Spatio-temporal dynamics of M; and M, macrophages in a multiphase model of
tumor growth

Supplementary Information

|. Lampropoulos
School of Chemical Engineering, National Technical University of Athens, Athens,

Greece

P. Kevrekidis
Department of Mathematics and Statistics, University of Massachusetts Amherst,

Ambherst, Massachusetts

C. Zois
Department of Radiotherapy and Oncology, Democritus University of Thrace,

Alexandroupolis, Greece

H. Byrne
Mathematical Institute, University of Oxford, Oxford, England and
Ludwig Institute for Cancer Research, Unwversity of Ozford, Ozford,
England

M. Kavousanakis
School of Chemical Engineering, National Technical University of Athens, Athens,

Greece



2o CONTENTS

I. Parameters derivation
[.A. Basic model

[.B. Immunotherapy parameters

IT. Non-dimensionalised model
25 II.A. Mass balances
II.B. Momentum balances

II.C. Auxiliary expressions

ITI. Parametric analysis

IIT.A. Parametric analysis for the immunotherapy model

30 References

11
11

12
14

16



35

40

45

50

I. PARAMETERS DERIVATION

We report here all the calculations performed for the derivation or estimation of the
selected parameter values. A substantial portion of these parameters are adapted from
Hubbard and Byrne’s! model or derived from the models proposed by Lampropoulos et al.>?
and Bull and Byrne*, as will be discussed below. For the remaining parameters, estimations

were made based on available literature.

To determine the characteristic length of the studied domain, a few factors must be
considered. Firstly, angiogenesis typically manifests when a tumor exceeds 1 — 2mm in

diameter®”.

Furthermore, tumor spheroids typically develop necrotic zones when their
diameter reaches approximately 4 mm®. Based on these factors, it is reasonable to set the
characteristic length of the domain (the tumor seed’s diameter at ¢t = 0) withing the range

of [100 um, 1000 m|. Therefore, the selected characteristic scale was set to L, = 400 um.

In addition to defining the spatial characteristic unit, we define the characteristic unit
for time. As reported in Sec. 2.4, the unit selected for temporal non-dimensionalisation is
the mitosis rate of healthy cells, denoted as k,, . Typically, the life cycle of a eukaryotic

cell lasts approximately 24 h. Therefore, we define ky,, = 537 = 1.157- 1075 571,

The concentration of hemoglobin (Hgb) in adult humans ranged typically ranges from
12 to 18 g/dL (12 — 16 g/dL for females and 14 — 18 g/dL for males)®. Therefore, selecting
Crgr = 140g/L for our calculations falls within the acceptable range. Furthermore, each

molecule of Hgb can bind up to four oxygen molecules!’. Combining this information with

mL O2 11

the fact that oxygen content in blood is approximately 207

, we can calculate the value

of the parameter c,:

g
Clgy = 140 = l
gL }CHgb ~ 0.00217%
Mgy, = 64458 —— o = 8.7-107° M. (1)
mol
mol Oy
mol Hgb

Lastly, it has been previously calculated that k., = 0.0088 s~ 3.
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I.A. Basic model

While the values for VEGF, denoted as g, were initially adopted from Lampropoulos and
Kavousanakis®, we decided to rescale it as a variable, this time using g, = 1072 M. This
decision stems from considering VEGF’s physiological range in tissue, which typically falls
within [0.59 pM, 0.65 pM]'2. Selecting a characteristic value close to the physiological range
not only makes computational sense but also enhances the interpretability of the results.

With this rationale, we set the initial value of VEGF in the system as:

0) 06-10712M
/(a,y,0) = LE80 = 0.6.

g (x7y7 ) gv 10_12M

Setting the value of ¢’ in the initial conditions necessitates considering the parameter k
as a variable. Solving it yieldsthe parameter’s value: k; , = 0.00959.

