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NON-LOCAL MULTISCALE APPROACHES FOR TUMOUR-ONCOLYTIC
VIRUSES INTERACTIONS

ABDULHAMED ALSISI, RALUCA EFTIMIE, AND DUMITRU TRUCU

ABSTRACT. Oncolytic virus (OV) therapy is a promising treatment for cancer due to the OV selective
ability to infect and replicate inside cancer cells, thus killing them, without harming healthy cells.
In this work, we present a new non-local multiscale moving boundary model for the spatio-temporal
cancer-OV interactions. This model explores an important double feedback loop that links the macro-
scale dynamics of cancer-virus interactions and the micro-scale dynamics of proteolytic activity taking
place at the tumour interface. The cancer cell-cell and cell-matrix interactions are assumed to be
nonlocal, while the cell-virus interactions are assumed local. With the help of this model we inves-
tigate computationally various cancer treatment scenarios involving oncolytic viruses (i.e., the effect
of injecting the OV inside the tumour, or outside it). Moreover, we investigate the effect of different
cell-cell and cell-matrix interaction strengths on the success of OV spreading throughout the tumour,
and the effect of constant or density-dependent virus diffusion coefficients on viral spread.

1. INTRODUCTION

Oncolytic virotherapy (OV-therapy) represents an emerging treatment approach for cancers, which
involves a naturally or genetically modified viral strain that selectively infects and damages malignant
cancer cells without causing harm to the surrounding healthy cells [21, 30, 40, 41]; see Figure 1. The
capacity of viruses to kill cancer cells has been acknowledged for almost a century [21], but the detailed
mechanisms behind tumour-virus interactions have started to be understood only over the last few
decades. These oncolytic viruses can enter cancer cells either through receptor binding, or through fusion
with plasma membrane, and once inside they replicate by taking advantage of pathways disregulated
inside cancer cells, or by genetic modification of these cells [21]. Due to high viral replication, the
infected cancer cells burst open releasing new viral particles in the environment, which can infect new
cancer cells. Although the oncolytic viruses can enter also healthy cells, they do not usually replicate
inside these cells and thus do not kill them. Recent advances in the understanding of tumour-virus
interactions at molecular and cellular levels led in 2015 to the approval by the United States of America
Food and Drug Administration (FDA) of the first genetically engineered OV (a Herpex Simplex Virus)
that can be used for treating melanoma patients [40].

Even if multiple oncolytic viruses (OVs) are currently under clinical development [47, 21], the OV-
therapies still have some limitations [21]. These limitations are the result of many factors: from pre-
mature virus clearance due to circulating antibodies and various immune cells, to physical barriers
inside tumours (e.g., interstitial fluid pressure, extracellular matrix (ECM) deposits, tight inter-cellular
junctions, or stromal cells that hinder virus movement), and various cellular defences against viruses
(e.g., anti-viral innate immunity) [2, 20, 21, 51]. To overcome these limitations, numerous experimen-
tal and clinical approaches are currently being considered: from genetically manipulating natural OVs
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FIGURE 1. Caricature description of the interactions between oncolytic viruses (OVs)
and healthy and cancerous cells: the OVs replicate inside cancer cells, leading to their
lysis; the OVs do not usually replicate inside healthy cells.

to include additional features for improving safety and efficiency [47], to modifications of the immune
responses to enhance virus replication and tumour lysis, or modifications of the physical barriers (e.g.,
via ECM degradation) to improve virus spread [15, 51, 57].

Understanding the interactions between cancer cells and ECM during cancer invasion could shed
a light on the biological mechanisms that might help OV spread by overcoming the physical barriers
inside the tumour microenvironment (as OVs are usually administered during the late stages of cancer,
when cancer invasion is an important process). It is worth mentioning here that cancer invasion involves
several significant steps: reduction or loss of cell-cell adhesion, enhanced cancer cell adhesion to the
extracellular matrix, secretion of matrix degrading enzymes (MDEs) leading to extracellular matrix
degradation, which facilitate the movement of cancer cells [13]. However, the degradation of the ECM
can help also OV spread [51], and therefore a better understanding of the cancer-ECM-OV dynamics
might help improve current OV therapies.

Mathematical models can describe, in an abstract way, the interactions between the various com-
ponents of the tumour microenvironment [17, 42]. They can also be used to perform in silico (i.e.,
computational) experiments when in vivo or in vitro experiments are too expensive or too difficult to
be performed. There are currently many mathematical studies that focus on cancer growth and its
interactions with the oncolytic viruses; see, for example [14, 18, 19, 23, 26, 35, 32, 52, 55] and the
references therein. While most of these models focus on the temporal dynamics of OVs-tumour interac-
tions (mainly because of the availability of temporal data for tumour growth in the presence/absence of
various OV therapies), recent advances in tumour imaging have led to the recent development of models
investigating the spatio-temporal dynamics of tumour-OV interactions [7, 29, 33, 46, 56]. The large
majority of these temporal and spatio-temporal models focus tumour-OV interactions at single spatial
and/or temporal scale. However, since cancer invasion is a complex multiscale phenomenon occurring
across different spatial and temporal scales, it is important to capture and model these multiscale pro-
cesses also for tumour-OV interactions. The last two decades have seen the development of various
mathematical models for multiscale cancer dynamics [1, 34, 39, 48, 49, 50]. Nevertheless, there are
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not many multiscale mathematical models for oncolytic viral therapies and tumour-viral interactions;
among the very few multiscale models we mention those in [3, 4, 37, 38]. These models focus on local
cancer cell dynamics and local interactions between cells, ECM and viruses. In particular, the models
assume that cells move randomly and in a directed manner in response to local densities of other cells
or ECM.

In this study we develop further the multi-scale approach for modelling cancer-OV interactions
introduced in [3, 4], and consider non-local cell-cell and cell-matrix interactions for cancer dynamics.
We are particularly interested in investigating the role of cell-cell and cell-matrix adhesion on cancer cell
movement and degradation of ECM - since this further impacts the spread of OVs. These cell-cell and
cell-matrix adhesion forces are modelled with the help of non-local terms, which describe long-distance
interactions with other cells or with various components of the ECM, which occur when cells extend long
pseudopods to migrate [6, 10]. These non-local adhesive interactions create an adhesive flux that bias
significantly the direction of cell movement [5, 22, 16]. With the help of this new nonlocal multiscale
model for cancer-OV interactions we investigate the impact of cancer cell-cell and cell-matrix adhesion
to the spread of OV through the solid tumour.

In Section 2 we describe the new multiscale mathematical model. In Section 3 we describe the
numerical approach used to discretise the macroscale and microscale equations, while in Section 4
we present the results of the numerical simulations. We conclude in Section 5 with a summary and
discussion of the results.

