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Abstract Recently, it is important to try to understand diseases with large mortality rates
worldwide, such as infectious disease and cancer. For this reason, mathematical modeling
can be used to comment on diseases that adversely affect all people. So, this paper discuss
mathematical model presented for the first time that examines the interaction between immune
system and cancer cells by adding IL-12 cytokine and anti-PD-L1 inhibitor. The proposed
ordinary differential new mathematical model is studied by considering in term of Caputo and
Caputo—Fabrizio (CF) derivative. Stability analysis, existence, and uniqueness of the solution
is examined for Caputo fractional derivative. Then numerical simulations of ordinary and
fractional differential new mathematical model are given. It is obtained that a reduction
(20%—80%) of the number of cancer cells for Caputo derivative and (100%) of the number
of cancer cells for CF derivative. The reduction is one of the most important aspects of the
new fractional model for the order discussed especially obtained for CF derivative.

1 Introduction

Cancer is a disease which arises from changes in the genes as a result of DNA damage under
the effects of factors such as gender, age, genetics, lifestyle, malnutrition, stress, cigarette
and alcohol consumption. This disease, especially in its advanced stages, requires a difficult
process to be treated. Because of the fact that people who get cancer or people who die from
cancer is increasing day by day it is frequently seen in the research topics of recent days.
Among these studies, the interaction between cancer cells and immune system components
which consists of tissues and organs, the defense mechanism of the body, has an important
place. By the help of its ability to regulate immunity responses, one of the most important
parts of the immune system, dendritic cells, reports the presence of cancer cells to CD4+T
cells in order for the body to prepare itself to harmful cells and what’s more stimulates
IL-12 cytokine. CD4+T cells takes the important steps for the body to protect itself and
notifies CD8+T cells and also stimulates IL-2 cytokine production. The purpose of IL-2 is
to increase the proliferation of both CD4+T and CD8+T lymphocytes. IL-12 is to increase
cytotoxic properties of CD8+T cells which is responsible for killing tumors by attacking
them. In this way, immune system components try to protect the body from harm. However,
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Fig. 1 Figures about cancer cells can escape from the immune system and the effect of anti-PD-L1

due to the ability of cancers cells to hide from these protective components, this order may
not be effective in reducing cancer cells.

As seenin Fig. 1a cancer cells, as a result of the interaction between PD-1 protein which is
expressed (the transformation process of genes to proteins) on the surface of T lymphocytes,
and PD-L1 protein which is expressed on cancer cell surfaces, can escape from the immune
system and inhibit the activation of T lymphocytes [1,2].

Recently, anti-PD-L1 inhibitors have been used, in order to increase T cell activation [3]
and stop cancer cells escaping from the immune system and to ensure that the immune system
can recognize and destroy these cells, as we see Fig. 1b.

Many scientists have studied complex structured tumors, tumor growth and the interaction
between the tumor and immune system by using mathematical models. [4-6] is among the
sources examining the relationship between tumor and immune system cells between mathe-
matical modeling and [7-9] is among the sources investigating the interaction between tumor
and normal cells. Using mathematical modeling Kirschner and Panetta [10] examine tumor
cells, immune system cells and cytokine IL-2 interaction, while Pillis et al. [11-13] inves-
tigated of tumor growth by using immune system components such as IL-2 concentration,
CD8+T cells, natural killer (NK) cells and total circulating lymphocytes. Castiglione-Piccoli
[14] study the interaction between CD4+T and CD8+T lymphocytes, cancer cells, dendritic
cells, and cytokine IL-2, and [15] examines the model with fractional derivative and gives
numerical results.

Recently, [16—18] are among the studies examining the cancer-immune system mathemat-
ical model, one of the immune system components, especially anti-PD-L1 inhibitors, others
lymphocytes, cytokines. By this motivation, IL-12 cytokine due to its ability to increase
the number of CD4+T, CD8+T lymphocytes, and the anti-PD-L1 inhibitor due to its help
at increasing the effect of CD8+T cells are added Castiglione—Piccoli mathematical model
given in [14]. Thus, a new time-dependent ordinary differential system, which is organized
as follows, has been obtained.

