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Abstract: The immune system has an important role in protecting the body from tumors. However, several clinical
studies have shown that not all immune cells in the body work positively against tumors, such as regulatory T cells
which are known to modulate the function of effector cells and inhibit their cytotoxic activity. The purpose of this
paper is to analyze the mathematical model of tumor-immune system dynamics by considering the regulatory T cells
role. Based on the model analysis results obtained eight equilibrium points, where two equilibrium points are unstable,
namely the equilibrium point of normal, tumor, effector cells extinction and the equilibrium point of normal, tumor
cells extinction, then four equilibrium points are conditionally asymptotically stable, namely the equilibrium point of
normal and effector cells extinction, tumor and effector cells extinction, tumor cells extinction, and effector cells
extinction, and two equilibrium points are thought to tend to be asymptotically stable when the existence conditions
are satisfied, namely the equilibrium point of normal cells extinction and coexistence. The numerical simulation results
show that regulatory T cells play an important role in inhibiting effector cells and promoting tumor cell growth.

Furthermore, a numerical bifurcation analysis is performed which shows the presence of saddle-node bifurcation and
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bistable behavior in the system.
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1. INTRODUCTION

The number of cancer sufferers worldwide is expected to increase significantly. The World
Health Organization (WHO) in 2020 estimates that over the next 20 years the number of cancer
cases will increase by 60%. The World Health Organization (WHO) also informed that there were
18.1 million new cancer cases and 9.6 million deaths due to cancer in 2018 [1]. Cancer is a type
of disease that has a very broad scope, involving uncontrolled cell division [2]. This uncontrolled
cell division leads to the growth of tumor cells. Tumor cells can be benign or malignant. Benign
tumor cells do not invade the surrounding tissue and do not spread through the blood vessels to
other parts of the body. However malignant tumor cells can attack normal cells, spread to other
parts of the body, and cause cancer. Tumor cells continue to proliferate until they can be detected
in certain physiological spaces in the human body. Then, the immune system will be triggered into
“Search and Destroy” mode [3]. Tumor cells will express antigens or substances that can be
recognized by the immune system. These substances can stimulate the immune system to produce
antibodies as a form of resistance against tumor cells [2].

The immune system has an important role in fighting tumor cells. It has two main
components that interact with each other to defend the organism from pathogens, namely natural
and adaptive components [4]. T lymphocytes is one of the adaptive component cells that plays an
important role in fighting tumor cells. T lymphocytes will develop into special cells, including
CD8+ T cells and CD4+ T cells. In general, CD4+ T cells can be classified into helper T cells and
regulatory T cells. Helper T cells have a role in controlling adaptive immunity against pathogens
and tumors by activating CD8+ T cells [4]. After activation by helper T cells, CD8+ T cells
differentiate into cytotoxic T lymphocytes, which are commonly called effector cells. Regulatory

T cells themselves also play an important role in suppressing excessive immune responses, but
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regulatory T cells modulate the function of effector cells which makes effector cells unable to
continue their cytotoxic activity and causes a weak immune response against tumor cells [5].

Many Research related to the interaction of the immune system and tumor cells has been
carried out several times in several scientific fields; one of them is mathematics. By using
mathematical model approach, Kuznetsov et al. [6] built a tumor growth model by analyzing the
impact of effector cells on tumor cells. Kirschner and Panetta [7] introduced interleukin-2 (IL-2)
to form a classical tumor immunotherapy model, then predicted several infusion effector cells and
IL-2 could eradicate tumors. Wilson and Levy [8] developed a mathematical model containing
regulatory T cells and studied the absence of treatment, vaccine treatment, anti-TGF-f treatment,
and combination vaccine and anti-TGF- treatment, as well as sensitivity analysis of several
important parameters. Dong et al. [9] constructed a three-dimensional ordinary differential
equation model focusing on the effect of helper T cells on the tumor immune system. Pang et al.
[10] built a simple and realistic mathematical model of anti-tumor immune response involving the
role of immature and mature lymphocytes. Makhlouf et al. [11] proposed a mathematical model
of ordinary differential equations predicting the interactions of tumor cells, natural killer cells,
CD4+ T cells, CD8+ T cells, circulating lymphocytes, and interleukin-2. Then Yang et al. [12]
proposed a model of the interaction of the immune system and tumor cells considering regulatory
T cells.

