin on the donor or acceptor cells that affects the fusion rate. Fig. 3
shows the experimental time courses of the data sets used in this analysis
along with model best fits. The estimated fusion rate distributions are
shown in the bottom row of Fig. 3. Best fit parameter estimates are given
in Table 4 while correlation plots and likelihood profiles are given in the
Supplementary Material.

The fusion rate for the 293/Vero combination without any changes
to furin expression is 6.85x10~*/h (6.04-7.63) x 10~*/h). When furin
is removed from the acceptor cells, we find a statistically significant (p <
0.001) higher fusion rate of 1.03x 1073/h (95% CI (0.818-1.23) x 1073/
h), indicating that removal of furin on the acceptor does not cause in-
hibition of fusion. On the other hand, removal of furin on the donor cells
causes a statistically significant (p < 0.001) decrease in the fusion rate to
4.98x10"%h (95% CI (4.64-5.28) x 10’4/h). Removing furin from
both donor and acceptor cells causes the largest decrease in the fusion
rate to 2.08x10~*/h (95% CI (1.46 x 10~*-12x10~*/h3-2.68) x 10~/
h).

Virology 575 (2022) 91-100

Table 4
Best fit parameter values for experiments examining the effect of furin.
Experiment Fusion rate (/hour) Initial percentage of SSR
donors
293/Vero 6.85 (6.04-7.63) x 62.7 (60.8-64.7) 56.6
1074 (19.7-88.4)
293/Vero-furin 1.03 (0.818-1.23)x 65.2 (63.3-67.6) 129
1073 (22.1-223)
293-furin/Vero 4.98 (4.64-5.28) x 5.68 (90.4-93.1) 15.4
1074 (4.84-21.3)
293-furin/Vero- 2.08 (1.43-2.68)x 13.0 (8.63-22.9) 11.9
furin 1074 (2.36-19.5)

3.4. Availability of the spike cleavage site

In the previous sections, we examined the effect of changing
expression of proteases on the donor and acceptor cells. In no case was
fusion completely blocked since furin and TMPRSS2 were individual
changed, leaving the other protease unaffected. In a further attempt to
study the role of cleavage of the spike protein in syncytia formation, the
cleavage site on the spike protein was changed, which prevents pro-
teases from easily cleaving the protein. Fig. 4 shows the experimental
time courses of the data sets used in this analysis along with model best
fits. The estimated fusion rate distributions are shown in the bottom row
of Fig. 4. Best fit parameter estimates are given in Table 5 while corre-
lation plots and likelihood profiles are given in the Supplementary
Material.

There is a very clear drop in the fusion rate when the spike cleavage
site is altered, going from 6.85x10"%/h (95% CI (6.04-7.63) x 10’4/h)
at baseline to 6.45x107°/h (95% CI (4.79-22.1) x 10°/h) when the
cleavage site is removed (p < 0.001). The removal of furin on either the
donors or acceptors, or both, does not further decrease the fusion rate,
suggesting that the presence or absence of furin is not relevant once the
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Fig. 3. Dependence of fusion rate estimates on furin. Top row shows the experimental time courses of (from left to right) 293/Vero fusion, 293/Vero-furin fusion,
293-furin/Vero, and 293-furin/Vero-furin, along with model best fit curves. Bottom figure shows the distributions of fusion rate estimates for the different 293/Vero

combinations.
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Fig. 4. Dependence of fusion rate estimates on availability of the cleavage site. Top row shows the experimental time courses of (left) 293/Vero fusion and (right)
293-GSAS/Vero fusion time courses along with model best fit curves. The center row shows (left) 293-GSAS/Vero-furin fusion, (center) 293-GSAS-furin/Vero fusion,
and (right) 293-GSAS-furin/Vero-furin fusion time courses along with model best fit curves. Bottom figures show the distributions of fusion rate estimates for (left)
293/Vero with and without the altered spike protein and (right) with altered spike protein and furin knockout cells.

Table 5
Best fit parameter values for experiments examining the effect of changing the
spike protein cleavage site.

Table 6
Best fit parameter values for experiments examining the effect of changing the
spike protein cleavage site.

