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Intercellular Chemical Communication through EV
Exchange: Evaluation of the EV Fusion Process
Parameters at the Receiving Cell
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Abstract—Cells communicate with each other exploiting a
variety of chemical signals. Among them, Extracellular Vesicles
(EVs) have attracted large interest by the scientific community.
In fact, thanks to the advances in bio-nano-technology and
the possibility of engineering EVs, they are envisioned as a
perfect means for distributing biological information among
receiving cells. However, deciphering the molecular mechanisms
that regulate the delivery of EV cargo is, today, a necessary,
yet challenging, step toward the exploitation of EV signaling to
support innovative and efficient therapeutic protocols, alternative
to current drug delivery technologies. In particular, very little
information is currently available on the processes of EV fusion,
which is the EV internalization process occurring when the EV
membrane dissolves into the plasma membrane of the target
cell, and the EV content is released into the cytosol. In order to
understand the dynamics of this process, this paper introduces an
analytical model of the evolution of the fusion process. Moreover,
since the measurement of the biological parameters driving the
fusion process is far to be achieved, in this paper we use the
model as a tool to infer likely values of such parameters from
parameters that are measurable with current technology.

Index Terms—Cell-to-cell Communication, Extracellular Vesi-
cle, Mathematical Model, Vesicle Fusion.

I. INTRODUCTION

ELL signalling, in biology, is the ability of biological

cells to respond to stimuli and to produce changes in
the surrounding environment that other cells can sense and
respond to. This complex mechanism is analogous to the infor-
mation packets exchange in communication networks, where
the biological cells represent the transmitting and receiving
devices that communicate through physical (e.g. mechanical
pressure, voltage, temperature, light) or chemical signals (e.g.
molecules, gas) [1].

Among the different types of chemical signals, Extracellular
Vesicles (EVs) have attracted particular interest in the scien-
tific community [4], [10], [31]. EVs are nano-sized spherical
particles that carry molecules of various natures. They are
enveloped by a phospholipid membrane, which shields their
content from the external environment [6]. Once secreted by
a donor cell, they diffuse into the extracellular space and are
received by some target cells through several possible uptake
mechanisms [18], as shown in Fig. 1.
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These characteristics make natural or synthetic-engineered
EVs suitable to be engaged, for the treatment of particular
diseases, as a carrier for drug delivery to ill cells [9], [14].
To this purpose, the formalization, according to information
and communication theory paradigms, of EV exchange be-
tween donor and target cells allows to better understand the
dynamics and characteristics of such cell communication and
accurately supports the development of innovative and efficient
therapeutic protocols.

In this context, let us address the processes and function-
alities of the cells as receiving devices. As mentioned before,
several mechanisms allow cells to internalize the EVs. It is
reasonable to expect that the differences between the various
EV internalization processes performed by the target cells are
related to different functionalities, also producing different
effects. As an example, the pathways linked to endocytosis
processes (phagocytosis, macropinocytosis, Lipid RAFT, etc.)
requires, through a receptor interaction, the internalization of
the EVs, which remain unaltered until their metabolization
[18], [30]. On the contrary, in the juxtacrine signalling from
EVs to nearby cells, the cell response is triggered by the inter-
action between receptors, without requiring the internalization
of the EVs. Further, in the fusion between the membranes of
EVs and target cell, pathways are triggered by contact between
membranes, while the EV is not internalized as a whole, rather
its content is released directly into the cytosol. Clearly, the
biological processes and responses activated by the different
EV-cell interaction styles may differ between one another.
Therefore, a thorough investigation of the possible interplay
between competing internalization processes is crucial for
biomedical purposes. One of the most investigated uptake
mechanisms [17], [28], [33] is the receptor-mediated endocy-
tosis, which relies on the binding between EVs and receptors
on the plasma membrane of the target cell. Concurrent to the
endocytosis, the protein-mediated fusion of EVs to the plasma
membrane of the target cells occurs [22], [27]. This process,
which represents a relevant option for successful therapeutic
strategies, has only recently received attention and has not yet
been thoroughly investigated.