Based on these descriptions, the authors are interested to develop mathematical model by
Yang et al. [12]. We add normal cells compartment on the model that compete with tumor cells
and considering the inactivation of effector cells by tumor cells, as well as altering the bilinear
form of the immune system and tumor cells interactions become Michaelis-Menten kinetic form.
The Michaelis-Menten kinetic form can describe chemical reactions and the mechanism of
interaction between the immune system and tumor cells which are known to be very complex [13].
The work is put in order as follows. In section 2, we discuss model formulation and analysis of the
model. In section 3, the stability of the model is analyzed. Section 4 demonstrates the numerical

results to illustrate the dynamics of the model and the conclusion is summarized in section 5.
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2. MODEL FORMULATION

This section will discuss the mathematical model of the tumor-immune system by
considering the regulatory T cells role. The basic model used refers to the paper written by Yang
et al. [12]. The mathematical model is divided into five populations, namely the population of
normal cells (N), tumor cells (T), effector cells (E), helper T cells (H), and regulatory T cells
(R). The assumptions used in this mathematical model are as follows:

1. The population of normal cells and tumor cells show the rate of logistics proliferation (the
process of cells multiplying naturally)

2. The population of normal cells and tumor cells compete with each other for available resources.

3. The growth rate of tumor cells is faster than normal cells.

4. The inhibition rate of normal cells by tumor cells is faster than that of tumor cells by normal
cells.

Based on the assumptions, we construct the governing equations of the mathematical model
of the tumor-immune system by considering the regulatory T cells role. Then lists of parameters
unit used in model can be seen in the table 2.1.

The normal cell population (N) grows logistically at an intrinsic growth rate of r; and
grows until it is limited by the maximum capacity of cells in the biological environment of 1/b;.

The normal cell population decreased due to the rate of competition with tumor cells of f;,

dN
—=71iN(1 = byN) = BiNT. @)

The tumor cell population (T) grows logistically at an intrinsic growth rate of r, and
grows until it was limited by the maximum capacity of cells in the biological environment of 1/b,.
Tumor cell population decreased due to the competition rate with normal cells of g,, and
eradication rate by effector cells of #5, which was written in the form of Michaelis-Menten
kinetics to show that the immune response was limited to tumor immunosuppressive activity due

to the presence of pro-tumor factors [14],
BsET

dT
- = rzT(l - sz) _ﬁzNT_ al +T

dt

)
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The Effector cell population (E) increased due to the activation rate by helper T cells of
p. Effector cell population decreased due to the rate of inactivation by tumor cells of £, and the

rate of inhibition by regulatory T cells of g and the natural death rate of d;,
dE
< = PEH — BET — qRE — dyF. (3)

The Helper T cell population (H) increases due to a constant recruitment from bone
marrow at rate s and the presence of tumor cell antigens identified at rate k. It was written in
Michaelis-Menten kinetics form to show the growth rate of helper T cells that depend on tumor

cell abundance. Helper T cell population was decreased due to a natural death rate of d,,
dH kTH
dat - s a, +T

The population of regulatory T cells (R) increased due to the rate of activation by effector

— d,H. 4)

cells and helper T cells, a; and a,, respectively. Regulatory T cells population decrease due to

the natural death rate of ds,
dR

5 = ME +aH - dsR. ®)
Table 2.1 Definition of the parameters.
Parameter Definition Unit
7 Normal cell growth rate time™1
Ty Tumor cell growth rate time™1
b, Normal cell carrying capacity cell™1
b, Tumor cell carrying capacity cell™®
B1 Rate of competition between normal and tumor cells (cell - time)™1
B> Rate of competition between tumor and normal cells (cell - time)™1
B Rate of tumor cell eradication by effector cells time™!
Ba Rate of effector cells inactivation by tumor cells (cell - time)™1
p Rate of effector cells activation by helper T cells (cell - time)™1
q Rate of effector cells inhibition by regulatory T cells (cell - time)™?

aq Rate of regulatory T cells activation by effector cells time™?!
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a, Rate of regulatory T cells activation by helper T cells time™!

s The recruitment rate of helper T cells produced in the bone marrow cell - time™1!

k Helper T cell stimulation rate due to the presence of tumor antigen time™?!
a,a, Half saturation constant cell

dy The natural death rate of effector cells time™!

d, The natural death rate of helper T cells time™?!

d; The natural death rate of regulatory T cells time™!

