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Abstract In this paper, we consider a tumor growth model with the effect of tumor—immune
interactions and chemotherapeutic as well as immunotherapeutic drugs. In our model there are
four compartments, namely tumor cells, immune cells, chemotherapeutic drug concentration
and immunotherapeutic drug concentration. The dynamical behaviour of our system by ana-
lyzing the existence and stability of our system at various equilibria is discussed elaborately.
We set up an optimal control problem relative to the model so as to minimize the number of
tumor cells and the chemotherapeutic and immunotherapeutic drugs administration. Here we
use a quadratic control to quantify this goal and consider the administration of chemotherapy
and immunotherapeutic drugs as controls to reduce the spread of the tumor growth. The
important mathematical findings for the dynamical behaviour of the tumor-immune model
are also numerically verified using MATLAB. Finally epidemiological implications of our
analytical findings are addressed critically.

Keywords Tumor growth model - Chemotherapeutic drug - Immunotherapeutic drug -
Stability - Optimal control

Introduction

Cancer is a class of diseases characterized by out-of-control cell growth. Our body is made
up of many types of cells. Normally these cells grow and divide in a controlled way to
produce more cells as they are needed to keep the body healthy. When cells become old
or damaged, they die and are replaced with new cells. However, sometimes this ordinary
process goes wrong. The genetic material (DNA) of a cell can become damaged or changed,
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producing mutations that affect normal cell growth and division. When this happens, cells
do not die when they should and the damaged cells divide uncontrollably to form lumps or
masses of tissue called tumors. Tumors can grow and interfere with the digestive, nervous
and circulatory systems and they can release hormones that alter body functions. Not all
tumors are cancerous. Tumors can be benign or malignant. Benign tumors are not cancerous.
They can often be removed and in most cases they do not come back. Cells in benign tumors
do not spread to other parts of the body. Malignant tumors are cancerous. Cells in these
tumors can invade nearly tissues and successfully spread to other parts of the body and grow,
invading and destroying other healthy tissues. The spread of cancer from one part of the body
to another is called metastasis. Some cancers do not form tumors. For example, Leukemia
is a cancer of the bone marrow and blood. There are over 100 different types of cancer and
each is classified by the type of cell that is initially affected.

Our immune system plays a major role in limiting the development of these cancerous
cells. CD4 helper T cells, which normally assist other cells of the immune system during an
infection and CD8 killer T cells, which directly attack and eliminate infected cells are two of
the body’s most important immune cells for defending against cancerous cells. In the case of
cancer, the immune system alone often fails to effectively fight the tumor for the following
reasons: (i) The normal immune system is ‘blind’ to tumor cells because the tumor cells are
derived from the body’s own cells. The immune system ‘thinks’ of the tumor as ‘self” and can
not recognize them as ‘foreign’, which creates a phenomenon known as ‘tumor tolerance’.
(ii) The immune system may recognize certain cancer cells, but the response may not be
strong enough by itself to destroy the cancer. (iii) The tumor has the ability to defend itself.
The immune system thus may need a boost to potentially be able to become more effective
in fighting the cancer.

Cancer can be treated by chemotherapy, immunotherapy, radiation therapy, surgery, mon-
oclonal antibody therapy etc. The choice of therapy depends upon the location and grade of
the tumor and the stage of the disease, as well as the medical state and age of the patients.
Complete removal of the cancer without damaging the rest of the body is the goal of treat-
ment. But unfortunately most of the cancer treatments have a negative effect on normal body
cells.

Chemotherapy is the treatment of cancer with one or more cytotoxic antineoplastic drug
(“chemotherapeutic agents”) as part of a standardized regimen. Most forms of chemotherapy
drugs act by killing cells that divide rapidly, one of the main properties of most cancer cells.
This means that chemotherapy also harms cells that divide rapidly under normal circum-
stances: cells in the bone marrow, digestive tract and hair follicles. This results in the most
common side-effects of chemotherapy: myelosuppression (decreased production of blood
cells), hence also immunosuppression, mucositis (inflammation of the lining of the digestive
tract), alopecia (hair loss) etc. These are the harmful side-effects of chemotherapy.

