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Abstract: This study proposes a fractional-order model in the Caputo sense to describe the interaction
between tumor and immune macrophages by assuming that the pro-tumor macrophages induce a
Holling type-II response to the tumor. Then, the basic properties of the solutions to the model are
studied. Local stability analysis is conducted at each of the equilibria in the model, and a numerical
study is performed with varying activation rates of type-II or pro-tumor macrophages and the order
of the fractional operator. The numerical findings suggest that type-I or anti-tumor macrophages
can stabilize the system if the activation rate of type-II or pro-tumor macrophages is low. Still, for a
higher value of the activation rate for type-II or pro-tumor macrophages, the proliferation of tumor
cells is uncontrollable and the system becomes unstable. Furthermore, the stability of the system
decreases as the order of the fractional operator increases.

Keywords: fractional derivatives; mathematical operators; tumor; macrophages; stability; numerical
study

1. Introduction and Background

Mathematical models in cancer research play a crucial role in controlling the disease
and predicting the efficacy of cancer treatment through obtaining the optimum amount
of drug. Cancer is a disease that occurs due to the appearance of malignant tumors
in the human body. While malignant tumor cells are developed, various chemokines,
cytokines, and cells of the immune system are responsible for promoting or resisting
the tumor [1]. At the early stage of the tumor, natural killer (NK) and CD8™ T cells are
responsible for eliminating more immunogenic tumor cells [2]. After the first phase of
elimination, less immunogenic tumor cells are detectable and can increase by invading
the immune system. At this stage, tumor cells interact with dendritic cells (DCs), B cells,
neutrophils, CD4*" T cells, antibodies, and macrophages of the immune system [3,4].
Several mathematical studies have been performed to assess the roles of immune effector
cells, such as natural killer (NK) cells, CD8" T cells, dendritic cells (DCs), B cells, and CD4*
T cells, in tumor development and elimination processes [5-14]. Pillis et al. [15] formulated
a valid mathematical model to describe the functions of NK and CD8* T cells in tumor—
immune interactions. The role of cytotoxic T lymphocytes in tumor regression processes
was explored in Refs. [16-18]. Li et al. [19] described the association between cancer cells
and endothelial cells, considering the angiogenic growth factors secreted by the tumor that
help the tumor grow. The immune response of CD4* anti-tumor Th1 and Th2 cells against
skin tumors was discussed in Ref. [20]. In Ref. [21], the effect of immune antibodies in
cancer suppression has been discussed, and it was suggested that antibody therapy may
also be used in cancer treatment. Makhlouf et al. [22] studied the role of CD4™ T cells that
secrete cytokines for killing tumor cells in the tumor progression stage and propounded
that CD4™ T cell therapy would also be used for eliminating tumors. A mathematical
study [23] has been performed to discuss the interaction between tumor cells and immune
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T lymphocytes, which revealed that the flow rate of mature T lymphocytes plays a crucial
role in controlling tumor growth.

However, a few modeling studies have discussed the interaction between tumors and
immune macrophages [24-28]. Macrophages are innate immune cells that show two kinds
of responses to tumor cells. Type-I or anti-tumor macrophages suppress tumor growth
through secreting IL-4 or IL-13. Type-II or pro-tumor macrophages help the proliferation of
tumor cells by driving LPS, or interferon-y [29]. Thus, it is necessary to explore the dual role
of both macrophages in the processes of tumor regression and proliferation. To describe
tumor—-macrophage interactions, a mathematical model was analyzed in Ref. [30], which
suggests that tumor dormancy is associated with an increase in the clonal heterogeneity of
tumor cells and the phenotypic heterogeneity of macrophages. Shu et al. [31] revealed that
not only the direct activation of anti-tumor and pro-tumor macrophages destroy tumor
cells, but also the combined effect of the transition between both macrophages. In Ref. [32],
a spatiotemporal brain tumor model was proposed to examine the associations among
glioma cells, macrophages, and immune cells. The effect of time delay on the activation of
pro-tumor macrophages in tumor-macrophage interactions were studied in Ref. [33]. The
saturated response of M2 macrophages due to tumor cells was explored in Ref. [34], which
demonstrated that tumor cells quickly spread in the body for a relatively higher activation
rate of M2 macrophages.

