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ABSTRACT Ebola virus (EBOV) infection is threatening human health, especially in
Central and West Africa. Limited clinical trials and the requirement of biosafety level-4
laboratories hinder experimental work to advance our understanding of EBOV and
the evaluation of treatment. In this work, we use a computational model to study
the assembly and budding process of EBOV and evaluate the effect of fendiline on
these processes in the context of fluctuating host membrane lipid levels. Our results
demonstrate for the first time that the assembly of VP40 filaments may follow the
nucleation-elongation theory, as this mechanism is critical to maintaining a pool of VP40
dimers for the maturation and production of virus-like particles (VLPs). We further find
that this nucleation-elongation process is likely influenced by fluctuating phosphatidyl-
serine (PS), which can complicate the efficacy of lipid-targeted therapies like fendiline,
a drug that lowers cellular PS levels. Our results indicate that fendiline-induced PS
reduction may actually increase VLP production at earlier time points (24 h) and under
low fendiline concentrations (<2 uM). However, this effect is transient and does not
change the conclusion that fendiline generally decreases VLP production. In the context
of fluctuating PS levels, we also conclude that fendiline can be more efficient at the
late stage of VLP budding relative to earlier phases. Combination therapy with a VLP
budding step-targeted drug may therefore further increase the treatment efficiency of
fendiline. Finally, we also show that fendiline-induced PS reduction more effectively
lowers VLP production when VP40 expression is high. Taken together, our results provide
critical quantitative information on how fluctuating lipid levels (PS) affect EBOV assembly
and egress and how this mechanism can be disrupted by lipid-targeting molecules like
fendiline.

IMPORTANCE Ebola virus (EBOV) infection can cause deadly hemorrhagic fever, which
has a mortality rate of ~50%-90% without treatment. The recent outbreaks in Uganda
and the Democratic Republic of the Congo illustrate its threat to human health. Though
two antibody-based treatments were approved, mortality rates in the last outbreak were
still higher than 30%. This can partly be due to the requirement of advanced medical
facilities for current treatments. As a result, it is very important to develop and evaluate
new therapies for EBOV infection, especially those that can be easily applied in the
developing world. The significance of our research is that we evaluate the potential of
lipid-targeted treatments in reducing EBOV assembly and egress. We achieved this goal
using the VP40 system combined with a computational approach, which both saves time
and lowers cost compared to traditional experimental studies and provides innovative
new tools to study viral protein dynamics.
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bola virus (EBOV) causes hemorrhagic fever, a fatal disease with a high mortality

rate in humans (1, 2). Since the discovery of EBOV in 1976, it has caused more than
34,000 cases and 15,000 deaths (3). New treatments for EBOV are being developed, and
two monoclonal antibody therapies [Inmazeb (4) and Ebanga (5)] were approved by the
FDA in 2020. However, even with treatment, the mortality rate is still higher than 30%,
and side effects can be severe (6-8). Moreover, monoclonal antibodies, as a large protein
molecule, need to be applied through intravenous infusion or injections. Advanced
medical facilities and equipment required for such therapies may not be available in
affected areas. In 2022, an estimated one-third of infected patients died from EBOV
disease (3). Thus, there is a significant need to develop more effective and accessible
treatments for Ebola virus disease.

Plasma membrane phosphatidylserine (PS) levels are critical for the production
of EBOV VP40 virus-like particles (VLPs), as it will influence VP40 dimer membrane
association and oligomerization (9, 10). Our previous work also suggested that the
VLP budding step (process of mature VLP detaching from the cell surface) could
be influenced by PS (11). This suggests that PS-targeted therapies could affect VP40
assembly. Fendiline is a calcium channel blocker used for arrhythmic and anginal
diseases (12, 13). Studies have shown that fendiline reduces the PS content in the
cellular plasma membrane inner leaflet by inhibiting the activity of acid sphingomyeli-
nase (ASM) (14, 15). As a result, fendiline could reduce EBOV VP40 VLP production (16),
thus significantly reducing EBOV replication. However, it remains unclear how fendiline
disruption of plasma membrane PS dynamics affects VP40 assembly into VLPs. Specifi-
cally, it remains unclear how fluctuating PS levels combine with complex and fluctuating
VP40 kinetics to affect reduced VLP production in the context of fendiline treatment.

A cellular system using VP40-based VLPs is a valuable tool for studying the assembly
and budding process of EBOV since the VLPs closely resemble EBOV in size, shape,
and composition but eliminate the need for biosafety level-4 facilities (3, 17). VP40, the
matrix protein of EBOV, can assemble into filaments and form VLPs when expressed
in the absence of other EBOV proteins in mammalian cells (9, 18-20). Our knowledge
of the mechanistic and kinetic aspects of the VP40 assembly process is still emerging.
For example, the VP40 dimer was identified as the building block for VP40 oligomers/fila-
ments at different plasma membrane assembly sites (21). We also lack an understanding
of VP40 assembly and VLP budding dynamics, as well as the regulation mechanism
behind the VLP production process. For example, the nucleation-elongation theory has
been proposed for other filamentous oligomerization processes (22-24), such as amyloid
fibers (25), actin (26), myosin (27), and DNA nanotubes (28). Our previous computational
work suggested that the same nucleation-elongation process could be at play in VP40
filament growth (11).

Computational studies have a long history of complementing experimental studies
in biological and medical areas, as in silico or “virtual experiments” can be conducted
in quicker time frames and integrate information from diverse data sources. It is not
new to evaluate small molecule treatment of diseases (29-31) or to study the nucle-
ation-elongation theory (32) by computational methods. However, neither of these
principles has been applied to EBOV at the intracellular level. Thus, we take advantage
of computational approaches to explore if the nucleation-elongation process applies
to VP40 filament growth. We also test and evaluate the ability of fendiline to impact
VLP production with this built-in nucleation-elongation mechanism. By doing so, we will
complement experimental studies with computational approaches.