Immunotherapy is one of the most recent approaches to cancer therapy. It is based on
the generally-accepted hypothesis: ‘the immune system is the best tool that humans have for
fighting disease’. Immunotherapy works on white blood cells, the body’s first line of defense
against disease. White blood cells can be stimulated in various ways to boost the body’s
immune response to cancer with little or no effect on healthy tissues. Immunotherapy can
also be used to lessen the side effects of other cancer treatments. Immunotherapies have the
potential to be used to fight cancer by either applying an external stimulates to the immune
system to make it act more forcefully or by providing the immune system with man-made or
naturally-derived tumor specific proteins made outside of the body so that the immune system
can recognize the tumor as a foreign entity and destroy it. Immunotherapy is sometimes used
by itself to treat cancer, but it is most often used in combination with traditional treatments
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like chemotherapy, radiation therapy, surgery etc. in order to enhance their effects. One of
the possible benefits of immunotherapy is that it has the potential not to be as toxic as
chemotherapy, radiation therapy and surgery.

Theoretical study of cancer through mathematical modelling is a very useful approach to
shape our understanding of tumor—immune dynamics. The model developed by Kuznetsov
[26], in which the nonlinear dynamics of immunogenic tumors are examined, exhibits oscil-
latory growth patterns in tumors. Kuznetsov and Knott [25] have developed a deterministic
model that describes the interplay of the cancer cells and the cytotoxic killer cells. Though
they have considered only one immune cell population, they have discussed effectively
the mechanisms of tumor growth, suppression and regrowth. Kuznetsov and Taylor [27]
presented a mathematical model of the cytotoxic T lymphocyte response to the growth
of an immunogenic tumor. The mathematical model developed by Kirschner and Panetta
[23] focuses on the tumor—immune interaction. It indicates that the dynamics among tumor
cells, immune cells and the cytokine interleukin-2 can explain both short-term oscillations in
tumor size as well as long-term tumor relapse. Kolev [24] presented a mathematical model
showing competition between tumor cells and immune cells considering the role of anti-
bodies. de Pillis et. al. [9] presented a mathematical model on tumor growth using mixed
immunotherapy and chemotherapy. de Pillis and Radunskaya [10] presented a mathematical
model, showing competition between normal cells and tumor cells considering the role of
chemotherapeutic drugs. There are some other research works on tumor—immune dynamics
[1,3,4,7,12,13,15,31,33,36,38,40]. Also there are some research works on the tumor growth
models with optimal control strategies [8,10,11,16-19,30,35]. These are very helpful to pre-
dict the most effective therapy and strategy to control the spread of diseases minimizing the
total drug administered.

In this paper, we consider a tumor growth model exhibiting the effect of tumor—immune
interaction with chemotherapeutic as well as immunotherapeutic drugs. The model construc-
tion and assumptions are described in “Mathematical model” section. In “Behaviour of the
solutions of system” section, we discuss the behaviour of the solutions of our model. The
dynamical behaviour of our system by analyzing the existence and stability at various equi-
libria is discussed in “Equilibria: their existence and stabilities” section. In the next section,
we set up an optimal control problem relative to the model so as to minimize the number of
tumor cells and the chemotherapeutic and immunotherapeutic drugs administration. Here we
use a quadratic control to quantify this goal and consider the administration of chemother-
apeutic and immunotherapeutic drugs as controls to reduce the spread of the disease. The
important mathematical findings for the dynamical behaviour of the tumor-immune model
are also numerically verified using MATLAB in “Numerical simulations” section. Finally,
“Discussions and conclusions” section contains general discussions and conclusions of the
paper and epidemiological implications of our mathematical findings.

Mathematical Model

In this section we construct a mathematical model of tumor growth with an immune response,
chemotherapy and immunotherapy.
The model can be presented by the following set of ordinary differential equations:

dr
E:rT(l—pT)—hoI—qlDlT,

dI pT?I BD>1

— = —aoT1 —pl —qaDy 1,
@ S+h+T2 2+ D> [0%] 2 q201
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4Dy =u(t) —y1 Dy, (D
dt
dD»
o =v(t) — 2Dy,
with initial conditions
T0) =0, I(0)>0, Di(0)=0, D0 =0, 2

where T (), I(t) are the tumor cell biomass and immune cell biomass respectively and
D (t), D>(t) are amount (or concentration) of chemotherapeutic drug in the bloodstream
and amount (or concentration) of immunotherapeutic drug in the bloodstream respectively
at time t. All the model parameters r, p, a1, a2, s, p, h, B, L, &, Y1, V2, q1, g2 are all non-
negative constants.

The model parameters are described below:

r intrinsic growth rate of tumor cells in the absence of immune cells and chemother-
apeutic drug.

p > 0 reciprocal carrying capacity for tumor cells in the absence of immune cells and
chemotherapeutic drug.

s >0 constant influx rate of immune cells.

oq,ap rate of loss of tumor cells due to encounter with immune cells and rate of loss of
immune cells due to encounter with the tumor cells respectively.