3. MODEL ANALYSIS

3.1 Equilibrium Point

In this section, the equilibrium points and the existence conditions will be determined.

a. The equilibrium point for the extinction of normal, tumor, and effector cells is obtained by

S ans
PO = (No, To, Eo, HO; RO) = (OI Ol O'd_z’d22d3).

b. The equilibrium point for the extinction of normal and tumor cells is obtained by

dz(ps—dqdz)—qazs s ps—did;
Py = (Ny, Ty, Ey, Hy, Ry) = (0,0, =, ,
qa;d; d,’ qd;
dz(ps—dqd,)
a,s )

2and g <

which exists when p > %

c. The equilibrium point for the extinction of normal and effector cells is obtained by

_ _ i s(a2b2+1) azHZ
PZ - (N21T21E21H2)R2) - (0; bzlol dz(a2b2+1)—k' ds ),

which exists when k < d,(a,b, + 1).

d. The equilibrium point for the extinction of tumor and effector cells is obtained by
— — (L S 25
P3 - (N31T31E31H3)R3) - (bllol 0' dz’d2d3).

e. The equilibrium point for the extinction of tumor cells is obtained by

1 dz(ps—did;)—qas s ps—dqdy
P4 = (N4IT4PE4PH4)R4) = (_POF ) y
by qaid; da qd;
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dz(ps—dqd,)

. . d.d
which exists when p > % and q < ——
2

The equilibrium point for the extinction of effector cells is obtained by

Ps = (Ns,Ts, Es, Hs, R5)

P. = ( 12 (r1b2—B1) r1(r2b1—7) s(az(r1b1r2b2—[31[32)+r1(r2b1—ﬁ’2)) asz)
5 T1b1Taby—B1 By’ Tib1Taby—B1Br” dzaz(7”11717"2bz—/3'1/3'2)"'(‘12—k)(r1(7”2b1—32)) 'ds )’
which exists when B, < ryb,, B, < 13by, 1, < 11bi1yby, k < d,.

The equilibrium point for the extinction of normal cells is obtained by

Ps = (N, Te, E6, Ho, R¢)

where Ng =0
E6 _ 15(1-byTg) (a1 +Ts)
Bs
= _ S(apTs)
He = dy (ct2+Tg)— kTs
R, — a173(1=byTe) (@1 +Tg)(do (a2 +Tg)— kTg)+sa, B3 (a,+Ts)
6 =

dsf3(dy(ctz+Te)— kTe)
and T, is the solution of the characteristic equation
ATE + A,TE + AsTg+ A, =0 (6)
where,
Ay = 1;baqaid; — 1abyqaqk,
Ay = B3Padsk — B3Padsd; + rybaqasdyay — rpqasd; + rpbyaiqasd; + r2qank — rbyasqask,
Az = psdsfs — r,qa,da, + 1pbanqasdyay — 1a1qa,d; + raaiqask — Bafadzdra;n —
dyd3dyf3 + didzf3k — qazsPs, Ay = psdzazffz — didzdy a3 — qapsazfz — r,qa,dyas.

The equilibrium point Py will exist if

T¢ < U1 = min {(i dZaZ)},k >d, and q < d3B3(ps—did,)

bz’k—dz r2a1d2+a25ﬁ3 ’

The equilibrium point of coexistence, namely P* = (N*,T*,E*,H*,R")

where N* = 2Pl
r1by
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_ (i (rpby (1-b,T")=Ba)+B1 B2 T7) (@1 +T7)

E*
T1b1 3
H* — S((Z2+T*)
dy(ag+T7)— kT
R* = a4 (da(az+T*)— KT*)((r1(r2b1 (1=baT*) = B2)+B1 BoT*) (a1 +T*))+azs(az+T*)r1 by B3

T1b; B3ds(dy (o +T*)— kT*)

where T* is the solution of the characteristic equation

AT + AT + A,T* + Ag = 0 (7
where,
As = —1112qa;1b1bydy + qaidy i By + 1iraqasbibyk — qay By ok,
Ag = —ni1qaybibydya; + qagdyaz BBy + 1iraqagbyd; — riryqasdybibyay —riqagdy By +
qa,d; 1182 —iraqaibik + rirqasbybyask +r1qay ok — qagai fifok + 1ibidydz BBy —
r1b1d3f3Bak,
A; = nrqaibidya; —nrqaghibydyaqa, — riqasdaayfr + qasdyayan T + 1irpqabidyan —
11qa;dy a1 By — 1iaqasbyak + riqajay frk — psribydsfs + qsriaz by fz + ribydydzanfzfy +
r1bydydydsfs — ribydydsfsk,
Ag = nryqabidyaqa, —riqadyaqa,6, + qsriabiay 3 — psribidsay By + ribididyds s, fa.