To date, fractional calculus has been widely used to formulate mathematical models in
various fields due to its memory effect [35-38], including in cancer research
too [39—44]. Farman et al. [45] proposed a fractal fractional-order model to study the
association between cancer cells, IL-12 cytokines, and anti-PD-L1 inhibitors. The effects of
CD8™" T cells, dendritic cells (DCs), IL-2, and CD4* T cells on the dynamics of cancer cells
to the fractal order was observed in Ref. [46]. In Ref. [47], the role of immune macrophages
was investigated by analyzing a fractional-order mathematical model for lung cancer in the
presence of normal cells. A Caputo-type fractional-order tumor-macrophage interaction
model has been investigated in Ref. [48], to observe the stability and Hopf bifurcation of the
model under the influence of multiple time delays. Padder et al. [49] observed the effect of
fractional order on the dynamics of tumor-immune macrophage interactions. The efficacy
of the combined therapy of surgery and immunotherapy for treating lung cancer with
varying fractional orders was investigated in Ref. [50]. Thus, based on the above literature,
in this study, we formulated a fractional-order model in the Caputo sense that describes the
tumor-macrophage interaction. The remainder of this study is assembled in the following
manner: In Section 2, we formulate our fractional-order tumor-macrophages model and
study the characteristics of the solutions of the model. The local stability of the model
is investigated in Section 3. Numerical studies of the model are performed in Section 4.
Section 5 deals with concluding remarks.

2. The Model

Before formulating our proposed model, we define the Caputo fractional derivative
and the corresponding integral.

Definition 1 ([51,52]). For ¥ : [a,b] - R, n—1 < v < n,and n € N, the Caputo fractional
derivative of order v is expressed as

t
DY (£) — F(nl_v) [ ¥ -9 (1)

Furthermore, the associated fractional integral can be presented as

I (F) — r(lv)/at‘f(s)(ts)”_lds. @)
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Here, we formulate a fractional-order tumor—macrophages interaction model by mod-
ifying the model proposed in Refs. [31,34]. The modification is made on account of the
saturated response of pro-tumor macrophages. Suppose M(t), A(t), and P(t) denote the
number of malignant tumor cells, type-I or anti-tumor macrophages, and type-II or pro-
tumor macrophages at time t > 0, respectively. Then, the proposed model takes on the
following form:

% = ﬂlM(l - blM) —c1MA 4+ c;MP
dA
E =ayMA —byA—d1A+d,P (3)
dpP azsMP
— = —b3P+d1A —dpP.
a  g+M 35T 1 2

Here, a;M(1 — by M) denotes the logistic growth of malignant tumor cells with a
proliferation rate a; and carrying capacity % Due to the presence of type-I macrophages,
the tumor cells die off at a rate of c; and, due to the presence of type-II macrophages,
the tumor cells can increase at a rate of cp. The term ay M A denotes the activation of type-I
macrophages by pro-inflammatory cytokines due to the presence of tumor cells at the rate
a. Furthermore, b; is the natural mortality rate of type-I macrophages, d; is the transition
rate for type-I macrophages to type-II macrophages, and d is the transition rate for type-II
macrophages to type-I macrophages. It is evident that, due to the presence of tumor cells,
the type-II macrophages can be increased through the stimulation of tumor cells. We
account for this response using a nonlinear term ?ﬁﬁ , Where a3 is the activation rate of
type-II macrophages and g is the threshold rate of type-II macrophages [53,54]. The natural
mortality rate of type-II macrophages is denoted by bs.

The initial condition corresponding to the system (3) is considered as:

T(0) =Ty >0, A(0)= Ay >0, P(0)=Py>0. (4)

We refer to Ref. [31] for a detailed description, including the values and units of the
parameters, of the model represented by (3).