Experiment Fusion rate (/hour) Initial percentage of ~ SSR Experiment Fusion rate Initial percentage SSR
donors (/hour) of donors
293/Vero 6.85 (6.04-7.63)x 62.7 (60.8-64.7) 56.6 Vero/293 6.33 26.0 (11.5-49.4) 160 (19.7-236)
107 (19.7-88.4) (5.60-8.98) x
293-GSAS/Vero 6.45 (4.79-22.1)x 74.3 (5.23-90.8) 16.6 1074
10°° (3.13-26.0) Vero-GSAS/293 5.80 95.3 (85.1-96.6) 9.03 (1.06-14.6)
293-GSAS/Vero- 9.86 (4.82-21.7)x 83.8 (9.95-91.3) 11.1 (1.27-13.4)x
furin 10°° (3.09-16.9) 104
293-GSAS-furin/ 3.95 (1.70-5.42) x 1.40 (0.624-6.17) 49.1 Vero-GSAS/293- 1.71 20.0 (1.37-92.7) 0.239
Vero 1074 (14.6-69.8) TMPRSS2 (1.09-19.1)x (0.0326-0.411)
293-GSAS-furin/ 2.38 92.8 (74.6-94.8) 22.2 107°
Vero-furin (0.648-4.89)x (4.94-39.4)
10*

cleavage site is removed.

A similar set of experiments was performed for the Vero/293 com-
bination, although in this case, TMPRSS2 rather than furin was removed
from the acceptor cells. Fig. 5 shows the experimental time courses of
the data sets used in this analysis along with model best fits. The esti-
mated fusion rate distributions are shown in the bottom row of Fig. 5.
Best fit parameter estimates are given in Table 6, while correlation plots
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and likelihood profiles are given in the Supplementary Material.

When the donor and acceptor cells are switched, there isn’t a sta-
tistically significant change in the fusion rate when the cleavage site is
altered (p = 0.42). We find a fusion rate of 6.33x10"%/h (95% CI
(5.60-8.98) x 10~*/h) with the unaltered cleavage site and a fusion rate
of 5.80x107%/h (95% CI (1.27-13.4) x 10~*/h) when the cleavage site
is altered. However, when TMPRSS2 is removed acceptor cells, there is a
statistically significant change in the fusion rate (p < 0.001), falling to
1.71x107°/h (95% CI (1.09-19.1) x 10~>/h).
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Fig. 5. Dependence of fusion rate estimates on availability of cleavage site. Top row shows the experimental time courses of (left) Vero/293 fusion, (center) Vero-
GSAS/293, and (right) Vero-GSAS/293-TMPRSS2 fusion time courses along with model best fit curves. Bottom figure shows the distributions of fusion rate estimates

for altered spike protein and TMPRSS2 knockout cells.

4. Discussion

We used mathematical modeling to estimate the virus-mediated cell
fusion rate of SARS-CoV-2. To our knowledge, the virus-mediated cell
fusion rate has not been estimated for any virus, even though cell-cell
fusion assays have been performed for a number of other syncytia-
forming viruses (Pare et al., 2005; Marin et al., 2015; Kobayashi et al.,
2006; Claus et al., 2006). In this manuscript, we have shown that by
applying a simple mathematical model, more quantitative information
can be gleaned from these types of biological assays, provided mea-
surements are taken at multiple time points. Viruses that are known to
form syncytia include varicella-zoster virus (responsible for chicken pox
and shingles) (Wang et al., 2017), rotavirus (Diller et al., 2019), human
immunodeficiency virus (Symeonides et al., 2015), other coronaviruses
(responsible for Middle East respiratory syndrome (MERS) and severe
acute respiratory syndrome (SARS)) (Qian et al., 2013; Buchrieser et al.,
2020), measles (Ayata et al., 2007), and respiratory syncytial virus
(Saleh et al., 2020; Domachowske et al., 2000). The ability to quantify
the fusion rate of these viruses under different conditions could lead to a
better understanding of why the formation of syncytia might be bene-
ficial to spread of the virus.

In addition to simply estimating the virus-mediated cell fusion rate,
we were able to compare fusion rates of SARS-CoV-2 under different
conditions. We found that overexpression of the protease TMPRSS2 at
least doubled the fusion rate, however, knocking out TMPRSS2 did not
lower the fusion rate. This could be because there is an alternative fusion
pathway via furin, so removal of only one of the proteases does not slow
down the fusion process. When examining experiments that eliminated
furin, we found that removing furin on the donor cells lowered the
fusion rate by about 30%, but that removing furin from the acceptor
cells nearly doubled the fusion rate. This is an unusual result for which
we have no explanation, particularly since removal of furin from both
donor and acceptor cells decreased the fusion rate more (by 70%) than
removing furin from the donor cells only. Finally, alteration of the spike
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protein cleavage site reduced the fusion rate by a factor of 10 when 293
cells were the donor cells, but not when the Vero cells were the donor.
However, when TMPRSS2 was removed from the corresponding
acceptor cells, the fusion rate dropped, suggesting that the altered spike
protein could still potentially be cleaved by TMPRSS2. While these
conclusions are in line with the conclusions reached by Papa et al.
(2021), our modeling methodology allows us to quantify the changes in
fusion rate, rather than simply stating that fusion decreased or
increased.

