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Abstract

Viral endocytosis involves elastic cell deformation, driven by chemical adhesion energy, and
depends on physical interactions between the virion and cell membrane. These interactions are
not easy to quantify experimentally. Hence, this study aimed to develop a mathematical model
of the interactions of HIV particles with host cells and explore the effects of mechanical and
morphological parameters during full virion engulfment. The invagination force and
engulfment energy were described as viscoelastic and linear-elastic functions of radius and
elastic modulus of virion and cell, ligand-receptor energy density and engulfment depth. The
influence of changes in the virion-cell contact geometry representing different immune cells
and ultrastructural membrane features and the decrease in virion radius and shedding of gp120
proteins during maturation on invagination force and engulfment energy was investigated. A
low invagination force and high ligand-receptor energy are associated with high virion entry
ability. The required invagination force was the same for immune cells of different sizes but
lower for a local convex geometry of the cell membrane at the virion length scale. This suggests
that localized membrane features of immune cells play a role in viral entry ability. The available
engulfment energy decreased during virion maturation, indicating the involvement of
additional biological or biochemical changes in viral entry. The developed mathematical model
offers potential for the mechanobiological assessment of the invagination of enveloped viruses

towards improving the prevention and treatment of viral infections.

Keywords: endocytosis; entry ability; human immunodeficiency virus; virion mechanics;

elastic modulus; stiffness

1. Introduction

For the human immunodeficiency virus (HIV) to establish the infection of a host cell, it
employs a complex series of actions, all while evading any immune response in the host (Wilen
et al. 2012). The first steps in this infection and replication cycle are receptor binding,
membrane fusion, and entry into the host cell. The mechanisms of these initial steps have a
critical impact on the entire infection process of HIV and could guide the formulation of

treatment therapies (Gorai et al. 2021; Wilen et al. 2012). Currently, a major target in the search



for viral therapeutics is the inhibition of the spike protein that binds the virus to the host cell's
receptor (Choudhary et al. 2021).

While the mechanism of HIV entry into host cells has been extensively studied from a
biological and biochemical perspective (Miyauchi et al. 2009; de la Vega et al. 2011; Zaitseva
etal. 2017; Coomer et al. 2020), the biophysical factors that may affect the mechanics of virus-
cell interaction remain unclear (Sun and Wirtz 2006).

For example, mature HIV particles have a higher entry ability into host cells than immature
virions (Murakami et al. 2004; Wyma et al. 2004). Pang et al. (2013) reported that this increased
entry ability of the virions into the cells resulted from a reduced virion stiffness previously

shown by Kol et al. (2007) to decrease upon virion maturation.

Biomechanical factors, such as the stiffness of the plasma membrane, cytoskeleton and cytosol
of the target cell, can also influence the virus-cell mechanical interaction in addition to
biochemical factors. Early viral endocytosis is driven by chemical adhesion energy that
facilitates elastic deformation of the cell, which depends on the mechanical properties of the
cytoplasm and cell membrane (Gefen 2010). Considering the physical interactions between the
virion and cell membrane, contact mechanics likely plays a prominent role in virion entry into
the host cell.

Mathematical modelling of the mechanical interactions between virion and cell membrane
allows for quantifying forces and energies involved in virion engulfment that are not easily
accessible with experimental approaches. Such mathematical models have been used to
investigate how the contact force, mechanical work, and pressure varied with the engulfment
depth of the virion (Gefen 2010; Sun and Wirtz 2006). Gefen (2010) studied the impact of
virion size and cell stiffness on the forces, work and pressures during virion engulfment, limited
to small cellular deformations. Both studies assumed a uniform global radius of the host cell
(which is very large compared to the radius of the virion) and did not account for morphological
irregularities on the cellular surface at the micro- or nanoscale. However, electron microscopy
images of the HIV-cellular interaction (Gentile et al. 1994) reveal a cellular surface with
localized curvatures in the nanometre range. Such localized surface morphology of the cell
membrane may indeed play a role in the virion-cell interactions during engulfment and

endocytosis and the likelihood of viral infection of a cell.