To investigate the basic characteristics of the solutions, along with the linear stability
of the proposed model (32, we transform the model (3) to its dimensionless form through as-

suming x = %, A () % and T = a;M(0)t. Taking °Dj as the Caputo fractional

differential with fractional order v € (0,1] and t € (0, T|, then the model (3) becomes
‘Dfx(t) = a’x(1 — Bx) — y{xy + v3xz
Diy(t) = xy =iy — oy + 632 (5)

Uxz
CDU t — p
tz( ) oY +x

—u’z+ 067y — 63z,

b d d
where & = azzﬂvrl(o)' p=bMO),m=2 12=321= M)’ 01 = HME) 02 = mMo)”
_ _a - 8 = _b
P = oumoy 7 = Moy Ad E = iy
denote the number of malignant tumor cells, type-I macrophages, and type-II immune
macrophages at time t > 0, respectively. The model (5) reduces to an integer-order model

when v — 1. Furthermore, the initial condition corresponding to the system (5) is

The new state variables x(t), y(t), and z(t)

x(0) =x9>0, y(0) =yo >0, z(0) =z9>0. (6)
The model (5) can be expressed as

SDYW(t) = GIW(H)], t € (0,T], W(0) = Wy, @)
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where

x X0 a’x(1— BY) — y{xy +v3xz
W=yl Wo=|w]| GW)= Xy —1°y — 07y + 03z
z 20 o — Uz + 80y — 83z

For G, we define a supremum norm as

|G| = sup [G(t)]
te(0,7T]

and, for the matrix B = [b;;(t)], we define a norm as

1Bl =}_ sup [bij(t)]-

ij t€(0,T)

Now, using the definition of the Caputo fractional derivative (1), the solution of the
system (7) has the following form:

W(E) = Wo + —— /Ot(t )P IR(W(s))ds = O(W).

o)
This gives the equality
O(W,) — O(Wy) = r(l) [ (6= (G (5)) — GWas))as.
Hence, we have
1O(Wy) — O(Wy)|| = F(lwu [ =9 G (9) — G (s)) s
< o ) =97 HIGM(E) - GWa(9) s
< ¢||W1 — W],

where

o= L”max{ (@ + @0+ o+ 992 €+ +80), (70— T .
TU

I'(v+1)

and Q = {(x,,2) : max([x], |y}, |2)} < &.

v

Therefore, a unique solution exists for the system (7) if the mapping @ (W) is a con-
traction mapping; that is, if ¢ < 1 [55]. Thus, we obtain the following results:

Theorem 1. There exists a unique solution for the system (7) corresponding to the initial condition
W(0) = Wy in the region Q) x (0, T], where t € (0,T], QO = {(x,y,z) : max(|x], |y|,|z|)} <7,
if

L”max{ (% + (208" + 97 +73)6), (E+11+01), (85 +p7(1 - ‘7))} <1,

where LV =

T(o+1)°
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Again, it is clear that
‘Dix(t)|x=0=0
‘Dyy(t)|y=o0 = 63z > 0, wherez(t) > 0,6, >0 (8)
‘DYz(t)|z=0 = 07y > 0, wherey(t) >0,; > 0.

Thus, on each plane bounding the non-negative octant, the vector field points into R3.
Thus, the solution will remain in R‘j’r [56]. Therefore, we can state the following result:

Theorem 2. All solutions of the considered fractional-order system (5) remain in Ri.

3. Local Stability

To check the stability of the system (5), we solve “Dfx(t) = 0,°D{y(t) = 0,°Dfz(t) =0

to find the equilibrium points of the system (5).

We found three biologically valid equilibrium points for the system (5), and the

corresponding stability analysis is as follows:

Suppose there are no tumor cells in the body, then the macrophages do not emerge
in the body in action; thus, in this sense, we take y = 0 and z = 0. Then, we get the
tumor-free trivial equilibrium as E{ = (0,0,0), which always exists.

The Jacobian matrix of the system (5) evaluated at the tumor-free equilibrium Ej =

(0,0,0) is:
a? 0 0
Jw=|0 —p-o & | )
U R

It is clear that a” is one of the eigenvalues of the matrix (9), while the other two
eigenvalues are the roots of the following equation:

A2 (7 + 689 + 4% 4 09)A + 7°u’ 4 7908 4+ u6Y = 0. (10)

As one eigenvalue of the matrix (9) is a” > 0, this implies the instability of the
tumor-free trivial equilibrium E} = (0,0,0). Thus, we can state this result as follows:

Theorem 3. The tumor-free trivial equilibrium EY = (0,0,0) always exists and shows
unstable behavior.