In this study, we expanded upon our previous work to explicitly incorporate the
nucleation-elongation process for VP40 filament oligomerization into our ordinary
differential equation-based (ODE-based) model of EBOV VP40 assembly and budding
(11). Furthermore, we add for the first time an explicit representation of host cell
membrane PS turnover. This unique incorporation of PS turnover together with our
mechanistic model of VP40 assembly through nucleation/elongation allows us to
quantify the impact of fluctuating lipid levels (PS) on assembly and egress, both in
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the presence and absence of pharmaceutical disruption of membrane lipid content
(fendiline treatment). We then applied our model to simulate fendiline treatment
and evaluated the impact of different fendiline concentrations, application timing,
and co-treatment with other hypothesized treatments on VP40 VLP production. Our
simulations provided quantitative insights into the dynamics of VP40 assembly and VLP
production, as well as the impact of fendiline on these processes.

RESULTS

Nucleation-elongation assembly and direct PS influence on this process are
required to reproduce the observed relative oligomer frequency in the VP40
VLP system

Our previous work showed that without a mechanism representing progressive VLP
filament stabilization as it grows, the decreasing relative VP40 oligomer frequency with
oligomer size and VLP production data cannot be simultaneously reproduced by the
model (11). Thus, in this work, we tested if the nucleation-elongation process exists in
VP40 filament assembly, similar to other oligomers (11, 25-28). To explore the implica-
tions of nucleation-elongation for VP40 assembly dynamics, we here explicitly incorpo-
rated the nucleation-elongation process into our existing model, which replaced the
“filament stabilization” process in the original model (11).

In addition to incorporating the nucleation-elongation mechanism, we also include
for the first time an explicit model for PS dynamics to divide our PS pool into cytoplasmic
and cell membrane compartments. We included this model of PS dynamics to more
accurately represent the dynamic impacts of PS disruption by fendiline.

We named this model, which explicitly contains nucleation-elongation and PD
dynamics, the “As0” model and calibrated the model to published experimental data
as described in the section “Parameter estimation and calibration” as well as in prior work
(11). The “As0” model successfully reproduces experimental data measuring oligomer
ratio, VLP production, VP40 budding ratio, VP40 plasma membrane localization, relative
VLP production (Fig. 1A through E), as well as the decreasing trend of relative oligomer
frequency from cell membrane VP40 dimer to 42mer (Fig. 1F).

However, in the absence of any direct PS influence on the nucleation-elongation
mechanism, the increase in oligomer frequency with increasing PS levels is not
reproduced for larger oligomers (Fig. 1F). Similar to our prior approach (11), we
addressed this limitation of model “As0” by assuming a direct influence of PS on the
nucleation-elongation process. To characterize the nature of PS influence on nucleation
and/or elongation steps, we test both the positive and negative influence of PS on
nucleation or elongation processes in models “As1”-"As4” (Table 1, equations 15 and
16). We evaluated the ability of each model to reproduce the experimentally observed
trend that higher PS levels result in increased relative frequency of larger oligomers.
Predictions from models “As1” and “As4” show the opposite trend in higher oligomers
(6-42mers) compared to experimental data (Fig. 2A and D), with a slight decrease in
the frequency of larger oligomers as PS increases. Predictions from “As2” and “As3”
match the trend observed in experimental data (Fig. 2B and C). Both “As2” and “As3”
can still reproduce the other experimental data sets and therefore did not lose accuracy
compared to “As0” (Fig. S1 and S2).

While “As2” and “As3” models have different PS influence on the nucleation-elonga-
tion process (Table 1), there is a common feature between the two models. The reverse

TABLE 1 Model construction

Impact of PS on the process Nucleation (k3 1) Elongation (k3 5’)
“As0” None None
“As1” Positive None
Model “As2" Negative None
“As3” None Positive
“As4” None Negative

April 2024 Volume 12 Issue 4

Microbiology Spectrum

10.1128/spectrum.03098-23 3


https://doi.org/10.1128/spectrum.03098-23

Research Article Microbiology Spectrum

A Oligomer ratio at 24h B VLP production at 24h
1.0 150000
0.8 120000
206 5 90000
= E
® 0.4 Z 60000
0.2 30000
0.0 0
14 30 20
PS% PS%
C vrao budding ratio at 48h D VP40 plasma membrane localization
2.5 0.8
2.0 0.6
.g 1.5 °
= £
Z 10 g0
0.5 0.2
0.0
20 " 8h 24h
0,
PS% PS%
E Relative VLP production at 24h Relative VLP production at 48h
1.5 1.5
I Experimental data
1.2 1.2 B Simulation
£0.9 209
s =
& 0.6 & 0.6
0.3 0.3
0.0 0.0
14.39 16.52 14 14.39 16.52
PS% PS%
F Relative oligomer frequency
1.00
- 0.55:-|m B w4 Experimental data: 14.39%PS
A = Experimental data: 16.52%PS
Eoos SN Experimental data: 20%PS
£ 0.06 w# Simulation: 14.39%PS
< g-g; E= Simulation: 16.52%PS
& 0. S Simulation: 20%PS

2 6 12 18 24 30 36 42
Membrane VP40 oligomer size

FIG 1 Simulation result from the “As0” model. (A) Oligomer ratio at 24 h. (B) VLP production at 24 h. (C) VP40 budding ratio at 48 h. (D) VP40 plasma membrane
localization. (E) Relative VLP production. (F) Relative oligomer frequency. While the decreasing trend of relative frequency from membrane VP40 dimer to 42mer
is predicted, the increasing trend in higher oligomers under higher PS levels is not reproduced. The three bars in each of the sub-columns are 14.39%, 16.52%,

and 20% PS from left to right separately. Error bars indicate the SEM from the top five fits.

rate constant of elongation (k3 ) is by definition always lower than the reverse rate
constant of nucleation (k3 1'), representing the stabilization of growing oligomers. Thus, a
decrease in the reverse rate constant for nucleation (as in “As2”) or an increase in the
reverse rate constant for elongation (as in “As3”) will both decrease the difference
between nucleation and elongation processes under higher PS levels. This result
suggests that the increase in the relative frequency of larger oligomers is related to the
decreased difference between nucleation and elongation reverse rate constants (k3 ’
and k3 3") as PS levels increase. Taken together, our findings indicate that VP40 assembly
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FIG 2 Simulation of relative oligomer frequency for “As1”-"As4” models. (A) “As1” model fails to predict the trend. (B) “As2” model predicts the trend successfully.