2. MATHEMATICAL MODEL

Building on the multiscale moving boundary model for cancer invasion introduced in [50] and the
multiscale model of cancer response to OV proposed in [3], in this work we address the multiscale nature
of tumour-OV interactions through a new non-local modelling approach. This modelling captures the
complex tumour-virus-ECM dynamics by exploring the genuine multiscale character of this interaction.
Indeed, the tissue-scale (macro-scale) dynamics of cancer cells, ECM and the virus particles, is inves-
tigated here in conjunction with the crucial cell-scale (micro-scale) proteolytic activity of the MDEs
occurring along the invasive edge of the tumour, while exploring the key double-feedback loop that links
these processes across the two spatial scales. This double feedback loop is realised via a top-down link
and a bottom-up link, as illustrated schematically in Figure 3. The top-down link leads to a MDE source
for the cell-scale proteolytic micro-dynamics occurring at the leading edge of the tumour. In turn, this
micro-dynamics induces a bottom-up link that describes how the tumour boundary moves.

2.1. Macro-Scale Dynamics. At the macro-scale, on a maximal tissue cube Y € RN (N = 2,3),
we explore the coupled dynamics of a population density of uninfected cancer cells, ¢(z,t), and an
ECM density, e(x,t), which interact with a population density of oncolytic virus v(z,t), resulting in
an emergent density of infected cancer cells i(z,t). Denoting, for convenience, the total population of
infected and uninfected cancer cells by

c(x,t) = [c(z,t),i(z, )],

as illustrated also in Figure 2, the evolving tumour domain (¢t) C Y represents the support of c(-, 1),
where the combined distributions of uninfected cancer cells ¢(x, ) and infected cancer cells i(x, t) exercise
their dynamics and interact with the oncolytic virus density v(x,t) within the supporting density of
ECM e(z,t). Thus, since the available macro-scale space is a key condition for this complex dynamics
to take place, denoting by u the total tumour vector, namely

u(z,t) = (c(z,t), e(x, N7,
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FIGURE 2. Schematic diagram showing the cubic tissue region Y. In yellow we illus-
trate the growing cancer cluster Q(to), and the small red cube €Y belongs of the family
of micro-domains €Y covering the tumour boundary 9€Q(to).

Q(to) Macroscale (Tissue level) \ Q(to)

e

Top-down Bottom-up
link link

* Xy —_ s
Direction and
Displacement S5

X*ey
Microscale (Cell level)

FIGURE 3. Schematics showing the interactions between the macroscale (tissue-level)
dynamics of solid tumours and the proteolytic MDEs microscale dynamics which con-
trols tumour boundary relocation. The top-down link describes the interactions be-
tween various cells and their production of MDEs for the proteolytic micro-dynamics.
The bottom-up link focuses on the boundary relocation triggered by the micro-
dynamics. All the notation in this figure were chosen to be consistent with the ones
used in [50], and in this context, x* represents a “midpoint” boundary location on
€Y N Q(to), as determined in [50], whose spatial relocation is representative for the
choreographic movement exercised by the localised tumour interface €Y N Q(tg) over a
small time interval [to, to + At].

then the volume fraction of space occupied by the tumour is given as
p(z,t) = pu(z,t) = vee(z,t) + ve(c(z, t) + i(z, ). (2.1)

Here v, represents the fraction of physical space occupied by the ECM and v, is the fraction of physical
space occupied by ¢ and .
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Throughout this study we assume that cancer cells proliferate logistically. Moreover, we assume that
the uninfected cell population exercises a random movement that is biased by emerging cell adhesion
fluxes (enabled by the underlying cell-cell and cell-matrix processes [8, 11, 28, 31, 54]). This cancer cell
population can be infected by the oncolytic virus at a rate o > 0. We can recast these assumptions
mathematically through the non-local equation

% =V [D.Vec—cA(t,z,ult,-))] + pic(l — p(u)) — ocv, (2.2)

where D. > 0 is a constant diffusion coefficient, 1 > 0 is a constant proliferation coefficient, while
A(t, x,u(t,-)) is a non-local term accounting for cell adhesion processes for which we adopt a formulation
similar to the one proposed in [5, 16, 22, 43]. Indeed, at each spatio-temporal point (x,t), the cell
adhesion flux captures cumulative influence of the cell-cell and cell-matrix adhesion junctions established
between the cells distributed at (z,t) and the cells and the ECM distributed at any spatial position y
within a maximal sensing region B(z, R), of radius R > 0, and so this can be mathematically formulated
as

Alt,z,ult, ) = % o) n(y)K([|yll2)[Sce c(z +y, 1)
+8ce e(@ +y, )] (1= p(w) " X, (@ +y,t)dy. (2:3)

Here x,,,, () is the characteristic function of Q(t), the term (1 — p(u))* := max{(1 — p(u)),0} enables
the avoidance of local overcrowding, and n(y) denotes the unit vector originating from x and pointing
to x + y that is given by:

0 if yeB(0,R 0,0)},
n(y) = 4 W y € B(0, R)\ {(0,0)} (2.4)
(0,0) otherwise,
with || - ||, representing the usual Euclidean norm. Furthermore, the radially symmetric kernel K(-)
explores the fact that the adhesion junctions established with both cells and ECM distributed at y €
B(z, R) decrease as the distance r :=||  — y ||, increases, and so this is taken here as
3 r
K(r)i= 5 (1= 55 2.5
)= 5 I~ 3R (25)

Finally, S.c > 0 and S., > 0 are the strengths of cell-cell and cell-ECM adhesion bonds that are

| Smax=0.5

Smax =0.1

0 02 04 0.6 08 1
ECM density

FIGURE 4. Graphical description of the cell-cell adhesion strength as given by equation (2.6).

established between the cancer cells distributed at « and the cells and ECM phase distributed at x + vy,
respectively. While the cell-matrix adhesion S., is considered to be constant, the cell-cell adhesion
strength S.. models the ability of the cell distributed at x to establish cell-cell adhesive junctions with
the cells distributed at the other locations y € B(z, R), which depends on the amount of intercellular
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Ca®7 ions available within the ECM [24, 27]. Adopting a similar approach to the one in [44], we assume
here that S.. is dependent on the ECM density and it takes the form

Scc(e) = Smax €xXp <]— - 1— (1 —16($,t))2>7 (26)

with Shax representing the maximum strength of cell-cell adhesive junctions, as shown in Figure 4.

Finally, as the non-local adhesion flux is effectively formed by summing up the radially distributed ad-
hesive interactions between the cells at 2 and the cells and ECM distributed at « + y with y € B(0, R),
and since the influence of the interaction distance is accounted for through the radially symmetric dif-
fusion kernel K, the term % that appears in the front of the expression is simply here an interaction

range normalisation factor.