H +b DH(I H)+x h H(l H)
—— =ap+bo - — 40— - —
de fo Ko+ D fo

+1 oy (1 H) H
42— — — ) —coH,
K2+ 112 Jo

dC I C
g+ b—2—M+DC(1-—
dt : 1Kerlz( ) ( fl)
I < C)
+Agpp————C|1— — ) —C,
Ko+ 12 N
dm M
—=bM|1—— ) —-—drFMC,
dr ? < f2> :
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dD

— = —d3DC,

dr }

dl

T =byDH — es,C — c41>,
dlip
? = AD’]ZD - d1121127

dz

— = —yZ 1

a7 Y (D

where
Cpd —

10m4«2—0@0+%)

F =

is given in [18]. The fight of immune system components against cancer cells is modeled with
Eq. (1), which is obtained by adding IL-12 and anti-PD-L1 to immune system components.
The purpose of adding new variables in Eq. (1) is for the immune system to fight cancer cells
more effectively.

In this paper, the modified ordinary differential system, in which H, C, M, D, IL — 2,
1L —12 and Z symbolize CD4+T and CD8+T lymphocytes, cancer cells, dendritic cells, IL-2
and IL-12 cytokine, anti-PD-L1, respectively, will be examined in the paper using fractional
calculus (FC), as the memory and inheritance effect is important in mathematical models
used to understand natural phenomenon. Some of the applications related to FC, which have
attracted attention in scientific fields such as biology in recent years, is given with [15]
and [19-35]. HIV/HCV coinfection model, a new chaotic system, COVID-19 epidemics
model, rubella disease model, HIV transmission model, computer virus propagation with
kill signals model, tuberculosis model, smoking epidemic model, 2019-nCOV epidemic
outbreaks model, cancer treatment model, model of the deathly disease in pregnant women,
smoking model, computer worm model, glucose—insulin regulatory system are studied with
fractional derivative in [19-32], respectively. [33,34] emphasize that the solution methods
discussed for the problem working on are applicable and practical. [35] set up a new formula
for fractional derivative with Mittag-Leffler kernel. This paper is organized as follows; In
Sect. 2, the description of the immune system-cancer model obtained, In Sect. 3, some
important definitions and theorems to be used in the paper, fractional-order models and
stability analysis for model with Caputo derivative, In Sect. 4, existence-uniqueness of the
model expressed by considering in term of the Caputo fractional derivative will be examined.
In Sect. 5, simulation and interpretations about the new time-dependent ordinary differential
and the modified model which is expressed by considering in term of Caputo, CF derivatives,
and in Sect. 6, the final part will be given.

2 Description of the immune system-cancer model

In the first equation of Eq. (1), which gives the concentration of CD4+T lymphocytes,
the terms ag and —coH, symbolize birth and normal death rates, respectively. The term

boDH (1 — ) the term )»42&H (1 — 1) 4nd the term )»412%H (1 — i) refer

fo ) i fo ) fo

to CD4+T lyfnphocyte proliferation under dendritic cell, IL-2 and IL-12 effect, respectively.
In the 2nd equation of Eq. (1) discussing CD8+T lymphocytes, the terms a; and —c; C, stands

for birth and normal death rates, respectively . The term b Kzli  M+D)C (1 — %) indi-

cates the interaction of CD8+T cells and cancer cells, IL-2 and dendritic cells while the
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term Aglsz (1 n ) models the proliferation of CD8+T lymphocytes under IL-12
effect. In the 3rd equation of Eq. (1), the dynamics of tumor cells are discussed. The term
boM ( ) symbolizes the growth of tumor cells and the term —d, F M C symbolizes the

decrease in tumor cells under the anti-PD-L1 effect of CD8+T cells. In the fourth equation
of Eq. (1), the term —d3 DC models the decrease in dendritic cells which is considered to
exist in dynamics when CD8+T lymphocytes become active. In the fifth equation of Eq. (1)
symbolizing the IL-2 cytokine dynamics, b4 D H and —e4 1> C define IL-2 proliferation under
the effect of T (CD4+T and CD8+T) lymphocytes, dendritic cells and the term —c4 I defines
the normal death numbers. In the sixth equation of Eq. (1) symbolizing the dynamics of IL-12
cytokines, A p It D defines IL-12 proliferation under the effect of dendritic cells, and the term
—d, 112 defines the normal death numbers. The seventh equation of Eq. (1), the term —y Z
model the amount of reduction of the anti-PD-L1 inhibitor, which is considered to exist in
dynamics, while defining the anti-PD-L1 dynamics.