There is limited data on the role of mechanical forces in virus engulfment and the interplay
between engulfment mechanics and the morphology and stiffness of the virion and the host



cell. The current study aims to develop a mathematical model that allows investigating the
sensitivity of the mechanics of virion engulfment to changes in morphological and mechanical
characteristics of HIV virions and host cells towards guiding future experimental studies.

2. Methods

The virion engulfment model describes the engulfment energy and the invagination force and
was implemented in MATLAB R2014a (MathWorks Inc, Natick, MA, USA). The model was
based on continuum models for receptor-mediated endocytosis of viruses that employ contact
mechanics and consider ligand-receptor complex formation energy (Sun and Wirtz 2006;
Gefen 2010). All images in the Results section were produced using the export_fig toolbox for
MATLAB (Altman and Wooford 2014).

The model assumes a virion-cell arrangement illustrated in Figure 1, with a virion radius very
small compared to the cell radius, i.e. Rv << Rc. Due to the large size difference between the
cell and virion, the cell membrane was approximated as a flat surface in the region of the virus-
cell contact. The infection process is initiated when the virion ligands (i.e. gp120) dock to the
cell receptors (i.e. CD4), and the cell starts to engulf the virion to an engulfment depth, d, by
generating an invagination force, F. The model also assumes an equal density of uniformly
distributed and immobile ligands and receptors and does not include receptor diffusion
considered in kinetic models such as Yi and Gao (2017). Further, the fluidity of the cell
membrane was not considered, and the cell membrane was represented as a continuum element
with membrane tension. The engulfment process is a critical initial step in triggering fusion

between the virion and cell membrane and infecting the host cell.
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Figure 1 Schematic of virion-cell membrane interaction during virion engulfment



2.1. Engulfment Energy
The total energy, Wr of the engulfment process comprised of three energy terms, namely the
adhesion energy, W1, the membrane bending energy during the engulfment process, W2, and

the energy of the cytoskeleton deformation, Ws:

We=W,+W, +Ws,. (1)
In Eq. (1), the adhesion energy, W, is the energy gained from ligand-receptor binding that
drives engulfment and is expressed as a negative value. The other two energy terms, i.e. the
membrane bending and tension energy, W2, and cytoskeletal deformation energy, Ws, are
energies required during the engulfment process and are expressed as positive values. Thus,
high entry ability is associated with a large negative value of the adhesion energy, representing
a high magnitude of energy gained from ligand-receptor binding, and low energies required for

membrane bending and cytoskeletal deformation.
2.1.1. Adhesion Energy

The adhesion energy, Wi, released by ligand-receptor binding, Eq. (2), is utilized to deform

the cell membrane, thereby driving the entry process:

Wy =—0pA. (2)
Here, o is the ligand-receptor energy density function, and A is the contact area between the
virion and the cell. This contact area, A, formed by a sphere (virion) and a half-space (cell) is
a function of the engulfment depth, d, and the virion radius, Ry, (Johnson 1987):

A =2nR,d . (3)
The radius of a mature and immature HIV virion is taken as Rv = 55 nm and 73 nm, respectively
(Gentile et al. 1994).
The receptor-ligand density function, ¢, depends on the energy gained per receptor-ligand

complex, f, and the receptor complex density, p:
o=fp. “)

The energy gained, f, is 20ksT (Sun and Wirtz 2006; Li et al. 2018; Leckband and Israelachvili
2001), where ks is the Boltzmann constant (1.3807 x 102 J/K), and T is the absolute
temperature of 310 K for the human body (Gefen 2010). The receptor complex density, p, is
determined by the ratio of the total number of glycoproteins and the virion surface area (41R2).

For HIV, each gp120 spike consists of 3 glycoproteins. Therefore, an immature HIV virion



with 72 spikes (Gelderblom 1991; Grief et al. 1989) has 216 glycoproteins and a mature HIV
virion with 10 spikes (Layne et al. 1992) has 30 glycoproteins.

