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Abstract

Ebola virus (EBOV) protein VP40 can assemble and bud in the form of virus-like particles
(VLPs) when expressed in the absence of other EBOV proteins in mammalian cells. When
nucleoprotein (NP) is co-expressed, VLPs will contain inclusion-body (IB) cores, and VLP
production can be increased. However, the mechanism of how NP impacts VLP production
remains unclear. Here, we use a computational approach to study NP-VP40 interactions. We find
that NP may enhance VLP production through stabilizing VP40 filaments and accelerating the
VLP budding step. Also, both the relative timing and amount of NP expression compared to VP40
are important for the effective production of IB-containing VLPs. We further find that there exists
an optimum NP/VP40 expression ratio, and that earlier expression of NP compared to VP40 will
produce IB-containing VLPs more efficiently. We conclude that disrupting the relative timing and
amount of NP and VP40 expression could provide new avenues to treat EBOV infection. This
work provides quantitative insights into how EBOV proteins interact and how those interactions

could impact virion generation and drug efficacy.
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Introduction

Ebola virus (EBOV) is one of the most fatal known pathogens since its discovery in 1976 (1,
2). Over the last 40 years, more than 34,000 people have been infected and greater than 15,000
people have been killed in 44 known outbreaks (3, 4). While two antibody-based therapies were
approved in 2021 (5, 6), the mortality rate is still greater than 30% even with therapy. There’s a
need to continue developing new treatment for EBOV and better understand potential strategies
for small molecule treatments.

Our understanding of the subcellular dynamics of EBOV is still limited. Research with live
EBOV must be conducted in biosafety level 4 (BSL-4) labs, which slows research progress.
Further, EBOV contains seven multi-functional viral proteins, all with complex protein-protein

interactions, making it difficult to identify effective drug targets. Among them, matrix protein
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VP40 can assemble and bud in the form of virus-like particles (VLPs) from the plasma membrane
of mammalian cells (7, 8). This feature of VP40 makes it a useful system to study the assembly
and budding process of EBOV in BSL-2 conditions.

Aside from the viral matrix, the nucleocapsid (NC), which encapsulates viral RNA, is another
important structure in EBOV assembly (9). The NC consists of at least NP, minor matrix protein
(VP24), and polymerase cofactor (VP35) (10, 11). Apart from being wrapped by VP40, these NC-
related proteins can modify the morphology and production efficiency of VP40 VLPs when co-
expressed with VP40 (12, 13). To fully understand the assembly and budding process of EBOV,
the complex interactions between matrix proteins and NC proteins must be considered.

NP, the critical component of the NC, has complex interactions with VP24 (10, 14), VP35 (10,
14), VP30 (15), VP40 (16, 17) and itself (11, 18, 19). It is also an important component of the
ribonucleoprotein (RNP) complex, which is responsible for transcription, replication, and
protection of EBOV RNA (20, 21). When expressed in mammalian cells, NP assembles into 20-
25 nm diameter helical tubes, which have the same dimensions as the core structure of NCs (9, 11,
18). These findings suggest that studying NP assembly, in the context of VP40 assembly, can
provide vital insights into the assembly of the NC and its interaction with the viral matrix.

Previous work has shown that co-expression of NP enhances VP40 VLP production (13).
Though they found that the C-terminal domain (CTD) of NP is important for both increased VLP
production as well as the recruitment of NP to VLPs, the detailed mechanisms of this influence of
NP on VP40 VLPs remains unclear. Other studies found that cytoplasmic NCs contains no
detectable VP40s when moving to the plasma membrane (22), and the movement speed of NC in
the cytoplasm is not affected by VP40 co-expression (10). Besides, VP40 has the ability to recruit
NCs to the site of budding on the cell membrane (10, 23). Together, these findings indicate that
the interaction between VP40 and NP happens on the host cell plasma membrane. However, recent
work suggests that the interaction between VP40 and NP takes place both in the cytoplasm and on
the plasma membrane (two-stage interactions) (17). These authors concluded that NP interacts
with VP40 in the cytoplasm through NP’s N-terminal domain (NTD) and induces a conformational
change in NP’s CTD which is responsible for the recruitment of NP to the cell membrane and the
incorporation of NP IBs into VLPs. When NP CTDs are mutated and lost the ability to interact
with VP40s, they observed that VP40s will be trapped in IBs, as plasma membrane localization
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and VLP production will be reduced. These unknows and seemingly conflicting results
demonstrate our lack of quantitative insights into NP-VP40 (or NP-VLP) interactions.

Mathematical modeling is a valuable tool to provide such quantitative insights into complex
biological systems. We previously developed the first ODE-based model of VP40 assembly and
budding at the intracellular level (24, 25). Our model suggested several mechanisms of VP40 and
phosphatidylserine (PS) interactions regarding the formation VLPs, such as the influence of PS on
VLP egress. We also revealed the dynamics of VP40 oligomers in the process of VLP assembly.
This work illustrates the utility of mathematical models to generate hypotheses and guide
experimental work.

Here, we build on our prior work with VP40 (cite both your papers if you can) to construct an
ODE-based model of EBOV NP-VP40 interactions, assembly and budding at the subcellular level.
We use this model to a) test which interactions between NP and VP40 can give rise to the
experimentally observed impacts of co-expression, as well as b) quantify the impact of NP on

VP40 VLP production.

Results
An ODE-based model replicates the impact of NP on VP40 VLP budding through a two-
stage interaction.

We developed the NP-VP40 model based on our previous VP40 model (24, 25). We
incorporated the experimentally identified two-stage interaction between NP and VP40 by having
cytoplasmic NP interacting with cytoplasmic VP40 dimer as well as full IBs interacting with
membrane VP40 dimers (10). Our first aim is to see if our model can replicate experimental data
from literature using this two-stage interaction assumption (13, 17).

Calibrated parameter sets successfully reproduced key experimental data. The addition of
NP increases VLP production compared to VP40-only (Fig. 1A), while the membrane
association-deficient NP mutant decreases both the membrane VP40 ratio and VLP production
(Fig. 1B-C) compared to WT NP. Experimental work also indicated that the interaction between
VP40 and NP in the cytoplasm should be increased when NP is mutated. In our model
predictions, the increase (as indicated by Pi, the portion of NP interacting with VP40 in
cytoplasm) is consistent but very small due to the high P1 in WT NP group (Fig. S1, Table S4).
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Figure 1. Simulation from NP-VP40 model. (A) Relative VLP production is increased to 196% on average
when NP is co-expressed comparing to VP40-only. (B) Plasma membrane VP40 ratio is 5.83 when WT NP is
co-expressed and reduces to 1.2 when mutant NP is co-expressed, on average. (C) Relative VLP production is
reduced to 57.2% on average when mutant NP is co-expressed comparing to WT NP. Error bars indicate SD.