0 maximum immune cell recruitment rate by ligand-transduced tumor cells [9].

h >0 steepness coefficient of the immune cell recruitment curve by tumor cells.

B maximum immune cell recruitment rate by immunotherapeutic drug.

g > 0 steepness coefficient of the immune cell recruitment curve by immunotherapeutic
drug [9].

u > 0 per capita decay rate of immune cells in the absence of tumor cells, influx and two
types of drugs.

y1 > 0 decay rate of the chemotherapeutic drug.

y2 > 0 decay rate of the immunotherapeutic drug.

u(t) the dose of chemotherapeutic drug given.

v(t) the dose of immunotherapeutic drug given.

q1,q> response coefficients to the chemotherapeutic drug for tumor cells and immune
cells respectively.

This model involves certain assumptions which consist of the followings:

(i) The tumor cell population is assumed to grow logistically in the absence of immune
cells and chemotherapeutic drug.
(ii) The tumor cells are being destroyed at a rate proportional to the product of tumor cell
biomass and immune cell biomass.
(iii) There is a loss in the immune cells due to encounters of tumor cells which is assumed
to be proportional to the product of the tumor cell biomass and immune cell biomass.
(iv) The presence of tumor cells stimulates the immune response, which is represented by

2
the positive nonlinear growth term for the immune cells: ;L’Ile [9].

(v) The presence of immunotherapeutic drug stimulates the immune response, which is
represented by the positive nonlinear growth term for the immune cells: 5 flz)’z [9].
(vi) Chemotherapeutic drug destroys tumor cells as well as immune cells, i.e., chemother-

apeutic drug has a negative effect on both tumor cells and immune cells.
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Behaviour of the Solutions of System (1)

In order to understand the behaviour of the solutions of system (1), we have considered the
dose of chemotherapeutic drug given u(¢) as a constant with value u(¢) = u and the dose of
immunotherapeutic drug given v(¢) as a constant with value v(¢) = v.

Theorem 1 Every solution of system (1) with initial conditions (2) exists in the interval
[0, c0) and
T()>=0, I(t)>0, Di(t) >0, Dy() >0, forall t+>0.

Proof Since the right hand side of system (1) is completely continuous and locally Lip-
schitzian on C, the solution (7'(¢), I (t), D1(t), D»(t)) of (1) with initial conditions (2) exists
and is unique on [0, £], where 0 < & < 400 [21]. It follows from the first equation of system
(1) that

dT

5 =T =pT) =TI —q1DiT.

t
ST () exp |:—/0 {r(1 — pT(w)) — a1l (w) — q1 D1 (a))}da)] —T©0)=0.
t
= T() =T(0)exp [/ {r(1 — pT(w)) — o1l (@) —Q1Dl(w)}dw] > 0.
0

From the second equation of system (1), we get

_ [ pT(w) BDz(w)
I(t) = 1(0)exp [/o [h T2 + 2+ Do) -l (w) —p —61201(60)] dw}

’ Y pT2w) | BDa)
+S/0 P [/9 lh T2 g4 Doty 2T TR ‘“D‘("))] dw} 0

=1()>0
From the third equation of system (1), we get
dD;
e u—y1Di.

'
- D) — D1(0) = u/ edr.
0

= Di(1) = — + [Dl(m - 1} e > 0.
Y1 Y1

Similarly, from the forth equation of system (1), we get

dD> D
— =0V — .
dr V212

t
- Dy(t)e” — Dy (0) = v/ eidr.
0
v v ot
= Dy(t) = — + | D2(0) — — |72 > 0.
v V2

Therefore, we can see that
T(@)>0, I(t)>0, Di()>0, Dy >0, forall t>0.

This completes the proof. O
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Theorem 2(a) T (1), Di(t), D2(t) of system (1) subject to initial conditions (2) are bounded.

Proof From the first equation of system (1) it follows that

ar _ T(1 T)
— =r — .
dr — p

From the standard Kamke comparison theory [33], we get

1
lim sup7(t) < —.
[—00 p

From the third equation of system (1), we get
D)=L + [01(0) - i] e,
4! 4!
Therefore,
. u
lim sup D1(t) < —.
t—>00 J/l
Similarly, from the forth equation of system (1), we get
Dy(t) = 2 + |:D2(O) — 1] e
V2 2
Therefore,
. v
lim sup Dy (t) < —.
—00 y2
Hence the theorem. O

Theorem 2(b) [ (t) may be bounded under some conditions among the parameters and the
bounds of T (t), D1(t), Dy(t) fort > 0.