The infected cancer cell population that emerges due to the OV presence exercises also a spatio-
temporal dynamics in which the spatial redistribution per unit time is driven by local random motility
that is biased by the haptotactic movement against ECM gradients. Simultaneously, the infected cell
population expands due to the viral infection of uninfected cancer cells at rate ¢ > 0, and reduces due
to infected cells dying at rate §; > 0. Therefore, the dynamics of the infected cancer cell population
can be formulated mathematically as

i ) . .
Frie D;Ai —n;V-(iVe) 4+ ocv — d;1, (2.7)
where D; > 0 is a constant random motility coefficient, and 7; > 0 is a constant haptotactic coefficient.

Further, the ECM is degraded by both uninfected and infected cancer cell populations and is remod-
elled within the limit of available space. Thus, its dynamics can be captured mathematically by the
following equation,

de _
ot

where py > 0 is a constant ECM remodelling rate, while o, and «; are the ECM degradation rates

—e(aecc+ a;1) + pge(l — p(u)), (2.8)

caused by the uninfected and infected cancer cells populations, respectively.

Finally, the virus is assumed here not only to diffuse but also to exercise a “haptotactic-like” spatial
transport towards higher ECM levels. Further, while exercising the spatial movement, the oncolytic
virus replicates itself at a given rate and is eliminated from the system not only by being untaken by
the uninfected cells during the infection process, but also via natural decay. Hence, its dynamics can
be formulated mathematically as

v

5 V-(Dy(c)Vv) = n,V-(vVe) + bi — pcv — §,v (2.9)
where 7, > 0 is a constant haptotactic coefficient, b > 0 is a viral replication rate, §, > 0 is the viral
decay rate, and D,(c) > 0 is a diffusion coefficient that may be dependent on the presence of the cancer
population as only in the presence of cancer the virus exercise spatial transport.

Thus, in summary, the non-local model that we obtained for the macroscale dynamics is as follows:

dc

5% = V- [D:.Ve — cA(t, z,u(t, )] + p1c(1 — p(u)) — ocv, (2.10a)
% = DiAi — 0,V (iVe) + ocv — &y, (2.10D)
06 — —efoce+ aui) + pme(l - plw)), (2.100)
Qv _ V- (Dy(c)Vv) = n,V-(vVe) + bi — pcv — §,v, (2.10d)

ot
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This macro-dynamics will be addressed in the results section both for the case of constant D, (c),
namely
D,(c) := D, (2.11)
and for the full cancer-dependent viral diffusion coefficient, D, (c), which here is considered to be of the
Hill-type saturated form

Dy(c) = - (2.12)

2.2. Micro-Scale Dynamics and Its Top-Down and Bottom Up Connection to Macro-Scale.
While exercising their macro-scale dynamics, the cells from both the uninfected and infected cancer
populations that arrive close to the tumour interface (within the outer proliferating rim of the tumour)
secrete matrix degrading enzymes (MDE) such as the matrix metallo-proteinases [25, 53], enabling this
way the formation of an enzymatic source for a cell-scale (micro-scale) proteolytic micro-dynamics that
takes place along the invasive edge of the tumour. In the presence of this source, a cross-interface
micro-scale MDE spatial transport occurs within a micro-scale neighbourhood of thickness € > 0 of the
tumour boundary, which we formally denote by N, (9€(t)). The pattern of propagation of the advancing
front of MDEs within the peritumoural region N (9(¢)) \ Q(¢) corresponds to the areas of significant
ECM degradation, which will ultimately enable us to determine (from the micro-scale MDE dynamics)
the law of the macro-scale tumour boundary movement.

Adopting here the modelling approach introduced in [50], the micro-scale neighbourhood N, (99(t))
is described by the union of a covering bundle of ¢ — size overlapping micro-domains {€Y }cyep, (1), as
illustrated in Figures 2-3. These micro-domains €Y “sit on the interface” and capture relevant parts of
both inside and outside regions of the tumour where the proteolytic activity takes place, enabling us to
decompose and explore the proteolytic dynamics on

N = |J e
eY €P(t)
as a union of micro-dynamic processes occurring on each €Y € P.(¢). At any instance in time
to > 0, on each micro-domain €Y € P.(tg), a source of MDEs emerges at every micro-scale location
z € €Y NQ(tg) as a collective contribution of all the cells (both infected and uninfected) from the tumour
outer proliferating rim that arrive during their dynamics within a distance r > 0 from z. Thus, this
MDEs source induced by the macro-dynamics at micro-scale realises a key “macro-to-micro” top-down
link within the overall tumour dynamics. Mathematically, over a small time interval of length At > 0
and at any micro-scale spatial location z € €Y, this MDEs source is therefore given as
Ve c(x, to + 7) + i i(z, to + 7) dx
B(z,r)NQ(to)
fev(z,7) = AB(z,7) N Qto)) ’
0, otherwise,

z € Y NQto), (2.13)

where A(-) is the standard Lebesgue measure on RN, B(z,r) :={z € Y : |z — 2| <r}, and 7, > 0 and
i > 0 represent the contributions (per unit time) of the uninfected and the infected cancer cells to the
formation of the micro-source of MDEs, respectively. Once secreted, these matrix degrading enzymes
exercise a diffusion transport process within the entire €Y, and so, to describe mathematically their
spatio-temporal micro-dynamics, let us denote by m(z, 7) the MDEs distribution at (z,7) € €Y x [0, At].
With this notation, under the presence of the micro-source (2.13), the rate of change of the MDEs
distribution per unit time is therefore given by
om
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where z € €Y, 7 € [0, At]. Furthermore, as we assume no memory of previous molecular proteolytic
dynamics within €Y and that the molecular dynamics takes place entirely on €Y, for (2.14) we as-
sume zero initial conditions as well as no-flux boundary conditions, and so these can be summarised
mathematically as

m(z,0) = 0,

(2.15)

n-Vmlgg = 0,
where n is the outward unit normal.

Finally, during the micro-dynamics (2.14)-(2.15), the MDEs transported across the interface in the
peritumoural region €Y \ Q(to) interact with ECM distribution that they encounter, resulting in degra-
dation of its constituents. The pattern of this ECM degradation caused by the advancing front of
MDEs corresponds to the choreographic direction of movement of the tumour interface, and following
the derivation in [50], a direction of movement 7., and a displacement magnitude &y is this way es-
tablished for the movement macro-scale cancer boundary. These key characteristics for the macro-scale
boundary movement that are determined at micro-scale realise therefore a “micro-to-macro” bottom-up
feedback link that is crucial within the overall tumour dynamics, with direct impact on the changes in
tumour morphology. This is represented back at macro-scale through the movement of appropriately
defined boundary mid-points xy- uniquely associated to each €Y', which exercise their relocation in the
direction 7,, and with the displacement magnitude .y to the new spatial positions :E; , as illustrated
in Figure 3, leading to the expansion of the tumour boundary €2(¢y) to an evolved domain Q(ty + At)
where the multiscale dynamics is continued.