For all the above reasons, in [15] we have presented a
mathematical model of the internalization of EVs through the
protein-mediated fusion with the plasma membrane of the
target cells. Since the evolution of this membrane fusion is
well described in literature [22], [26], the different steps of the
fusion process can be described through a system of ordinary
differential equations, whose parameters are the rates of the
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chemical reactions involved in the binding and fusion of EVs,
as well as in the recycling/regeneration process of the proteins
involved in the process.

Unfortunately, to the best of our knowledge, little informa-
tion is available about both the identity of the proteins involved
in the process, and the parameters regulating the process
dynamics. The majority of knowledge about the external
surface fusion between EVs and cells comes mainly from the
study of either the fusion between two cells or between viruses
with cells, which have suggested interesting hypothesis about
the identity of the proteins involved in the cell surface fusion
of EVs, as well as possible new line of investigation on this
topic [11], [22], [27]. Nevertheless, proper meaningful values
for the model parameters are still not available.

To overcome this inconvenience, in this paper we initially
use the mathematical model to study the influence of the
relevant parameters on the EV fusion evolution and provide a
frame of reference for future comparisons between numerical
solutions and biological experimental measures. After that, we
use the model as a tool to infer the range of more likely
values for these biological parameter, given some common
bio-lab measurements, such as the EV internalization rate in
the receiving cell.

The model proposed in this paper is derived with a similar
approach to that used in [33], although this one focuses on
the EV uptake process through endocytosis. Other models
in literature, such as [28], [34], analyze the communication
through EV exchange between donor and target cell, by
considering the endocytosis as principal uptake mechanism.
The model in [29] theoretically investigates the release of EVs
from a donor cell. From the best of our knowledge, our model
is the first addressing the EV uptake through protein-mediated
fusion with the plasma membrane of the target cell.

The paper is organized as follows. In Section II, the fusion
of the EVs with the plasma membrane of the target cell is
described and the mathematical model of the resulting process,
as derived in [15], has been summarized. Moreover, some
assumptions and simplifications are applied to the model in
order to consider common conditions for in vitro biological
experiments. Section III shows and discusses some numerical
results obtained by applying the model. Finally, our conclu-
sions are drawn in Section IV.

II. FUSION OF EVS WITH THE PLASMA MEMBRANE OF
THE TARGET CELLS

In this work, we focus on the fusion of EVs with the
plasma membrane of their target cells. Fusion, in general,
is a natural event that occurs when two separate portions of
membrane approach and fuse into each other. Spontaneous
fusion between the membranes of EV and target cell is rare in
nature because membranes have positive charge on the external
surface [5]. However, in presence of specific proteins on the
surface of both EVs and target cells, the charge pushback is
overcome thus the fusion of membranes occurs [12], [24]. The
proteins that promote the fusion between membranes are called
fusogenic proteins (FPs).

The FPs involved in this phenomenon can be of different
nature. Note that, contrarily to the well known analogous
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Fig. 1: Extracellular Vesicle communication system. On the
left, donor cell releases EVs into the extracellular environment.
EVs travel thought the cellular matrix and arrive at the target
cell, where are internalized through fusion or endocytosis.

intracellular fusion process between EVs and cell organelles or
membrane-bound cell compartments, where fusion is known
to be primarily promoted by SNARE proteins [8], evidence of
surface fusion of EVs with target cells has been only recently
provided [21]. Therefore, the identity of the proteins involved
in this case, is currently unknown and under investigation [2],
[3], [16], [19], [20], [22], [23], [25]. In particular, surface
proteins belonging to the family of syncytin, which are known
to participate in the cell-to-cell fusion, were discovered also
on placental trophoblast exosomes (a particular type of EVs),
destined to bind and fuse with blood cells [25], which suggests
their involvement in the binding and fusion process of the EVs
with the target cells [22].