Finally, we evaluated our model against the bimodal size distribution of IBs when NP is
expressed alone. Previous work also showed that the average size of IB will increase from 10-24
h, and both very small and large sized IBs are dominant, especially at later time points in a NP-
only system (26). In their study, NP was detected after 10 h. However, it already becomes
detectable in our model after 1h. Since there is no preparation stage for protein expression in our
model, we believe there is a time shift between our system and their observation as the starting
time of our simulation represents 9 h in their experiment. As a result, we looked at 1-15 h in our
model instead. Our prediction agrees with the experimental observation. While the average size
of IB is increased (Fig. S2A, Table S5), the distribution becomes binary after several hours (Fig.
S2B, Table S6). Based on these quantitative and qualitative comparisons between our model
results and experimental data, we believe that our model can replicate important features of the
NP-VP40 system.

We used this calibrated and tested model to assess the impact of NP on VLP production, by
looking at the VLP profile of the calibrated parameter sets. When NP is co-expressed with VP40,
the increase in total VLP production compared to the VP40-only system (25) is attributed to the
large amount of IB-containing VLPs. In fact, the IB-containing VLPs in the co-expression system
outnumbers the total VLPs in the VP40-only system, while the IB-free VLP number is lower (Fig.
2, Table S7). This means co-expression of NP not only increases VLP production, but also prevents
the formation of IB-free VLPs. We next wanted to study how NP influences the VP40 system to

have such a VLP profile through local sensitivity analysis.
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Figure 2. VLP production from NP-VP40 system. Total VLP production is much increased in NP-VP40
compared to VP40-only system, and the major form is IB-included VLP. On the other hand, IB-free VLP
production is reduced compared to VP40-only system. Error bars indicate 95% CIL.

VP40 filament stability and VLP budding rate is positively impacted by NP.

We next looked at how NP impacts the VLP filament assembly process. Our results indicate
that the dissociation constants (kpo,1, kpo2) for filament growth (nucleation and elongation,
respectively) is decreased when NP is co-expressed with VP40 (Fig. 3, Table S8). This is expected,
since VP40 can interact with IB, the stability of IB-bound filament is anticipated to be higher than

IB-free filaments.
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Figure 3. Range of important parameter ratios between NP+VP40 and VP40-only system. Co-expression of
NP significantly decrease dissociation constant for filament growth and increase VLP budding rate. Monomer
production rate for NP is much lower than VP40 in our system. Error bars indicate SD.
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In order to study how the process contributes to the VLP profile, we then performed local
sensitivity analysis for kpo,1 and kpo > (represented by ko 1' and ko2"). Results show that IB-free VLP
production increases with kpo1 and kpo (Fig. 4A, Table S7, S9). In contrast, IB-containing VLP
production is inhibited by both high and low kpo 1 and kpo» (Fig. 4B, Table S7, S9). This suggests
that the impact of NP on increasing filament stability is critical for optimizing the proportion of

IB-containing VLPs.
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Figure 4. Influence of IB-containing filament growth dissociation constant on VLP production. (A) IB-free
VLP production elevates as kpo,1 and kpoz increase from 0.1x to 10x. (B) IB-containing VLP production
decreases when kpo,1 and kpo > are either very small or large. The reduction under large kpo,1 and kpy> is more
obvious. Error bars indicate 95% CIL.

We next evaluated how NP impacts the VLP budding process. Compared to the budding rate
in the VP40-only system (ks) , the VLP budding rate in the NP-VP40 system (kio) is increased
(Fig. 3, Table S8). To study how IB-containing VLP budding rate contributes to the VLP profile,
we performed local sensitivity analysis for kio. Unlike kpo,1 and kpo 2, the impact of kio on IB-free
VLP production is very limited (Fig. SA, Table S7, S10). On the other hand, IB-containing VLP
production increases with kio (Fig. 5B, Table S7, S10). While the impact of IB on increasing VLP
production is not important for IB-free VLP inhibition, it is critical for the promotion of IB-

containing VLP production.
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Figure 5. Influence of IB-containing VLP budding rate on VLP production. (A) IB-free VLP production is
not influenced by kio. (B) IB-free VLP production elevates as kio increases from 0.1x to 10x. Error bars indicate
95% CL

Taken together, we conclude that NP will increase the stability of VP40 filament and VLP
budding rate. The inhibition of IB-free VLP is related to the former impact, while the production
of IB-containing VLP contains both influences. In terms of producing more effective virion
particles, it’s important for EBOV to have as high as possible budding rate as well as an optimum

stability for IB-containing filaments.

NP/VP40 expression ratio and timing are both critical for the profile of VLP production.
We also observed that the production rate of NP is lower than VP40 (Fig. 3, Table S8). To
investigate how NP/VP40 production ratio impacts VLP production, we performed local
sensitivity analysis for r3 (the NP monomer production rate constant). The production of IB-free
VLP decreases as NP production rate increases, which is expected since NP can inhibit IB-free
VLP production (Fig. 6A, Table S7, S11). However, IB-containing VLP production is also
significantly inhibited when NP production is both too high and too low (Fig. 6B, Table S7, S11).
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Figure 6. Influence of NP production rate on VLP production. (A) IB-free VLP production reduces as 13
increases from 0.1x to 10x. (B) IB-containing VLP production decreases when 13 is either very small or large.
Error bars indicate 95% CI. 31 out of 50 groups are used for analysis as others have met tolerance problems in
ode-solver.

We knew that too little NP will provide insufficient IBs for IB-containing VLPs and
hypothesized that too much NP may trap large amounts of VP40 in the cytoplasm and prevent the
formation of filaments, due to the two-stage interaction between NP and VP40. To test our
hypothesis, we evaluated the VP40 bound to cytoplasmic IB. We do find that more VP40s will be
trapped in cytoplasmic IBs as NP production rate increases (Fig. S3A, Table S12). However, when
we looked at cell membrane VP40 number, though it is negatively related to NP production rate
at the beginning, both low and high NP production rate will have more VP40 on the cell membrane
at later time points (Fig. S3B, Table S12). This can be expected, since total VLP budded in those
groups are low (Fig. S3C, Table S12), especially in high NP production groups (5%, 10x NP
production rate), leaving more VP40s remaining on cell membrane.