3. COMPUTATIONAL APPROACH

As discussed previously, the implementation of the novel multiscale moving boundary model require
a number of extensive computational steps, which were built within the multiscale moving boundary
computational framework initially introduced by [50] and further expanded in [44].

3.1. Macro-scale Computations on the Expanding Tumour Domain. For the computational
approach, we consider that the tumour growth and tumour- OV interaction takes place within a maximal
tissue domain Y C R2?, which is taken here to be Y = [0,4] x [0,4]. This macro-scale domain Y is
discretised with a uniform grid {(zs,2,)}sp=1..a of spatial step size Az = Ay := h, see Table 1.
Further, considering a uniform discretisation {¢;};—¢.. 1 of time step ot > 0 for any given small macro-
scale time interval [to,to + At], with k := At/8t, let us denote by ¢, ,, i’ e, AL |
discretised values of ¢, 4, e, A, and v at any spatio-temporal node ((zs, ), %), respectively.

As the expansion of the macro-scale tumour interface 9€2(t) is induced by the boundary MDEs
micro-dynamics, to address the macro-dynamics on a continuously evolving domain §2(¢), our macro-
scale scheme follows the approach introduced in [44] and summarised in Appendix A. Focusing now on

and vé,p the

the discretisation of the spatio-temporal operators in (2.10a)-(2.10d) over any given small macro-scale
time interval [to, to + At], we solve the macro-dynamics (2.10) via a finite differences Method of Lines
type scheme, using the non-local predictor-corrector method for time marching introduced in [44] (and
detailed for completeness in Appendix C), while the involved spatial operators are discretised via a
combination of local “on grid” and non-local “off grid” approaches that we will detail as follows.

For spatial operators of the same types appearing in (2.10a)-(2.10d) we adopt identical steps in
their discretisation. Indeed, except for the adhesion flux term A(t, z, u(t, -)) which will be addressed in
Section 3.2, the diffusion and hapto-taxis terms V-(D.Ve¢), D;Ai +n;V-(iVe), and 1, V- (vVe) (with
constant coefficients D., D;, n;, 1,), are all discretised through a combination of mid-point and central
differences schemes and are detailed in Appendix B. Finally, for the discretisation on the entire Y of
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the oncolytic virus diffusion operator involved in (2.10d), where the cell population dependent diffusion
D, (c) defined in (2.12) is involved, we proceed as follows.

Using second-order midpoint rule accompanied by central differences applied at “virtual midpoints”
(s£1,p) and (s,p=£3) corresponding to ((zs, zp) + (Ts21, 7)) /2 and ((zs, ) + (2511, 2p)) /2, for every
s,p=1...M and [ = 1...k, we denote Dg),s,p = Dv(cl&p) and we have that the diffusion coefficient
values at these midpoints are given by

l l l l
!  Duyspt Dyspar o Dyspt Dystip

v,8,p l v,S8,p
’U,S,p:‘:% = 5 y and D’U,S:I:%,p = 9 5 (31)
while the central differences for the derivatives of the virus distribution at these midpoints are
l l l l
l L vs+1,p o vs,p l L Us,p - Us—l,p
e o)
l Uip+l_vép l ,Uép_vép—l '
[Uy]s,er% = #, and [”y]s,pfé = f
Therefore, the approximation of the diffusion part in equation (2.10d) becomes:
l
(V-(Du(c) V)
l l _nl l l l _nl l 3.3
v,5+35,p [%]H%vp Dv,s—%yp [U’”]S—%m T s ptl [Uy]s,p+% Dv,s,p—% [Uy]svp*% (3:3)

h

Finally, we note that the derivation of the discretisation of this term for the case when D, (c) is constant
is only a particular of the approach exposed above.

3.2. Adhesive Flux Computation. An important part of our mathematical model is the non-local
adhesive flux term A(t, z,u(t,-)), which addresses the effects of cell-cell and celllECM adhesion of the
uninfected cancer cell population and that requires a special numerical treatment. To that end, we
follow an approach initially introduced in [43] and further enhanced in [44], which involves a series of
off-grid computations on a particular decomposition of the sensing region B(z, R). Specifically, at any
given spatio-temporal node ((xs,xp),t;), we decompose the sensing region B((z,zp), R) as a union of

q:= Z 27 +0=1) annulus radial sectors Sy, ..., Sqs (3.4)
j=1

which are obtained by intersecting each annulus j € {1, ..., s} annuli with a corresponding dyadically
increasing number of 2™ U~1 uniformly distributed radial sectors of B((z, x,), R), while the circle at
the centre is considered of a numerically negligible radius, as shown in Figure 5(a). Further, for each
ve{l,...,q}, denoting by bg, the centroid of the sector S, from Figure 5(b) we observe that these are
distributed so that the position vectors indicating their associated normalised radial directions enables
are across the sensing region in a balanced manner, leading to a robust approximation of the adhesion
flux. On each annulus sector S, we calculate the mean values of all the macro-scale densities of both
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FIGURE 5. (a) Sensing region B(0, R) approximated by the annulus radial sectors with
the barycentre bg, associated with each sector S, highlighted in red and its centroid
points highlighted with a blue dot. (b)The normalised direction of each centroid point
corresponding to sub-panel (a); note that these directions are not overlapping, enabling
a balanced discretised covering of the radial vector field across the sensing region.

uninfected infected as well as ECM namely:

wgu,c = )‘(*19;0) /c<£atl)d£a (35)
1

Wy, = )\(Sp)/l(&tl)d& (3.6)

oo = T3 [ ete.ujae, (3.7)

respectively. Furthermore, for each centroid bg, we evaluate the associated radial unit vector denoted
by n, :=n(bs,) (that points from the centre of the sensing region to bs, ) and given as

_ bSV - (xs,xp)
1bs, — (zs,2p)ll,

(3.8)

Thus, finally, the approximation of the adhesion flux A(¢,x,u(t,-)) at the spatio-temporal node
((ws, xp), t;) is given by

R n
=g Y wKbs,) [Sewk, +Sewd, ] (1 pluh,)) AS.), (3.9)
=1
bsVVEQ(to)
where uésu = EG',,,C’ wgmi,wgu,e]T, we have that p(uésy) is a mean-value approximation of the tumour

volume fraction given in (2.1) associated to the centroid bg,. Figure 6 shows the simplified case of
“duro-tazis” that is mimicked by the cell-adhesion flux approximated in (3.9) where only the cell-l ECM
adhesion is considered while assuming there the absence of cell-cell-adhesion (i.e., S.. = 0) and ignoring
the tumour volume fraction term. We observe that the adhesion vector field follows regions of high ECM
density, being directed out of low density into high density.
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FIGURE 6. Plot of the non-local cellECM adhesion flux given by (3.9), while ignoring
there the cell-cell adhesion and the effect of overcrowding.