3 Fractional-order cancer-immune model and stability analysis for model with
Caputo derivative

In this section, there are some important definitions which using this paper. When we rewrite
the new model in Eq. (1), we use Caputo and Caputo—Fabrizio fractional derivative.

Definition 1 [36] Let ¢ > 0, ¢t > 0, and g is a function. The fractional-order integral is

I"g(t) = @ )/ t—9""g@s)ds

and the fractional-order derivative T € (m — 1, m) is
2oy =1 Dmg ()
dt '
Definition 2 [36] The Caputo fractional derivative is given by
1 t
C Nt _ m—t—1 r(m)
Dg(ﬁ—*/(t—S) ;7 (s)ds,
o r@lo

where T € im — 1, m), t € Z*, g is a time-dependent function.

Definition 3 [37] Leta < b, g € H' (a, b) where H'! is Sobolev space of order 1 in (a, b)
and 7 € [0, 1], the Caputo—Fabrizio derivative is given by

. M (1) [ , t—s
D; [g (D] = i/g (s) exp |:_T1 __L_i|d5 2)

where M () is a normalization function and M (0) = M (1) = 1. If g ¢ H'(a, b) , this
derivative can be written as follow:

. ™ (1) t t—s
Dilg ()] = ——— f (8 (1) — g () exp ["1 — T]ds' 3)

Theorem 1 [38] For Caputo fractional derivative system equilibrium points are found via
f(x) = 0. If the eigenvalues ) of the Jacobian matrix satisfy |arg(A)| > %F, the eigenvalues
are locally asymptotically stable.
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The new ordinary systems given in Eq. (1) is rewritten with Caputo fractional derivative
as follows:

CDT(H) =ay+b DH(I H)—l—A i H(l H)
= ap + by - — F R — - —
0 fo Krx+1p fo

12 UER (1 H) H
s — — ) —coH,
Ko+ 1o fo

EPT(C)=a1+b Iiz(MJrD)c T
0 - "Kr+ I Si

I C
+)»812712 C (1 — —) —C,
Ko+ 12 i

Cnt M

oDf (M) =bM(1— 5 —d,FMC,

§ DF (D) = —d3DC,

EDF (L) = byDH — e4 rC — ey,
6 Df (I2) = Ap,, D —di, Ia,

§DF(Z)=-yZ )

and with Caputo—Fabrizio fractional derivative as follows:
H I H
CF nt
D (H):ao+b0DH<1—f>+k427H<l—f>
o Jo Ky+ I Jo

A oy (1 H) H
s — — ) —coH,
Ko+ Iz Jo

I C
CF T 2

D! (C) = b M+D)YC|1 - —
§7DF (€)= +big - M+ D) ( f1)

1> C
+rgp——C (1 - —) —C,
K+ 1 i

M
SEDF (M) = boM (1 — E) —dFMC,

SEDr (D) = —d;DC,
gFD,T (Ih) = byDH — eq1C — cy1y,
67 Df (I2) = Ap,, D —dn, o,
§"Df(2)=-yz ®)
for the initial conditions H (0) = 0, C(0) = 0, M (0) = 1, D) = 10, L (0) = 0,
Iy =(0)=0and Z = (0) = 0.2 where t € [0, 1]. And H, C, M, D, I, 113, Z represent
CD4+T (helper) cells, CD8+T (cytotoxic) cells, myeloid (cancer) cells, dendritic cells, IL-2,

IL-12 and anti-PD-L1, respectively.
We study the natural equilibrium points in system (4), as no treatment is considered. To
this aim, firstly we assume the system is time independent. Namely,

+b DH(I H)+A h H(l H)
ao + bo - — Hn—— - —
fo Ko+ 1D Jo

H
7) —coH =0,

12y (1 _
Ko+ Iz fo
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I C
biM D)C
a1+1K +1( D ( f1)

+A UER, (1 C) C=0
g2 ——— —— ) —caC=0,
Ko+ Iz fi

M
boM (1 — 7) —drFMC =0,
S

—d3DC =0,
bsDH — e4IhC — c4lp =0,
}‘fDllzD - d1121]2 = 0,
—yZ =0.
If we solve the nonlinear system with model parameter, we obtain that
ao aj
D=0,Ip=01L=0,Z=0H=—,C=—.
co Cl

The tumor growth law to solve

M |:<b2 — b27M> —szoC] =0
g

. -1 _
with when Z = 0, Fy = 22— (tan~! (=D kpa) + %) + L.
Hence, obtained by

M=0and M = —

f(adaFy +ay —arby)
ayb; )
The dynamical system has two equilibrium points P, = (H;, Cy, My, Dy, >y, 1121, Z1) and
= (Ha, C2, M3, D2, 22, 1122, Z) defined by

fr(a1drFy + a1 — aiby)
aiby

)

Hy» = @’ Cip= ﬂ,Ml =0and M) = —
&) C1
Di»=0,15,,=0,I13,,=0,Z12, =0.