To calculate the dimensionless diffusion coefficients, we utilized the values reported in lit-

erature for CSF-1 (D, = 160 um?s—!), CXCL12 (D, = 150 - 107 um?s™1), EGF (D; = 160 um?s1),

TGF-3 (D; = 21.3 um?s~)* and oxygen (D. = 1.4 - 1075 cm?2s~1)313,

(

D =0.11,
D D e D D; = 0.001
D;k:k: iL?fori:a’b7l’f<:>D_i: Epco<:)>Dc:1 D::HZ@ b ' ’ (2)
rep—o c %% c D;k — 0117
Dy =05,

\

The values of chemotactic parameters y;, for ¢ = a,b, [, f, were based on calculations for
Xg- This parameter has been measured at x, = 2600 %14, thus its non-dimensionalisation
is:

2
. Xa * Go 2600 <37 - 10712 M
Xy =0 = — M ——— = 0.14. (3)
Epp - L2 1.157-107°s571-16 - 10~*cm

Based on the calculations of X7, and considering that a,b,l, f are all non-dimensionalised
through g,, it is reasonable to assume that y;, for ¢ = a,b,l, f, are of the same order
of magnitude, with y; being enhanced to account for the increased motility of the M,
phenotype.

The production rate constants k ;, for i = a, b, [, f, are estimated based on £, , = 0.00959:
k,; = 0.00959, for i = a,l, f. The production of CXCL12 occurs in cells adjacent to the

vasculature*, but not by endothelial cells themselves. Therefore, to decouple the rate at

4
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which CXCL12 is secreted in the system from the concentration of the vasculature while

maintaining the spatial correlation between the two, k7, was re-scaled using 0, (z,y,0):

kyp = L ~ (0.55. (4)
7 0u(z,y,0)
The remaining rate constants related to each chemical species are kq; and FKgssoc
(1 =a,b,l, f); the former represents the decay rate constant and the latter represents the
molecule-cell binding rate constant. For the decay rate constants, the dimensionless values
are determined based on measurements reported in the literature (kq, = 1.9 - 107%s71
kap=2-10"5s"1 kgy =1.9-107%s71, kg = 0.23man 1)1 17:

7

K, = 0.0216,
- ki, = 0.227 1072,
Ky, = kd7 fori=a,b,l,fe{ (5)
rep K, = 0.0216,

On the other hand, the association rate constants are assumed based on the value of kyss0c.4°

kX . a~T-10"%fori=a,b,l,f. (6)

assoc,i

The values for the macrophage death rate constant are defined based on measurements
of macrophage life expectancies in the simulated conditions'®!?.
Lastly, the saturation parameters 0,7, a, and f, are selected based on the values of the

variables 0,/,, O, a and f, over the course of a simulation.

I.B. Immunotherapy parameters

The newly introduced parameters pertain to the immunotherapeutic drug and the drug-
bound macrophages, which are considered a separate sub-population in the model. Firstly,
we will present the calculations performed for determining the parameters associated with
the drug. The drug’s diffusion coefficient is determined through its hydrodynamic radius
(calculated equal to ry ~ 0.659nm?°, based on vactosertib’s molecular weight, M,,. =

399.4 -2-21) "using the Stokes - Einstein equation:

mol

D

. kaT
ksT Dy = S _ e pr— .93

= = = 7
6rnr D1 57_% Ty (7)
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The drug’s elimination rate from the vasculature, as well as the drug’s absorption rate,

are based on measurements reported by Jung et al®?:
. _kaa _ 3m
dd = T 1= 4.8,
m,h 24 h
1
: fussoed _ 38 _ g1

assoc,d — krep - 0.0088 51

(8)

(9)

The calculation of the therapy’s period, T}, is based on both the regimen administered in

the experiments reported by Jung et al.??, and the ongoing clinical trials?®. The latter are

also considered for the determination of the number of therapeutic administrations (N = 10).