3.3. Approximating the Micro-Dynamics and Its Impact on the Macro-Scale Tumour
Boundary Movement. Each of the boundary micro-domain €Y € P.(ty) are considered here to
be squares of micro-scale size € := 2h (where h is the step size used for the discretisation of the
macro-domain), which are centred at each of the interface point (xs,z,) from the discretisation of the
macroscopic tumour boundary 9€Q(tp). Hence, we have that

€Y =By _((zs,7p),€) for some boundary point (zs,zp),,

where |-, is the usual co—norm, and so we simply have that €Y is given by the union of the four
squares on the macro-grid that have (xs,x,) as a vertex. Thus, adopting a similar approach as this
stage as in [50], this enables us to use bilinear shape functions on each of these four squares (that have
(xs,xp) as a vertex) alongside midpoint averaging to evaluate the MDE source on the entire micro-
domain €Y given in (2.13). Next, we solve MDEs system (2.14) by using backward Euler in time
combined with central differences for the spatial discretisation. After finding the MDE distribution
m(z,7) on €Y x [0, At], we then follow precisely the modelling and computational approach and steps
introduced by [50] to determine the direction and magnitude for the boundary movement as well as
to proceed with the actual expansion of the tumour boundary 9€2(¢y) to its new spatial configuration
0 (to + At) that emerged over during multiscale tumour evolution over the time interval [to, to + At].

4. COMPUTATIONAL RESULTS

As mentioned in the previous section, the simulations are run on a spatial domain Y = (0,4) x (0,4).
The initial condition for the uninfected cancer cells population (c) is given by (see also Figure 7 (a)):

2
c(z,0) =0.5 (exp <—”“T2(}21’2)”2> — exp (—3.0625)) (XB((QQ),O_S?V) * d’v) , (4.1)

where 1), : RN — R is the standard mollifier that acts within a radius v << % from 0B((2,2),0.5—7)
to smooth the characteristic function xg ., , ,_.,,- This way we assure that the uninfected cancer cell
population occupies the region €, (0) = B((2,2),0.5) positioned in the centre of Y. This mollifier 1,
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FIGURE 7. Initial conditions used for the numerical simulations: (a) uninfected cancer
cells density, as described by equation (4.1); (b) ECM density, as described by equation
(4.5); (c) OV density (one initial dose), as described by equation (4.6); (d) OV density
(two initial doses), as described by equation (4.10). The white curve indicates the
tumour boundary (uninfected and infected cells).

was introduced in [50]:

()= 0 (2)). (12)

where 1 is the smooth compact support function given by
1 .
exp —z— if |z|, <1,
0 otherwise.

For the infected cancer cells (i), we assume that there are no such cells at the beginning of the simula-
tions:

i(z,0) = 0. (4.4)

The initial condition for the ECM (e) is given by the following distribution that was previously intro-
duced in [44] (see also Figure 7(b)):

e(xz,0) = %min{h(ml,xg), 1—c(z,0)}, (4.5)
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where ¢(z,0) is the initial condition of uninfected cancer cells given by equation (4.1), and

1 1. ,
hMzi,z0) = B + 1 sin (£x1x2)3 - sin (fij) ,

1 3 5
(r1,22) = g(x+§)€[0,1] Ve eY,&="Tr.

Finally, we consider two types of initial conditions for OV (v), describing current approaches for OV
administration: intravenous and/or intra-tumoural administration. The two cases considered here are:
(1) one OV dose is injected outside the tumour (via intravenous administration), and (2) two OV doses
are injected: one inside the tumour (via intra-tumoural administration) and one outside the tumour
(via intravenous administration); see Figure 7(c),(d).

(1) The one-dose initial condition for v(z,t), shown in Figure 7(c), is given as follows
o(,0) = &) - 0(v), (46)

where
2
@(.’L‘) = % <exp (—”1._(222725)”2> — exp (—1.6625)) s (47)

1 if ®(x) >5x 1075,

if () (4.8)
0 otherwise.

Let T be the boundary of v(x,0). In order to smooth the characteristic function (v), we take

the average of the boundary points of v(z,0) € T, as follows

1 . . .
v(z,y) = 3 zz: zj:v (z +ih,y + jh) —v(z,y), Yo,y € T, where 4,5 =—1,0,1. (4.9)
(2) The two-dose initial condition, shown in Figure 7(d), is defined as follows
v(,0) = B(z) - 0(v), (4.10)
where
_ ! o~ (15, 1.5)]]3 e ~ 2.2)1;
Blx) = 3 <exp <_2h + exp ST R 2exp (—1.6625) (4.11)
_ 1 if > 5% 1075,
av) = if f)>5x (4.12)
0 otherwise.

To smoothen the characteristic function 6(v), we are using the same boundary averaging men-

tioned previously in eq. (4.9).
The numerical results presented in this Chapter are obtained with the parameter values described in
Table 1. Whenever we vary these parameters, we state clearly the new values we use for the simulations.

4.1. Results of Baseline Parameters. In this section we investigate the effect of haptotactic cell
and virus movement (as given by parameters 7; and 7,) when one OV dose is administered (Figure 8)
or two OV doses are administered (Figure 9):

e One OV dose. In Figure 8(a) we show the dynamics of our multi-scale model in the absence of
haptotactic terms for the infected cells and virus particles (n; = 1, = 0), while in Figure 8(b)
we show the dynamics of this model in the presence of such haptotactic terms (where n; = 7, =
0.0285, as given in Table 1). We can see that, for the parameter values used in these simulations,
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TABLE 1. Baseline parameters values used for our multiscale computations.

Param. | Value | Description Reference
D, | 0.00035 | Uninfected cancer cell diffusion coefficient [16]
D; 0.0054 | Infected cancer cell diffusion coefficient [9]
D, 0.0036 | Constant diffusion coefficient for OV 9]
i 0.0285 | Infected cancer cell haptotaxis coefficient (3]
My 0.0285 | OV haptotaxis coeflicient (3]
1 0.5 Proliferation rate for uninfected cancer cells [12]

Snax 0.1 Maximum rate of cell-cell adhesion strength, i.e., Spax = max(Se.) [22]
See 0.5 Rate of Cell-ECM adhesion strength [36]
o 0.15 | ECM degradation rate by uninfected cancer cells [3]
Q; & ECM degradation rate by infected cancer cells (3]
Qly 0.1 Maximum diffusion coefficient level for cancer-dependent D, (c) estimated
o 0.02 | Remodelling term coefficient [45]

0 0.079 | Infection rate of cells by OV (3]
0 0.05 | Death rate of infected cancer cells 9]
b 20 Replicating rate of OVs in infected cancer cells 9]