By computing the Jacobian matrix J(P) of the system (4), we obtain the eigenvalues of
J(P1)

a
?»(l) —co, )»(1) —c1, }»gl) = (bz - szO*l) ,

(1) a I _ al (1 )
)\.4 = d o )» — a )\- _d112’)" =Y,

and J(P»)

a
M = =0, 2 = —e1 2 = - (bz - szofl> .

a a
A2 = d;Aa) _ ‘A@) A2 =

—y.

ha»
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Using by parameters in Table 1, we say that the eigenvalues are negative except for Agl) and
}ng) because of that all parameters are positive. As can be seen from the equation of Agl) and
kgz), the stability of the equilibrium points depends on the —c1by + d» Fpa;. Namely, if

Foai by

- — >0,
c1 dy
P; is unstable and P; is stable or
Foa b
o _ %2 <0,
c1 d

P is stable and P, is unstable. To talk biologically, if birth and death rate of CD8+T cells

under the effect of anti-PD-L1, f 0:“ is greater than the ratio between tumor growth and tumor

c

killing Z—; the immune system can effectively fight tumor cells and kill them. Although both
equilibrium points are characterized by CD4+T and CD8+T cells, there is a big difference

between tumor density. The first point is unstable with no tumor, but the other is in the stable

o

with tumor because of ‘arg()»gz))‘ > 5.

4 The existence and uniqueness of the system with Caputo derivative

Let system Eq. (4) with the initial conditions H (0) > 0, C (0) > 0, M (0) > 0, D (0) > 0,
1, (0) >0, 12(0) >0, Z(0) > 0where 0 < t < 1 and all parameters are positive. System
(4) can be written as follows:

D X(1) = A1 X (1) + HA2X () + CA3X (1) + ﬁfm{(z) + ﬁASXU)
FHPAGX() 4+ — 2 HAX () + —T2  HAX (@) + —2—C A
K+ D K>+ 112 Kr+ 1,
WX () —T2 CAGX ) + — 2 MCALX () + —2— DCALX (@)
Ko+ 112 Kr+ 1D Kr+ D
+MARX(@)+ FMA;3X(1) + ¢ (6)
where ¢ € [0, 7] and
H() H(0) @ 0 0 0 0 0 0
() C(0) 0 a 0 0 0 0 0
M(1) M(0) 0 0 00 O0O0 0
xt)=| b |,x0=| poO) |, 0 0 00 O0O0 0
L(1) 1(0) 0 0 00000
T12(2) 112(0) 0 0 00000
Z(1) Z(0) 0 0 00 O0O0 0

and for i is row, j is column for

i,je{l,2,3,..7} and alf’}, m € {1, 2,3, ..., 13} is the element of A,, matrix, respectively.

1 _ _ . 1 _ 1 _ 1 _ 1 _ 1 _ 2 _ 2 _
ay; = —C0, ayy = —C1,a33 = by, ass = —c4, agg = —d1y,, az; = —y, ajy = bo, ajs = ba,
W y )

_ 4 _ 5 _ 5 _ 6 _ _ 7 _ _ Mo 8 _ M2
dss = —€4, dy) = A2, an = Ad12, ay = Ag12, ajy = bo , ap = T 411 = Ik

9 __
ajy = by,
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_Asip 11 by al?2 — _ b 13 _ Sy
a14 = by, a16 =5 ay =—7,a5=—7,45 = d; and the remaining element of

A, matrix are 0.
We give some definitions about this topic which are given in [39—41].