(C) "As3” model predicts the trend successfully. (D) “As4” model fails to predict the trend. Error bars indicate the SEM from the top five fits.

through a nucleation-elongation mechanism is consistent with experimental measure-
ments; and that high PS levels diminish the difference between the nucleation and
elongation phases resulting in higher frequencies of larger oligomers.

Fendiline treatment simulation detects rare cases where fendiline-induced PS
reduction increases VLP production

Having confirmed that our model can reproduce the influence of PS on VP40 VLP
assembly and budding, we next aimed to simulate fendiline treatment and evaluate its
effects on VP40 VLPs in the context of the nucleation-elongation dynamics. To produce
a distribution of biologically feasible simulations and account for parameter uncertainty,
we performed Latin hypercube sampling (LHS) sampling within the parameter ranges
identified during model calibration. Calibration results for “As2” and “As3” were similar
(Fig. S1 and S2). Thus, we selected all (75 out of 950 in “As2” and 50 out of 950 in “As3”
model) parameter sets with a cost lower than 3 or score higher than 5 for fendiline
treatment simulation as described in the section “Parameter estimation and calibration”
for further analysis.

Our first simulation applied 0.5-10 pM of fendiline to the chosen parameters and
models. Our simulations show that in most cases, as fendiline concentration increases,
VLP production decreases as a result of fendiline-driven reduction in plasma membrane
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FIG 3 Relative VLP production in fendiline simulation for “As2” and “As3” models. (A) Relative VLP production at 24 h for “As2” model. (B) Relative VLP production
at 48 h for “As2” model. (C) Relative VLP production at 24 h for “As3” model. (D) Relative VLP production at 48 h for “As3” model.

PS levels (Fig. 3). This is consistent with our expectation (based on model structure) and
experimental observations (10, 16).

However, when the fendiline concentration is low (<2 uM), several parameter sets in
both “As2” and “As3” show an increase in VLP production over the short term (24 h).
The elevation in VLP becomes less pronounced or reversed when fendiline concentration
increases beyond 2 uM (Fig. 3A and Q). For the longer term (48 h), the fendiline-induced
increase in VLP production becomes less pronounced (Fig. 3B and D).

Thus, our simulations indicate that while fendiline generally lowers VLP production, it
has the potential to counterintuitively increase VLP production at concentrations < 2 uM.
This finding is consistent with relative VLP production experimental data (16).

Fendiline-induced PS reduction can increase VLP production under slow
filament growth and high VLP budding rate conditions

To identify potential mechanisms behind the counterintuitive ability of fendiline to
increase VLP production, we enriched our parameter sampling around the parameter
set in “As2,” which shows increased VLP production at 24 and 48 h under 2 pM of
fendiline treatment (Fig. 3A and B). Since the “As2” and “As3” models appear to behave
similarly in fendiline simulations and the “As2” model has more samples that capture
a broader diversity of the biologically observed dynamics (elevated VLP production at
higher concentration of fendiline), our further simulations will only use the “As2” model.
We sampled 1,000 new parameter sets around the parameter set of interest (Table S1).
Parameter sets that had no VLP production at the time of evaluation in the absence of
fendiline treatment were excluded from the analysis. Our results show that 199 out of
656 fendiline-treated simulations have elevated VLP production at 24 h, and 147 out of
955 have elevated VLP production at 48 h under 2 uM fendiline.

When analyzing the parameter distributions of the simulations in which 2 pM
fendiline causes an increase in VLP production at 48 h, we identified three impor-
tant parameter conditions: low k3 (filament growth forward rate constant), low kp3 4
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(nucleation equilibrium constant), as well as high k4 (VLP budding rate constant) (Fig.
4; Table S2). Considering these findings in the context of our model structure, we
hypothesize that a low k3 and kp3 1, which indicates an even lower k3 1/, will slow down
the maturation of filaments and postpone the starting time of VLP production. The
impact of k31" may be counterintuitive. But the mechanism behind this is that it allows
more membrane dimers to accumulate in small-sized filaments and thus decreases
the building block for large filament growth, which is similar to the observation from
our previous work (11), as well as studies demonstrating VP40 assembly occurring at
different patches in the plasma membrane (18, 21, 33). However, the application of
fendiline will decrease PS levels, thus elevating k3 1" (as the mechanism of “As2” model)
and resulting in earlier VLP production compared to untreated cases. Moreover, a high
kgq means that the budding step is not rate-limiting, and therefore the fendiline-induced
reduction in PS has minimal impact on the VLP budding step.