The question remains why VLPs are not being budded when membrane VP40 concentration
is so high. To answer this question, we further evaluated the concentration of filament building
blocks (VP40 dimers). The cell membrane VP40 dimer concentration is very low in high NP
production rate simulations (Fig. S3D, Table S12) while there are more IBs moving to cell
membrane in those groups (Fig. S3E, Table S12). These IBs moving to the cell membrane are less
likely to “release” VP40 dimer since IB-containing filaments are more stable than IB-free
filaments (Fig. 3, Table S8). Thus, while the demand of cell membrane VP40 dimer is high for the
maturation of those IB-containing filaments, the concentration of VP40 dimers is low, which leads

to low IB-containing VLP production. Taken together, when NP production is too high, VP40 will
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be trapped in both cytoplasmic IB and incomplete IB-containing filaments that are unable to bud.
Note that in this model, we assume all NPs in the cytoplasm have the ability to interact with VP40.
If this is not true, the optimum NP/VP40 expression rate for higher IB-containing VLP production
can be much higher.

Apart from the expression ratio between NP and VP40, we also wanted to determine the
impact of the expression timing of NP relative to VP40 on the VLP profile. To do this, we
performed the expression time test for the two proteins (see Methods). This analysis demonstrates
that the later NP is expressed relative to VP40, the more IB-free VLP will be produced (Fig. 7A,
Table S13). IB-containing VLP production reaches a peak when NP and VP40 are co-expressed
at the same time, followed closely by the NP-5h earlier expression group (Fig. 7B, Table S13). We
then calculated the energy efficiency of VLP production by dividing the IB-containing VLP
production by total protein production. Co-expression of NP and VP40 at the same time has the
highest efficiency initially (since no IB-containing VLP can be produced at the time for other
groups), then gets surpassed by the NP-5h earlier expression group (Fig. 8, Table S14).
Considering both IB-containing VLP production amount and energy usage efficiency, we believe
that it is most beneficial for EBOV when VP40 is expressed a bit later than NP. This is aligned
with the genome sequence of EBOV, as NP is closer to the 3’-end compared to VP40 (27).
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Figure 7. Influence of NP/VP40 expression time on VLP production. (A) IB-free VLP production decreases
as VP40 expression time becomes later. (B) IB-containing VLP production decreases expression time difference
between NP and VP40 becomes larger. The highest IB-containing VLP production appears when VP40
expression time is between 0-5h later than NP expression time. Error bars indicate 95% CI. 41 out of 50 groups
are used for analysis as others have met tolerance problems in ode-solver.
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Figure 8. Ratio of IB-containing VLP production to protein production. The ratio of IB-containing VLP to
total protein production is a representative of energy use. It reaches the peak when VP40 is 5 h late in
expression, and either earlier or later expression time will decrease the energy usage. Error bars indicate 95% CI.

In conclusion, both the expression ratio and the expression time of NP and VP40 are
important for the effective production of IB-containing viral particles. An optimum ratio and
expression time exists for producing viral particles in the shortest time and for reducing energy
waste by suppressing noninfectious viral particles. From our study, we believe if the protein
expression profile is disturbed in EBOV infection, such as having VP40 expressed earlier than

NP, the production of infectious viral particles can be significantly impaired.

Inhibition of fendiline on VLP production is weakened when NP is co-expressed.

Finally, as we had evaluated fendiline as a potential small-molecule drug for EBOV treatment
by VP40 computational modeling in our recent work, we wanted to see how fendiline treatment
influenced the NP-VP40 system. We simulated fendiline treatment by changing its concentration
input (see Methods) Our results indicate that both IB-free and IB-containing VLP production is
decreases with fendiline concentration (Fig. S4, Table S15). This indicates that fendiline can be
effective at suppressing VLP production when NP is co-expressed with VP40. However, if we
compare the reduction percentage in VLP between NP co-expression and VP40-only, we find that
the inhibition of VLP production by fendiline is weakened in the NP-VP40 system (Fig. 9, Table
S16). Considering our recent results (25) that fendiline is less effective when the VLP budding rate
is high, we believe this is caused by the higher budding rate of IB-containing VLPs. Since VLP
production can be improved by multiple EBOV proteins (13), fendiline treatment efficiency may
be lower in authentic EBOV infection than our predictions from simulations. This is also aligned

with experimental findings that fendiline is less effective against live EBOV than VP40 VLP under
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the same fendiline concentration (28). A co-treatment targeting the budding process of EBOV may

be important to rescue the efficiency of fendiline, as suggested in our recent work (25).

Relative VLP production at 48h

1.0
VP40

I B VP40+NP

0 05 1 2 4 6 8 10

Fendiline concentration (uM)

Figure 9. Inhibition of VLP production by fendiline on VP40-only and NP-VP40 system. While total VLP
production is inhibited in both VP40-only and NP-VP40 system by fendiline, the reduction in VLP is smaller in
NP-VP40 system. Error bars indicate SD.

Discussion

NP is an important viral protein for the whole life cycle of EBOV. In this study, we have
incorporated NP into our ODE-based VP40 assembly and budding model by a two-stage
interaction mechanism and explored the detailed impact of NP on VLP production through
computational methods.

A recent study found that the interaction between VP40 and NP can happen in both
cytoplasm and membrane (17). We believe that the IB-bound VP40s and cell membrane-bound
VP40s are two different pools. The former will change the structure of NP-CTD by interacting
with NP-NTD in the cytoplasm, and the latter will move to cell membrane, where it recruits IBs
and serves as building block for filaments. We have successfully replicated experimental
observations through our model based on these mechanisms, which also supports the two-stage
interaction theory between NP and VP40. Though a previous study indicated no interaction
between VP40 and NP in the cytoplasm (22), the study was conducted in Marburg virus
(MARYV) instead of EBOV, and NC was used instead of NP alone as in the current study. The
difference in species and the discrepancy between NC and IB may explain the observed

differences in NP-VP40 interaction. We can further explore a system without cytoplasmic NP-
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VP40 interaction in our model to assess potentially different mechanisms between different
filoviruses.

While a previous study found that VLP production can be increased by co-expression of NP
and VP40 (13), our simulations further suggest that the enhancement may be due to the
stabilization of growing VP40 filaments and increase in VLP budding rate through 1B
association. These influences will increase VLP budding in general, while reducing the
production of IB-free VLPs, which is aligned with experimental observations (13, 17). However,
our results also indicate that too many NPs may inhibit VLP production by depleting membrane
bound VP40 dimer building blocks in two ways: (a) Too many cytoplasmic NPs will bind more
VP40s and trap them in cytoplasm; (b) The stabilized IB-containing VP40 filaments are less
likely to release VP40 dimers. Taken together, it means apart from having mutants in the NP
CTD (17), NP may also serve as a “trap” for VP40 if the number of NPs is too large since part of
VP40s will be limited to NP NTDs, and the rest of VP40s will be distributed between a large
number of incomplete VLPs that are not mature enough to bud. Since we lack data on how many
VP40s will interact with NPs in the cytoplasm, we aren’t able to determine a precise ratio of
NP/VP40 where it will start inhibiting VLP production. This could be further quantified through
experiments.