Definition 4 Let C* [0, 7] be the class of continuous column vector X(t) whose components
H(t), C(t), M(t), I5(t), I12(t) , Z(¢t) and the class of continuous functions on the interval
[0, 7]. The norm of X € C* [0, ] is shown by a

IX|l = sup ’Xe_N’H(t)’ + sup ‘Xe_N’C(t)‘ + sup ’Xe_N’M(z)’ + sup ’Xe_N’D(t)‘
t t t t
+sup ‘Xe_N’IZ(t)‘ + sup ‘Xe_N’In(t)‘ + sup ’Xe_NtZ(t)’
t t t

when ¢ > p > 0, we write C;‘; [0, ] and C* [0, 7].

Definition 5 X € C* [0, t] is a solution of the initial value problem in Eq. (6) if

- (t,X (1) € B,1€[0, 7] where B =[0,7] x L, L = {(H,C,M, D, I, 1,2, Z) € R, :
|H| <h, |C|<c, M| <m,|h| <i|l2| <ip,|Z] <2z};h,c,m, iy, i1z, z are pos-
itive constants.

— X(t) satisfy in Eq. (6).

Theorem 2 The initial value problem Eq. (6) has a unique solution X € C* [0, 1].

Proof We can write by using properties of fractional calculus and Eq. (6)

. d I 163
YT X)) = A X(t HA>X(t CA3X(t —— Ay X (2 — As5X(¢
7 () 1X(t)+ HAX (1) + 3()+K2+I 4()+K+I 5X (1)

I I» I
HXAcX (t —— HA7X(t ——— HAg X (t 7CAXZ
+ 6()+K+I 7()+K1+I 8 X (1) + T 9X (1)

I» I I
CA1oX () + MCA 1 X(t) + DCA 1 X (¢t
Kyt 110 10X (1) Kt b 11X (@) Kt h nX@

+MARX(t)+ FMA3X(t) + ¢.

We obtain with I

X)) =X0)+1IF [A]X(t)+HA2X(t)+CA3X(t)+ h AgX (1)
Ky + 1

+ AsX (1)

K2+I

b 112 16}
+H?*AcX (1) + HA7X (1) + —————— HAgX () + CAoX(t
6X (1) A 7X(1) K+ Ina 8 X (1) YA 9X (1)

Lo
K+ 112
+MARX @)+ FMA3X (1) +9¢]. @)

b 16}
CAj0X () + MCA1 X(t) + DCA1 X (¢t
10X (1) il nXxa A nXa

Let F: C*[0, t] — C*[0, t]. Hence by using F we obtain

FX(1) = X(0) 4+ I” |:A1X(t) HAX() 4+ CAX () + — 2 AuX ()
K+ 1

+ AsX (1)

K2+12

FHPAGX () 4+ — 2 HAX () + —T2 A () + — 2
o K+h 8 K+

CA9X (1)
Ko+ 112 16}
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I 15
+7CA X(t +7MCA X(t)+ ————DCA 1 X (¢
Xoiln 10X (1) X1 h nXxa Kt h nXxa
+ MApRX @)+ FMA3X (@) + ¢]. (®)

Then

e NT(FX—FY)=e MIT[AIX()+ HA> (X —Y)+ CA3 (X = Y)
b

+K + I

Ay (X =7Y)

I I
As (X =Y H?Ag (X — Y 7HA X-Y
+K+I 5( )+ 6 ( )+ %l 7( )

Ii;

I
7HA X-Y +7
K + 12 8 4 K>

1>
CAg(X —Y +7CA
+ I 9 ) K+ 12 10

I I
X-Y MCA (X =Y DCALH (X —Y
X ( )+K2+12 11 ( )+K2 A 11 ( )

+MA12(X—Y)+FMA13(X—Y)+¢]

(r )" e N (X (5) — Y (5)) x e VT (A1 + hAs + cAs

i 5 i i
—Aq + — As + h“Ag + hA7 + hAg
K>+ Ky + i Ky + i Kip +in2
5 i12 iy i2
+ cAg + cA cAq + dcA11 +mA
Ky +i> ? K +ip 1OKz-i-iz 1 K> +ip 1 12

+ fmA3)ds

<
= 1"(1')
T

IA

i i
<A1+hA2—|—CA3+ 2 — A4 + 2 - As+h2A6+ hA7

K> + iy Ky +ix K> + iz

i12 i12 i
————hAg + —cAg + —cAjo + —mcAj
Ky +in Ky +i K2 +ip K2+lz

t

12 1 —1
—dcAj +mApp + fmAjz ) x X ||7 st ds.