To test our hypothesis on the impact of these parameters and further explore the
mechanisms behind it, we then looked at the individual dynamics of the system. We
divided all 955 “effective” parameter sets into two types: a late VLP production type,
where VLPs start being produced at 40 h or later, and an early VLP production type,
where VLPs start being produced prior to 40 h. In late VLP production type simulations,
most parameter sets (73 out of 75) show increases in VLP production under fendiline
treatment, which is due to fendiline driving earlier VLP production (Fig. 5A). These
parameter distributions are characterized by very low k3 and kp3; (Fig. S3A; Table
S2). In early VLP production type, only a small portion of the simulations (74 out of
880) has increased VLP production under 2 uM fendiline treatment. The increased VLP
production in this type is mostly caused by fluctuations. Fendiline, therefore, cannot
compensate for fluctuations in VLP production (Fig. 5B). This is also confirmed by the
parameter distribution in these simulation types of relatively high k4 (Fig. S3B; Table S2).
We further confirm that higher membrane dimer levels are associated with increased
fendiline concentration for all of the simulations (Fig. 6; Table S10). Taken together, these
observations confirm our hypothesis that fendiline treatment can counterintuitively
result in increased VLP production when filament growth is slow (characterized by low k3
and k3 1") or the VLP budding rate constant is high (characterized by high k).
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Also, in all 199 parameter sets having elevated VLP production with 2 uM fendiline
treatment under 24 h, only 58 of them still have increased VLP production at 48 h. This
suggests that most of the fendiline-induced increase in VLP production will be dissipated
over the course of treatment. It means that though slow filament growth may be the
major reason for the fendiline-induced increase in VLP production, the phenomena will
only be detectable around the budding start time and will not persist into a longer-term
effect. On the other hand, while a high VLP budding rate constant may result in fendiline-
induced VLP production during any time in the VLP budding stage, they are rare cases
due to random fluctuations at the specific measurement time. Thus, these cannot be
broadly considered as “fendiline has increased VLP production.”

Based on our analysis and experimental data, we conclude that fendiline can decrease
VLP production rates but could also result in earlier budding start times, which may
lead to increased VLP production around the VLP budding start time. However, in the
longer term, fendiline should still decrease VLP production effectively. Though the effect
may be weakened by a high VLP budding rate, it will not be reversed. Thus, we next
evaluate fendiline as a potential treatment for EBOV infection in most situations, and the
conclusion should not be affected by the observed fendiline-induced VLP production at

some measurement time points.
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Delayed usage of fendiline shows that it can effectively reduce VLP produc-
tion

Fendiline affects VLP production in two ways: (i) it reduces the VLP production rate but
(i) results in an earlier VLP production time. The first impact depends on fendiline’s effect
on the VLP budding step. The second impact depends on its influence on VP40 filament
growth, which is important prior to the VLP budding stage. Thus, our next question is:
what is the impact of the timing of PS reduction on VLP production? To test this, we
varied the application time of fendiline treatment. We simulated 2 and 10 uM fendiline
treatment starting at 0, 12, 24, and 36 h post-infection and recorded VLP production at
24 and 48 h post-infection. Since the concentration of fendiline is constant in our study,
the earlier fendiline is used, the more VLP reduction is achieved as expected (Fig. 7A
and B; Table S4). However, when we looked at the average VLP reduction per hour, it is
obvious that the later fendiline is applied, the higher the efficiency (Fig. 7C and D; Table
S5). This suggests that fendiline is relatively more effective later in the infection cycle.

Since the half-life of fendiline in plasma is about 20 h (34) and we have concluded that
fendiline is relatively more effective in later applications under constant concentration,
we wanted to simulate a case of a single dosage of fendiline and see if a best application
time exists when considering the effect of pharmacokinetics. Another round of simula-
tion was conducted with a fendiline decay rate of 9.625 x 10°%/s (calculated based on
20 h half-life). The result shows that the fendiline inhibition on VLP production is stronger
when the application time is later. However, when fendiline is applied too late, there
might be reduced effects due to reduced exposure time before the end of the simulation
(Fig. 7E and F; Table S4). Again, when we looked at the average VLP reduction per hour
for different fendiline application times, the efficiency increased with later usage of
fendiline (Fig. 7G and H; Table S5). To make sure this is not due to fluctuations, we also
looked at the average VLP production dynamics of the different fendiline application
times (Fig. 8). We can see that the production will be inhibited for a period of time after
the drug is applied, which is in line with PS concentration reduction (Fig. S4). The later
the drug is applied, the more overall reduction it will have in the longer term.

To confirm our findings in cells expressing VP40, we expressed EGFP-VP40 as previ-
ously described (16, 19) and treated cells with fendiline or vehicle control (dimethyl
sulfoxide, DMSO) at different time points (0, 12, 24, and 36 h post-transfection). The pre-
VLP (VLPs localized around the cell membrane) formation was then assessed at 24 and
48 h using fluorescence microscopy (Fig. S5). As pre-VLPs are the precursor of VLPs, we
believe that the experimental trend in pre-VLP changes can represent the simulation
trend in VLP change. The experimental results show that VLP production is increased
with later usage of fendiline for most cases (Fig. 7| and J; Table S3), which is the same as a
constant concentration of fendiline application (Fig. 7A and B). However, when 2 uM
fendiline application changes from 12-h delay to 24-h delay, the VLP production is
decreased at 48 h (Fig. 7I; Table S3), which reproduces the simulation results when
considering the pharmacokinetics of fendiline (Fig. 7E). This likely indicates that in cell
culture there might be a far slower clearance of fendiline compared to the human body,
and the concentration of fendiline remains almost constant.