Lastly, we make the following assumptions based on the results reported by Jung et a

* =2 k' =0.016.

assoc, My assoc,d
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II. NON-DIMENSIONALISED MODEL

In this section, we present the process of non-dimensionalisation that leads to the finalised
us expressions based on which calculations are performed. In order to non-dimensionalise the

system’s equations, the variables are rescaled using the following characteristic quantities:

[
t'=kmpp-t =— 1I'=—
&) Gu
=/ IT; / g ! f
xZ = — = — = —
L, 7 / v
120
—/ IZ;, /! a d/ d
P = a'=— d=
km,hLo Gv dmaz
/ Di / b
=2 py=Z
PR G

The phase concentrations are non-dimensionalised by the sum of all fluid/cellular concen-

s trations at ¢ = 0. There is no influx of mass in the system for ¢t = 0:
«°
; q; = kext,Mlevm =0.
This implies that for ¢ = 0, the system can be considered closed, and the concentrations
0; (x,y,t = 0) are defined as volume fractions of a fluid of constant volume. Therefore, the
concentrations #; are non-dimensionalised as follows:

O = =
§ 320 0i(wy,t=0) &0 =0,
’ .

S0, (2,y,t =0) =1

130

II.A. Mass balances

Firstly, we present the mass balance non-dimensionalisations for both the fluid/cellular

phases and the chemical species. Healthy cells mass balance:

ooy, Cop + ¢ XFmm
— + V- (up0h) = kmn019in — kg0, — —
ot + (Uh h) AUh tcp+c d,h thQ—i—c

106, 1 L,

= C/Cv kdh Ce /CU+C/CU
20 - (@n0h) = 20,00 h g, o o 10
K Ot + Em.n Lo (7h0n) kit 4 tcp/cv—l—c/cy + K p hc@/cv—l—c/cv (10)
89h = c ct +CI
Pn v’-( /9):9 Ot —— — k5, 0, S
ot + UnZh & tC;;—i-C’ d,h hczz +c



135 Cancer cells mass balance:

00, .
ot +V- (ucgc) + le ' (ecvl) =
O c Cor +C Ory
kmc + kc —2 ecezn - = k cecl— - kc 90 : 7
( ’ ’M29M+0M2> th—f-C < CC2—|—C ’ 9M+0M1
100, 1 L, 1 12 ¢
o 0. Zo.,,. V7 . 0.Vl =
mh at * mhL V ( >+km,thXlgvv ( V)
(km,c + kc,Mg ‘9M2 ) ) C/Cv . kd,c 0 Ccl/c'u + C/Cv _ kc,M1 0 QMl N
km,h km,h eM + ‘9M2 crmt Cp/cv + C/Cv km,h CCCQ/C’L) + C/Cv km,h CQM + HMl
00, . .
i TV (0) AV (0.VT) =
6M d C + d QM
kot ko, ——— ) 00, — K f
( + CM29 +9M2) t™ . p+c d,c * + / c, My 9M+9M1

(11)

Capillaries mass balance:

1

K, h

00,
kocce H (pcell Derity h) —

ot (i + th

1 00, 1 L, 1 L? g kang - Gv . G Oins k A
- - @ _ - o v . ev 7 — ang vev_ mn _ Mvoce 91;— e
m h 8t + m h L v ( ) * km,h ng ng < vgv> km,h Gv € + gint km,h AH (p !

9 ) + ng : (QUVQ) kangevg

607} - * * 0171 * * *
81&’ + vl ) (uvlev) + ng/ ’ (0”v/g) - kange €+ gtz'mt - kocce H (p/cell — Perits h )
(12)
M, mass balance:
00 . a X,
WMl + V- (Ui 0hr) + XaV - (011, Va) = k:m,Mlevm — kanr,Onr, — k:aaelep%f 0
1 86y, 1 L, . 1L ay _
km,h at km,h L_ov ‘ (UMleMl) * km,h L_ggvxav . (eMlvg_v) a
kext,M1 0 a/gv B kd,M1 HM ki QM f/gv
km,h ° ap/gv + a/gv km,h ' ' fp/gv + f/gv
DPnis o 1 (s, 10 T (G V') = K B kg g gy ]
ot + ’ (uMl Ml) + Xa ’ ( My ) — MNext, My UCL; +a — Mg, M YMy T g Mlm
140 (13)
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M5 mass balance:

1

00 . X T,
aMz + V- (UMQQMQ) + va . (8M2Vb) = kaaeMlﬁ — kd,Mg‘gMg <:i>
p
1 90y, 1 L, 1 L2 b
_°Y - 1.0 — v -1 — | =
km,h at km,h -LoV (UMQ MQ) + km,h ng va M2V v (14)
kaa ¥ f/gv _ kd,Mz QM
Kb ' fp/gv + f/ v . n :
8eM?Jrv’-(*’e )+ X3V (00, V') = K},0 S e
o un, Unr, ) + Xy ( Mo — NaaY M f*+f/ = d, MoV M2
p
M, mass balance:
86,1 B d X
atlp —+ V- <UM1p9M1p> + Xav . <9M1pVa> = kaSSOC’MIQMld——Fd — kd7M1p0M1p <:’h)>
P
1 90wm, 1 L 1 L2 a
P oy . > 0 ) - wXaV - 0 — | =
km,h ot km,h Lov <UM1P M * k ng X v < Mlpvgv>
kassoc My d/dmaac kd My
—0 L0
km,h M dp/dmaz + d/dmaz km h Mlp <
00, = d X
a—tllp + V/ . <uM1p/9M1p) + XZV/ . (eMlp V’a’) = k;ssoc MleMld*—M - kd,M1p0Mlp
p
(15)
us  Oxygen mass balance:
D v2c + kr@pe —C Z kc 29 znt Z kcmz i = ~Frepey
i=h,c 2 h,c
D, 1 L2V2 c k @y (cy — 0) _c k:w» 0 t c/cy kcm’iﬁ- 0o
“Kpep L2 % Yo, co S k,,ep ‘ ey /ey + e/, et Erep
DZVZC/+6 1—C C Zk - 'mt - chmz
i=h,c p i=h,c
(16)
VEGF mass balance:
2 (& x krepgv
ng g + kpvg (eh + 00 + QMQ) - 2 kassoc,ggvg - kd,g g = 0
(ca+c)
1 L2 _,g k c/c k g  kag g
D V2 ¢9+93+92 v i asSOC,gev___y‘_:O{:))
gk’rep L2 [ krepCvgv ( " M ) (Ca/CU -+ C/CU>2 krep Gu krep 9o
ng2g/ + kp,g (9h + 96 + GMQ) m kassoc gevg kdg : g/ =0
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CSF-1 mass balance:

1

DaV2a + k:p,aec( j )2 - kd,a Ca — kassoc,a0M1a =0 =
c,+c
1 L? kpa v kda Eassoc,a a
Da _g 21 P, . C/C 5 — d, i_ k 2 QMI—:O/;}
krep Lo [ krepcvgv (Ca/CU -+ C/Cv) krep Gu rep Ju
/
DZVQCL/ + k;,aecm - k;,a ’ k:;ssoc aeMl a' = 0

CXCL12 mass balance:

x—21
Dy + kypby — kap - b — kassoesfns,b = 0 2
1 12 b J: kis b Kussor b
ng pb g, — b L, — =0 <
krep L krepgv krep 9o krep 9o

va b/ + k;,bgv - k::;,b N b, - k:SSOC,bQM2b, - 0

Dy,

EGF mass balance:

1

DiV21 + kyiOagy — kay - 1 — kassoetfe - 1 =0 PATTIN

1 L2 l k 1 kdl ) k l l
D 0v2 PL Oy — - — — 29— =0 &
: krep L2 krepgv M krep Gu krep v
Dl VZZI + k;,leMQ - k;,l A= stsoc l(9 1'=0

TGF-£ mass balance:

% 1
DV f + by 0 — kag - f — kassoefOrs, f = 0 22

1 L2 k kassoc
Df v2f pfe d,f.i_ of f:0<:>

Onr, —
krep L krepgv krep Gu krep ' Gv

va2f +k p,f C_k;;,f'f/_k;ssoc,fele,ZO

Drug’s mass balance:
1

X—1
dezd + krep,dev (dc - d) - kassoc,deMl -d— kd,d -d=0 Z’Cmpdmaz

1 Lg V2 d + krep,de (dc - d) kassoc,de . d B kd,d . d
krep L dmaac krep ! dmam krep M dmam krep dmaa:

de dl + k:ep,dev (dz - d/) - k;ssoc,deMl -d — k;,d -d' =0

Dd :O<:>

where:

 kerd N

(18)

(19)

(20)

(21)

(22)