Tkt i NT rold

We see that

i2 i2 ) 2
FX—FY|| < (A; 4+ hAs + cAs + Ayt A+ h2Ag + _hA
I I ( 1 2 SRl LU S 6t 1A

+ 2 hAg i2 cAg + ak cAyo + f2 mcAi + h
Kyipn K> + i K +in K> + i K> + iy

1
X dcA11 +mAp + fmAgz) X G X =Y.

If choose N following

i i 2
N® > (A +hAy +cAs + Ag+ —As +h"A
( 1 2 3 K2+12 4 K2+lz 5 6

i12

i
+ —hA7 + -
K> + iz 7 K2 +ip

i i12 i
+ —cAg + —cAj + —mcAn +
K> + iz ’ K2 +in 10 K> + iy .

i
dcA A A s
X1 cAit+mAp + fm 13)
then

|FX—-FY| <|IX-Y].
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This is shown the operator F given by Eq. (8) has a fixed point Therefore, (7) has a unique
solution X € C* [0, t]. We write from Eq. (7) and using 7 X(t)

-1

I
<A1X(0) + H (0) A2X(0) + C (0) A3X(0) + LO)MX(O)

, t
e NX (1) = M [
K> + 1> (0)

I (1)
I (0) 2 L (0) 112 (0)

— AsX(0 H*(0) Ag X (0 — H0)A7X(O _—
Ko+ ) SX O+ HHO A XO) 4+ 57 7 H O X O+ 5 0

xH (0) AgX (t) + 127(0)6‘(0) Ao X (0) + 1127(0)6' 0) Ao X (0)
K>+ I (0) K12 4+ 112 (0)

5 (0) 1 (0)
mM(O)C(O)AHx(O) + mD(O)C(O)AHx(O) + M (0) A2

X X(0) + F (0) M (0) A;3X (0) + ¢) + I (AIX’(r) +H (1) AX (1) + H (1) A2 X (1)

/ ’ K> I (1) ,
Az X Az X ——A4X —— Ay X
+C (1) A3X (1) + C (1) A3X (1) + Kr Lo ™ )+ A )

K Ax+ 2D AKX () +2H ) H2 (1) AsX (1) + H2 AsX (1)
(K2 + I (1))? As Ka+th@) 6 o

K paxo+—Y moaxo+ —29 g anx' o
(K + L (1)? Ky+ 1 (1) Ky + 1L (1)

P © R () AsX (1) + _e® (1) AsX (1) + _e® )
(K12 + 112 (1))? Ko+ T Ko+ 1o (1)

. (1) AgX (1) + _bO (1) AgX (1) + RO
(K2 + I (1) Kx+ 5L (1) Ky + 1 (1)

LC(T)AmX(Z) + ﬁc/ () Ao X ()
(K12 + @12 (1)? K+ 112 (1)

@ cpaex 0+ —2 Mo cmanxm+ —20
Ko + I (1) (K2 + I (1))? Ky + I (1)

M 0O Anx0) + 2D i oanxo+ 22 _maycw
Ko+ L (1) Ko+ I (1)
2 b (1) /
——D C A X —D C A X
Krt L) O C@)AX () + Kt Do) ) C () A1 X (1)
PO oy wanxm+ -2 paycw anx o+ M 0 ApX )
Ky + I (1) Ky + I (1)

+ MO ARX O+ F OM©AsXO)+FOM 0 AXO+FOM 04X 0)].

xAgX (1) +

xC (1) AoX (1) +

x A X (1) +

From Eq. (7), we can say that X’ € C; [0, T]. Now from Eq. (7), written

axm _ ilf [AIX(z) + HAX (1) + CA3X (1) +

I I
AX (1 AsX (1
di dr Ktbh ! ()+K2+12 sX(@)

I I A
+H 2 AX (1) + — 2 HAIX(1) + — 2 HAgX(t) + ——=—CAoX (1)

Ky + 1D Kip+ 1 Ky + 1D
b
2 CApX( MCALX(t DCA X (t
+K12+I 10 ()—I— Xt h 11 ()+K 5 nX()
+ MARX() + FMA3X (@) + ¢],
hence,
dX(t d
) A @ _ I'"T—IT[AIX (1) + HA2X (1) + CA3X (1)
dt dt
2 2
+ AsX (D) + AsX(t
[ 4X () Kt b 5X(1)

@ Springer



Eur. Phys. J. Plus

(2021) 136:43

Page 11 0of 17 43

s/mm?