When calculating the VLP reduction per hour from the experiments, increased VLP
reduction per hour is observed at 48 h when fendiline application is delayed from 0 to 12
h for both 2 and 10 uM fendiline (Fig. 7K and L), which aligns with our simulations (Fig.
7C, D, G, and H). From this result, we believe that the experimental data confirms our
predictions that fendiline is relatively more efficient when applied at later times within
the viral life cycle. However, we also observe that the VLP reduction per hour is decreased
in other fendiline application times. This is possibly caused by the fact that fendiline-
induced PS reduction may be slower in experimental conditions compared to our
simulations, as our model has not considered the fendiline absorption process and how
fast PS cycling is happening. As a result, when the application time of fendiline is close to
the measurement time (12-24 h prior), the real “effective treatment time” of fendiline
could be much shorter than assumed in the simulations. This is supported by our finding
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FIG 7 VLP inhibition by different application times of fendiline. (A) Simulation of VLP production under 2 uM fendiline applied at 0, 12, 24, and 36 h

post-infection without the metabolism of fendiline. (B) Simulation of VLP production under 10 uM fendiline applied at 0, 12, 24, and 36 h post-infection without

the metabolism of fendiline. (C) Simulation of VLP reduction percentage per hour under 2 uM fendiline applied at 0, 12, 24, and 36 h post-infection without

the metabolism of fendiline. (D) Simulation of VLP reduction percentage per hour under 10 uM fendiline applied at 0, 12, 24, and 36 h post-infection without

the metabolism of fendiline. (E) Simulation of VLP production under 2 uM fendiline applied at 0, 12, 24, and 36 h post-infection with 20 h half-life of fendiline.

(F) Simulation of VLP production under 10 pM fendiline applied at 0, 12, 24, and 36 h post-infection with 20 h half-life of fendiline. (G) Simulation of VLP reduction

percentage per hour under 2 uM fendiline applied at 0, 12, 24, and 36 h post-infection with 20 h half-life of fendiline. (H) Simulation of VLP reduction percentage

per hour under 10 uM fendiline applied at 0, 12, 24, and 36 h post infection with 20 h half-life of fendiline. (I) Experiment of VLP production under 2 uM fendiline

applied at 0, 12, 24 and 36 h post-infection. (J) Experiment of VLP production under 10 pM fendiline applied at 0, 12, 24, and 36 h post-infection. (K) Experiment

of VLP reduction percentage per hour under 2 uM fendiline applied at 0, 12, 24, and 36 h post-infection. (L) Experiment of VLP reduction percentage per hour

under 10 uM fendiline applied at 0, 12, 24, and 36 h post-infection. Error bars indicate the SEM.
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FIG 8 VLP production dynamic of one-dose fendiline simulation. (A) Two micromolar of fendiline applied at 0, 12, 24, and 36 h post-infection. (B) Ten micromolar

of fendiline applied at 0, 12, 24, and 36 h post-infection. Error bars indicate the SEM. The figure is plotted based on every 2 h.

that when fendiline is applied 12-24 h prior to the measurement time, the difference
between 2 and 10 uM fendiline is not significant (Fig. S6; Table S6), indicating fendiline
may not have enough time to be effective.

From these results, we conclude that when viral budding is already established and
mature within a single cell, the application of fendiline will be relatively more effective.
Thus, fendiline can be a useful treatment for cells in the egress stage of EBOV infection
on a single-cell level. But we need to be careful, as there can be an innate delay from
application time and effective time that should potentially be explicitly included in
future model iterations. Also, it remains unclear how these single-cell dynamics would
affect the overall efficacy of fendiline in a population of cells that could all be in different
stages of infection, which is outside the scope of the current work, but multi-scale
modeling efforts are underway to answer this question.

Co-treatment simulation identified extra beneficial effects of PS reduction
with certain step-targeted treatments and high viral protein expression
mutant strain

Our final question is how fendiline-induced PS reduction could work with other
treatments targeted to specific steps in the VP40 viral matrix assembly process. We have
hypothesized that some of the step-targeted treatments may have synergistic effects
with PS-targeted treatment by partial rank correlation coefficient in a prior study (11).
We further explored this here by changing target parameters (ry, kq, ko, k3, and kg) to
half while maintaining the values of other parameter values in the fendiline treatment
simulations. Here, we focus on 2 uM fendiline since it is closer to the expected thera-
peutic plasma concentration (34). To determine if potential combination treatments are
synergistic, we compare the simulated co-treatment efficiency with the product of their
individual efficacies (representing additive effects).

First, the simulation of k4 (VLP budding rate constant) targeted treatment shows
a significant synergistic effect with fendiline. On average, 3.65% and 7.46% additional
treatment effects are achieved at 24 and 48 h, separately, compared to an additive
treatment effect (Fig. 9A). This is expected since kg is more rate-limiting and thus

TABLE 2 Statistical analysis for co-treatment simulation®

24 h
Average additional reduction (%) P-value Average additional reduction (%) P-value
Fendiline with ry-targeted 1.83 0.0001 1.37 <0.0001
Fendiline with kq-targeted —-0.04 0.5742 —-0.02 0.6049
Fendiline with ky-targeted -0.73 0.1208 -0.15 0.2141
Fendiline with k3-targeted -0.07 0.7546 -1.21 <0.0001
Fendiline with ks-targeted -3.65 <0.0001 —7.46 <0.0001

Two-tailed paired t test was performed.
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FIG9 VLP production of step-targeted and fendiline co-treatment. Co-treatment of fendiline with (A) k4 shows an obvious synergistic effect, with (B) k3 shows a
weak synergistic effect at 48 h, with (C) k1 and (D) k, shows an independent effect, and with (E) r; shows an antagonistic effect. Error bars indicate the SEM.

increases the regulation effect of PS when the step is targeted. The conclusion is also
statistically supported by t-tests (Table 2).

Simulation of k3 (filament growth forward rate constant) targeted treatment shows
statistically significant synergy with fendiline at 48 h (1.21%) but not at 24 h (Fig. 9B;
Table 2). The reason can be inferred from our earlier finding regarding the impact of
k3 on the timing of budding start (Fig. 5A; Fig. S3A). If k3 is targeted and lowered, the
budding time of VLP will be postponed. The co-treatment of fendiline will counteract
this change and make the production of VLP higher around the budding start time. This
mechanism of fendiline counteracting the impact of a lower k3 value would be more
obvious in short term (24 h), as it is closer to the budding start time. But for longer term,
they should still have a steady synergistic treatment efficiency.