The equilibrium point P* will exist if

* o i 1 dya, _ * bid3B3(ps—did,)
T* < u, =~ min {(Bl’bz’k—dz)}’rzbl(l b,T*) > B,k > d, and q < o (rabr ) tsab e

3.2 Stability Analysis

This section will analyze the stability of each equilibrium point that has been obtained
previously. A mathematical model of the tumor-immune system by considering the regulatory T
cells role is a nonlinear differential equation, so it is necessary to linearize it using the Jacobian

matrix. The following Jacobian matrix is obtained:

Ay —-BN 0 0 0
BT Ay -2 0 0
a+T
JPY=| 0 —BE Ay pE  —qE @®)

kT
0 A12 O a, +T - d2 0

0 O al a2 _d3
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where
Ag =nr — 2T1b1N - ﬁlT

A10 = rz - Zrzsz - ﬁzN _B3_E+ BsET

a1+T  (a,4T)?

Ay =pH — BT —qR — d,

kH kTH

12 — a2+T - (a2+T)2

Based on the Jacobian matrix J(P), the characteristic equation can be formed:

A—Ay —BN 0 0 0
B3T
_ﬁzT A _Alo _a1+T 0 0
det(AI — J(P)) = 0 —BE  A—Ay pE —qE )
kT
\ 0 Aqy 0 e R 0 /
0 0 aq a, /1 + d3

a. Stability of equilibrium point for the extinction of normal, tumor, and effector cells

By substituting P, in characteristic equation (9) are obtained:
A=A +d)A+d)A-1) (A-E L2 _q,) = (10)

From equation (10) it can be seen that there are two positive eigenvalues. Thus, it can be

concluded that the equilibrium point P, is unstable.

b. Stability of equilibrium point for the extinction of normal and tumor cells
By substituting P, in characteristic equation (9) are obtained:
A =1) A= A1) A+ dp)[A2 + dsd — a;As6] = 0 (11)
From equation (11) it can be seen that there is one positive eigenvalue. Thus, it can be

concluded that the equilibrium point P; is unstable.

c. Stability of equilibrium point for the extinction of normal and effector cells

By substituting P, in characteristic equation (9) are obtained:

(A+dy) (A———+d;) A+ 1)A—B)A—B,) =0 (12)

aby+1

From equation (12) the eigenvalues are obtained



ALFINIYAH, NISA, WINDARTO, MILLAH

k b1

Al = _d3,lz = m_ d2,13 = —7"2,/14 = Bl =T _b_z
A =B, = psbyds(azb+1)—byqazs(azby+1)—Bads(daazby+dy;—k)—dybyds(dyaz by +dy—k)
5 2 bydz(dyazby+d;—k)

Because 4; and A; are negative. So, it is necessary to specify the conditions for 1,,4,, and
As to be negative. Thus, the equilibrium point of P, will be asymptotically stable if

i. k<ky,where k; =d,(a,b, + 1)

ii. f;>nrb,

_ (Badz+d dsby)(dz(azb+1)—k)+qazsby(azby+1)
iii. p <pq,where p; = sbydy @byt 1)

Stability of equilibrium point for the extinction of tumor and effector cells

By substituting P in characteristic equation (9) are obtained:

8
A+1)A+dy)A+ds) (-7 + b—) (2 —B g dy d;) =0 (13)

From equation (13) the eigenvalues are obtained

S ass
ll=—7'1,/12=—d2,ﬂ3=—d3,l4= rz_& and /15=p__q 2 1
b4 d, d,dsz

Because 1;,1,, and A5 are negative. So, it is necessary to specify the conditions for 4, and
As to be negative. Thus, the equilibrium point of P; will be asymptotically stable if

ds(ps—dqdy)
azs

ii. q > qq, Wwhere q; =

Stability of equilibrium point for the extinction of tumor cells
By substituting P, in characteristic equation (9) are obtained:
A+7r)A—=By)(A+dy)[A? +d3A—Bya,] =0 (14)

From equation (14) the eigenvalues are obtained

Tpbia1qa1dy—Pra1qasdy—B3psdzby+Pzdadsbi+B3qasshy _
Al=—7"1,ﬂz=31= y A3 —_d

byaiqaqd; 2

and the roots of the following equation
12+C3A+C4=0 (15)

where,
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c3 =d3, ¢, = —B,a4

Because A, and A5 are negative. So, it is necessary to specify the conditions for A, to be
negative. Then, because the eigenvalues in equation (15) are difficult to determine analytically,
we use the Routh Hurwitz criteria. Based on the Routh Hurwitz criteria, the equation (15) has
roots that the real part is negative, and consequently cs,c, > 0. Thus, the equilibrium point of