Suppose there are tumor cells in the body; however, the macrophages have not
emerged in the body in action yet. Thus, in this sense, we take y = 0 and z = 0.
Then, we have found the tumor dominant equilibrium as EJ = (#, 0,0), which also
always exists.

The Jacobian matrix of the system (5) evaluated at tumor dominant equilibrium
EY = (4,0,0) is:
2 7

F/
—u? 0 0
Jg=| 0 F-v-d & . (11)
0 o7 ﬁvﬁvﬂ — =9

Clearly, —a" is an eigenvalue of the matrix (11), while the other two eigenvalues will
be the roots of the following equation:
)\2 v 5 v 50 1 % ? A 1 v __ s
O A A (g =)

[
(o1~ # =) —o1e8] =0,

(12)
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As —a? < 0, for the stability of the system (5), the Equation (12) must have all negative
roots. Equation (12) possesses both roots as negative if the following conditions hold:

v

R A
ﬁ’(] ﬁvo-v+1

10— 82) — 696% > 0.

7+ 07+ u’ + 635 — >0, and

(13)

Lo sy P’
(IBU 17 51)(‘BUUU+1
Thus, we can state the following theorem:

Theorem 4. The tumor-dominant equilibrium ES = (%, 0,0) always exists and it is asymp-

totically stable if n° + 07 + u° 463 > ﬁ + ﬁvg-pzzl)+1 and ﬁv(/gfz-v+1) +1u" + 170 +07u" >

v 453 v4.59)p" o
y[; 2 + (%vj;vﬂr)f ; otherwise, it is unstable.

Suppose that all three cells emerge in the body at the same time. Then, for x # 0 and
x # %, we obtain the co-axial equilibrium as

E§(x"y",2") =
£y ( o1 — ) (O 7 —x)a”(1— ﬁ”x*)) 14)
TR (=T = 67) (0 s =P = 6Y) )’

where x* is given by the following equation:

(0" = 1" = 85)x® = {p"n" + 067 + 0" + 8307 — S0 — "’ — "8} (15)
HOT "+ W +1°83)0 = 0.
For positive x*, we must have the discriminant of the Equation (15) greater than
zero and 050 .
11% * 4 v
— <X < +6] < —.
7 T
Now, we investigate the stability of the system (5) around the co-axial equilibrium
ES(x*,y*,z*). For x # 0 and x # %, we obtain the following relations at the co-axial

n’+67 —

equilibrium E§(x*, y*,z*):

o’ + 737" = aC BT+ Y,

09z*
* v v __ _ "2
X' =n"=d1 = v (16)
Xt o Y
00 4 x* I3 52_ o*

Using the relations (16), we obtain the Jacobian matrix at co-axial equilibrium EZ (x*, y*,z*)
as:
—a?Bx"  —fx" —fx”
% 052"

Jey = Y — 4= % . (17)
plo’z 50 _ar
(07 +x*)2 1 z*

The eigenvalues of the Jacobian (17) are the roots of the following equation:
A3+ PN + DyA + D3 =0, (18)

where
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57} * *
;= a’Bx* + Zi + 51{ )
y z
ny*  05z" plolySz*
_ LURULK * [0 %
@ =g (W B gy - O
P Sy

CI>3:avx*(l—ﬁvx*)[y*(av+x*)2 7% :I
According to the Routh-Hurwitz criterion, the system (5) is locally asymptotically
stable if all the roots of the Equation (18) are negative or have negative real parts; that
is, if

D1 >0,Dy >0,P3 >0 and PP, — D3 >0, (19)

which implies that x* < % and

Sz* St Syt 80z* 0 g0 Uk

v QU .k 2 1Y v v 01Y 2 wiov, % P T2

[a”Box* + " +— | [« Bx (T* + " )+x* [y (U”—l—x*)z]]
pvéga.vz* 5;)]/*

>“vx*(1_ﬁvx*)[y*(av+x*>2 7% ]