On the mRNA level, NP shows a similar level of transcription compared to VP40 (29, 30). On
the other hand, the size of NP (739 aa) is more than twice that of VP40 (326 aa), so it can be
inferred that VP40 translation time should be shorter while not considering the difference in amino
acid elongation rate caused by codons. Thus, VP40 may be more abundant than NP in EBOV
infected cells. Since NP is at the 3° of EBOV genome, the expression should be earlier than VP40.
mRNA detection also shows that the level of NP transcription decreases through time (29). Our
simulation indicates that these experimentally observed expression patterns of NP/VP40 timing
and ratio are beneficial to both the production of EBOV particles and the suppression of non-
functional EBOV without genetic material. It maximizes IB-containing VLP production, while
decreasing energy waste. These results suggest that the expression profile of individual EBOV
proteins may play a critical role in its life cycle, and thus can be a potential treatment target for
future studies. Currently, no RNA-based therapy has been approved by the FDA in treating EBOV
infection, as all approved treatments of EBOV are antibody-based (5, 6). However, RNA

interference (RNAi) has been proposed for viral infection treatment for many years and is
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considered an efficient means of disruption (31). Also, there are already experimental therapy
using small interfering RNA (siRNA) therapy targeting multiple EBOV proteins (32, 33), though
the treatment effect remains challenging (34). The difficulty lies in accurate delivery to target cells
(31, 34, 35), and the efficiency may be affected by application time (34). However, RNA delivery
technology has been greatly advanced recently (36, 37), characterized by the recent mRNA
vaccines approved for COVID (38, 39). Our previous work also showed the ability of
computational models to assist evaluation of treatment timing (25). Taken together, our results
further suggest that an RNA-based therapy which can disrupt the normal relative expression
abundance of EBOV proteins over time could significantly impact infectious virus production.

Our results highlight the power of simplified in vitro and in silico models to disentangle
complex protein-protein interaction network structures and dynamics. However, from the fendiline
results in this study, we conclude that the interaction between various EBOV proteins can influence
treatment efficiency. Thus, our findings also caution against extrapolating drug target conclusions
made in simplified in vitro or in silico systems that only consider one viral protein. It is important
to build the full EBOV infection model for making more accurate efficiency predictions. Our
current model still has limitations. The current model does not include viral entry, transcription,
replication or the five other EBOV proteins. For the NP-VP40 model, we lack the knowledge of
what part of NPs can interact with and with how many VP40s on IBs in cytoplasm, and thus our
model represents a simplified assumption. We also have limited data on parameter values, or
enough data to calibrate them precisely. Nonetheless, our NP-VP40 model successfully reproduces
current experimental results, makes important predictions, and provides valuable directions for
future experiments.

In summary, our results show how EBOV NP affects viral assembly by influencing filament
stability and buddy rate constants; how the timing and proportion of NP vs. VP40 expression from
the viral genome is potentially optimized for maximal functional virion production; and how viral
protein interactions impact drug efficacy. Thus, this work moves the field forward in our
understanding of EBOV assembly dynamics; and brings us one more step towards a full EBOV

infection model, which can be used for in silico treatment trials.

Materials and Methods

ODE-based model construction
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Our model incorporates NP dynamics into our existing model of VP40 assembly and budding
(11,12, k1, ko, ks, ka, ks, di, d2) (24, 25). NP is produced and assembled into IBs in the cell cytoplasm
(11, ke, d1), and then bound to VP40 dimer at the plasma membrane (ks) (as experimental evidence
has not shown whether IB binds to VP40 membrane dimer or higher oligomers, we make a
simplifying assumption that excludes the interaction between IB and higher VP40 oligomer).
Cytoplasmic NPs also have the ability to incorporate cytoplasmic VP40 dimers (k7). The ability of
IBs to bind to membrane VP40 depends on the cytoplasmic VP40s attached to it (ks) (17). Finally,

membrane VP40 can oligomerize into either IB-free filaments or IB-containing filaments (ks, ka,

kg, klo) (Fig. 10).
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Figure 10. Scheme of the NP-VP40 model. The NP-VP40 model includes the pathway from NP production to
IB formation, VP40 assembly and budding (both IB-free and IB-containing) as well as simple PS metabolism
network.

ODE:s for the model are shown in Eq. (1)-(24). Eq.(1), Eq.(2), Eq.(8) and Eq.(10)-(15) are

being reproduced here from our prior work (25).
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dK ,
T kSCnlElpl - (kng + k10Hn2)Pz (23)

o = kyoHy, P, (24)
A: VP40 monomer in cytoplasm (nM).

B: VP40 dimer in cytoplasm (nM).

Ci: Developing cytoplasm IB consists of i NPs (nM).

i: Number of NPs in cytoplasm IB.

z1: Size of IB where the reverse rate constant change from ke 1'to ke 2" (from nucleation to
elongation

ni: Number of NPs contained in a mature IB. n; = 770 in our model.

D: Plasma membrane phosphatidylserine (nmol/dm?).

D': Plasma membrane Phosphatidylserine available to interact with cytoplasmic VP40 dimer
(nmol/dm?).

Ej: Developing IB-free VP40 filament consists of j VP40 dimers (nmol/dm?).

J: Number of dimers in developing filament.

7: Size of VP40 filament where the reverse rate constant changes from ks 1'to k3 »" (from
nucleation to elongation).

nz2: Number of dimers in a mature filament. no = 2310 in our model.

F: Budded IB-free VLP (nmol/dm?).

G: Cytoplasmic phosphatidylserine (nM).

Hj: Developing IB-containing VP40 filament consists of j VP40 dimers (nmol/dm?).

I: Budded IB-containing VLP (nmol/dm?).

J: Cytoplasmic VP40 dimer trapped in cytoplasm IB (nM).

K: Trapped VP40 dimer in plasma membrane IB (nmol/dm?).

L: Trapped VP40 dimer in budded IB-containing VLP (nmol/dm?).

Pi: Portion of cytoplasmic NP bound by VP40 dimer.

P»: Portion of plasma membrane NP bound by VP40 dimer.

P3: Portion of budded NP bound by VP40 dimer.