P, will be asymptotically stable if
by B3d3(ps—didy)
a1a1dz(r2b1—F2)+b1a25P3

ds(ps—dqdy)
azs

i. q <qs Where g3 =

ii. q <gqq,where q; =

Stability of equilibrium point for the extinction of effector cells
By substituting Ps in characteristic equation (9) are obtained:
A+d3)(A = F)(A = F)[A* + (=F, = F)A+ F,F, — F,F3] = 0 (16)

From equation (16) the eigenvalues are obtained

k(rir2by—Bo11)
A =—d3, A, =Fg = —d
1 372 8 ™ @y (ryby13by—B1 Bo) +11 T2 by — oy 2
1. =F. = psDy riT2bi—Bar1 \ _ gsazD;
37767 p 4 \rybyr2b,— d3D 1
2 T1b172b2—F1 B2 302

and the roots of the following equation
AP +ced+c =0 (17)
where,
cs =—F, —F,, c¢=FF,— F,F;

Because A, is negative. So, it is necessary to specify the conditions for 2, and 1; to be
negative. In similar way, because the eigenvalues in equation (17) are difficult to determine
analytically, we use the Routh Hurwitz criteria. Based on the Routh Hurwitz criteria, the
equation (17) has roots that the real part is negative, and consequently cs, ¢ > 0. Thus, the

equilibrium point of Ps will be asymptotically stable if

T1b172b— 152
71(r2b1—B2)

P Bar1(r2b1—B2)+qsa;Dy+d1d3 D,y (r1b112b,—B157)
ii. < p,, dengan =
p P2 g P2 sd3D1(r1b172b2—F162)

i. k<dy(ayb;+1),dengan b; =
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...  biby(ri+71y)
iii. 172017 72] >1
bi1f1+b2 >
T'lrz‘r'zblblbz(‘r'lbz—ﬁl)

B1By(r1ba—B)+72b1(rir1bba+B,B,)

iv. B, <p;, dengan B; =

Stability of equilibrium point for the extinction of normal cells
By substituting P in characteristic equation (9) are obtained:
(A= Fo)(A* + ¢, A3 4+ cgA? + cgd + ¢19) =0 (18)
From equation (18) the eigenvalues are obtained
M=Fy=r—pTe

and the roots of the following equation

(/14 + C7A3 + Cglz + Cg/l + CIO) =0 (19)
where,
—Fy = Flg——2& 4 d, +d
€7 =~z = Iy +r, G2 T 43,
P3F11Ts kT
= F, F d,(F F. —d F. F. ———+d, | —aFq,,
Cg 10F12 +da(Fiz + 10)"'0!1_{_7"6 3| (Fiz + 10)+a2+T6+ 2 Aqfqa
o = (Fi2 + F10)kTg — F1oF12kTg CdoFFen — kF;1B5T¢ B dyFy1B3T _ B3 F13F15T6
9 a, + Tg 2710712 (ay +Tg) (g +Tg) ay + Ty a, + Ty
B3Fi1Ts a,kTg
+d3 <F10F12 + dy(Fip + Fip) + @+ T6> + Fis (0(2 e +a;d; + ale),
(Fi2 + F10)kTg — F1oF12kTg kFy1B:T¢ dyF11B3T
C1o =d3 — dyFioFi2 — -
a, +Tg (ay +Tg) (g + Tg) ay + Ty
FoF,cT, a1 kF;oF4T, A, B3 F 4 FicT,
_ BsFi3FisTs +(_ WETI0T1476 _ ) FygFug + 2PsF14F1s 6)
a1 +Tg a, +Tg a,+Tg

Because the eigenvalues in equation (19) are difficult to determine, both analytically and under
the Routh Hurwitz criteria. Therefore, the equilibrium point of P, will be analyzed through
numerical simulation.

This  simulation is done by giving three different initial values for
N(0),T(0),E(0), H(0), R(0), and parameter values that satisfy the existence conditions. The

following is a table of parameter values and initial values used
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Table 3.1 Parameter values for P;, P, P, P*

Parameters Value Source
121 1 [13]
7 1.636 [9]
b, 0.1 Assumption
1 (for P3,P,) [13]
% 0.1 (for Pg, P™) Assumption
1 (for P3) [13]
b1 0.5 (for Py) Assumption
0.1 (for P*) Assumption
0.5 (for P3) [13]
B2
0.01 (for Py, Pg, P*) Assumption
B 0.1 Assumption
Ba 0.01 Assumption
0.18 (for P3) Assumption
P 0.48 (for P,,Pg, P*) [9]
0.15 (for P,)
q Assumption
0.4 (for Ps, Pg, P*)
s 0.38 [9]
k 0.06 Assumption
a, 0.15 [12]
a, 0.2 [12]
aq 1 Assumption
a, 10?2 Assumption
d, 0.3743 [9]
d, 0.055 [5]
d; 0.55 Assumption