Z Z H .0 Fm.h (km,h't—km,h~tpill,i) _ Z H (t, o ) ) e_k;‘l,d(t/_t;m,i)‘

Zn” { pill i

=1

10



II.B. Momentum balances

Zd*@@( )

J,gFi . , (24)
9V (NPT + V- [ei [M: (vJ@. + (VJQ) ) — Sk (v : J) I” — 0,
for i, j = h,c,v,int, My, My, My, with d} ; = :ch A = m’m — dhlng'

I1.C. Auxiliary expressions
165 Equation of continuity:

0
o Z 0; + Z V- (0:) + 1V - (0.V1) + X,V - (0.V9) + XaV - (021, Va) + X6V - (021, VD) = kw11, 0001 -

: ke
k_ <8t ZQ + ZV (0:0;) + iV - (0.V1) + x,V - (0,V9) + xaV - (0a, Va) + xpV - (9M2V6)> ==

5 Z 0; + Z V' (0:05) + Xy V- (0V'T) + XV - 0.V )+ XGV - (0, V') + gV - (0, V'Y ) = K

(25)
Equations of state:
X &
Ph = DPe = Pyy = PMy = Pint + 2 (O + 0 + Oar, + Oh,) =
AOp+0c+00s, +00r,—0%) . .
Ph _ Pe _ PMy _ DMy _ DPint l (9v+9i1m)2 2 , 0, +0.4 0 +60n, >0 -
A A A A A A 0, otherwise.
(On+0c+0p1, +001,—0%) . *
2 Y Y A (0u+91int)22 ’ 1f9h+96+9M1+9M229
Dh = De = DPmy = Py = Pint T+
0, otherwise.
(26)

11



170

175

185

IIT. PARAMETRIC ANALYSIS

In this section we present complementary results from the parametric analysis presented
in the main manuscript. We begin with Fig. 1 (a) and y,. Increasing this parameter

has a substantial impact on tumor growth. Enhancing the penetrative tendency of M;

2 -2
10 x10 | | | | | 20 x10 |
——basic simulation ——Dbasic simulation
—Xa X 2 —keztyj\,jl X 2
8 Xa X 5 ] 15 ||~ Keat.ar, X 5
—Xb X 2 _kext,l\fl x 10
6H—xp x5
ISy < 10}
4t
51
21l
0 ‘ ‘ ‘ ‘ 0 : :
0 20 40 60 80 100 120 0 100 200 300
Dimensionless time, ¢ Dimensionless time, ¢
(a) (b)

Fi1G. 1 Temporal evolution of cancer cell average concentration, 0., for parametric analysis of the

parameters: (a) X, and xp, and (b) ket nr, -

macrophages increases the number of cells that reach the tumor’s interior, where they are
alternatively activated towards the M, phenotype. A similar effect is observed in Fig. 1 (a)
with x;. This time, it is the increased attraction of My macrophages towards CXCL12 that
allows them to reach the tumor’s exterior, where they can more effectively exploit their pro-
tumor phenotype more in a nutrient-rich environment and attract cancer cells toward it. In
Fig. 1 (a) the presented times are cut short in comparison to the other figures. The reason
behind that is the explosive nature of tumor expansion which makes computations severely
harder. Lastly, Fig. 1 (b) shows the temporal evolution of 0, for tumors with different Eext.nr
values. This figure is particularly interesting as it suggests that an initially strong immune
response can paradoxically assist the tumor by increasing the number of macrophages that
are alternatively activated (towards Ms;). However, beyond a certain point, the influx of
new immune cells overwhelms the tumor’s ability to influence them.