Definitions of Pi-P3 are shown in Eq. (25)-(27).

P, = (25)
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K
b= iamy, (26)
_ J

Initial conditions:

A(0) =0
B(0) = 0
C,(0) =0
D(0) = 16.75

D;(0)=0 (1<i<n,)
Ej(0)=0 (1<j<n,)
F(0) = 0

G(0) = 1.07 x 10°
Hi(0) =0 (1<j<ny)

10)=0

J(0)=0

K(0) =0

L(0)=0

The calculation of D' is shown in Eq. (28). The deduction of the equation is detailed in our

prior work (25).

D' =143 X 1073 X —~— (28)

1.07x10

Influence of IB-bound VP40 on IB cell membrane association

Previous work has shown that the interaction of NP NTD with cytoplasmic VP40 can cause a
conformational change in the NP CTD, which is critical for the recruitment of IB to cell membrane
(17). We reflect this mechanism in our model, by having the IB membrane association rate (ks)
positively impacted by the portion of its NP occupied by cytoplasmic VP40 dimer. The influence

is described in Eq. (29).
Kg o

1-y X(l—exp(—(%—O-S)Xy ))
< ! Zi211Gi i

ke = (29)
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Values of y1 and y» are listed in Table 1.
kg o: Calibrated IB plasma membrane association rate without considering the effect of

attached cytoplasmic VP40 (Table 1).

Table 1. Model parameters

Parameter Value Unit

ki Calibrated in (25) * 1/(nM s)

Kbi 50 (24, 25) nM

ki’ ki1xKbp1 (24, 25) 1/s

ko ko'/ Kbz (24, 25) 1/(nM s)

Kbz h/e”?S (25) nM

ko' Calibrated in (25) * 1/s

ks Calibrated in (25) * dm?/(nmol s)

Kps.1 Calibrated in (25) * nmol/dm?

ks’ k3xKp3,1/(1-0.5%(1-e(PS207x4)) (25) 1/s

Kbps2 Calibrated in (25) * nmol/dm?

ks’ k3xKp3p (25) 1/s

ks o Calibrated in (25) * 1/s

ka4 k4 0 /(1-0.5%(1-¢®S200%)) (25) 1/s

ks 6xks’ (25) 1/s

KsFendiline,Simulation (tx g0 ConeFendiline) 1 1) s # (25) 1/s

ks' Calibrated in (25) * 1/s

ke Calibrated 1/(nM s)

Kbe,1 Calibrated nM

ko1 kexKpe,1 1/s

ratioi Calibrated 1

Kps,2 ratio; xKpe,1 nM

ko2’ kexKps,2 1/s

k7 Calibrated 1/(nM s)

Kby Calibrated here nM

k7' k7xKp7 1/s

ks o Calibrated 1/(nM s)
ks o/((1-y1x(1-exp(-(J/(X.(1Ci))-0.5)xy2

N ks oy o COTC)0 575) VM )

Kbs Calibrated nM
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ks’ ksxKpg 1/s

ratioz Calibrated 1

ko ksxratioz dm?/(nmol s)
ratios Calibrated 1

Kpo.i Kops,ixratios nmol/dm?
ko1 koxKpo,1/(1-0.5%(1-eFS207x4y) 1/s

Kpop Kpsxratios nmol/dm?
koo’ koxKpo 2 1/s

ratios Calibrated 1

k1o kaxratios 1/s

I Calibrated in (25) " nM/s

2.0 Calibrated in (25) nM/s

9 2 oxm°®/(m°+(PS/20)°) nM/s
ratios Calibrated 1

13 rixratios nM/s

di 2.25x10°3 1/s

d2 12/G(0) 1/s

ni 770 1

no 2310 (25) 1

R 7.82x107 dm

X Calibrated in (25) 1

Y1 0.5 1

y2 Calibrated 1

Z1 Calibrated 1

V43 Calibrated 1

g 1.43x1073, fitted in (25) nmol/dm?
h 2.18x103, fitted in (25) nM

1 0.112, fitted in (25) 1

m 0.942, fitted in (25) 1

0 11.7, fitted in (25) 1

t 0.364, fitted in (25) 1

u 0.498, fitted in (25) 1/uM

*: Randomly sampled from 75 “As2” parameter sets in our previous work.
#: Only used in fendiline treatment. Fendiline concentration range from 0.5-10uM.

Experimental data

Three groups of data from two NP-VP40 experimental studies are used to calibrate our model:

* NP VLP production ratio: defined as the ratio of VLP production with NP co-expression
relative to VLP production with expression of VP40 alone (13).

e CTD-mutant NP (L692A, P697A, P698A, W699A, which have CTD mutations and are
compromised in binding to the cell membrane) VLP production ratio: defined as the ratio
of VLP production with wild-type (WT) NP co-expression with VP40 relative to CTD-
mutant NP co-expression with VP40 (17).
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*  CTD-mutant NP membrane VP40 ratio: defined as the ratio of cell membrane VP40
number relative to cytoplasmic VP40 number in both WT and CTD-mutant NP co-
expression (17).

CTD-mutant NP data are combined together in our calibration since they are all mutated in

the CTD core and are also analyzed collectively in the experimental work (17). We reflect this

mutation mathematically by letting ks = 0 for these mutants. All the data are included in Table 2.

Table 2. Calibration data. SD: standard deviation.

NP VLP production ratio | Mutant NP VLP Membrane VP40 ratio
production ratio
WT NP-+VP40 3.6078 (SD: 1.961) 6.325 (SD: 1.554)
Mutant NP+VP40 0.3145 (SD: 0.1274) 0.637 (SD: 0.142)

As qualitative validation of the NP-VP40 model, we evaluate the fitted parameters by their
ability to reproduce the observed dynamics that when NP is expressed by itself, the average 1B
size increases over time; and that the IBs have a bimodal size distribution, with the majority of IBs

being either very large or very small at latter time (26).