13
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Table 3.2 Initial value of phase plane

Initial
N(0) T(0) E(0) H(0) R(0) Color

Value
1 10 3 5 4 2 Red
2 12 2.5 3.4 3.7 3 Green
3 15 3.3 5.5 3.9 1.8 Blue

This simulation is only carried out at times ¢t = 0 to t = 200. The results of the phase plane
simulation for normal cell extinction are shown in Figure 3.1. In Figure 3.1, it can be seen that
the graphs of effector cells (E) — regulatory T cells (R) population tends to converge to one
point (E; R) = (19;7.937), as well as the graphs of tumor cells (T) — helper T cells (H)
population tend to converge to one point (T; H) = (8.809;7.579), which means that the
overall dynamics of each population in the model going closer to the equilibrium point of
normal cells extinction P, where Py = (0;8.8717;19.0019; 7.5789; 7.9386). In addition,
the existence condition of the equilibrium point Pg is also fulfilled. Thus, it is concluded that

the equilibrium point of normal cell extinction is thought to tend to be asymptotically stable.

Stability of equilibrium point of coexistence
By substituting P* in characteristic equation (9) are obtained:
A+ A + 323 + a2 + s+ =0=0 (20)

Similar to the equilibrium point Pg, it is difficult to determine the roots of the characteristic
equation (20) analytically, so this coexistence equilibrium point will be analyzed through
numerical simulation. The parameter values used refer to the parameter values in Table 3.1
and the initial values used refer to Table 3.2.

This simulation is only carried out at times t = 0 to t = 200. The results of the phase plane
simulation for coexistence conditions are shown in Figure 3.2. It can be seen that the graphs
of effector cells (E) — regulatory T cells (R) populations, tumor cell (T) — helper T cells

(H) populations, and normal cell (N) — tumor cells (T) populations tend to converge to one
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point,  namely (E; R) = (18.99;7.932),(T; H) = (8.729;7.57) and (N; T) =
(1.27; 8.729), which means the overall dynamics of each population in the model going closer
to the equilibrium point of coexistence P* , with the value P*=
(1.2707;8.7287;18.9904; 7.5723; 7.9328) . In addition, the existence condition of the
equilibrium point P* is also fulfilled. Thus, it can be concluded that the coexistence

equilibrium point is thought to tend to be asymptotically stable.

10 8
:m:ia: za:ue; Initial Value 1
nitial Value e
Initial Value 2 X 8.8168
i X 19.0026
Initial Value 3 S e Initial Value 3 Y 7.57884
8f .
6 61
& I
4l
2 4r
|
4 8 12 16 20 2 4 6 8 10
E(t) T(t)

E(t) T(t) N(t)

(@) (b) (©)

Figure 3.2 Graph of phase plane in coexistence conditions (@) E—R (b)) T—H (c) N—T
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The summary of the existence and stability conditions for each equilibrium point that has been
obtained can be seen in Table 3.3

Table 3.3 The existence and stability conditions for each equilibrium point

Equilibrium Existence Conditions Stability Conditions
Py Always exists Unstable
P, > d1d; Unstable
S
P2 k< k1 k < kl
Ps Always exists Bz > 12b,
P, p > hdz q <4
S
P5 ﬂl < T1b2 k < dz(azb; + 1)
P T < uy = min {(l ek )} asymptotically
6 6 1 bz ) Kk — dz o
n 1 dya i
p* T* < o ~ min {( h - &% )} asymptotically
e By b, k—d;

4, NUMERICAL SIMULATION
Numerical simulations will be carried out according to the conclusions of the analysis

obtained in the previous section and examine the effect of the inhibitory role of effector cells by
regulatory T cells on tumor cell growth. In addition, numerical bifurcation analysis and
interpretation of each numerical simulation were also provided. The initial value used is N(0) =
8,T(0)=5,E(0) =3,H(0) =4,R(0) =2 and it is carried out at time t = 0 to t = 200. The
parameter values used refer to Table 3.1 and Table 4.1.
a. Numerical simulation of normal and effector cells extinction conditions

Based on Figure 4.1 (a), it can be seen that the tumor cell population increased from t = 5,
then constant until ¢ = 200. Both normal and effector cell populations decreased from ¢ = 2,
then became extinct until ¢t = 200. Biologically, this condition is referred to as tumor cell invasion.
Tumor cells have managed to escape from effector cells and penetrate normal surrounding tissues,

then proliferate until the cell's capacity is limited. Furthermore, the population of helper T cells
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will continue increase due to a constant source from bone marrow. Consequently, regulatory T

cells population also increasing, because helper T cells promote the activation of regulatory T cells.