In Fig. 1 (b), we observe that all f,, curves converge around ¢t ~ 140. To further investigate

this behavior, Fig. 2 (a) presents the 6, evolution but this time with the alternative activation

12
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x10”°

25 [|=basic simulation
7k{m x1— kem/,,Ml x 10
20 kaa X 2 — kezt,]&h x 1
15 kaa X 2 — kezt,ﬂ'ﬂ x 10
IS

10

5

0 100 200 300

Dimensionless time, ¢
(@)
0.8

——basic simulation
7_kaa x1— kezt,ﬂﬁ x 10
kaa X 2— kethLh x 1
20 kaa X 2— kczt,ﬂﬁfl x 10

——basic simulation

1 F T 02 L fkaa x1— kelt,ﬂh X 107
kna X 2— kea:t,]bfl x 1
/—__’_—’_— Kaa X 2 — kezt,Ml x 10
0 ‘ ‘ 0 ‘ ‘

qaa/qcxt.]\ll
o
=

0 100 200 300 0 100 200 300
Dimensionless time, ¢ Dimensionless time, t

(b) (c)
Fic. 2 (a) Temporal evolution of cancer cells average concentration, ., with varying kext, M,
and kqq. (b) Temporal evolution of the total Ms/M; macrophages phenotype ratio for the same
simulations. (c¢) Corresponding temporal evolution of the ratio of the alternative activation term,

Jaa = kaQQMITJ;f (see Eq. (8) third term) to extravasation term, geztnr, = Kext i, 0 (see

_a
Vay+a

Eq. (8) first term), for each calculation.

rate doubled. As expected, increasing the alternative activation rate accelerates tumor
growth rate overall. What is particularly interesting is the emergence of a new convergence
point between the two scenarios sharing the same k,, (one with the default k.. s, value and
the other with 10 times that value). This convergence occurs later, at t ~ 245 suggesting
that an enhanced ability to shift macrophages towards the pro-tumor state influences the

system’s behavior as ke, p, changes.

Figure 2 (b) supports these findings by presenting the M,/M; ratio for the scenarios
described. In cases with elevated k,,, the resulting ratios are more than double those
observed previously. However, by increasing the macrophage influx rate constant, Keg s, ,
the relative contribution of M; macrophages steadily rises over time; this takes place as the

system’s capacity to convert incoming macrophages reaches its limit.

13
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Figure 2 (c) provides further insight into the underlying mechanisms that produce these
outcomes. The relative contributions and numbers of the two macrophage phenotypes are
governed by two dominant processes: alternative activation and macrophage extravasation.
When comparing the curves in Fig. 2 (c¢) with the macrophage ratios shown in Fig. 2 (b),
it becomes apparent that they share many qualitative similarities. The equilibrium be-

tween these two processes ultimately determines the balance of macrophage phenotypes and

significantly influences patient prognosis.

III.A. Parametric analysis for the immunotherapy model

This paragraph presents a complementary analysis for the parametric study of k,epq,
conducted in the main manuscript. Figure 3 presents these distributions for: (a) ¢ = 150
and default k., q values, (b) ¢ = 150 and k4 increased tenfold, (c¢) t = 250 and default

krepa values and, (b) ¢t = 250 and kyepq increased tenfold. The purpose of this figure is

Basic Simulation Krepa X 10
: : 0.025 : 0.025
0.015+ ——TGF-3 0.015 -
“ Vactosertib 40.02 10.02
~ —— M1 macrophages
o oo 10015 0017 10015
g <5
e 10.01 0.01 <
S 0.005F 0.005 £ o
=] 40.005 0.005 2
<5 -
Cé _/&L 2
3 0 : 0 0 0 £
Q 0 5 10 15 20 25 30 0 5 10 15 20 25 30 g
b
) (a) (b) =
© 0.025 0.025 o
z 0.015F ’ 0.015F ’ e
g 10.02 10.02 %
2 g
£ 001 10.015 0.01r 10015 =
g b=
2 10.01 1001 =
2 0005- 0.005 -
> 40.005 40.005
///
0 : : == 0 0 ‘ : 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(c) Dimensionless radius, r (d)

F1a. 3 Average radial distributions of My macrophages, TGF-$ and, vactosertib for: (a) ¢ = 150
and default k,cp 4, (b) t = 150 and increased kyep g, (¢) t = 250 and default £, 4 and, (d) ¢ = 250

and increased Ky¢p q.

to present the distribution and abundance of vactosertib in relation to TGF-5 and -most
importantly- M; macrophages. Here, we can better observe how increased vactosertib influx

results in almost all macrophages having their phenotype frozen early on, leading to new

14



macrophages gradually being separated from the drug’s supplus due to the wall of TGF-3

that is located between them.
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