Helper cells per cell

Cancer cells per cells/mm®

Interleukine-2 per pg/mm3

H (CD4+T cells),

°

—— C (CD8+T cells)

0.9
% 07
08
£ o6
0.7 %
06 S 05
B
a
05 04
04 g 03
03 3
go.z
0.2 5
04 0.1
T ——
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
time (days) time (days)
1
0 (=] o [(=xl
08 “ 8
13
0.7 £ 7
06 8 s
)
05 T 5
8
04 £ 4
03 E 3
0.2 2
0.1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 45 50 55 60
time (days) time (days)
4 [X
1 — L
35 2 0.07 2
o
3
3 E 006
>
g
25 5 0.05
a
2 <004
o
15 £ o003
>
K]
1 5 002
5
05 0.01
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
time (days) time (days)
0.
0.18 I_Zl
©_ 0.16]
13
E 014
2
o 0.12]
g
o o1
T
& 008
o
L 006
€
© 0.04
0.02
0 5 10 15 20 25 30 35 40 45 50 55 60
time (days)

+H>AX (1) +

+7
Ko+ Iz

+ MARX(H) + FMAX() + ¢].

063
Ky + 1
CAl()X(l‘) +
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Fig. 2 Figures about ordinary differential system (1) for H, C, M, D, I, 11>, Z, respectively
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I
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HAgX (1) + CAgX(1)

I
K>+ D
LDCA]]X(Z)
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Table 1 Parameter values for ¢ = cells, h = hour

Parameter Value (Unit) References Parameter Value (Unit) References
ap 0.0001 (ch~'mm=3)  [14] by 0.1 "h~'mm?) [14]
Yy 0.01 (h_l) Estimated K> 0.0237 (pg/mm3) Estimated
X412 0.39 (h_l) Estimated Kip 0.8 (pg/mm3) Estimated
fo 1 (cm™3) [14] <o 0.005 (h—1) Estimated
ai 0.0001 (ch~'mm=3)  [14] by 0.01 (¢ 'h~'mm=3)  [14]
fi 1 (cm™3) [14] A812 0.346 (h— 1) Estimated
] 0.005 (h—1) Estimated by 0.02 (h— 1) [14]
f 1 (cm™3) Estimated da 0.1 (¢~ 'h~'mm3) [14]
Cpd 50 [18] kpd 97 [18]
d3 0.1 (¢ 'h~'mm3) [14] ba 0.01 (¢~ 'h~Tmm?) [14]
es 1077 ¢ thimmd)  [14] s 0.01 (b~ 1) [14]
py, 0.00046 (h—1) Estimated diy, 0.0575 (h— 1) Estimated
y 0.001925 (h—1) Estimated
So, we get
I I
D'X(t) =A1 X))+ HAX(t) + CA3X(t) + ——— A4 X(t) + ———AsX(t
(t) 1X (1) 2X (1) 3X (1) K2+124() K2+125()
TH2AGX (1) + LHA7X(t) T2 A () + —2caox (o)
Ky + D K2+ Iz K+ 1D
I» I
+7CA10X(1‘)+ MCA1 X(2) + DCA1 X (1)
Kip+ 11 12 K+ 1D
+MARX (1) + FMA13X(t) +¢
and
143
X(0) = Xo+ 1" | A1 X(0) + HA>2 X (0) + CA3X(0) + ——2— A4 X (0) + —=— AsX (0
) o+ [1()4— 2X(0) + 3()+K+I4()+K+[25()
I6)
H?A6X(0)+ ———HA7X(0) + ——=—— HAgX(0 7CAX0
+ 6()+K+I 7()+K12+1 8X(0) + 5 9X(0)
I1> b b
7CAXO+ MCA1X(0)+ DCA1X(0
Koo+ 1ns 10X (0) A 11X (0) A 11X (0)
+ MARX(0)+ FMA;3X(0) +¢] =
So Eq. (7) is equivalent to the initial value problem Eq. (6). O