2.1.2. Membrane Energy

The membrane bending and tension energy, W2, was assumed to be purely elastic energy and
did not account for the cytoskeleton's viscoelasticity and the cell's heterogeneity. This energy
is well described by the Canham-Helfrich theory (Canham 1970; Helfrich 1973) and is defined

as:

4mkd )
w, = R + ymnd
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Here, k is the bending modulus of the cell membrane, with k = 20ksT (Wiegand et al. 2020;
Deserno and Bickel 2003), and v is the cellular surface tension with y ~ 0.005ksT/nm? (Sun and
Wirtz 2006).

2.1.3. Cytoskeletal Deformation Energy

Two formulations for the energy of the cytoskeleton, W3, are presented. The first uses a linear-
elastic function for small deformations during early engulfment, whereas the second uses a

viscoelastic function for the entire engulfment process.

Linear-elastic Formulation
The elastic energy of the cytoskeleton, Wael, is a function of the effective elastic modulus, E*,

the effective radius, R*, of the cell and the virus, and the engulfment depth, d:
8 5
Wiel = EE’"\/ﬁdE ©)

The effective elastic modulus is

_ E.E, @)
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E*

with the elastic modulus of the cell of Ec = 0.62 kPa (Fregin et al. 2019), and the elastic modulus
of the HIV virion of Ev = 440 MPa for mature particles and Ev = 930 MPa for immature particles
(Kol et al. 2007). The Poisson's ratio of the HIV particle and the cell are w = 0.4 (Ahadi et al.
2013) and vc = 0.5 (Sun and Wirtz 2006).

The effective radius, R*, is a function of the virion radius, Ry, and the cell radius, Rec:



RyRc (8)

The radius of the entire cell and localized cell membrane morphology were used to represent
cell dimensions, i.e. Rc = 4,000 nm for lymphocytes and Rc = 40,000 nm for macrophages
(Kierszenbaum and Tres 2015), and Rc = 10 and 55 nm approximated from Gentile et al. (1994,
Fig. 2).

Viscoelastic Formulation
To determine the viscoelastic energy Wavis, the Kelvin-Voigt viscoelastic model was used (Li
et al. 2018; Micoulet et al. 2005):

5
L _16 NEd ®)
3vis — 15 (1 _ Vc)]

where /is a function of time, ¢, the elastic modulus of the cell, £, and a function t:

t
_ l1—e~ (10)
J= L
The function 7 is the ratio between the viscosity, n, and elastic modulus, £, of the cell:
_n (11)
T= EC
with a viscosity of the cell of 1 = 8.7 Pa (Fregin et al. 2019).
Assuming 6 W/8d = 0, the equilibrium engulfment depth function (Li et al. 2018) is:
3
2Ry (fp) + 4 4 yma + R E -
R A A ) T

allowing to determine the relationship between engulfment depth and time.

2.2. Invagination Force

The invagination force can be calculated using either the assumption of linear elasticity for
small deformations during early-stage engulfment or a viscoelastic function for the full
engulfment of the virion. The force value indicates the force required to deform the cell around
the virion, and thus a high force value suggests a lower entry ability.

2.2.1. Elastic Force



The elastic force required for the invagination of the virus into the cell was defined using the
Hertz model of frictionless contact between two spheres and can be derived from the elastic
energy equation Eq. (6):

Foy = g\/m (13)

According to Dintwa et al. (2007), the assumption of frictionless contact is reasonable.
2.2.2. Viscoelastic Force

The viscoelastic invagination force was determined using the Hertz contact model for a rigid
sphere and a viscoelastic half-space. The equation can be derived from the viscoelastic energy

equation found in Eqg. (9):

. _ 8JRdz (14
VST 31— v

2.3. Data Normalisation
A normalized engulfment depth, a, is used to relate the engulfment depth of the virus to the

virus radius:

x 100 (15)

*= 2R,

As the assumption of linear elasticity is only reasonable for small deformations, predictions
with the linear-elastic model were limited to a normalized engulfment depth of a < 10% (Gefen
2010).

The normalized total engulfment energy is obtained as:

Wr (16)

W =
Tn kBT

2.4. Parameter summary
Table 1 summarises the key parameters and their values used in the current study and those
used in other studies. The first seven parameters listed have not been varied, whereas the last

four parameters have been varied for sensitivity studies.