Calibration and parameter estimation

NP-related parameters are sampled through Latin hypercube sampling (LHS) in a wide range,
while VP40-only parameters are randomly sampled from the 75 “As2” simulation groups in our
last study (25). The agreement of model predictions with experimental data is calculated by a cost
function as described in our last study and shown in Eq. (30). Compared to calculations in our
previous work, we removed the weight that was introduced to account for the uncertainty in some
data sets. All predictions at a certain time point are calculated from the average value within + 2

hours as in our previous work (25).

max(pi.q’ei,q)_
min(p; 4,€;
Zgzl Zil\i(lq) ( ;&?q)l,q)
cost = _ (30)

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

ejq: jth experiment data in the qth data type

Pjq: jth model prediction in the qth data type
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Calibration is performed in an iterative manner. In each iteration, 2500 initial guesses are
sampled with LHS. The top 50 parameter sets with the lowest costs are used for determination of
the parameter ranges of next iteration. Since experimental studies showed that IB-containing VLPs
are dominant compared to IB-free VLPs at 36h post-transfection (17), we also use this feature to
filter parameter sets for further analysis starting from the 3 iteration (such cases are very limited
in iterations 1-2, Table S1). The ranges of calibrated parameters in each round are shown in Table
S2. Calibration is considered complete after six iterations due to an increase in cost in the seventh
iteration compared to the sixth. Some parameter sets have P1-P3 higher than 1 at some time points
due to numerical errors and are excluded from further analysis and simulation. The top 50 best fit
parameter sets from the rest of the sixth iteration samples are selected for further analysis (Table

S3).

Simulation

Three kinds of simulations are performed: local sensitivity analysis, expression time test and
fendiline treatment. In local sensitivity analysis, selected parameters are changed from 0.1x - 10x
of their original values, while other parameters remain the same. These local sensitivity analysis
allows us to evaluate how the impact of NP on different steps in VP40 assembly and budding
process can influence VLP production, as well as the importance of the NP/VP40 expression ratio.
In expression time tests, the relative monomer production starting time of NP ranges from 20h
earlier than VP40 to 20h later. The expression time tests will enable us to assess if the relative
expression time of NP/VP40 is important in EBOV infection. In fendiline treatment, 0.5 uM - 10
uM of fendiline is simulated in the NP-VP40 system to test how disruption of phosphatidylserine
by fendiline affects VLPs when NP is co-expressed with VP40.

Software application
The ODE model is implemented in Matlab R2022a. Solver “ode23t” is used for solving ODEs,
with the analytical Jacobian Matrix provided, and using the “NonNegative” setting to avoid

negative values. All result figures and statistical analysis are created with Graphpad Prism.

Funding acknowledgements


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552607; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

This project was funded with support from the Indiana Clinical and Translational Sciences
Institute which is funded in part by Award Number UM1TR004402 from the National Institutes
of Health, National Center for Advancing Translational Sciences, Clinical and Translational
Sciences Award (to EP and RVS); and AI081077 (to RVS). The content is solely the responsibility
of the authors and does not necessarily represent the official views of the National Institutes of
Health. This material is based upon work supported by the National Science Foundation under
Grant No. 2143866. This work used the Extreme Science and Engineering Discovery Environment
(XSEDE), which is supported by National Science Foundation grant number ACI-1548562. Anvil
at Purdue was used through allocation TG-MDE220002 (to EP).


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552607; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

References

1. Groseth, A., Feldmann, H., and Strong, J. E. (2007) The ecology of Ebola virus. Trends Microbiol.
15, 408-416

2. McElroy, A. K., Erickson, B. R., Flietstra, T. D., Rollin, P. E., Nichol, S. T., Towner, J. S., and
Spiropoulou, C. F. (2014) Ebola hemorrhagic fever: Novel biomarker correlates of clinical
outcome. Journal of Infectious Diseases. 210, 558-566

3. Ebola Virus Disease Distribution Map: Cases of Ebola Virus Disease in Africa Since 1976 | History |
Ebola (Ebola Virus Disease) | CDC (2021) [online]
https://www.cdc.gov/vhf/ebola/history/distribution-map.html (Accessed February 23, 2023)

4, Barbiero, V. K. (2020) Ebola: A Hyperinflated Emergency. Glob Health Sci Pract. 8, 178—182

5. Aschenbrenner, D. S. (2021) Monoclonal Antibody Approved to Treat Ebola. American Journal of
Nursing. 121, 22

6. Markham, A. (2021) REGN-EB3: First Approval. Drugs. 81, 175-178

7. Adu-Gyamfi, E., Soni, S. P., Xue, Y., Digman, M. A., Gratton, E., and Stahelin, R. V. (2013) The
ebola virus matrix protein penetrates into the plasma membrane: A key step in viral protein 40
(VP40) oligomerization and viral egress. Journal of Biological Chemistry. 288, 5779-5789

8. Adu-Gyamfi, E., Digman, M. A., Gratton, E., and Stahelin, R. V. (2012) Investigation of Ebola VP40
assembly and oligomerization in live cells using number and brightness analysis. Biophys J. 102,
2517-2525

9. Hartlieb, B., and Weissenhorn, W. (2006) Filovirus assembly and budding. Virology. 344, 64—-70

10. Takamatsu, Y., Kolesnikova, L., and Becker, S. (2018) Ebola virus proteins NP, VP35, and VP24 are
essential and sufficient to mediate nucleocapsid transport. Proc Nat! Acad Sci U S A. 115, 1075—
1080

11. Beniac, D. R., Melito, P. L., DeVarennes, S. L., Hiebert, S. L., Rabb, M. J., Lamboo, L. L., Jones, S.
M., and Booth, T. F. (2012) The organisation of Ebola virus reveals a capacity for extensive,
modular polyploidy. PLoS One. 10.1371/journal.pone.0029608

12. Johnson, R. F., Bell, P., and Harty, R. N. (2006) Effect of Ebola virus proteins GP, NP and VP35 on
VP40 VLP morphology. Virol J. 3, 1-7

13. Licata, J. M,, Johnson, R. F., Han, Z., and Harty, R. N. (2004) Contribution of Ebola Virus
Glycoprotein, Nucleoprotein, and VP24 to Budding of VP40 Virus-Like Particles. J Virol. 78, 7344—
7351

14. Banadyga, L., Hoenen, T., Ambroggio, X., Dunham, E., Groseth, A., and Ebihara, H. (2017) Ebola
virus VP24 interacts with NP to facilitate nucleocapsid assembly and genome packaging. Sci Rep.
7,1-14

15. Kirchdoerfer, R. N., Moyer, C. L., Abelson, D. M., and Saphire, E. O. (2016) The Ebola Virus VP30-
NP Interaction Is a Regulator of Viral RNA Synthesis. PLoS Pathog. 12, 1-22


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552607; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

16. Noda, T., Watanabe, S., Sagara, H., and Kawaoka, Y. (2007) Mapping of the VP40-Binding Regions
of the Nucleoprotein of Ebola Virus. J Virol. 81, 3554-3562

17. Wou, L., Jin, D., Wang, D., Jing, X., Gong, P., Qin, Y., and Chen, M. (2022) The two-stage interaction
of Ebola virus VP40 with nucleoprotein results in a switch from viral RNA synthesis to virion
assembly/budding. Protein Cell. 13, 120-140