Thus, we can state the following result:
Theorem 5. There exists a positive co-axial equilibrium E3(x*,y*,z*) for the system (5) if

7195
064

7+ 07 — <xt <44 <

1
E!

and it is locally asymptotically stable if x* < % and

5z* Syt Siy* oUz* VgV Ug*

V QU 2 1Y v v 01Y 2 N T L

[[X IB X+ y* + 7k ]l:“ IB X ( 7% + y* )+x [r)/ly (0’U+x*)2]]
ps0 Sy

> a”x*(1— pox)[

y*(00+x*)2 7% ]

4. Numerical Study

This section is devoted to a numerical study of the proposed model for verification
of the analytical findings. To observe the effect of the fractional order v on the stability
of the model (5), we arbitrarily take four values for v as follows: 0.91, 0.94, 0.97, and 1.
We set the values of the non-dimension parameters in the numerical study as follows:
o = 0.565, =5 x 1074, Y1 =2,7=0171=02 46 =0.05 5 =0.04, c = 0.1 (assumed),
and y = 0.2. The parameter values were chosen arbitrarily and based on the previous
literature [31,34].

We also varied the parameter p to observe the effect of the activation rate of type-II
macrophages due to the emergence of tumor cells on the system (5). For this purpose,
we assumed that the range of p is [0,1.1] and considered three cases: (i) p = 0.1 (low
activation rate of type-II macrophages), (ii) p = 0.5358 (medium activation rate of type-II
macrophages), and (iii) p = 1.062 (high activation rate of type-II macrophages).

In Figures 1-3, we show the densities of malignant tumor cells x(t), type-I macrophages
y(t), and type-II macrophages z(t) when the activation rate of type-II macrophages due to
the emergence of tumor cells is low (i.e., p = 0.1). It can be observed that all three cell pop-
ulations tend to be stable as time increases. However, the cell populations show oscillatory
behavior initially, while the order of the fractional derivative increases. This means that,
even if the type-II macrophages activate at a slow rate, the type-I macrophages can keep
the system stable around the positive co-axial equilibrium Ej(x*,y*,z*). In Table 1, we
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show the stability of the system (5) around its equilibrium point based on the eigenvalues
of the corresponding Jacobian of the system (5).

= Fractlonal OI‘dCI v=1 ‘ = ’ Fractional order v = 0.97
[0} [0} O 8
o 1 o 0.
o 1.5 =
g g
g | z 0.6
E £ 04
& &
= 0.5 =02
= =

O : 0 : :

1000 1500 0 500 1000 1500
T1me (Days) Time (Days)

1 1
s Fractional order v = 0.94 2 Fractional order v = 0.91
808 1 8os8
= =
£ I
I 0.6 2 0.6
S04 1 S04
<) <
Ry 20
F 02 ] F02
= =

O 0 ‘ :

500 1000 1500 0 500 1000 1500
Time (Days) Time (Days)

Figure 1. Densities of malignant tumor cell populations x(t) with activation rate of pro-tumor
macrophages p = 0.1.

»n 1.5 n 1.5
% Fractional order v =1 % ’ Fractional order v = 0.97
2 2
[} [}
o 1 o A
3] 1]
1] ]
€ 1S
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£ £
0 0 ' '
1000 1500 0 500 1000 1500
Tlme (Days) Time (Days)
w 1.5 i i n 1.5 i i
8-, Fractional order v = 0.94 % Fractional order v = 0.91
8 &
S S
S 1 -
S S
3] ©
€ IS
g 05 ] €05
2 2 \
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< ) ) << 0
0 500 1000 1500 0 500 1000 1500
Time (Days) Time (Days)

Figure 2. Densities of type-I or anti-tumor macrophages y(t) with activation rate of pro-tumor
macrophages p = 0.1.

Table 1. Stability of the system for the case p = 0.1.