Table 1 Model parameters and values used in this study and values from literature

Parameter Value for Values used in other studies
and unit current study
flkeT 20 10kgT - 25kgT (Yi and Gao 2017; Sun and Wirtz 2006)
k/ksT 20 20ksT - 25ksT (Wiegand et al. 2020; Deserno and Bickel 2003)
v/keT [nm?] 0.005 0.005ksT/nm? (Sun and Wirtz 2006)
E. [kPa] 0.62 0.62 kPa (Fregin et al. 2019)
W 0.4 0.4 (Ahadi et al. 2013)
Ve 0.5 0.5 (Sun and Wirtz 2006)
n [Pa] 8.7 8.7 (Fregin et al. 2019)
Rv [nm] 55, 73 55 & 73 (Gentile et al. 1994)
p(4nRy) 30, 216 30 (Layne et al. 1992), 216 (Gelderblom 1991; Grief et al.
1989)
Ev [MPa] 440, 930 440, 930 (Kol et al. 2007)
Rc [nm] 4,000, 40,000, 4,000, 40,000 (Kierszenbaum and Tres 2015) and 10, 55
10, 55 (Gentile et al. 1994, Fig. 2)
3. Results

3.1. Comparison of Linear-elastic and Viscoelastic Model Predictions of Engulfment
Energy and Invagination Force

For the total energy, the linear-elastic model and the viscoelastic model yields similar results
for early-stage engulfment with o < 10%, whereas the linear-elastic model slightly
underestimates the total energy for an engulfment with 10% < a < 100% (Figure 2). For the
invagination force, the linear-elastic model predicts substantially smaller values than the
viscoelastic model at all stages of engulfment. Further comparative results for the linear-elastic

and viscoelastic models are reported in the subsequent sections.
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Figure 2 The results of the viscoelastic model and linear-elastic model showing the total energy for (a) early
(€ <10%) and (b) full engulfment and the invagination force for (c) early (e <10%) and (d) full engulfment.
For these results, the following model parameters were used: Rc =4 000 nm, Ry = 55 nm, Ey = 440 MPa, and

p = 216/(47R.)

3.2. Cell Type and Morphologies

There is no discernible difference in the force required for the invagination of lymphocytes and
macrophages with Rc = 4,000 and 40,000 nm, respectively, which are very large compared to
a mature HIV particle with Rv = 55 nm (Figure 3). However, a substantial decrease in the
required invagination force is observed when virion engulfment is considered in the region of
localized cell membrane morphologies with a local cell radius (Rc = 10 and 55 nm) of the same
order of magnitude as the virion radius (Rc = Rv). The reduction in the invagination force for
Rc ~ Ry is observed in both the linear-elastic and the viscoelastic model. For 100% engulfment,
the required invagination force was 28.3 pN for a macrophage with Rc = 40,000 nm and 28.1
pN for a lymphocyte with Rc = 4,000 nm, whereas it was 20.0 pN and 11.1 pN for local

curvatures of Rc = 55 nm and 10 nm, respectively (Figure 3 c).
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Figure 3 Required invagination force versus normalized engulfment depth for different values of the cell

radius representing a macrophage (Rc = 40,000 nm), lymphocyte (Rc = 4,000 nm), and localized cell

membrane curvatures (Rc = 10 and 55 nm). Results from (a) the linear-elastic and (b) the viscoelastic model

for early stage engulfment (e < 10%) and from (c) the viscoelastic model for full engulfment. The following

virion parameters were used: Ry =55 nm, Ev = 440 MPa, and p = 216/(4nRv)

The engulfment duration increases with an increasing radius of the cell membrane. Full

engulfment is predicted to complete in 3.33 ms for the macrophage (Rc = 40,000 nm), 3.31 ms

for the lymphocyte (Rc = 4,000 nm), and 2.27 ms and 1.22 ms for the localized cell membrane

curvatures of Rc = 55 nm and 10 nm (Figure 4). The engulfment speed decreases during the

engulfment.
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Figure 4 Normalized engulfment depth of the virion versus engulfment time predicted with the viscoelastic
model for different cell membrane radii representing macrophage (Rc = 40,000 nm), lymphocyte (Rc = 4,000
nm) and localized membrane curvatures (Rc = 10 and 55 nm). Virion parameters used: Ry =55 nm, Ey =