Proof From the second equation of system (1) it follows that

B [ pT*(w) B D ()
(1) = 1(0) exp [/0 [h+T2(w) 2t Do) —OlzT(w)—M—cth(w)]dw}

! [ pT*(w) BD2 ()
+s/0 exp |:/0 [h T T @) + 2+ Dr () —aT(w)—u— q2D1(a))] dw] de.

Let us assume that, supT(t) = Ty,inf T (1) = T;,sup D1(t) = Dy, inf D1(t) = Dy,
sup Dy(t) = Dy, ,inf Dy(t) = Dy, as T (t), D1(t) and D>(t) are bounded.
Now,

pT* () BD2(w)
12w 3t Daw) T (w) = —q2D1(w)
pT¢  BD

< + S T, —u—qgaD;, < —A (say), A > 0.
Supr Terp, @fiH-@Dys (say)
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t t t
1) < 1(0)exp [ /0 (—A)dw}ﬂ /0 [exp[ /0 (—A)dw]d@]

1
= 1(0)e +s/ e H=dg
0

Therefore,

eAH

t
— [ 0 —At —At -
0)e + se 4,

1
= I(O)e_At +se A — (eAt — 1)
A
= [(0)e " + % (1 - e—A’) .
So,
. K
Il_l)ﬂgosupl(t) < 1 as A > 0.

Therefore, we can conclude that /(#) may be bounded under some conditions among the
parameters and the bounds of 7'(¢), D1 (t), D2(t) fort > 0.
Hence the theorem. o

Equilibria: Their Existence and Stabilities

In this section we will study the existence and stability behaviour of the system (1) at various
equilibrium points. In order to understand the dynamics of system (1), we have considered
the dose of chemotherapeutic drug given u(¢) as a constant with value u(#) = u and the dose
of immunotherapeutic drug given v(¢) as a constant with value v(¢#) = v. The equilibria of
the system (1) are:

(i) Tumor free equilibrium: E (0, I, Dy, 152), where
sy1(gy2 +v)

I = ,
uvgy + gqauyr + pgy1v2 +vyi(un — B)
- u
Dy = —,
Y1
- v
D2 = )
V2

and
(ii) Coexisting Equilibrium: E*(T*, I*, D}, D).

Tumor Free Equilibrium

E(0, I, D1, Dy) exists only when I>0,ie., (u_qu +8qauyr + ugyiv2 + vy L) > vy B.
Now, the variational matrix of system (1) at E(0, I, D1, Dy) is given by

r —all_—qlD_l 0 0 0
_ AT s T Bel
v (E) = ol i el Giny
0 0 -1 0
0 0 0 2
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Therefore, eigenvalues of the characteristic equation of V(E) are

- - N
m=r—al—qiDy da=-2 3=y =7

Itis clear that Ay, A3, A4 are negative. Now, EisstableifA; < 0, ie.,r —all_—qlD_l <0

which implies that I > = — 4% S0, we come to the following theorem:

o] o1Y1

Theorem 3 The tumor free equilibrium E(0, 1, Dy, D)) of system (1) exists and is locally

ro__ qiu

asymptotically stable if (i) (uvga+gqauyr+ugy1y2+vyi i) > vy g and (i) I > FTRRCTITR

Coexisting Equilibrium
Existence of Coexisting Equilibrium E*(T*, I*, D}, D)

At coexisting equilibrium E*(T*, I'*, Di“, D3), the tumor is present and the followings hold:

T>0, I>0, D >0, D;>0,
d7 dl _dDy dD;
dr dr - dr o dr
Solving the equations of system (1) at the equilibrium state we get

1
T = — (r—qll—all*),
pr Y1

u
pr=",
Y1

v

DY = —.
S

Now, putting the values of T*, DY, D5 into the second equation of (1) and simplifying we
obtain

arl(I* + ax(I*)® + a3(I*)? + aal* + as = 0, 3)
where
a; = ajaryi(gys + v),

qu
ay = afﬂmprv - af(gyz +v) [Vmpr + pqaru + 3y (r - W)} ,

2
qiu
az = (gy2 +v) [O‘%VIPVS +atyippr + a1y [pzrzh + (r — 7) ]

qiu\? qiu
+ 20102y r—? + 2a1pr(gy2 +v) r—W {(w — p)y1 + qau}

— 21 By prv (r — M) ,

2!

2
ay = Vhp*r* + (r - —qlu)
4!