Oy 0.025 | Death rate of OV [9]
Ve 1 The fraction of physical space occupied by the ECM [44]
Ve 1 The fraction of physical space occupied by cancer cells [44]
Ye 1 MDES secretion rate by uninfected cancer cell [45]
Y 1.5 MDESs secretion rate by infected cancer cell [45]
D,, 0.0025 | MDE diffusion coefficient [39]
h 0.03125 | spatial discretisation step size in both x and y directions [44]

there is no difference in the spatial distribution of uninfected cancer cells between panels (a) and
(b). However, the addition of haptotactic movement impacts the spatial distribution of infected
cancer cells and OVs, leading to more localised viral infections. Since the change in ECM
density follows the uninfected cancer cells distribution, we choose to show the ECM separately
in Figure 8(c), where we illustrate its distribution at two macro-micro stages: I) stage 50; II)
stage 75.

o Two OV doses. In Figure 9(a) we show the dynamics of our multi-scale model in the absence
of any haptotactic movement for the infected cells and virus particles, while in Figure 9(b)
we show what happens when we consider haptotactic movement. As for the one-dose case,
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FIGURE 8. Simulations of system (3) using the parameters in Table 1 with one-dose
OV initial condition (see eq. (4.6)). Here we show the cell and virus distribution at two
different micro-macro stages: 50 and 75. (a) No haptotactic behaviours (n; = 1, = 0);
(b) With haptotactic behaviours (n; = 1, = 0.0285). In sub-panels (¢) we show ECM
density when we consider haptotactic cell movement for I) stage 50, II) stage 75. (We
don’t show the ECM for the case without haptotactic cell movement, since the ECM
follows the uninfected cancer cells distribution, which is the same for both cases.)

the haptotactic terms do not affect the spatial distribution of the uninfected cancer cells. The
inclusion of the haptotaxis leads to slightly higher densities of infected cells and virus particles,
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FIGURE 9. Simulations of system (3) investigating the injection of two doses of OV
(see the initial condition given by eq. (4.10)). We show the densities of uninfected
and infected cancer cells, and the OV densities at two macro-micro stages (50 and 75).
(a) Without haptotactic movement (n; = 7, = 0); (b) With haptotactic movement
(n; = m» = 0.0285). The rest of parameter values are as in Table 1.

compared to the case of no haptotaxis. Also the presence of haptotactic terms seems to lead to
more localised viral infections.

If we compare the one-dose OV case (Figure 8) with the two-dose OV case (Figure 9) we observe,
as expected, that the injection of two OV doses leads to better elimination of uninfected cancer cells
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through a much better viral replication. We also observe that the injection of two OV doses leads to a
faster movement of outside virus particles inside the tumour (e.g., in Figure 8 the outside viruses is still
entering the tumour at stage 50, while in Figure 9 the outside viruses have already entered the tumour
by stage 50).

4.2. The Impact of Adhesion Strength. In this Section we investigate the impact of cell-cell and
cell-matrix adhesion strengths on the spread of OV, and the elimination of tumour cells.

e Constant vs. density-dependent S... In equation (2.6), we defined the cell-cell adhesion strength
(See) as a function of the ECM density, with a maximum of Sy, (see also Figure 4). In Figure
10 we investigate the assumption that this cell-cell strength is a constant: S.. = Syer- As with
the previous figures, in panels (a) we show model dynamics without haptotactic cell movement,
while in panels (b) we show model dynamics with haptotactic cell movement. Comparing Figure
8 (where S.. = Spmaz) with Figure 10 (where S.. = Sc.(e)), we notice a difference in cancer
invasion, with a slightly larger invasion range when S.. = Sy,q.- However, S.. seems to have no
impact on the densities of cells and virus particles. Regarding the role of haptotactic terms (i.e.,
panels (a) vs. (b)), we see again that these terms have no effect on the uninfected tumour cells,
but they impact the spatial distributions of infected tumour cells and virus particles, which
become more localised.

o Different adhesion strengths: Scc > Sce vs. See < Sege. In Figure 11, we vary the cell-cell
and cell-matrix adhesion strengths from the baseline values listed in Table 1 (i.e., max(Se.) =
Smaz = 0.1, Sce = 0.5) to max(Se.) = Smaz = 0.5, See = 0.01, to investigate the case where
See > See. In this Figure 11 we also investigate the effect of increasing the ECM degradation
on overall cancer invasion, by changing the baseline rate o, = 0.15 to a, = 2. Comparing
Figure 8(a) (where S.. < Sc.) with Figure 11 we observe that high cell-cell adhesion (Se. > Se.)
leads to a very-high density tumour mass which does not spread too much. Moreover, as
expected, the increase in the ECM degradation rate a. leads to an almost complete degradation
of ECM in the regions with high tumour densities (see the ECM distribution in Figures 11
and 8(c)).

4.3. Non-Constant OV Diffusion Coefficient. In all previous simulations we assumed that the
diffusion coefficients were constant. However, in equation (2.12) we modelled the assumption that the
virus diffusion coefficient might depend on the uninfected cancer cell density (D,(c)). In Figure 12 we
show numerically the dynamics of our multi-scale model (with haptotactic cell and virus movement)
when we assume that D, (c) is given by equation (2.12) with a,, = 0.1. In panels (a) we show cancer-OV
dynamics when we inject one-dose of OV, while in panels (b) we show model dynamics when we inject
two doses. Comparing Figure 12(a) with Figure 8(a), we see that the assumption of a density-dependent
diffusion allows the virus to spread faster through the whole tumour. However, in the absence of a higher
virus proliferation, the density of infected cancer cells is lower than for the baseline case. A similar
conclusion can be obtained when comparing Figure 12(b) with Figure 9(a).

4.4. Multiple Virus Shots at Different Times. In this final section, we explore the effect of multiple
virus injections when these are applied at the same location and with the same dose levels (as the initial
viral condition) but at different times during tumour evolution. To capture this multiple temporal viral
injections at the same initial location, we amend the virus equation (2.10d) by adding the following
viral source term

go(@,t) = _7,(t) - v(,0) (4.13)

i=1
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FIGURE 10. Simulations of system (3) investigating the case of constant Se.: See =
Smaz- We plot the macroscopic densities of uninfected and infected cancer cells, as well
as the densities of OVs at two macro-micro stages (50,75), when we inject two-dose
OVs (inside and outside the tumour; see eq. (4.6)). (a) Without haptotactic behaviours
(n; = my = 0); (b) With haptotactic behaviours (1; = 1, = 0.0285). The rest of the
parameters values are as in Table 1.

where, where p represents the number of shots distributed at different times, v(z,0) are OV initial viral
conditions, and