440 MPa, and p = 216/(4nRv)

3.3. Variation of Virion Size and Number of GP120 Spikes During Maturation

For the decrease in HIV virion size during maturation from Ry = 73 nm to Rv = 55 nm, there
is no discernible difference in total engulfment energy during early-stage engulfment with o <
10%, both for the linear-elastic and the viscoelastic model (Figure 5a and b). However, an
increase in the magnitude of the normalized total engulfment energy at full engulfment of o =

100% from |-2821.5] to |-3343.9] is predicted for the decrease in virion size (Figure 5c).

For the reduction of the number of gp120 spikes from 72 to 10 during maturation, a notable
decrease in the normalized energy is predicted even at early-stage engulfment (Figure 5). For
the mature virion, a total normalized energy of Wrn = |-3343.9] at full engulfment (o. = 100%)
is predicted for 72 gp120 spikes compared to Wrn = |-7.8| for 10 gp120 spikes at a maximum
engulfment depth of o = 15% (Figure 5c).
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Figure 5 Normalized total engulfment energy versus normalized engulfment depth for HIV particles with

different radius and number of gp120 spikes related to virus maturation predicted with (a) the linear-elastic

and (b) the viscoelastic model for early-stage engulfment, and with (c) the viscoelastic model for full

engulfment. A cell radius of Rc = 4,000 nm was used

The duration of complete engulfment (o = 100%) is 10.45 ms for the immature virion and 3.24

ms for a mature virion with a smaller size (Rv =55 nm versus Ry = 73 nm) but the same number

of 72 gp120 spikes as the immature virion (Figure 6). Considering the decrease in the number

of gp120 spike proteins from 72 to 10 during maturation, the maximum engulfment is limited

to 15% and reached after 64.62 ms.
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Figure 6 The normalized engulfment depth of the virion versus engulfment time for HIV particles with
different radii and numbers of gp120 spikes. Engulfment is to a = 100% for the immature virion and the
mature virion with 72 gp120 spikes but only to o = 15% for the mature virion with 10 gp120 spikes. A cell

radius of Rc = 4,000 nm was used

4. Discussion

A model based on contact mechanics theory was developed to investigate the mechanical
virion-cell interactions during the engulfment of the virion and assess the influence of
morphological and biophysical parameters of the virion and host cell on the engulfment energy
and invagination force. A linear-elastic model previously used for early engulfment with small
deformations was compared with a new viscoelastic model for deformations beyond the linear-

elastic range of the cellular and viral lipid membranes during full engulfment.

The comparison of the linear-elastic and viscoelastic models indicates that the linear-elastic
model can predict the total engulfment energy well for early (o < 10%) and full engulfment (o
= 100%). However, the linear-elastic model considerably underestimated the required
invagination force for early and full engulfment, demonstrating the advantage of the

viscoelastic over the linear-elastic model.

The assessment of cell size and morphology reveals that the variation of the cell radius between
lymphocytes and macrophages has minimal impact on the invagination force (Figure 3). This
finding aligns with previous reports of the marginal effect of cell radius on the mechanics of
the virion-cell interaction (Gefen 2010). However, local morphological surface features of the
host cell's membrane at the nanometre length scale (Gentile et al. 1994) affect the engulfment

mechanics substantially. These local surface morphologies with curvatures of the same order

14



of magnitude as those of the virion reduce the invagination force and are potential sites for
easier virion entry. This suggests that the surface morphology of host cells may play a role in
the infection process and infectivity. The model predicted invagination forces for various cell
sizes and morphologies ranging from 11.1 — 28.3 pN. These results are similar to previous
experimental quantifications of the interaction strength ranging between 10 — 58 pN (Wiegand
et al. 2020; Tsai et al. 2015; Sieben et al. 2012; Pan et al. 2017; Alsteens et al. 2017; Rankl et
al. 2008; Sieben et al. 2011).

The required invagination force predicted in the current study was of the same order of
magnitude as the adhesion force of 25.45 pN determined experimentally between the gp120
ligand and CD4 cell receptor (Chen et al. 2011).