1u
X [ﬂylprv - ’VWPV + pq2ru + o2y (r - %)] (gv2 + v)]
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u u
+y1pr(gy2 +v) (r — L) [p (r - q—) — Zals] ,
71 V1

2
u
as = y1prs(gy2 +v) [hpzr2 + (r — qy—l) ] .

Obviously a; and as are always positive. Now using Descartes’ rule of signs in Eq. (3) we
obtain:

(i) ifar > 0,a3 > 0,a4 > 0, then there is no change of sign, so there exists no positive
roots of Eq. (3),
(i) ifay < 0,a3 > 0, aq > 0, there exists two or no positive roots of Eq. (3),
(iii) ifay > 0,a3 < 0, as > 0, there exists two or no positive roots of Eq. (3),
(iv) ifar > 0,a3 > 0, ag < 0, there exists two or no positive roots of Eq. (3),
(v) ifa; <0,a3 <0,as4 > 0, there exists two or no positive roots of Eq. (3),
(vi) ifaz < 0,a3 < 0, as < 0, there exists two or no positive roots of Eq. (3),
(vii) ifap < 0,a3 > 0, as < 0, there exists four or two or no positive roots of Eq. (3).

Therefore, I* may have a non-trivial positive value if any one of the above six conditions
[(ii)—(vii)] is satisfied.
Here,
1 u r u
T >0 if — (r—ql— —all*) =0, e, I"<_ 4%
pr Y1 o] a1y1

Summarizing the previous discussions we come to the following theorem:

Theorem 4 The coexisting equilibrium E*(T*, I'*, D, D}) of system (1) may exist if I* <

aL] — 0‘[11‘;'1 and any one of the above six conditions [(i1)—(vii)] is satisfied, i.e., at lest one of

az, az, a4 is negative.

Stability Analysis of Coexisting Equilibrium E*(T*, I*, D}, D)

The variational matrix of system (1) at E*(T*, I'*, DY, D3) is given by

_prT* —CY]T* —qlT* 0
DT e per
v (E%) = | wraeee Tt el i
0 0 - 0
0 0 0 Y2

Therefore, eigenvalues of the characteristic equation of V(E*) are —y;, —y» and the
solution of the following equation:

P() =%+ Ak + A2 =0, @
where
Al = —a1 —axn,
Ay = anaxn —anaz,
and
*
ann = —prT*, apn=-aT", ay = % -l an= _Ii*'
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Here, it is clear that A} > 0. Now, P (A) = 0 has roots with negative real parts if Ay > 0,
ie.,
2phT*I*
et T al* > 0.
(h +(T*)%)?
Theorem S The coexisting equilibrium E*(T*, I*, DY, D3) of system (1) is locally asymp-
totically stable if

20hT*TI*

e 0

Tumor Growth Model with Control

In the context of mathematical modelling in cancer growth with chemotherapy and
immunotherapy, it is essential to frame an optimal control problem so that the total amount
of drugs used is minimized. This is done because of the implicit understanding that
both chemotherapy and immunotherapy have damaging side-effects. We have considered
the tumor growth model (1). Now let us assume that the dose of chemotherapeutic and
immunotherapeutic drugs are given as functions of time denoted by u(¢) and u>(¢) respec-
tively. We will use u1(¢) and u» (¢) as controls to decrease the tumor burden minimizing total
drugs administered. Here we consider quadratic control to quantify this goal. Therefore our
tumor growth model with controls (chemotherapeutic and immunotherapeutic drug controls)
become:

dr
a =rT(1—pT)—a1TI —q1 DT,
dI pT?I BD,I
— = —apTI — pul — gDy,
ar S+h+T2 ¢+ D, o2 ni —qal
dD,
—_— — D N 5
& up —y1Dy Q)
dD» D
= ,
a7 2=
Satisfying
T0) =Ty, 1(0)=1o, Di(0)=Di,, D2(0) = Dy,. (6)

The objective functional [5,22,28,36,37,39,41] is defined as

t/'
Jur(t). up(1)) = / [T + Bud + Byl dr, ™)
0

where B and B; are positive constants to keep a balance in the size of the terms. The square
of the control variables reflect the severity of the side effects of the drugs imposed. Here the
functional given in (7) should be minimized to decrease the tumor growth minimizing total
drugs administered. So, we seek an optimal control pair («}, u}) such that

J(uy, uz) = min{J (uy, u2):(uy, uz) € U}, (8
where U = {(u1, uz):u; ismeasurable,0 < u; < 1,¢ € [0, t7], fori = 1, 2}is the admissible

control set.
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Existence of an Optimal Control Pair

Theorem 6 There exists an optimal control pair (u7, u3) such that
J(uy, u3) = min{J (uy, u2):(ur, uz) € U}
subject to the control system (5) with initial conditions (6).