Simulation of kq (dimerization forward rate constant) and k, (membrane association
rate constant) targeted treatment shows that they hardly impact VLP production on their
own, and they are independent of fendiline treatment (Fig. 9C and D; Table 2). The reason
that they are not synergistic could be that these steps are not rate-limiting in our system.

Finally, the simulation of r; (VP40 production rate) targeted treatment shows an
antagonistic efficiency with fendiline (Fig. 9E). P-values from t-tests show that the
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efficiency of co-treatment is always lower than the product of individual treatments
(Table 2). But this does not mean we cannot apply those two kinds of treatments
simultaneously. They can be used as the efficiency of co-treatment is always higher than
any single usage. This only suggests that there are no synergistic effects. On the other
hand, it means that fendiline can be more useful when rq is higher, which could represent
a viral strain with high viral protein expression.

Conclusion

Fendiline has been proposed to be a potential treatment for EBOV infection, as it reduces
the host cell membrane PS level, which is key for EBOV VP40 assembly (35). Here, we
explore mechanisms, dynamics, and potential co-treatments of fendiline-induced PS
reduction with a computational model of VP40 VLP assembly and budding in the context
of PS dynamics.

Our model is developed from a previously published version (11) and incorporates
the latest knowledge of VP40 budding and the nucleation-elongation theory, as well
as an explicit representation of PS dynamics. Our findings suggest that the filament
growth of VP40 follows the nucleation-elongation process. While this process has not
been specifically studied in VP40 oligomerization, it is widely accepted as a mechanism
in biopolymer assembly (22, 36). We also find that higher PS may decrease the difference
in filament stability between the nucleation and elongation processes. Since nucleation
is usually slow and rate-limiting (22), we believe it to be a good target for interrupting
the VP40 assembly pathway. We hope the nucleation-elongation process can be tested
experimentally for VP40 in the future, as it can improve our understanding of the
assembly process of VP40 and help evaluate new therapies that target VP40 oligomeriza-
tion.

Our simulations indicate that fendiline-induced PS reduction can effectively suppress
the production of VLPs in most cases, while fendiline can also increase the production
of VLPs for specific parameter sets at certain time points. This dual effect is related to
the fact that as fendiline decreases the concentration of cell membrane PS, the cell
membrane dimer pool of VP40 will be enlarged and serve as a reservoir, which will
promote the maturation of growing filaments and bring the budding time of VLPs
earlier. Increasing VLP production in response to fendiline treatment happens around
VLP budding start time and should disappear with longer time treatment. Due to the
existence of fluctuation in VLP production, the shift in VLP production start time by
fendiline treatment may also cause higher VLP production under fendiline treatment
at some time points, especially when the VLP budding rate is high. However, from our
analysis, neither of these “fendiline-induced VLP production increase” cases is persis-
tent in the long term. Experimental data that support this computational finding (16)
indicates that fendiline can effectively reduce VLP production in the longer term in
the VP40 system. Also, as our model simulates at a single-cell level, the increased VLP
production may be averaged out by the whole asynchronous population, and the effect
of fendiline at the multi-cell level will be further evaluated in future computational
studies.

Since fendiline may result in earlier VLP production, we also find that the treatment
efficiency of fendiline is higher when the application time is later. When we consider
the dynamics of fendiline metabolism and the application of fendiline with some delay
after infection, our simulation indicates that fendiline might be more effective in cells
where the VLP budding stage has already been established, since it can suppress the VLP
budding directly. On the other hand, it does not mean that fendiline cannot be applied at
early stages. Most of our simulations still show reduced VLP production when fendiline is
applied at early time points (Fig. 3), and the increased VLP production may be averaged
out over a large population of cells that are all in different stages of infection. While our
current model cannot confirm this notion, we are developing multi-scale models to study
the effect of this cellular stochasticity on tissue-scale outcomes in the future.
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We also explore the co-targeting of PS levels with other hypothesized step-targeted
treatment in the VP40 assembly and budding pathway. We want to pay extra attention
to kz-targeted treatment since graphene is proposed to be an inhibitor of the filament
growth process (37). The co-treatments will have a synergistic effect in the longer term.
But for the short-term, since k3-targeted treatment can slow down filament maturation,
it may lead to increased VLP production under fendiline treatment in some cases. These
cases are characterized by a strong treatment efficiency of k3-targeted treatment alone.
Due to this and the previous finding that fendiline is relatively more effective at later
times, we believe that if we are going to use both fendiline and ks-targeted therapy
as treatment, it may be better to apply ks-targeted treatment first and determine the
application time of fendiline based on the treatment efficiency of the ks3-targeted drug.

Fendiline also shows a strong synergistic effect with ks-targeted treatments,
suggesting that it will be extra beneficial to apply the co-treatments and achieve better
efficiency. Though for ry-targeted treatments, co-treating with fendiline does not show
synergistic effects, they can also be used since the adding of fendiline is still better than
single treatment. Moreover, the simulation also informs us that fendiline can be extra
useful when rq is high, which indicates a high expression (more viral proteins) EBOV
strain.

While we are only evaluating fendiline in our study, our model can be used to
evaluate other potential PS-targeted or VP40-targeted treatments, such as staurospor-
ines (38, 39). A recent study found that sangivamycin, a protein kinase C inhibitor, can
interrupt VP40 membrane association and decrease VLP production and proposes it to
be a new EBOV therapy (40). Our model may also support the evaluation of sangivamy-
cin, as its influence on the VP40 profile is similar to fendiline.

There are also limitations to our study. Our simulation is based on cell culture and
only represents infection on a single-cell level. No intercellular infection exists in our
model. There are also differences between the VP40 system and authentic EBOV for
which our current model does not account. Due to these limitations, we do not aim to
make clinical suggestions, but consider this work a step toward improved mechanistic
understanding and drug development.