However, whatever the nature and identity of the FPs, the
evolution of the protein-mediated membrane fusion of EVs
with target cells is well described in literature [22], [26]. More
specifically, the activation of the fusion process requires at
least two pairs of surface FPs (one protruding from the EVs
and the other from the plasma membrane of the target cell)
[22]. When an EV comes in proximity of the target cell, the
high affinity between the FPs results in a bond. At this point,
the hydrophobic segments of the bound FPs begin to deepen
into the plasma membrane, as described in Fig. 2.

The molecular re-arrangement, together with the re-
organization of the closely attached membrane portion of both
EV and target cell, takes place, until the dissolution of the
membrane segments at the fusion site, i.e. between the two
pairs of bound FPs. The EV membrane is, then, inserted in
the plasma membrane, which becomes continuous.

Unlike in other simultaneous internalization processes that
occur through the cell membrane, such as receptor-mediated
endocytosis, where the EVs are internalized with their mem-
brane and, only subsequently, broken down to metabolize their
contents, in the fusion the vesicle content is released directly
into the cytosol.

A. Fusion Model

In this section, a mathematical model of the EV fusion to
the plasma membrane of the target cell is derived, with an
approach similar to the one used in [33] to model endocytosis.
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Fig. 2: EV fusion process. Two FPs on the EV membrane bind to two FPs on the plasma membrane of the target cell. The
FP binding is followed by the re-organization of the closely attached membrane portion of both EV and target cell, until the
dissolution of the membrane segments of both EVs and target cells between the two pairs of bound FPs. The EV content is

then released into the cytoplasm of the target cell.

Let F' be the concentration of FPs on the plasma membrane
of the target cell, and let Iy, F}, and F; denote the concen-
trations of FPs that are available for binding, currently bound
to an EV, and in a post-fusion state, respectively. As already
mentioned in Section II, two FPs on the plasma membrane
of the target cell are necessary to bind an EV [22], (see also
Fig. 2). Therefore, for the sake of simplicity, let us measure
F in number of FPs pairs! per unit of volume. Further,
let V be the concentration of EVs, and let V,, V;, and V}
denote the concentration of EVs that are in the extracellular
space close to the target cell (for brevity, in the following,
also called external EVs), currently bound to pairs of FPs,
and in a post-fusion state. Near the periphery of the cell,
the external EVs initially exhibit a surface sliding behavior
until their movements drastically decrease, as an effect of the
high affinity between the proteins on the surface of both EVs
and cells. The bond between EVs and FPs is, at this point,
established [22], which implies that the available FPs, F,, and
the external EVs, V., change their state to bound FPs, F}, and
bound EVs, V;, respectively. This happens at a binding rate
constant, ay, determined, among other factors, by the duration
of the surface sliding described above, which depends on the
type of FPs and EVs. The binding process described so far,
with an approach similar to the one in [33], can be schematized
as follows:

F,+V. % B+ 1 (1)

Soon after, the binding between EVs and FPs evolves into
fusion, with a rate constant that we denote as b¢. The evolution
of EVs from the extracellular space to the EV-cell fusion can
be schematized by the following set of reactions, similarly to
(1):

{extracellular medium} by, ::’b 73 LN Vi (2)

In the following we may generically refer to FPs meaning always FPs
pairs.

where ky is the delivery rate of EVs to the cell surface, i.e.
the number of EV supplied to the cell by the extracellular
medium in the time unit. Note that, a fraction of the EV-FP
bonds may disassociate, with a rate constant b,, before the
fusion activation. Therefore, not all the bound EVs evolve into
fused ones and the variable V; counts the EVs whose fusion
is successfully completed.

A simple scheme of the EV fusion is illustrated in Fig. 2.

In order to model the evolution of the fusion process,
we first focus on the time-dependent concentrations of the
available, bound and post-fusion FPs on the cell surface,
F, (t), Fy (t) and F'f (t), respectively, and consider the events
that affect their temporal variation. In particular, let us note
that the binding of an EV to an available FPs produces a
decrease in the concentration of available FPs, F, (t), and a
corresponding increase in the concentration of bound ones,
F}, (t). The contribution of this event follows by the application
of the law of mass action to the reaction (1). Similarly, the
fusion of a bound EV to the plasma membrane, with the
rate constant by, accounts for a negative contribution in the
temporal variation of the bound FPs, Fj, (¢), and a positive
contribution to the temporal variation of the post-fusion FPs,
Fy (t).