This type of cell-cell fusion assay has previously been used to assess
the effect of antivirals (Marin et al., 2015; Ji et al., 2006, 2007; Wang
et al., 2020; Torriani et al., 2019), specifically those that target viral
entry or fusion. For assessment of antivirals, the cell-cell fusion assay is
performed with varying concentrations of the antiviral and measure-
ment of the amount of fusion at a particular time is measured to create a
dose-response curve. Unfortunately the drug effectiveness characterized
by these types of measurements are dependent on the measurement time
(Murphy et al., 2020). Using changes in the fusion rate could provide a
more consistent characterization of the antiviral effect, similar to the
suggested use of changes in growth rate to characterize the effect of
anti-cancer drugs (Hafner et al., 2016; Harris et al., 2016).

In order to use this methodology for drug characterization, we will
need to ensure that we can consistently make accurate estimates of the
fusion rate. While we found that the estimated fusion rate was quite
consistent between different model fits for the 66 h data sets, we noted
that there was variation in fusion rate estimates that depended on fitting
or model details for the shorter, 36 h data sets (Supplementary Mate-
rial). Thus, it’s clear that data must be taken over a sufficiently long time
period, although we have not identified a minimum length of time here.
We also noted that there might be an issue with reproducibility of the
actual cell-cell fusion assays by comparing fusion estimates from
different experiments using the same donor and acceptor cells (see
Supplementary Material). A similar reproducibility problem has been
noted for single cycle and multiple cycle virus growth assays (Paradis
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et al., 2015).

An additional factor that was not taken into account in the models
was possible replication of the donor and/or acceptor cells. In the fits
assuming 100% coverage, additional cell division is not possible, but in
the fits assuming less than 100% coverage, cell replication could
potentially be considered. Vero cells double every 24 h or so (Naha-
petian et al., 1986) and 293T cells divide every 12-20 h (Thomas and
Smart, 2005) under ideal conditions, so even in the 36 h data sets, we
might expect some cell replication. Including cell replication would
require addition of a logistic growth term (Verhulst, 1838) for both
donor and acceptor cells. The carrying capacity is known, but the growth
rates of both donor and acceptor cells are additional free parameters that
need to be determined through fitting. Perhaps if we had measurements
of donor and acceptor cell time courses, along with measurements of the
syncytia time course, it would make sense to incorporate these addi-
tional details.

The model also assumes that fusion happens instantaneously when in
reality it is a multi-step process that requires a finite amount of time
(Borkotoky et al., 2021). A more recent cell-cell fusion assay examining
syncytia formation in different SARS-CoV-2 variants took more frequent
measurements during the experiment (Rajah et al., 2021). Their data
shows a clear delay in the onset of syncytia formation lasting about 4 h
after donor/acceptor plating. Note that the first measurement in all the
Papa et al. data sets is at 6 h, so this delay is missed due to the sparse
sampling of the data. Such a delay can be incorporated into the math-
ematical model by adding a “fusing” state between the unfused donor-
s/acceptors and the syncytia.

Another drawback to the methodology used here is the well-mixed
assumption underlying ordinary differential equations (ODEs). If the
donor and acceptor cells are plated at near 50/50 and are well-mixed,
then the ODE approximation is probably reasonable, at least in the
early stages of the experiment. Although cells are only interacting with
their nearest neighbours, each donor should have access to an acceptor.
Once large syncytia have formed, the well-mixed assumption breaks
down since some of the area covered by cells now fused into the syncytia
is surrounded by syncytia and does not have access to donor or acceptor
cells. This is no longer a well-mixed scenario. Additionally, if the initial
ratio of donor to acceptor is skewed away from 50/50 or if they are not
well-mixed before plating, the ODE framework also breaks down. In
these scenarios, there are likely to be patches of donor cells or patches of
acceptor cells such that some donor or acceptor cells are entirely sur-
rounded by cells of the same type and cannot fuse. This inherent spatial
heterogeneity might be the reason that the asymmetric model provides
somewhat better fits to the data. When the mix of donors and acceptors
is near 50/50, correlation plots (Supplementary Material) suggest that
the estimated fusion rates are independent of the initial fraction of do-
nors. Many of the model fits here tended towards small or high initial
fractions of donors, perhaps to help account for spatial heterogeneity.
Future experiments should try to ensure an equal distribution of donors
and acceptors so that ODE models can be used, or mathematical models
incorporating spatial heterogeneity, such as agent-based models (Fain
and Dobrovolny, 2022), should be used to provide better parameter
estimates.

While there are still possible improvements that can be made to the
methodology, this manuscript presents a novel mathematical model of
cell-cell fusion assays that can estimate the virus-mediated cell fusion
rate. We applied the model to data from SARS-CoV-2 cell fusion assays to
provide the first estimates of SARS-CoV-2 fusion rate under various
conditions.
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