The decreasing virion size and shedding of gp120 spikes associated with virion maturation
affect the engulfment energy. The moderate increase in engulfment energy with the decrease
in virion size predicted with the current model agreed with the findings of a previous study
(Gefen 2010). A substantial decrease in engulfment energy after shedding gp120 spikes is
primarily ascribed to the reduced availability of adhesion energy from gp120. The overall
reduction in the engulfment energy during virion maturation suggests a mechanobiological
reduction of the virion's entry ability. While this contradicts previous observations that the
entry ability increases as virions mature (Jiang and Aiken 2006; Kol et al. 2007), there may be
other determinants of entry ability. One possibility is the conformational change in gp120
during maturation that impacts the functional capabilities of these ligands (Wyma et al. 2004;
Murakami et al. 2004). The improved ability of the viral ligands in a mature virion to migrate
and cluster in an area of the viral membrane preferential for contact to and engulfment into the
host cell can be another mechanism that promotes virion entry (Chojnacki et al. 2017;
Chojnacki et al. 2012). The model also does not account for other factors, such as the induction
of spontaneous curvatures in the cell membrane due to interactions with virions, which might
impact the engulfment process (Nossal and Zimmerberg 2002; Lipowsky and Ddébereiner
1998).

Membrane fusion between an HIV particle and the host cell during entry likely occurs at partial
engulfment (o < 100%), although it is unknown at which engulfment depth the viral and cell
membranes fuse. The final engulfment depth of o = 15% for a mature virion based on the

available adhesion energy might be the first estimate of the maximum engulfment depth by

15



which membrane fusion has to occur. As no further engulfment is possible energetically,

membrane fusion must occur to facilitate the release of viral content into the cell.

The engulfment duration ranged between 3.24 ms for 100% engulfment of a particle with
mature virion size before ligand shedding and 64.62 ms for 15% engulfment of the mature
virion after shedding of gpl20 spikes. These predicted engulfment times vary from
experimental values (Pan et al. 2017). It is common for there to be a disparity between times
predicted by models and those experimentally measured (Li and Makarov 2003). In the case of
the viscoelastic model, the time scale, T, may contribute to this disparity. Alternative time scale
formulations, such as those used in Zhdanov (2015), could be investigated to improve the
accuracy of the engulfment time. The varying engulfment time may be associated with
distinctly different deformation rates of the host cell's membrane during engulfment and offer

an avenue for further studies.

It is widely assumed that engulfment is driven by the adhesion energy gained by cell receptor
and virion ligand binding. The model reflects this and is highly sensitive to changes in the
receptor density (Figure 5). Reducing the number of ligands from 72 to 10 resulted in an energy
decrease from Wrn =|-3343.9| to |-7.8| and limited virion engulfment (a = 15%). The model is
much less sensitive to changes in virion size. The model is moderately sensitive to substantial

changes in cell size, provided the change is several orders of magnitude (Figure 3).

The current model includes a simplified adhesion energy equation that assumes uniform
ligands distribution and a high density of immobile cell receptors. Unlike existing models
(Zhdanov 2013, 2015; Bai et al. 2018; Gao et al. 2005; Yi and Gao 2017), the model does not
consider receptor diffusion and other entropic or enthalpic contributions. These could be
included in future, along with different virion shapes like icosahedral (Katzengold et al. 2016),
ellipsoid (Dasgupta et al. 2014), or oblate virions. Other factors, such as the induction of a
spontaneous cell membrane curvature due to interaction with the virion, could also be included
to enhance further the model's details (Lipowsky and Ddbereiner 1998; Nossal and
Zimmerberg 2002).

Conclusions

This explorative study identified biophysical parameters involved in HIV engulfment as

candidates for further research to extend the understanding of the virion entry into host cells.
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The findings offer the potential for the mechanobiological assessment of the invagination of
enveloped viruses towards improving the prevention and treatment of viral infections. The
developed simple mathematical model can be extended and advanced by considering, e.g., non-
uniform and mobile virion distribution on the virion, cell receptor diffusion, spontaneous

membrane curvature induction, alternative time scale calculations and different virion shapes.
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