Besides the binding and fusion events, also the recycling
processes of the FPs affect the temporal variation of their
concentration and need to be considered [7], [32]. More
specifically, it is expected that after the fusion of the EVs
is completed, a fraction of the post-fusion proteins becomes
again available for binding new EVs, while at the same time
old FPs are degraded and new available FPs are produced
by the cell. Accordingly, a negative contribution is given to
the temporal variation of the post-fusion protein concentration
F (t) by the recycled proteins with the rate constants b,. Like-
wise, the recycled proteins produces a positive contribution
in the temporal variation of available proteins concentration
F, (t), whereas the destroyed proteins produce a negative
contribution to F, (¢) with a constant rate b,. Additionally, let
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TABLE I: Model parameters

Description Parameter ~ Unit of measure
Binding rate constant ap ml - mol~T - h=T
Fusion rate constant by h—!

Bond dissociation rate constant by, h—1

FPs recycling rate constant ba h1!

FPs destroying rate constant ba h—1!

kg (t) be the production rate of new FPs, i.e. the concentration
of new synthesized FPs pairs per time unit, which contributes
positively to the concentration F, (t).

Finally, the possibility that a fraction of the EV-FP bonds
may disassociate before the fusion process is activated, pro-
duces, with the rate constant b,, an increase of the concen-
tration of available FPs, F), (¢), and a decrease of the bound

ones, Fj ().
All the above considerations lead to the following equations:
dF, (t
dt( ) =kp (t) — by Fy (t) + by Fr (t) +
+bu Iy (1) — apFa (t) Ve (1) 3)
dFy (t
ét( ) wF (Ve (1) - (by +b)F (1) @
dFy (t
gt( )_ byFy (t) — baky (1) (5)

With similar considerations, let us now focus on the tempo-
ral evolution of the concentrations of EVs in the extracellular
space close to the target cell V, (¢), bound to the FPs V; (),
and fused to the plasma membrane Vj (¢). By applying the
law of mass action to reactions (2), we obtain the following
equations:

chelt(t) =ky (1) +0u,Vs (t) —aFo () Ve (1) (6)
ﬂ%ﬂ:%a@wuw—w+mﬂﬂﬂ M
dvgt(t) — bbe (t) ®)

The set of equations (3)-(8) constitute the system of ordinary
differential equations (ODEs) that models the protein-mediated
fusion process of EVs to the plasma membrane of a target cell.

B. Initial conditions

In the model presented so far, the variables are the EV and
FP concentrations in different phases of the process, and the
coefficients are the parameters regulating the processes, i.e.
the rates of the chemical reactions involved in EV binding
and fusion, as well as in the recycling/regeneration process
of the FPs. However, as already said, poor information is
available in literature about those parameters. On the contrary,
through specific biological experiments, the concentration of
the external, bound and fused EVs can be measured over the
time, i.e. V(t), V4(t) and V¢(t) can be known. Then, a change
of perspective can be applied to the model, so that the V's are
no more unknown variables, and instead the model parameters,
together with the concentration of FPs, are the unknowns in

the equations (3)-(8). Therefore, we may exploit the model to
infer, through a mathematical reverse process, some reasonable
values for the model parameters.

Unfortunaltely, to the current state of the art, the experimen-
tal measures needed for the above approach are challenging
to achieve. In fact, to selectively measure the concentration
of the EVs internalized through fusion, the in vitro selec-
tion or inhibition of specific uptake mechanisms is required.
However, technical limitations currently hinder the possibility
to efficiently achieve this target. More specifically, the EV-
cell interactions involve mechanisms which are physiologically
used by cells also for the internalization of other molecules.
Therefore the inhibition of some uptake mechanism interferes
with the other cellular functions, affecting the normal physi-
ology of the cells, even compromising the cell survival. For
these reasons, in this work, we provide a frame of reference
for future comparisons between numerical solutions and bio-
logical experimental measures, by considering the conditions
of common feasible biological experiments, as described in
[13], to numerically solve the ODE system (3)-(8).