Neither helper T cells nor regulatory T cells can attack tumor cells, therefore helper T cells and

regulatory T cells populations will persist even after the invasion of tumor cells occurs.

b.

Table 4.1 Parameter values for P, and Ps

Parameters Value Source

7 1 [13]

Ty 1.636 9]

b, 0.1 Assumption

b, 0.1 Assumption
1 (for Py) [13]

& 0.05 (for Ps) Assumption

B2 0.01 Assumption

Bs 0.56 [13]

B 0.5 Assumption

p 0.48 9]

q 0.48 [1]

s 0.38 9]

k 0.035 Assumption

a; 0.15 [12]

a, 0.2 [12]

a, 10° [11]

a, 2.02 x 107 [11]

d, 0.3743 9]

d, 0.055 9]

ds 0.25 [12]

Numerical simulation of tumor and effector cells extinction conditions

Based on Figure 4.1 (b), it can be seen that the population of normal cells, helper T cells, and
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regulatory T cells increased and remained constant until ¢ = 200. From a biological point of view,
this condition indicates that the body's immune system is working quite effectively against tumor
cells, even before tumor cells proliferate. However, effector cells decreased from t = 15, and
finally they became extinct. The extinction of effector cells occurs due to competition against
tumor cells and also an increase regulatory T cells.
c.  Numerical simulation of tumor cells extinction conditions

Based on Figure 4.1 (c), it can be seen that the effector and regulatory T cells populations
increased from t = 3, then fluctuated up to t = 22 and increased for certain period before
reached constant value until ¢ = 200. Furthermore, normal and helper T cells populations were
increase from t = 3, then constant until ¢t = 200. From a biological point of view, this condition
indicates a healthy condition, where the immune system works effectively against tumor cells and
maintains normal cells.
d. Numerical simulation of effector cells extinction conditions

Based on Figure 4.1 (d), it can be seen that the tumor cell population increased from t = 4,
then constant until t = 200, while the normal cell population decreased from t =5, then
constant until ¢ = 200. The effector cell population decreased and eventually became extinct.
Biologically, this condition means that tumor cells are free from immune system control and
expected to develop into malignant tumors, that metastasize. This condition has not yet reached
tumor invasion because the normal cell population is still present in the body. Furthermore, the
population of helper T cells will continue increase due to a constant source from bone marrow.
Consequently, regulatory T cells population also increasing, because helper T cells promote the
activation of regulatory T cells.
e. Numerical simulation of normal cells extinction conditions

Based on Figure 4.1 (e), it can be seen that tumor cells, effector cells, and regulatory T cells
populations increased from t = 3, then fluctuated and ended constant until ¢ = 200. The normal
cell population decreased from t = 2, then got extinction. This indicates that tumor cell invasion
occurs. Although effector cells are still effective against tumor cells, effector cells cannot maintain
the existence of normal cells in the body. Therefore, many researchers consider the treatment of

tumor disease can eradicate tumor cells and also maintain the existence of normal cells.
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f.  Numerical simulation of coexistence conditions

Based on Figure 4.1 (f), it can be seen that the effector cells and helper T cells populations
increased from t = 3, then fluctuated and eventually grew steadily until ¢t = 200. Consequently,
the regulatory T cells are also increased. The tumor cells population increased from t = 6, then
slightly decreased and ended constant until ¢t = 200. Although the population of normal cells
decreased, it is not going extinct. The immune system inhibits the tumor spread effectively.
Clinically, this condition shows that the patient can still survive even though there are tumor cells

in the body.

4.1 The inhibitory role of effector cells by regulatory T cells on Tumor cell growth
Based on Figure 4.2, it is clear that the rate of inhibition of effector cells by regulatory T cells
(q) greatly affects the growth of tumor cells. The density of tumor cell populations with different

g value is written in the following table:

o 1 Table 4.2 Density of tumor cell

F\s population with different g values

‘\ q value  Tumor Cell Population Density

- 0.4 8.7241

4 0.32 8.1326

2] 1 0.24 6.8751
L ‘ ‘ ‘ ' 0.18 3.47 x 1078

0 40 80 120 160 200
t

Figure 4.2 t-T graph with different q values

The high rate of inhibition of effector cells by regulatory T cells results high tumor cell growth.
Conversely, the low rate of inhibition of effector cells by regulatory T cells results low tumor cells

growth. The effector cells can perform their cytotoxic activity or fight tumor cells optimally.