Proof The existence of an optimal control pair can be proved by using the results from
Fleming and Rishel [20]. It is clear that the system of Egs. (5) is bounded from above by a
linear system. The boundedness of solutions of system (5) for a finite time interval is used
to prove the existence of an optimal control. To use the theorem in [20], we first check the
following properties:

The set of controls and corresponding state variables is non-empty.

The control set U is convex and closed.

The right hand side of the state system is bounded by a linear system in the state control.
The integrand of the objective functional is convex on U.

There exist constants ¢y, c> > 0 and g > 1 such that the integrand of the objective
functional satisfies

Nk L =

q
T+ Biui+ Boui > ¢y (Juy I + | uz [*)? — ca.

In order to verify the first condition, we use a result by Lukes([29], Theorem 9.2.1) for system
(5) with bounded coefficients. The control set U is convex and closed by definition, which
gives condition 2. It is obvious that the right hand side of state system (5) satisfies condition
3. The integrand in the objective functional, T + B u% + Bzu%, is clearly convex on (uy, us),
which gives condition 4. Finally there are ¢1, c2 > 0 and g > 1 satisfying

q
T+ Biui+ Bouz > ¢y (Juy >+ | uz 7)) —ca,

because the state variables are bounded in a finite time interval. Using these conditions we
can conclude that there exists an optimal control pair (u}, u3) such that

J @i, u3) = min{J (uy, uz) : (w1, uz) € U}.

Characterization of the Optimal Control Pair

In order to derive the necessary conditions for optimal control, Pontryagin’s Maximum Prin-
ciple [34] is invoked.
The Hamiltonian is defined as follows:
H = (T + Biu} + Bou3) + M[rT(1 = pT) —ayT1 — g D1 T]

pT?I BD>1
PRI —opTI — pul —go D11 )

+A3[ur — y1 D1l + Aaluz — y2 Do ],

+ A2 |:S+

where A;(t),i = 1, 2, 3, 4, are the adjoint functions to be determined suitably.
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The form of the adjoint equations and transversality conditions are standard results from
Pontryagin’s Maximum Principle [34]. The adjoint system can be obtained as follows:

% = —(%) =MQrpT 4+ o1l +q1D1 —1)+ A2 [Olz] — M] —
dr oT (h +T2)2 ’
2
% = —(%) =haiT — A lh'(sz + gli—Dlz)z —ol —pu —612D1] ,
o = —(ﬁ) =rqiT + 22q21 + A3y, (10)
dr 0D )
dha 9H rpgl
dr _(TDz) T gD

The transversality conditions (or boundary conditions) are:
Ai(tf) =0 fori =1,2,3,4. (11)

By the optimality condition, we have

aH * *
— =2Bju;+Xx3=0 at uy =uj(t)
up
A3
=ut(t) = ———, 12
’41( ) 2B, (12)
and
oH N N
— =2Bouy + 24 =0 at up = u,(t)
duyp
Agq
=S ul(t) = ——. 13
uy (1) 28, 13)
By using the bounds for the control u;(¢), we get
A : A
wi=10 if —53- <0, (14)
1 if —F3- > 1
In compact notation:
A
uT:min[max [O,—ﬁ],l]. (15)
By using the bounds for the control u (), we get
A . A
uy=10 if —5% <0, (16)
1 it —F =1
In compact notation:
A4
3 = mi 0,———¢.,1}. 17
u> = min [max[ 232] ] (17)
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Using (15) and (17) we obtain the following optimal system:

dT

E:rT(l—pT)—alTI—qlD]T,

dI pT?I BD>1

- = —oayTI — pul — gDy 1,

ar s+h+T2 2+ Da o2 ri—q2l

dD] . )V%

—— =min {max 0, —— ¢, 1t —y1 Dy,

ot = min |max [0, 2} 1} <y

dbs i 0.~ 24| D

—— =min {max {0, —— ¢, - ,

dr 2B> v2ta

G @rpT + il +aqiDy — )+ et — 22MTE 1 (18)
—_— = r o —-r o ———=1 — 1,
T 1(2rp 1+ q101 2192 h+ 1272
do pT? BD2

—= =T — A —aT —pu—qDr g,
a 1] 2[h+T2 2+ D> o M= g2
dArs

pra M T + kgl + A3y,

dig _ o Bgl

5 =M Gt D)

subject to the following conditions:
T0)=To, 1(0)=1Iy, Di(0)=Di,, D2(0) = Dy,
and
Ai(tp) =0 fori =1,2,3,4.
The previous analysis can be summarized in the following theorem:

Theorem 7 There exists an optimal control pair (u},u%) and corresponding solutions
T*, I*, 151*, 152* that minimize J(u1(t), uz(t)) over U. The explicit optimal controls are
connected to the existence of continuous adjoint functions A; (t),i = 1,2, 3,4, by the solu-
tions of the following adjoint system:

e @rpT +arl + gDy — )+ dant — 2211

— = r o —r al — —=1 — 1,
m 1@2rp 11 +q1D 2Nl = G
dio ,OT2 BD>

2 T =l — T —pu—gaDy },
3 1o 2[h+T2 <1 Dy arT — p—q2Dq

dAis

il rMqiT + ragal + A3y,

d)»4_)L M Bgl

ar (g + D)’

subject to the transversality conditions:
Ai(tp) =0 fori =1,2,3,4.

Furthermore, the following properties hold:

@ Springer



162 Differ Equ Dyn Syst (April 2016) 24(2):149-171

8 7
.|a b
6
—~ 6 =
= s 25
3 3
S 4 o 4
= [
o
€ 3 g,
> =
F o, E
; 2
0 1
0 200 400 600 800 1000 0 20 40 60 80 100
Time(t) Time(t)
2 3
18 C d
S _ e S 2
T I T "o
S 14 o2
S5 12 E
g8 1 g8 15
o T o€
58 08 3 § 1
C
g 8 0.6 g §
5 0.4 E 0.5
0.2 =
0 0
0 20 40 60 80 100 0 10 20 30 40 50
Time(t) Time(t)

Fig. 1 Time series plot of the a tumor cell (T), b immune cell (I), ¢ amount (or concentration) of chemothera-
peutic drug (D7), d amount (or concentration) of immunotherapeutic drug (D) with various initial conditions,
parameter values given in Table 1

A
u} = min {max ‘O, ——3] , l] ,
2B,

A
u’ = min [max [0,—2—4] , 1].

Numerical Simulations

Analytical studies can never be completed without numerical verification of the derived
results. In this section we present computer simulations of some important analytic results
of our system which has been discussed in previous sections. Beside the verification of our
analytical findings, these numerical simulations are very important from a practical point of
view.

We first consider the case of a tumor free equilibrium using the parameter values given
in Table 1 [2,6,9,14,26,32]. Using these parameter values, for different initial conditions
the dynamics of the model is presented in Fig. la—d. These figures show that the immune
cell population, the amount (or concentration) of chemotherapeutic drug and the amount (or
concentration) of immunotherapeutic drug exist (I_ = 1.61765, D; = 0.11111, D, = 0.5)
and the tumor cell population declines to zero (T = 0), i.e., the system approaches the tumor
free equilibrium £(0, 1.61765,0.11111, 0.5). Here, > - — % which shows that £ is
locally asymptotically stable (according to Theorem 3) using the parameter values given in
Table 1 and our numerical verification (Fig. 1a—d) supports these results.
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Table 1 Parameter values for

Fig. 1 Parameter Value
r 0.00431/day
p 1.02 x 10~ %/cell
o 6.41 x 10~ /cell/day
o 3.42 x 10~ %/cell/day
q1 0.08/day
@ 2 x 10~ /day
s 0.33 cell/day
P 0.0125/day
h 20, 200, 000 cell?
w 0.204/day
B 0.125/day
g 20,000,000 cell
Y1 0.1/day
2 1/day

Next, we consider the case of a coexisting equilibrium using the parameter values
given in Table 2 [2,6,9,14,26,32]. Using these parameter values, for different initial con-
ditions the dynamics of our system is presented in Fig. 2a—d. These figures show that
the tumor cell population, the immune cell population, the amount (or concentration) of
chemotherapeutic drug and the amount (or concentration) of immunotherapeutic drug all
exist [(T*, I*, D7, Di") = (9.7837 x 108, 0.0000991821, 0.1111111, 0.5)], i.e., the system
tends to a coexisting equilibrium E*. This indicates that irrespective of the initial conditions
tumor cells, immune cells and both kinds of drug concentrations all approach a coexisting
equilibrium E* with increasing time which shows that E* is locally asymptotically stable.
Here, I* < aLl — 51151 , which shows that the tumor free equilibrium (0, 1.61765, 0.1, 0.5)
becomes unstable and only the coexisting equilibrium E* exists using the parameter values
given in Table 2 (according to Theorems 3, 4). Our numerical verification (Fig. 2a—d) sup-
ports these results. In other words, through this result and the observations from simulations
we see that any tumor size T > 0 will grow to this maximal tumor size. At the point E*,
the tumor is so large that it has reached its carrying capacity and it can not grow further. If
the tumor is not reduced, then the immune cell population can not sustain itself. Therefore,
biologically this situation means that the immune system begins to fail.