To this purpose, let us consider the case of a usual in vitro
experiment where a single dose of EVs is supplied to the target
cell at the beginning of the experiments and no other EVs are
supplied successively, in the time interval under examination,
ie.

kv(t) =0 ©)

Moreover we can assume that, in the time interval under
examination, the cell dynamics regulating the regeneration of
proteins do not introduce, over time, great variations of the
concentration of proteins, that is, an equilibrium between old
degraded and new produced proteins is maintained. Therefore,
in the following we will consider numerical solutions of the
ODE system in the case:

by =0
kp(t) =0

Typical initial conditions, at the time instant to (i.e. at
the beginning of the observation of the bio-lab experiment),
correspond to a situation where the cells have not yet received,
i.e. not bound nor internalized, EVs. Therefore, the initial
concentration of bound EVs and proteins, as well as fused
EVs and post-fused FPs are equal to zero, while the initial
concentration of the external EVs and available FPs on the
plasma membrane of the target cell is indicated as Vj and Fp,
respectively. This situation is summarized as follows:

(10)

Ve (to) = Vo

Vi (to) =0

Vf (to) =0

Fo (to) = Fo an
Fy(to) =0

Fy (to) =0

where the initial concentrations V{) of external EVs is assigned
during the biological experiment planning, whereas the initial
concentration Fy of FPs is unknown. Therefore, in order
to make the numerical results independent from the initial
concentration of proteins, let us normalize the concentration of
all F's and V's to the initial concentration of available proteins
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Fy. So doing the solutions of the ODE system in (3)-(8), can
be analyzed in terms of the ratio %‘é To the purpose, let us
denote as

S(t) = (Fa(t), Fy (1), Fy (1), Ve(t), Vo (8), Vi (1)) (12)

the generic solution of the ODE system in (3)-(8), and with
calligraphic letters the normalization of (12) with respect to
the concentration of proteins Fj, i.e.:

S(t) = (Fa(t), Fo(t), Fr (1), Ve (), Vo (1), V (2)) =

_ <Fa<t> Fyt) Fr(t) Ve(t) V() vf<t>> (13
F, F, F, F, F F

Note that, due to the presence in the system (3)-(8) of the
non-linear term F,V;, the normalization S(¢) of the initial
condition (11) is solution of the ODE system as long as
we redefine, under the considered assumptions, a;, as «ap, as
follows:

ap = abFO (14)

The equivalent initial conditions, in this case are:

Ve (tO) = VO
Vy (to) =0
Vf (to) =0
15
Fu(to) = Fo (15
Fy (to) =0
Fy (to) =0
where:
W
Vo = Fo
(16)
‘FO — FO — ].

III. ANALYSIS OF THE ODE SOLUTIONS

In this section, we will discuss the numerical results of the
ODE system, in a time interval of 72 hours, for different
orders of magnitude of the model parameters. More specif-
ically, in Section III-A we will investigate the effects of the
model parameters on the time evolution of the fusion process.
In particular, we will focus on the basic fusion process,
without considering possible EV-FP bond disassociation, i.e.
for b, = 0. The impact of b, # 0 will be examined in
Section III-B. In Section III-C, we will formally define the
internalization rate and evaluate it for a wide range of values of
relevant parameters. Finally in Section III-D, we will provide
a discussion regarding what are most likely parameter values
associated to the measured internalization rate.

For the sake of simplicity, in the following, we will refer
to the parameter values without specifying the measurement
units, which are meant to be as specified in Table 1.

A. Temporal evolution of FP and EV concentrations

First, let us consider the effects of the parameters «, by and
by, regulating the basic fusion process, without considering
possible EV-FP bond disassociation, i.e. b, = 0. In Fig. 3, the
time evolution of the concentration of FPs and EVs is shown,
in a time interval of 72 hours, for different values of the above
mentioned model parameters?.