Overall, we have evaluated the impact of fendiline-induced PS reduction on VP40
VLP production in the context of PS dynamics. Though experimental studies generally
propose that fendiline is effective in suppressing VLP production, we further explore the
potential VLP production increase in a short time, the efficiency in different time stages,
and co-treatment effects with other hypothesized VP40 assembly-targeted treatments.
The dual effect of fendiline makes the case more complicated, but our results indicate
that, in general, fendiline has the potential to reduce VP40 VLP production. It can still be
effective if the treatment is delayed, work well with other step-targeted treatments and
be particularly effective against EBOV strains with high viral protein expression.

MATERIALS AND METHODS
ODE-based model construction

Our model is updated from the “Budding” model constructed in our last work (11). This
model is based on experimental observations for the EBOV VP40 Zaire strain, which
was chosen because of its epidemiological significance (3). Model updates that are new
in this work are outlined here. According to the latest knowledge on VP40 filament
growth (21), we altered the building block from cell membrane hexamer to dimer.
Also, we replaced the “filament stabilization” mechanisms from the prior work with a
direct nucleation-elongation process for VP40 oligomerization (Fig. 10A). “As1”"-"As4”
models are constructed to determine the PS influence on the process (Table 1). We also
included a simple PS metabolism network to divide our PS pool into cytoplasmic and cell
membrane compartments (Fig. 10B).
ODEs for the main processes are presented in equations (1)-(10).
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Initial conditions
A(0)=0
B(0)=0
B PS(0)
C(0) = 16.7 X —55
D(0)=0(1<i<n)
E(0)=0
F(0) = 1.07 x 10°[PS(0) = 14.39,16.52 or 20]
PS(0
F(0) =1.07 X 10° x %[PS(O) =14 or 30]

PS(0) = 14 (PSA3), 14.39 (5uM Fendiline treated HEK293), 16.52 (14M Fendiline treated HEK293), 20
(HEK293), 30 (PSA3 + PS supplement) respectively .

A: VP40 monomer in cytoplasm (nM).

B: VP40 dimer in cytoplasm (nM).

C: plasma membrane phosphatidylserine (nmol/dm?).

C": plasma membrane phosphatidylserine available to interact with cytoplasmic VP40
dimer (nmol/dm?).

Dj: developing matrix protein consists of i VP40 dimers (nmol/dm?).

i number of dimers in developing filament.

z: size of oligomer where the reverse rate constant changes from k3 1" to k3 5".

n: number of dimers in a mature filament. n = 2,310 in our model.

E: budded VLP (nmol/dm?).

F: cytoplasmic phosphatidylserine (nM)

PS: plasma membrane phosphatidylserine (%).

PS level will be updated by the concentration of C through equation (11).

__ c
P§ = 1.07 x 10° an

The addition of R (radius of cell, dm) is used to compensate the unit change between

surface (nmol/dm?) and volume (nM) concentration.
The values and calculations of all parameters are listed in Table S1.
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Influence of PS on VP40 budding system

In our model, VP40 dimer membrane association and VLP budding steps are directly
influenced by cell membrane PS level as described in our previous study. Equations are
updated to fit the current model and avoid negative values in equations (12)-(14).

C'=gxPS (12)
_ h
Kp2 = exp(l X PS) a3)
k4 k4WT (14)

T 1= x; x (1—exp(—(PS — 20) X x,))

Fitted values of g, h, I, x1, and x; are included in Table S1.
The influence of PS on the nucleation-elongation process is tested in “As1"-"As4”
models (Table 1), which is represented in equations (15) and (16).

_ kwr
X A —exp(—(PS = 20) x =) as)
k kwr (16)

T 13 x (1 — exp((PS — 20) X x3))

k: involved parameter k31" (“As1” and “As2” model) or k35" ("As3” and “"As4” model)
changing with PS level.

kwr: involved parameter k3 1" ("As1” and “As2” model) or k3 " ("As3” and “"As4” model)
under 20% PS level.

Values of parameters x3 and x4 can be found in Table S1.

Influence of PS on its production

Negative feedback exists in PS production, where a high PS level will lead to a lower PS
production rate (41-43). To reflect this negative feedback, we assume that the inhibition
is caused by cytoplasmic PS concentration and apply a hill-like function in the produc-
tion of PS as equation (17).

m’+1
ry r2WTX( 0+(12;g)o) a7

The data used for fitting are shown in Table S7. Fitted values of parameters m and o
can be found in Table S1.

Influence of PSA-3, fendiline, and PS supplement on PS network in calibration

As the PS metabolism network is included in our model, experimental scenarios will
be linked to a specific step in the network. In previous studies, it has been shown
that fendiline will inhibit the activity of ASM, decrease the hydrolysis of sphingomyelin,
elevate sphingomyelin levels, and block the recycling of PS to cell membrane (14, 15). We
reflect this mechanism as an influence on the membrane association constant of PS.

The ratio of plasma membrane PS to cytoplasmic PS is six under WT situation (38).
Under steady-state situation, when no VP40 exists in the system, we will have equations
(18) and (19)

3ksC

Vz—k5F+T—d2F=O (18)
k. N
X _kc=0 (19)

Combining the two equations will get equation (20)
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-
F=2 (20)

While fendiline does not affect the production or decay of PS, cytoplasmic PS level
remains the same. From equation (19), equation (21) can be deducted

3kLCro Cro i
KsFendiline = —> ;;?dllme X 3k§§WT X kswr = —ngiime X kswr (21

The values of ks under 1 and 5 um fendiline are calculated accordingly (Tables S1 and
S8).