18. Noda, T., Hagiwara, K., Sagara, H., and Kawaoka, Y. (2010) Characterization of the Ebola virus
nucleoprotein-RNA complex. Journal of General Virology. 91, 1478-1483

19. Noda, T., Ebihara, H., Muramoto, Y., Fujii, K., Takada, A., Sagara, H., Jin, H. K., Kida, H., Feldmann,
H., and Kawaoka, Y. (2006) Assembly and budding of Ebolavirus. PLoS Pathog. 2, 0864—0872

20. Tao, W, Gan, T., Guo, M., Xu, Y., and Zhong, J. (2017) Novel Stable Ebola Virus Minigenome
Replicon Reveals Remarkable Stability of the Viral Genome. J Virol. 91, 1-14

21. Dong, S., Yang, P., Li, G., Liu, B., Wang, W., Liu, X., Xia, B., Yang, C., Lou, Z., Guo, Y., and Rao, Z.
(2015) Insight into the Ebola virus nucleocapsid assembly mechanism: crystal structure of Ebola
virus nucleoprotein core domain at 1.8 A resolution. Protein Cell. 6, 351-362

22. Schudt, G., Kolesnikova, L., Dolnik, O., Sodeik, B., and Becker, S. (2013) Live-cell imaging of
Marburg virus-infected cells uncovers actin-dependent transport of nucleocapsids over long
distances. Proc Natl Acad Sci U S A. 110, 14402-14407

23. Schudt, G., Kolesnikova, L., Dolnik, O., Sodeik, B., and Becker, S. (2013) Live-cell imaging of
Marburg virus-infected cells uncovers actin-dependent transport of nucleocapsids over long
distances. Proc Natl Acad Sci U S A. 110, 14402-14407

24. Liu, X., Pappas, E. J., Husby, M. L., Motsa, B. B., Stahelin, R. V., and Pienaar, E. (2022) Mechanisms
of phosphatidylserine influence on viral production: A computational model of Ebola virus matrix
protein assembly. Journal of Biological Chemistry. 298, 102025

25. Liu, X., Husby, M., Stahelin, R. V, and Pienaar, E. (2023) Evaluation of Fendiline Treatment in VP40
System with Nucleation-Elongation Process: A Computational Model of Ebola Virus Matrix
Protein Assembly. bioRxiv. 10.1101/2023.08.03.551833

26. Hoenen, T., Shabman, R. S., Groseth, A., Herwig, A., Weber, M., Schudt, G., Dolnik, O., Basler, C.
F., Becker, S., and Feldmann, H. (2012) Inclusion Bodies Are a Site of Ebolavirus Replication. J
Virol. 86, 11779-11788

27. Muhlberger, E. (2007) Filovirus replication and transcription. Future Virol. 2, 205-215

28. Husby, M. L., Amiar, S., Prugar, L. |., David, E. A., Plescia, C. B., Huie, K. E., Brannan, J. M., Dye, J.
M., Pienaar, E., and Stahelin, R. V (2022) Phosphatidylserine clustering by the Ebola virus matrix
protein is a critical step in viral budding. EMBO Rep. 10.15252/embr.202051709

29. Albarino, C. G., Guerrero, L. W., Chakrabarti, A. K., and Nichol, S. T. (2018) Transcriptional analysis
of viral mRNAs reveals common transcription patterns in cells infected by five different
filoviruses. PLoS One. 10.1371/journal.pone.0201827


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552607; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

30. Bosworth, A., Dowall, S. D., Garcia-Dorival, I., Rickett, N. Y., Bruce, C. B., Matthews, D. A,, Fang, Y.,
Aljabr, W., Kenny, J., Nelson, C., Laws, T. R., Williamson, E. D., Stewart, J. P., Carroll, M. W,,
Hewson, R., and Hiscox, J. A. (2017) A comparison of host gene expression signatures associated
with infection in vitro by the Makona and Ecran (Mayinga) variants of Ebola virus. Sci Rep.
10.1038/srep43144

31. Mehta, A., Michler, T., and Merkel, O. M. (2021) siRNA Therapeutics against Respiratory Viral
Infections—What Have We Learned for Potential COVID-19 Therapies? Adv Healthc Mater.
10.1002/adhm.202001650

32. Dunning, J., Sahr, F., Rojek, A., Gannon, F., Carson, G., Idriss, B., Massaquoi, T., Gandi, R., Joseph,
S., Osman, H. K., Brooks, T. J. G., Simpson, A. J. H., Goodfellow, I., Thorne, L., Arias, A., Merson, L.,
Castle, L., Howell-Jones, R., Pardinaz-Solis, R., Hope-Gill, B., Ferri, M., Grove, J., Kowalski, M.,
Stepniewska, K., Lang, T., Whitehead, J., Olliaro, P., Samai, M., and Horby, P. W. (2016)
Experimental Treatment of Ebola Virus Disease with TKM-130803: A Single-Arm Phase 2 Clinical
Trial. PLoS Med. 13, 1-19