Let us initially focus on Fig. 3c, where the temporal evolu-
tion of the concentrations F,(t), F3(t) and F¢(¢), for different
values of the binding rate constant «y, are shown, when the
fusion rate constant by is equal to 10 and the FP recycling rate
constant by is 1000. In the small box inside the figure, the 18
minutes after the time instant ¢ = 0 is analyzed more in details.
As shown in these figures, the concentration F, of available
FPs is, at the time instant ¢ = 0, equal to 1, which represents
the total concentration of proteins (see (15) and (16)). Soon
after, it rapidly decreases, while the concentration J; of bound
FPs increases complementary to JF,, meaning that the bond
between FPs and EVs is taking place. As expected, for lower
values of the binding rate constant a; (e.g. o = 0.1, solid
lines in Fig. 3c), the concentration JF, decreases until it reaches
about half of the initial concentration of proteins, which is
a relatively large value in comparison to the concentration
obtained for greater values of «y, (e.g. o = 100, dotted lines
in Fig. 3c), which instead is close to zero. In fact, low binding
rate constants imply (for equal concentrations of reactants)
large time intervals where the FPs remain available, waiting
for a successful EV-FP bond. On the contrary, the larger the
binding rate constant oy, the shorter the time period the FPs
remain available. Therefore, for low binding rate constants,
the average over time of the concentration F, of available
proteins is larger, with respect to the case of high binding rate
constants.

After this first rapid decrease, the concentration JF, in-
creases. The slope of such an increment is sensibly dependent
on the value of the binding rate constant ay,. More specifically,
for high values of oy, the concentration F, increases slowly,
for about the first 10 hours, to steeply increase and stabilize to
the initial concentration of FPs. This time interval before the
concentration of F, stabilizes to the initial concentration of
FPs, corresponds to the internalization period, i.e., the duration
of the whole internalization process, as shown also in Fig. 3d,
where the concentrations V, and Vy of external and fused EVs,
respectively, are drawn. Indeed, when F, stabilizes around 1
(e.g., about 10 hours for high values of «;), the concentration
V. of external EVs to be internalized is close to zero, while
the concentration Vy of fused EVs is close to the initial
concentration of EVs.

Let us now compare Fig. 3e to Fig. 3c, where only the
recycling rate constant by changes, i.e., it decreases by one
order of magnitude. As shown in the figures, the internalization
period does not change appreciably. In this time interval, the
concentration of F; appears to be greater when by = 100 than
when by = 1000. This happens because a slower recycling

’In Fig. 3, some curves stop earlier than 72 hours. This happens because,
for computational reasons, the calculation of the ODE system solutions
automatically stops once the concentration of external EV becomes zero.
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Fig. 3: Concentration of FPs and EVs for different values of parameters. (b, = 0)
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Fig. 4: Concentration of V,(¢) for different values of parameters

rate constant, introduces a recycling delay, which means that
the proteins, that completed successfully the EV fusion, need
more time to become again available for binding new EVs.
Again, a longer permanence in the fused state, corresponds to a
larger average over time of the concentration of fused proteins.
As a counter part, since the total concentration of proteins is
assumed to be constant in our analysis, such an increase of
fused proteins should correspond to a decrease of available
and bound proteins. However, as shown in the figures, the
concentration F, does not show appreciable variations with
respect to the previous case, especially for high values of
the binding rate constant «y. This happens because the new
available proteins are soon involved in new EV-FP bonds, so
maintaining F, low. Therefore, the increase of JF; mainly
produces a decrease of the average concentration 3 of bound
FPs. A comparison between Fig. 3d and Fig. 3f shows that
the concentrations V., and V; of external and fused EVs,
respectively, are not affected by b, variations significantly.
When b, is further reduced to 10, as in Fig. 3g and Fig. 3h,
the recycling delay, introduced before the fused proteins
become again available, has a higher impact on both F,
and J3°. More specifically, the concentration of F, decreases

3Note that in Fig. 3g, the blue lines associated to F7, are not visible because
they are almost perfectly overlapped with the green ones, associated to F.

significantly as JFy increases, whereas the concentration of
F, remains quite as low as in the previous considered cases.
However, the internalization time is almost doubled, with
respect to previous analyzed cases.