PSA-3 cells are genetically compromised in PS production (10, 44), and we apply this
influence on r. While PSA-3 does not affect the localization of PS, from equation (19),
equation (22) can be conducted

Fpsas _ 3ksCpsas ksR  Cpsas

Fur = KR 3KiCwr  Cur (22)
Combining equations (20) and (22) will get equation (23)
I2PsA3 — d>Fpgaz _ Cpsaz _ 14 _ 0.7 (23)

rawt dZFWT - CWT - 2_0 -

Since PS production is regulated by cytoplasmic PS concentration, equation (17)
needs to be considered, and the final value of PSA-3 PS production rate will be calculated
by equation (24)

T2psA3 = X FawT 24

m°+1
m° +0.7°

Supplement of PS will be reflected in PS production as well. Applying equation (23)
will get equation (25)

T2psa3+ps + Tasupp  doFpsaz+ps _ Cpsas+ps _ 30 _

Fawr dyFwr Cwr 20

1.5 (25)

Supplement of PS is regarded as a constant number not affected by cytoplasm PS
level, and the innate PS production ability in PSA3 with PS supplement group should be
the same as PSA3 group, thus the supplement of PS is calculated accordingly in equation
(26).

0.7 x (m° +0.7%)

0
m’+1 x 0.7 ~
0°+1.5

me+1.5°  _ml+1
m® +0.7°

asupp = 1.5 X rawt — 2psaz + ps = | 1.5 — X wT = (1-5 - ) X rwr (26)

Parameter estimation and calibration

LHS is used to sample the parameters within the ranges given in Table S1. The sampling
for x and z is on a linear scale, while for other parameters it is on a log scale. The top
five parameter sets with the lowest cost are used to analyze the influence of PS on the
nucleation-elongation process. In fendiline simulations, all parameter sets with a cost <
3 or score > 5 are used for analysis to reflect individual differences and account for
parameter uncertainty. A diagram of the parameter estimation process is shown in Fig.
11. The cost represents the average fold change in prediction to data under each type of
data as listed in equation (27)
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m“"épj, @°j, q; 1
N M(q) [ min(pj,q-¢j,q
Zq 1| X =1 T M

cost = N 27)

N:Number of different data type
M(q):Number of data in the qth data type

Pj,¢:jth model prediction in the qth data type
w,: weight assigned to qth data type(TableS9)

max(pj g,€;j
M@ (Pi.q%.q) -1

min Pj,q€j,
The parameter set gets one score for each Z ( ki) q)

Xwy | < 3.
j=1 M(q) 1

Any predictions at a certain time point are calculated from the average values of £2 h
around prediction time (e.g., 22-26 h for 24 h) to avoid potential extreme values from
fluctuation. The application of average prediction, cost, and score will decrease the bias
from fluctuation and a single data type and explore the system with higher diversity.
Prediction of relative oligomer frequency on each size of the oligomer is calculated
from the average values within one oligomer size around prediction size (e.g., tetramer-
octamer for hexamer) except for dimer.

Data used for calibration are the same as those in our previous work (11), with
updated interpretations

« VP40 oligomer ratio is defined as the ratio of VP40s amount in 6-48mer to those in
monomer and dimer.

- Relative oligomer frequency is defined as the relative oligomer amount from
hexamer to 42mer to the sum of them.

Other definitions remain the same

+ VLP production is defined as the number of VLP produced by a single cell.

+ VP40 budding ratio is defined as the ratio of VP40s amount in budded VLPs to
those in the cell.

+ VP40 plasma membrane localization is defined as the ratio of VP40s amount in
membrane dimer-48mer to those in cytoplasm monomer and dimer.

Application of in silico fendiline simulation

Fendiline is applied as input to the system in simulation with the feasible parameter sets
and models identified in the calibration.

The relationship between fendiline and ks is fitted to empirical equation (28) with the
ks value under 1, 5, or 10 uM of fendiline (Table S8).

CFendiline

=t X exp(—u X CONCrepngitine) — t + 1 (28)
Cwr

Fitted values of u and t are listed in Table S1. Combining equations (21) and (28),
ksrendiline Will be calculated according to equation (29) in the simulation

kSFendiline, Simulation — (t X exp(—u X ConCFendiline) —t+ 1) X kSWT (29)
In co-treatment with other step-targeted treatments, the rate constant for the

targeted treatment step is reduced to half while others remain the same for simulation.
During simulations, VLP production lower than 1 will be considered 0.
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FIG 11 Parameterization process for the model. Top five lowest-cost samples from each model will be
analyzed, and the model is to be discarded if all the data features are not caught. The rest of the models
with parameter sets that pass the requirement will be used for further in silico trial.

Experimental cellular studies with fendiline

HEK293 cells were maintained and transfected with EGFP-VP40 plasmid DNA as
previously described (16) in DMEM (Dulbecco's Modified Eagle Medium) containing
10% FBS and 1% penicillin/streptomycin. Transfections were done in DMEM containing
10% FBS in the absence of penicillin/streptomycin. Cells were maintained in DMEM
containing 10% FBS following transfections and were treated with either vehicle (DMSO)
or fendiline (Cayman Chemical Company, Ann Arbor, MI, USA; PubChem CID: 3336)
at varying concentrations in DMSO, for analysis at different time points (24 or 48 h).
Confocal imaging was performed on a Nikon Eclipse Ti Confocal microscope (Nikon
Instruments, Melville, NY, USA) using a 60 X 1.4 numerical aperture oil objective (or a 100
% 1.45 numerical oil objective as needed) or a Zeiss LSM 710 using a 63 x 1.4 numerical
aperture objective. Image analysis (plasma membrane localization pre-VLP formation)
was performed by counting pre-VLPs at the plasma membrane per cell slice by scanning
the Z plane of the image. The number of preVLPs was assessed per imaging frame
for an equal number of VP40-expressing cells over the course of three independent
experiments.
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