7, (1) = exp (m - 1) : (4.14)
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FIGURE 11. Simulations of system (3) investigating the case Siax > Sce. We show the
densities of cancer cells, OVs (top two rows) and ECM (bottom row) at two macro-
micro stages (50 and 75), when we ignore the haptotactic movement of infected cells
and virus particles (i.e., 7; = 7, = 0). We consider only one dose of OV as initial
condition (see eq. (4.6)). Most of the parameters values are as in Table 1, with the
exception of max(Se.) = Smax = 0.5, Sce = 0.01, a. = 2.

represents the time distribution of OV shots which are localised in time in the neighbourhood of the
time instances {t1,...,%,}, each shot having a total time span of 26, i.e., occurring on the time interval
[t; — 0,t; + 6], for a very small § > 0, so that consecutive injection intervals would not overlap. Thus,
with this amendment, equation (2.10d) becomes

% = V- (Dy(c)Vv) — n,V-(vVe) 4+ bi + gy (z,t) — gcv — dyv. (4.15)

We explored this numerically by considering virus injection of the same spatial distribution but admin-
istered at two different times ¢; and ¢5 during the tumour evolution. These injection times were chosen
during the 25th and 50th stages of the tumour evolution as follows:

t1 = 25At+ 36t and to = 50At + 34t
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FIGURE 12. Simulations of system (3) investigating the role of density-dependent viral
diffusion D, (c) coefficient (given by eq. (2.12) with «, = 0.1). As for other cases
before, we ignore the haptotactic movement of infected cancer cells and virus particles
(n; = my = 0). We show the densities of uninfected and infected cancer cells, and
densities of OVs at three macro-micro stages (25, 50, and 75), when we inject: (a)
one-dose OV (see initial condition given by eq. (4.6)); (b) two-dose OV (see initial
condition given by eq. (4.10)). The rest of parameter values are as in Table 1.
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and so the viral injections scheduling could therefore be captured by g,(z,t) = 74, (t) + 74, (t) while
taking 6 := 3Jt in (4.14). Figure 13 shows that when we give multiple virus injections at the same
position but at different times, we obtain better tumour control than the case where there is one viral
injection at one position in space (shown in Figure 8b). Moreover, as shown in Figure 13, increasing
the viral infection rate gives better tumour control results (i.e., the middle of the tumour is eliminated
by the viral therapy).

(a)

Stage Uninfected Cancer Cells Infected Cancer Cells oV

FIGURE 13. Simulations of system (3) using the parameters in Table 1 with multiple-
dose OV initial conditions (see eq. (4.13)).Here we show the cell and virus distribution
at two different micro-macro stages: 50 and 75. (a) multiple OVs injections (b) multiple
OVs injections with increased rate of viral infection ¢ = 0.158.
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5. SUMMARY AND CONCLUSIONS

In this study we presented a novel multi-scale moving boundary model introduced to characterise
the complex non-local macro-scale interactions between cancer cells (uninfected and infected), ECM,
and oncolytic viruses, in the presence of the micro-scale cancer-MDE interactions that control the
tumour invasive edge. The novelty of our approach was to incorporate the nonlocal cell-cell and cell-
matrix interactions that lead to an adhesive cancer cell flux, which impacted also local cancer-OV
interactions. With the help of this model we have investigated the impact of cell-cell and cell-matrix
adhesion strengths on the spread of the oncolytic virus, and showed that large cell-cell adhesion leads to
high cancer densities, and higher OV densities inside these solid tumours. But the virus cannot spread
efficiently through the tumour mass, and thus the tumour size cannot be reduced significantly.

Moreover, we used this new nonlocal multi-scale model to investigate numerically the role of hapto-
tactic behaviour for the infected cancer cells and virus particles, which seems to lead to more localised
regions infected by the oncolytic virus. Finally, we have investigated the impact of constant virus diffu-
sion versus cancer-dependent virus diffusion, and observed larger viral spread. However, this larger viral
spread did not lead to better tumour killing, due to the relatively lower infection rates. It is expected
that an increase in viral infection rate could lead to better outcomes (i.e., less uninfected tumour cells).

Our current work can be further generalised to investigate various aspects of the interactions between
virus particles and the tumour micro-environment: from the importance of fibrous component of the
ECM on virus spread, to the interactions between virus particles and other types of cells inside the
tumour microenvironment, or the local/nonlocal interactions between the infected cancer cells and
ECM (and the further spread of viruses released from the infected cells).

APPENDIX A. INDICATOR FUNCTION

To ensure that the macroscale computation exclusively on the evolving tumour (ty) we define the
on-grid cancer indicator function Y(-,-) : {1,..., M} x {1,..., M} — {0,1} given as usual by

Y(s,p) :=

{1 if (s,2,) € Ato), (A1)

0 if (xs,xp) ¢ Qto).
Further, let’s observe that the on-grid closest neighbour indicator functions U, 11(-,-), ¥y _1(-,-),
Uy 11(5), Uy oa() o {2, ., M — 1} x {2,..., M — 1} — {0, 1}, defined by

U, 11(s,p) == |Y(s,p) — Y(s,p£1)|- Y(s,p),
Uy x1(s,p) == [T(s = 1,p) = Y(s,p)| - L(s,p),

Using these functions we limit our computations for cancer cells inside the initial cancer region Q(¢g), as

(A.2)

the points of nonzero values along each spatial direction, given by the union of preimages \11;1_1({1}) u
\I!;’lﬂ({l}) U \I/yfl,l({l}) U ‘I’;iﬂ({l}) for z-direction and y-direction respectively.
APPENDIX B. FINITE DIFFERENCE-MIDPOINT INVOLVING INDICATOR FUNCTION

At any spatial node (zs,,) € Q(to), the no-flux across the moving boundary dynamics is accounted
for via the indicators in equations (A.1,A.2) on the expanding spatial mesh, and results into the midpoint
approximations for both the uninfected cancer cells

1 L cls’p + [‘Ijz,:tl(svp)cls,p + T(Svp + 1)cé,pﬂ:1]

1 .
s,pE5 9 )

l chp+ [Wya1(s,p)ck , + T(s £ 1,p)chyq )]
st5.p " 9 ’

’ (B.1)