Let us now maintain b, constant and consider an increment
of by, corresponding to a faster fusion process. By comparing
Fig. 3g and Fig. 3h to Fig. 3i and Fig. 3j, the concentra-
tion F; reduces while the concentration Fy increases, as by
grows. The concentration of F, is not noticeably affected
by the variation of by during the internalization time, but
the internalization time decreases and the slopes of V. and
Vr increase, accordingly. The same trend appears by further
increasing by, as shown in Fig. 3k and Fig. 31. Note that
increasing by and reducing bg, symmetrically with respect
to the case by = by, produces analogous results as of JF,
V. and Vg, while swapping the trends of JF; and Fp, that
is, the distribution among bound and fused protein F; and
F; changes in favor of the first or the second, depending on

. br .
whether the ratio ﬁ decreases or increases.

B. Impact of model parameters on the concentration of inter-
nalized EVs

In this section we focus on the concentration V,. Let us
explain the reason of this choice. The variable that is usually
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Fig. 5: Internalization rate for Vy = 10

most accessible to measure in bio-labs experiments is the sum
of the EVs internalized (i.e. fused EVs V) and still attached
to the cell membrane (i.e. bounds EVs V). Moreover, an
interesting metric for the future applications of this study is
the internalization rate, which may be inferred, again, by the
analysis of V;, + Vy. Since we are considering the case where
no additional EVs are supplied to the cells in the time interval
under examination, the total concentration of EVs (i.e. the sum
of external, bound, and fused EVs, V.(t), Vy(t), and V¢(¢)
respectively) is constant and equal to the initial concentration
V, of external EVs. Threfore, the sum of bound and fused EVs,
Vy +V; is complementary to the concentration V, of external
EVs, with respect to V. So, for the sake of simplicity, we
will focus on a single variable V,, instead of the sum V}, + V¢,
keeping in mind that the results apply to them equivalently.

In Section III-A we have already glimpsed how the model

parameters oy, by and by influence the evolution of V.. More
specifically, it is possible to infer that increasing values of
the binding rate constant o, produce an increase of the slope
of V. and reduce the internalization period. The same trend
appears by increasing by and/or bg. Let us now, analyze the
impact of the EV-FP bond disassociation rate constant b,,. This
parameter measures the possibility that the bonds between EV's
and FPs disassociate before the fusion takes place. When this
event occurs, the FPs involved in the bond move from the
state bound to the state available, and the same occurs for
the EVs. Therefore, intuitively we expect that increasing the
values of b, for given binding rate constants « produces the
same effects of lower binding rate constants with b, = 0. This
intuition is confirmed by the analysis of Fig. 4, where it can
be seen how the slope of V. reduces and the internalization
time increases, as b, grows.
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C. Internalization Rate

In this section, let us focus on the internalization rate,
which may be defined as the slope of V.. Since V., shows
in general a non linear decrease, its slope changes according
to the time instant when we measure it. Therefore, let us define
the average internalization rate at 95%, rg59, as follows:

0.95V
tos%

T95% = (7
where tg50, is the time instant where the 95% of the initial
external EVs have been internalized.

Fig. 5 shows the internalization rate rq59, for different values
of the fusion parameters o, by, bg, b, and defined as in (16).

As expected, the figures show that the internalization rate
increases when the binding rate o increases, and decreases
for increasing values of the bond disassociation rate, b,,. The
impact of b, is however lighter. As far as the fusion rate
constant, by, and the recycling rate constant, bg, are concerned,
the internalization rate increases as both parameters assume
higher values. The analysis of the cases where the initial
concentration ratio is My = {100, 1000, 10000}, has confirmed
the same results.

D. Parameter inference

In this section we elaborate on the most likely EV fusion
process parameter values associated to an internalization rate
measured in a bio-lab experiment, in the assumption of uni-
form distribution of the parameter values.