5 Numerical simulations

5.1 Numerical scheme for ordinary differential immune system-cancer model

Figure 2 is obtained with the Euler method, which is also called the tangent line method
for ordinary differential cancer-immune system in Eq. (1) by using parameter of in Table 1.
Figure 2c is examined, cancer cells are almost O in 5 days and after the 60th day, and cancer
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Fig. 3 Figures about fractional-order systems (4) for t = 0.99

cells have grown almost back to the starting point. Conversely, immune system components
shown in Fig. 2a, b, e act in the opposite direction with cancer cells in the same time periods.
Time-dependent change of dendritic cells and anti-PD-L1, which are presented to the system
with D(0) = 1, Z(0) = 0.2 starting point are observed in Fig. 2d, f, respectively .
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Fig. 4 Figures about fractional-order systems (4) for t = 0.97

5.2 Numerical scheme for Caputo and CF fractional immune system-cancer model

Figures 3, 4, and 5 are obtained with Adams—Bashforth—Moulton predictor—corrector method
which is given in [42] for Caputo system in (4) and the scheme given in [43] for the Caputo—
Fabrizio system in (5) while for varying 7 values with the initial values and parameters in
Table 1.
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Fig. 5 Figures about fractional-order systems (4) for t = 0.95

In Figs. 3c, 4c, and 5c, it is observed that cancer cells are eliminated in 5 days at first,
but they start growing again after about 25 days for Caputo system. Simultaneously, immune
system components are almost the peak point in 5 days and are the 25th day bottom point
for the order T examined. It is clearly seen that, the order t shrinks, the immune system
components are much stronger via IL-12 and anti-PD-L1, whereas cancer cells grow much
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Table 2 The value of cancer
cells at t = 1000 hours for i cr Caputo
different order both CF and 0.99 0.000014402 0.565837558
Caputo fractional derivative ’
0.97 0.000014487 0,385022267
0.95 0.000014547 0,222222229

less at Figs. 3c, 4c, and Sc. It is appeared that brings under control cancer cells much easier
and these grow much less under the influence of a stronger immune system components. The
other words, cancer cells grow 45% less in order 7 = 0.99 at Fig. 3c, 60% less in T = 0.97
at Fig. 4c and 80% less in 7 = 0.95 at Fig. Sc for Caputo system.

For CF system, in Figs. 3, 4, and 5, one can see that cancer cells become almost 0 in
10 days while immune system cells become the strongest by way of IL-12 and anti-PD-L1.
Also, it is seen that cancer cells do not grow again after being zero in Figs. 3c, 4c, and 5c. In
other words, there are 100% reduction in cancer cells in considered order t.

The main factor in cancer cells being almost zero is that the immune system cells are
stronger for CF system. In particular, if the graphs given for the dendritic cell in Figs. 3d,
4d, and 5d are examined the facility the elimination of cancer cells by stimulating the helper
cells more, since these type of cells exist longer in CF derivative. If Figs. 2 and 3, 4, and 5
are considered together, it is observed that the equation expressed by fractional derivatives
have managed to control cancer cells more in less time because of its memory and hereditary
effect.

6 Concluding remarks and future works

In this paper, after briefly giving information about cancer and the immune system, cancer-
immune system mathematical model given in [14] is modified by adding IL-12 and anti-PD-
L1 variables because they change the number and effectiveness of T lymphocytes. In this way,
the immune system’s fight against cancer will be more effective. The ordinary differential
new model is considered for the first time by using Caputo and CF fractional derivative. More-
over, after examining the equilibrium points and stability of the fractional-order model with
singular kernel, researches on the existence-uniqueness of the model’s numerical solution is
included. The model with Caputo derivative is solved Adams—Bashforth—-Moulton predictor—
corrector method for fractional order, the model with CF derivative is solved numerical solu-
tion given in [43] with the help of MATLAB. The immune system plays a major role in the
development, growth or destruction of cancer cells. We have added to Eq. (1) the variable
anti-PD-L1 inhibitor to catch cells escaping from the immune system and destroy these cells,
and the variable IL-12 cytokine to increase the number of CD4+T and CD8+T lymphocytes
production. Through Figs. 2, 3, 4 and 5, it is clearly seen that the reason why cancer cells
decrease more, is the strengthening of the immune system through newly added variables,
as expected. Indeed, the graphs of the model deals with fractional derivative shows that the
immune system become stronger as the degree decreases as the application of fractional
derivative to natural events is a more accurate approach. And the Table 2, summarizes that
using CF derivative for this model yields more effective results due to having a non-singular
kernel.

In the future, the mathematical model can be updated by considering other cytokines, and
the new model obtained can be examined with different types of derivatives.
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