33. Kraft, C. S., Hewlett, A. L., Koepsell, S., Winkler, A. M., Kratochvil, C. J., Larson, L., Varkey, J. B.,
Mehta, A. K., Lyon, G. M., Friedman-Moraco, R. J., Marconi, V. C., Hill, C. E., Sullivan, J. N.,
Johnson, D. W., Lisco, S. J., Mulligan, M. J., Uyeki, T. M., McElroy, A. K., Sealy, T., Campbell, S.,
Spiropoulou, C., Stroher, U., Crozier, I., Sacra, R., Connor, M. J., Sueblinvong, V., Franch, H. A,,
Smith, P. W., Ribner, B. S., Schwedhelm, S., Boulter, K., Beam, E., Gibbs, S., Lowe, J., Piquette, C.,
Bailey, K., Auxier, J., Boer, B., Hanson, T., Kaseman, J., Khan, M. S., Rhee, J. H., Wells, A,, Florescu,
D., Kalil, A., Rupp, M., Becker, V., Boeckman, B., Elder, E., Fitch, A., Flood, E., Freml, M., Frigge, R.,
Hanzlik, K. A., Jensen, L., Kraus, N., Molacek, D., Nevins, J., Parker, A., Peters, J., Rand, C., Roesler,
K., Ryalls, K., Shradar, M., Strain, A., Sunderman, T., Sundermeier, J., Swanhorst, J., Vasa, A,,
Bellinghausen, J., Freihaut, F., Denny, S., Mainelli, L., Pinkney, D., Ray, D., Jevne, J., Knight, K.,
McCroy, D., Nadeau, R., Nightser, A., lwen, P., Sambol, T., Herrera, V., Morgan, D., Trotter, S.,
Kerby, A., Peters, S., Southern, T., Murphy, C., Morris, R., Nuss, S., Franco, T., Ogden, C., Lazure,
J., Straub, D., Hinrichs, S., Plumb, T., Florescu, M., Becker, J., Souchek, J., Beck, J., Heires, P.,
Gordon, B., Paulsen, G., Wolford, B., Petersen, J., Marion, N., Hayes, K., Tyner, K., Wilson, T.,
Baltes, P., Nowatzke, J., Nguyen, J., Turner, P., Boonstra, B., Jelden, K., Portrey, R., Stringfield, D.,
Scofield, B., Svanda, G., Horihan, J., Dahl, C., Bruno, M., Malm, K., Litz, R., Fehringer, J., Paladino,
K., Opp, T., Bell, S., Adams, A., Allen, M. B., Bachman, R., Bornstein, W., Cantrell, D., Cosper, P.,
Feistritzer, N., Fox, J., Gartland, B., Goodman, J., Grant, S., Howard-Crow, D., Horowitz, |., Pugh,
D., Ritenour, C., Ash, T., Barnes, C., Calhoun, J., Chapman, L., Daye, T., Durr, H., Evans, S., Gentry,
J., Ginnane, J., Haynes, C., Hill, C., Hillis, D., Johnson, C., Loomis, J., Mamora, J., Mitchell, L.,
Morgan, J., Osakwe, N., Owen, J., Piazza, S., Shirley, K., Siddens, J., Silas, C., Slabach, J., Tirador, E.,
Todd, D., Vanairsdale, S., Brammer, N., Buchanan, J., Burd, E., Cardella, J., Eaves, B., Evans, C.,
Hostetler, K., Jenkins, K., Lindsey, M., Magee, J., Powers, R., Ritchie, J., Ryan, E., Bonds, S.,
Emamifar, A., Kuban, T., Pack, J., Rogers, S., Golston, G., Kaufman, S., Olinger, P., Olinger, S.,
Rengarajan, K., Thomaston, S., Beck, E., Desroches, P., Hall, C., Walker, C., Bryant, C., Hackman,
B., Howard, R., Jones, M., Broughton, J., Frisle, B., Jackson, R., Lewis, J., Brown-Haithco, R., Gartin,
M. L., Geralds-Washington, E., James-Jones, R., Miller, D., Stark, D., McGee, G., Jones, P., Scott-
Harris, L., Cain, J., Davis, R., Johnson, T., Pickett, T., Shaw, A., Truesdale, T., Blum, J., Hill, L.,
Sevransky, J., Zivot, J., Walker, S., Klopman, M., Matkins, R., Meechan, C., Meechan, P., Schwock,


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552607; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

34.

35.

36.

37.

38.

39.

available under aCC-BY-NC 4.0 International license.

K., Schuck, J., Stack, K., Wolf, F., Bray, B., Isakov, A., Shartar, S., Miles, W., Jamison, A., Arevalo, J.,
Stallings, G., Christenbury, J., Dollard, V., De Gennaro, M., Korschun, H., Seideman, N., Ziegler, T.,
Griffith, D. P., Dave, N., Wall, S., Hall, M., McGhee, D., Clarke, T., Vaught, R., and Peterson-Pileri,
K. (2015) The Use of TKM-100802 and Convalescent Plasma in 2 Patients with Ebola Virus Disease
in the United States. Clinical Infectious Diseases. 61, 496—502

Scott, J. T., Sharma, R., Meredith, L. W., Dunning, J., Moore, C. E., Sahr, F., Ward, S., Goodfellow,
I., and Horby, P. (2020) Pharmacokinetics of TKM-130803 in Sierra Leonean patients with Ebola
virus disease: plasma concentrations exceed target levels, with drug accumulation in the most
severe patients. EBioMedicine. 10.1016/j.ebiom.2019.102601

Zhang, Y., Almazi, J. G., Ong, H. X., Johansen, M. D., Ledger, S., Traini, D., Hansbro, P. M., Kelleher,
A. D., and Ahlenstiel, C. L. (2022) Nanoparticle Delivery Platforms for RNAi Therapeutics Targeting
COVID-19 Disease in the Respiratory Tract. Int J Mol Sci. 10.3390/ijms23052408

Wang, Y., Zhang, Z., Luo, J., Han, X., Wei, Y., and Wei, X. (2021) mRNA vaccine: a potential
therapeutic strategy. Mol Cancer. 10.1186/s12943-021-01311-z

Pardi, N., Hogan, M. J., and Weissman, D. (2020) Recent advances in mRNA vaccine technology.
Curr Opin Immunol. 65, 14-20

Arunachalam, P. S,, Scott, M. K. D., Hagan, T, Li, C., Feng, Y., Wimmers, F., Grigoryan, L., Trisal,
M., Edara, V. V,, Lai, L., Chang, S. E., Feng, A., Dhingra, S., Shah, M., Lee, A. S., Chinthrajah, S.,
Sindher, S. B., Mallajosyula, V., Gao, F., Sigal, N., Kowli, S., Gupta, S., Pellegrini, K., Tharp, G.,
Maysel-Auslender, S., Hamilton, S., Aoued, H., Hrusovsky, K., Roskey, M., Bosinger, S. E.,
Maecker, H. T., Boyd, S. D., Davis, M. M., Utz, P. J., Suthar, M. S., Khatri, P., Nadeau, K. C., and
Pulendran, B. (2021) Systems vaccinology of the BNT162b2 mRNA vaccine in humans. Nature.
596, 410-416

Baden, L. R,, El Sahly, H. M., Essink, B., Kotloff, K., Frey, S., Novak, R., Diemert, D., Spector, S. A,,
Rouphael, N., Creech, C. B., McGettigan, J., Khetan, S., Segall, N., Solis, J., Brosz, A., Fierro, C.,
Schwartz, H., Neuzil, K., Corey, L., Gilbert, P., Janes, H., Follmann, D., Marovich, M., Mascola, J.,
Polakowski, L., Ledgerwood, J., Graham, B. S., Bennett, H., Pajon, R., Knightly, C., Leav, B., Deng,
W., Zhou, H., Han, S., Ivarsson, M., Miller, J., and Zaks, T. (2021) Efficacy and Safety of the mRNA-
1273 SARS-CoV-2 Vaccine. New England Journal of Medicine. 384, 403—-416


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552607; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.


https://doi.org/10.1101/2023.08.09.552607
http://creativecommons.org/licenses/by-nc/4.0/