In particular Fig. 6 shows, for each parameter, the likelihood
distribution of the parameter values for given order of mag-
nitude of the measured internalization rate. In Fig. 6a we can
infer that if the measured internalization rates is in the order
of 10~ , than the values of « is in the order of 10~ with

high likelihood. As increasing values of the internalization rate
are measured in a bio-lab experiment, the highest likelihood
of the oy, parameter moves toward greater values. However,
in these cases, the likelihood distribution of the oy, parameter
values tends to flatten out. Thus, the inference of the parameter
values given the internalization becomes more uncertain.

From Fig. 6b and Fig. 6¢c we can infer with high likelihood
the values of the parameters by or by for each given order of
magnitude of the measured internalization rate. More specifi-
cally, increasing values of the internalization rate correspond
to increasing values of by or by parameters.

Fig. 6d shows that the parameter b, has a lower impact
on the internalization rate, since the likelihood distribution
appears to be uniform for each value of the internalization rate.
Therefore, the uncertainty about the value of such parameter
remains high.

Finally, Fig. 6e shows the likelihood distribution of the ratio
Vo for each given order of magnitude of the measured inter-
nalization rate. This information is useful to infer information
about the initial concentration F{y of FPs. In fact, as mentioned
in Section II-B, the initial concentration Vj of EVs is assigned
during biological experiment planning. Therefore, through
(16), the most likely values of the ratio Vy can be easily
translated in terms of the initial concentration Fj of proteins.
The results in Fig. 6e show that the measured internalization
rates in the order of 10~! are with high likelihood achieved
for V, in the order of 10, as well as internalization rates in
the order of 103 are with high likelihood achieved for Vg
in the order of 10°. However, for intermediate values of the
internalization rates, the inference of V), values is performed
with great uncertainty.
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IV. CONCLUSIONS

In this paper we have considered the communication be-
tween biological cells through the exchange of EVs. More
specifically, we have modeled the processes and functionalities
of the cells as receiving devices, focusing on EV internaliza-
tion through their fusion to the plasma membrane of the target
cell as receiving mechanism. We have derived a mathematical
model which describes the fusion process through a system of
ordinary differential equation.

Since little information is available in literature about the
values of the biological parameters regulating the fusion
process, a deep investigation on the impact of the model
parameters on the evolution of the process has been carried
out by evaluating the numerical solution of the model for a
wide range of parameters values. Further, we have provided a
frame of reference for future comparisons between numerical
solutions and biological experimental measures. Finally, we
have used the model as a tool to infer the range of most likely
values for these biological parameters, given some common
bio-lab measurements, such as the EV internalization rate in
the receiving cell.

As shown in the paper, a future application of the model
presented in this work, is its use as a tool, for deriving the
values of biological parameters, such as the rate constants
summarized in Table I, that are not directly measurable in
labs, from the measure of the EV concentration in different
phases of the process, such as the concentration of available
EVs in the extracellular medium or the ones inside the cell.
Moreover, once the parameters of interested are determined,
the use of the model can be extended to the design of targeted
experiments. In fact, studying and analyzing the experimental
scenarios to be produced beforehand, and anticipating the
results to be expected, can improve the usage of experimental
resources dramatically. More specifically, biological experi-
ments testing the use of EVs for therapeutic purposes, as for
other types of drug administration, require several steps of
optimization, including the dose, the time and the duration
of the administration, and the necessity of eventual boosts.
This makes them often expensive and time consuming, and
makes it difficult to perform all the preliminary studies needed
to find the optimum parameters. In this context, the model
allows to forecast the results of planned experiments and to
design accordingly the experiments to be performed, without
waste of resources and time. As an example, the model allows
to calculate the concentration of EVs to be administered in
order to guarantee a desired concentration of EVs in a given
time interval. To find this value without the model, several
experiments must be conducted for diverse concentration of
the administered EVs, until the desired value is achieved.
Obviously, this second case produces a waste of resources and
time, that the use of the model allows to avoid.
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