Equilibrium Point Eigenvalues Stability
E(0,0,0) —0.2000, —0.2900, 0.5650 unstable
E3(2000,0,0) —0.1400, 1999.7500, —0.565 unstable

—0.0034 + 0.37:, —0.0034 —

v
E$(0.2382,0.2867,0.0845) 0.371, —0.1745

asymptotically stable
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Figure 3. Densities of type-II or pro-tumor macrophages z(t) with activation rate of pro-tumor

macrophages p = 0.1.

In Figures 4-6, we show the densities of malignant tumor cells x(t), type-I macrophages
y(t), and type-II macrophages z(t) when the activation rate of type-II macrophages due
to the emergence of tumor cells is medium (i.e., p = 0.5358). It can be observed that all
three cell populations show periodic oscillatory behavior, with this behavior increasing
as the order of the fractional derivative increases. This result suggests that, for a medium
activation rate of type-II macrophages, the type-I macrophages compete with the malignant
tumor cells and type-II macrophages to stabilize the system for which periodic solutions
are observed. In Table 2, we show the stability of the system (5) around its equilibrium
point, based on the eigenvalues of the corresponding Jacobian of the system (5).

Fractional order v = 1

Malignant tumor cells

0 500 1000
Time (Days)

Fractional order v = 0.94

0.8

0.6

Malignant tumor cells

0 500 1000

Time (Days)

Figure 4. Densities of malignant tumor cell populations

macrophages p = 0.5358.

1500
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0.8
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0 500 1000 1500
Time (Days)
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“v‘.." A AAAAMANNN A'A'A'A'ﬁvﬂvﬂ AvAvAvAvl'ﬁvﬁvﬁvAvAvAvAvAvh“lv
0 500 1000 1500

Time (Days)

x(t) with activation rate of pro-tumor



Fractal Fract. 2024, 8, 394

10 of 15

Fractional order v = 0.97

500 1000 1500
Time (Days)

Fractional order v = 0.91 ‘

sV

.15 . 15
g,) Fractional order v = 1 ?J:? ’
- i
2 1 2
2 5
g =] ‘
5] 15}
% 0.5 E 05
< <

0 ' : 0

0 500 1000 1500 0
Time (Days)

” 1.5 T T " 1.5
% ’ Fractional order v = 0.94 ‘ 50 ’
£ £
2 1 2 1
8 8
< <

0 ' : 0

0 500 1000 1500 0

Time (Days)

500 1000 1500
Time (Days)

Figure 5. Densities of type-I or anti-tumor macrophages y(t) with activation rate of pro-tumor

macrophages p = 0.5358.
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Figure 6. Densities of type-II or pro-tumor macrophages z(t) with activation rate of pro-tumor

macrophages p = 0.5358.

Table 2. Stability of the system for the case p = 0.5358.

Equilibrium Point Eigenvalues Stability
E(0,0,0) —0.2000, —0.2900, 0.5650 unstable
E5(2000,0,0) 0.2958, 1999.7500, —0.565 unstable
E3(0.0744,0.3619,1.5887) 0.0268 + 0.30+, 0.0268 — unstable

0.30:, —0.2406

In Figures 7-9, we show the densities of malignant tumor cells x(t), type-I macrophages
y(t), and type-II macrophages z(t) when the activation rate of type-II macrophages due
to the emergence of tumor cells is high (i.e., p = 1.062). It can be observed that all three
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cell populations show high periodic oscillatory behavior, where this behavior increases as
the order of the fractional derivative increases. This finding suggests that, when there is
a high activation rate of pro-tumor macrophages, the type-I macrophages compete with
the malignant tumor cells and type-II macrophages to keep the system stable, which is
why high periodic solutions are seen. In Table 3, we show the stability of the system (5)
around its equilibrium point, based on the eigenvalues of the corresponding Jacobian of

R

11 T T

Figure 7. Densities of malignant tumor cell populations x(t) with activation rate of pro-tumor
macrophages p = 1.062.
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Figure 8. Densities of type-I or anti-tumor macrophages y(t) with activation rate of pro-tumor
macrophages p = 1.062.
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Figure 9. Densities of type-II or pro-tumor macrophages z(t) with activation rate of pro-tumor
macrophages p = 1.062.