NONLOCAL MULTISCALE TUMOUR-VIRUS INTERACTIONS 271

and for the infected cancer cells

,L'l L= ilS,p + [qjm,il(&p)ié,p + T(S7p :l: ]-)Z.ls,pjj]
Sapi§ : 2 ]
it + [y a1(s,p)il , + T(s £ 1,p)ilyy ) (B2)
il . 5P y,£1(5,D s,p » P s+1,p
si%,p : 2 5
as well as for the adhesion fluxes
Al L = 'Ai,p + [qj$,i1(57p)“4.le,p + T(S,p + 1)A27pi1]
s,pt3 2 ’ (B 3)
Al L Ai,p + [\ijﬁil(‘s?p)Als,p + T(S =+ ]-ap)Ai:I:l,p:I
s:l:%,p T 9 5
while the central differences at the virtual nodes (s,p + %) and (s + %, p) are given by:
for c:
[C }[ L [lpx,+1(57p)c.lq,p + T(S,p + l)c.ls,p+1] - C.ls,p
zls,p+3 T Az s
A Cop — (a1 (5, P)cp + T(s,p — Deg 1]
Tls,p—3 Ax ) (B 4)
[C }l o [\Pya+1(s7p)cé,p + T(S + 1ap)cls+1’p] - Cé’p ’
Y s+%,p T Ay )
SR P L AU Ve (R HOT Y
Cy s—%,p T Ay )
for i:
[i ]l = [‘le,+1(8,p)ié,p + T(S’p + l)iim-l-l] — il&p
zlsp+3 - Azx ’
ORI i L OO0 Py (Y e LY
N o | (B.5)
[’L ]l L [\ij,Jrl(sap)ils,p + T(S + 17p)ii+1,p] - ils,p ’
Y er%,p T Ay 5
[l ]l e ii,p - I:\ijsfl(s7p)ils,p + T(S - 1,p)7:‘l971’p:|
Yy sfé,p T Ay )
for e:
l l l l
l . eS,PJFl B 65710 l L es,p - es,pfl
[630]57[,4_% = and [61‘]5719—% = 56)
l o 6ls+1,p - el&p d l L els,p - e.lsfl,p
[ey]s+%,p = an [ey]s_%,p =

Hence, the discretisation of the spatial operator V - [D.Vc — cA(t, z,u(t,-))] in (2.10a) is obtained by

(V- [DeVe — cA(t,z,u(t, )"

8,p
l i l ol Al l Al
De ([cm]svl"“% [51]3,;)—%) Copti Astr% T Cp-t As,p*%
l _ l ol al 1 ol
D <[Cy]3+%»P [Cy]s—%@) Cortn Aot T %10 At
+ Ay .

Denoting now by F.  the discretised value of the flux F := D.Ve — cA(t,z,u(t,-)) at the spatio-
temporal node ((zs,z,),t1), we observe that the discretisation of V- F = V - [D.Vec — cA(t, z,u(t, -))]
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given in equation (2.10a) can therefore be equivalently expressed in a compact form as

l 1 l l
‘.F _.F 7%+FS+%,}7+~FS*1

1 sty s,p 3D
(v F) ~ - , (B.8)
where
1 _ l ) l
‘Fs,p:t% - DC [Cx}&pi% - Cs,pj:% ’ As,p:l:%’
1 _ l ! l
fs:ﬁ:%,p =D, [Cy}s:t%,p - Cs:l:%,p ’ As:l:%,p'

Finally, for the spatial operator D;Ai — n;V-(iVe) in (2.10b) we obtain the discretizsation
. ) 1
(V- [D;Vi—n,iVe]), ,

.l .l ) .
D ([Z’C]SvP‘F% B [Zx]SaP—%) B mli,p+% ' [em}ls,zﬂ-% + mlls,p—% ' [ex]ls,p—%
o (B.9)

-l . , .
D; ([Zy]s—s-%,p B [Zy]s—%@) B nills—s-%,p ] [ey]i+%7p + mzé—%,p ] [ey]i—%,p

Ay ’

and for the haptotactic-like virus spatial operator n,V-(vVe) is discretised as

~
~

+

l

*%viyﬁé : [6$}27p+% + Uq;viyp_% : [em]s,p_%

Ax
1 1 1 1
TMUsi1pe [ey]s+%,p + U1 p- [ey]sf%,p

Ay ’

(-nV-(vVe)), , =
(B.10)

APPENDIX C. THE PREDICTOR-CORRECTOR

Let us start by denoting H(-,-,-) to be the right-hand side spatial operator of equation (2.10a). At
any instance in time and any corresponding triplet (F,¢, 1) of given spatially discretised values for the
flux F, the cell population ¢, and the tumour vector u, by ignoring for simplicity the time notation we
have that

H(]:—va Co,ps Us p) 1= (V : ﬁ)s)p + 118s,p(1 — p(Ws,p)) — 0Cs pvs p, (C.1)

where the spatial discretization (V- F)_ , 18 given by equation (B.8) but applied to the spatial flux F,
and p(0s,p) is the volume fraction defined in equation (2.1) evaluated for the discrete vector us, =
[Cs.ps Ts.py €s.p), V8, p = 1...M. On the time interval [t;, ¢;11], we first predict ¢ at t;41 using an explicit

method as follows

A+t 1 At J I 1
Csp® = Cop+ TH(}—S’]”’ CijrUs ) (C.2)
where ug’p = [cls,p,ii’p,els,p],Vs,p = 1...M and At is the time step. Next, using éf:ff we calculate the

corresponding predicted flux F 3 at g1 Then, we construct a non-local corrector that involves the
average of the flux at the active neighbouring spatial locations

{@s, wpr1) b {(@sx1, 2p) b { (@1, Tp—1) } { (@1, Tp1) } N Qto). (C.3)

Now, let us denote the set of indices corresponding to these active locations by N, we have that the
corrector flux is calculated as

el 1 ~i+1
Frltg = © Z ‘7:U7C2’ (04)
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ultimately enabling us to use the trapezoidal approximation to obtain the corrected value for c at ¢, 1

as
+3 At SN N N S S
ol =yt S [HF o) + HOFL 20wl (C:5)
1
where ﬁl;;, [51;7;2 il pr € ] Vs,p=1...M. By averaging we get
1
el Cs,p- + c
Cs-;? - 9 Spv (CG)

. . A .
and then we compute the flux FlFs at f4 1, in which we use the values of csﬁﬁ. Next, we use it to

initiate the predictor-corrector steps described above on this new time interval [tl 41 tH_l} . Therefore,
the predictor step obtained as follows

41 4l At I+1 41 g4l
Cop = Cap’ + 7H( sp” 5 Cap s Usp’) (C.7)
_I+1 _I+1
where @s,)° = [Cs,p° ;1 s €5 } Vs,p = 1...M. Finally, we correct these values at ¢;;; with the same

non-local trapezoidal-type corrector as described in equation (C.5), here involving the corrector flux
calculated as average of the predicted flux values F'*! (corresponding to the predicted values &) at
the active neighbouring locations given in equation (C.3)

1 ~]+1
Frht = ——— P, C.8
card(N) Z a6 (C.8)
(0.0)eN
Thus, this last corrector step gives us ultimately the values that we accept at ¢;41, namely
At i dtE St
! _l ~ w1 41 =1
Cs_f;)l = Cs—;)l + — [H(JT",LJ 2 Cs p2 , Usg pz) (]: +1 C:;}, u _‘;)1):| ) (Cg)
where ulf! = [P il el ] Vs, p=1..M.
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