21
MATHEMATICAL MODELLING OF TUMOR-IMMUNE SYSTEM

4.2 Numerical Bifurcation Analysis

Numerical bifurcation analysis was carried out to determine the effect of a parameter on the
system stability. As the focus of this study, namely the tumor-immune system dynamics with
considering the inhibitory role of regulatory T cells, the bifurcation diagram is plotted with a
continuous value of g, which is the rate of effector cells inhibition by regulatory T cells. In this
simulation, the parameter values used refer to Table 3.1 and the values of g are g, =
1.1710,q , = 0.4218, g3 = 0.4390.

Figure 4.3 shows the changes in the system stability due to various g parameter values. In
Figure 4.3 (a), for 0 <gq <q, where q, =0.19 is a saddle-node bifurcation point, the
equilibrium point P; exists and is unstable, P, exists and is stable, while the other equilibrium
points do not exist. The solution of the system tends to P,, which means the immune system works
very effectively against tumor cells and maintains normal cells. For g, < q < g3, the system has
bistable behavior, because at that interval there is stability at two points, namely equilibrium points
P, and Pg, which implies that the immune system works quite effectively against tumor cells, but
cannot maintain normal cells in the body. For g3 < q < g4, both P; and P, exist and are
unstable, while P, exists and is stable. The solution of the system tends to P, which means the
immune system’s performance against tumor cells begins to decline and causes the extinction of
normal cells. For g > g4, both P, and P exist and are unstable, while P; exists and is stable.
The solution of the system tends to Ps; It shows the inhibition by regulatory T cells causes effector
cells tends to extinct and the tumor cell population increased.

Furthermore, in Figure 4.3 (b) for 0 <q < qs, where gz =0.2 is the saddle-node
bifurcation point, the equilibrium point P; exists and is unstable, P, exists and is stable, while
the other equilibrium points do not exist. The solution of the system tends to P,, which means the
immune system works very effectively against tumor cells and maintains normal cells. For g5 <
q < g3, the system has bistable behavior, because at that interval there is stability at two points,
namely the equilibrium points P, and P*, which implies that the immune system's performance

against tumor cells is quite effective even though the population of tumor cells is not completely
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extinct in the patient's body. For q; < q <q;, P; and P, exist and are unstable, while P*
exists and is stable. The solution of the system tends to P*, which means that the patient is still
alive with the presence of tumor cells in the body. For q > g4, both P, and P* exist and are
unstable, while P; exists and is stable. The solution of the system tends to P; and shows
evidence that the inhibition by regulatory T cells causes effector cells tends to extinct and the

tumor cell population increased.

Stable

Unstable

]
7 0 Py 02 0.44 06 08 1 1

0 1
o Ps oo19 £70.44 06 08 1 1
ALY 4 q q q

s g, q, q 1 5 3 q 1

(@) (b)
Figure 4.3 Bistable and Saddle-Node Bifurcation Diagram of T concerning q with a value of
(@ B, =0.5.(b) By =01

Based on above explanation, the g parameter has a significant effect on the inhibition of
the immune system and tumor cell growth, as well as changes in the system stability. It is important
to carry out this analysis before deciding on a suitable tumor treatment strategy so that the immune
system can work optimally to reduce the inhibition by regulatory T cells. Then, tumor cells are

completely eradicated from the patient's body.

5. CONCLUSION

Based on the results of the discussion that has been described in the previous section, the

following conclusions are obtained:
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1. The mathematical model of tumor-immune system dynamics by considering the regulatory T
cells role has eight equilibrium points, namely:

a. Two equilibrium points are unstable, namely the equilibrium point of normal, tumor,
effector cells extinction (P,) and the equilibrium point of normal cells, tumor cells
extinction (P,).

b. Four equilibrium points are conditional asymptotically stable, namely the equilibrium
point of normal and effector cells extinction (P,), tumor and effector cells extinction
(P3), tumor cells extinction (P,), and effector cells extinction (Ps),

c. Two equilibrium points are supposed to be asymptotically stable when the conditions for
their existence are satisfied, namely the equilibrium point of normal cell extinction (Pg)
and coexist condition (P*).

2. The numerical simulation results of a mathematical model of tumor-immune system by
considering the regulatory T cells role show that the inhibition of effector cells by regulatory

T cells causes tumor cells growth increased, and vice versa. In addition, a numerical

bifurcation analysis was also carried out which showed the presence of saddle-node

bifurcation and bistable behavior in the system. The regulatory T cells play an important role
in the dynamics of the tumor-immune system, especially in inhibiting the performance of

effector cells and promoting tumor cell growth.
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