Table 3. Stability of the system for the case p = 1.062.

Equilibrium Point Eigenvalues Stability

E{(0,0,0) —0.2000, —0.2900, 0.5650 unstable

E3(2000,0,0) 0.8220,1999.7500, —0.565 unstable
0.0675 + 0.331,0.0675 —

E5(0.0280,0.3911,2.1728) unstable

0.331, —0.3662

It can be observed, from the above scenarios, that the oscillatory behavior of the
system (5) increases as the order of the fractional derivative increases, and that each order
depends on its previous order, which verifies the memory effect of the fractional operator.
Furthermore, p (i.e., the activation rate of pro-tumor macrophages due to the emergence
of tumor cells) highly impacts the stability of the system (5), as it affects the proliferation
of tumor cells. The proliferation of tumor cells is relatively slow. At the same time, when
the activation rate of type-II macrophages is low, the type-I macrophages can stabilize the
system to the co-axial equilibrium point. When the activation rate of type-II macrophages
increases to a medium value, the proliferation of tumor cells also increases, which results
in mild competition among all three cell populations, and the system presents an unstable
periodic solution around the co-axial equilibrium point. However, with further increases in
the activation rate of type-II macrophages to a high value, the proliferation of tumor cells is
very high and the type-I macrophages compete with the other two cells. Still, they cannot
suppress the growth of tumor cells, which may result in the disease persisting in the body.

5. Conclusions

In this study, we developed a fractional-order mathematical model in the Caputo sense
that describes the interactions between tumors and immune macrophages. The main objec-
tive of the work was to describe the role of the activation rate of type-II macrophages and
to observe the effect of fractional order on the model. First, we examined the fundamental
properties of the model’s solutions. The local stability of the model was checked at each
of the biologically feasible equilibria, and it was found that the tumor-free equilibrium
presents unstable behavior, whereas the tumor-dominant and co-axial equilibria show
stable behavior, provided that certain conditions hold. A numerical study was conducted
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by varying the activation rates of type-II macrophages and the order of the fractional
operator. The numerical findings suggest that type-I macrophages can stabilize the system
if the activation rate of type-II macrophages is low. However, with a higher activation rate
of type-II macrophages, the proliferation of tumor cells becomes uncontrollable and the
system is unstable. Furthermore, the stability of the system decreases as the order of the
fractional operator increases.

Comparing our results with those of a previous study [31], we noticed that, while
pro-tumor macrophages respond to the tumor in the Holling type-II form, the system shows
oscillatory behavior for a lower value of activation rate of pro-tumor macrophages than the
value obtained in Ref. [31]. Additionally, in comparison with Refs. [34,48], we discussed the
effect of the saturated response of M2 macrophages due to tumor cells in a fractional-order
tumor-macrophages model in the Caputo sense. The results of this study will be beneficial
for clinicians and oncologists to develop treatments that target the immune macrophages
to control the abnormal growth of tumor cells.

One of the main limitations of this study is that the type-I macrophages can also
respond to the tumor in the Holling type-II form. Considering this fact, one could extend
this study. Furthermore, the model could be extended using other families of fractional
operators, such as the Caputo—Fabrizio fractional operator, conformable and S-conformable
fractional operators in the Liouville-Caputo (LC) sense, and the Atangana—Baleanu frac-
tional operator with different kernels. For example, the model with Caputo-Fabrizio
fractional operator can be expressed as:

CFD}’x(t) =a’x(1— B%x) — y{xy + y3ixz
‘Dyy(t) = xy —n°y — &y + 55z (20)

4
Dpz(t) = £ =
0’ +x

— Uz 40y — 03z,
and the model with Caputo-Fabrizio fractional operator can be expressed as:

ABCDfx(t) =a’x(1—p%x) —¥Ixy +y5xz
APEDEY(t) = xy — 1’y — 6y + 63z 1)

ABCD?Z(t) — p”xz
ol +x

—u’z+6jy — 63z.

We hope to carry out works to address the above limitations and focus on extension of the
proposed model in the future.
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