The optimal system is solved numerically and the results are presented graphically. This
optimal system is a two-point boundary value problem with separated boundary conditions
at times t = 0 and ¢t = ty. Here, we have solved this two-point boundary value optimal
problem for ¢y = 100. The value is chosen to represent the time in days at which treatment
is stopped. An efficient method to solve two-point BVPs numerically is collocation. A con-
venient collocation code is the solver BVP4c implemented under MATLAB, which can be
used to solve non-linear two-point BVPs. To solve our BVP we have used the collocation
method with collocation code solver BVP4c. It is a powerful method to solve the two-point
BVP resulting from the optimality conditions.

The different variables (cell populations and control functions) in the objective functional
given in (7) have different scales. Hence they are balanced by choosing weight constants
B;1 = 5, B, = 30 in the objective functional given in (7). The numerical results for the
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Table 2 Parameter values for

Fig. 2 Parameter Value
r 0.431/day
p 1.02 x 10~ %/cell
o 6.41 x 10~ /cell/day
o 3.42 x 10~ %/cell/day
q1 0.08/day
@ 2 x 10~ /day
s 0.33 cell/day
P 0.0125/day
h 20, 200, 000 cell?
w 0.204/day
B 0.125/day
g 20,000,000 cell
Y1 0.9/day
2 1/day
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Fig.2 Time series plot of the a tumor cell (T), b immune cell (I), ¢ amount (or concentration) of chemothera-
peutic drug (D7), d amount (or concentration) of immunotherapeutic drug (D) with various initial conditions,
parameter values given in Table 2

optimal problem are obtained by using the parameter values given in Table 3 [2,6,9,14,
26,32]. At first we search for the optimal control pair (u(¢), u>(t)), chemotherapeutic and
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T.able 3 Parameter values for Parameter Value
Figs. 3-7
r 0.00431/day
p 1.02 x 10~ %/cell
o 6.41 x 10~ /cell/day
o 3.42 x 10~ %/cell/day
q1 0.08/day
@ 2 x 10~ /day
s 0.33 cell/day
P 0.0125/day
h 20, 200, 000 cell?
m 0.204/day
B 0.125/day
8 20,000,000 cell
Y1 0.9/day
2 1/day
1 1.8
08 1.6
0.6
- — 14
0.4
0.2 1.2
0 1
0 50 100 100
t
15 1
0.8
1
- ~ 06
(@] o
0.5 0.4
0.2
0 0
0 50 100 100
t

Fig. 3 Time series plot of the tumor cell (T), immune cell (I), amount (or concentration) of chemotherapeutic
drug (D7) and amount (or concentration) of immunotherapeutic drug (D) with chemotherapeutic drug control
(u1) and immunotherapeutic drug control (u2), parameter values given in Table 3 with By =5, By = 30

immunotherapeutic drug controls respectively. These optimal control functions u(¢) and
u(t) are designed in such a way that they minimize the objective functional given by (7), i.e.,
minimize the number of tumor cells and the chemotherapeutic and immunotherapeutic drug
administration. In Fig. 3 we present the time series diagrams of tumor cell (T), immune cell
(I), amount (or concentration) of chemotherapeutic drug (D7) and amount (or concentration)
of immunotherapeutic drug (D») with both controls (#1 # 0, uy # 0). In this figure, we
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Fig. 4 Time series plot of the tumor cell (T) and immune cell (I) without any control, parameter values given
in Table 3 By =5, B =30

notice that the tumor cell population is quickly driven to a much lower level and remains
there. The immune cell population increases over time. The amount (or concentration) of
chemotherapeutic drug is initially high for a short period of time, after which it falls rapidly
and the amount (or concentration) of immunotherapeutic drug falls rapidly over time. In
Fig. 4, we present the time series plot of tumor cell (T) and immune cell (I) with no control
(u1 = uy = 0). In this figure we can notice that the tumor cell population is continuously
increasing over time, while the immune cell population increases and after that it remains
in a stationary state. Therefore, it is depicted in Figs. 3 and 4, the tumor cell population (7')
level obtained using chemotherapeutic and immunotherapeutic drug controls is lower than
its counter part which results from practicing without control. Comparing Figs. 3 and 4, we
can realize the utility of using controls in our system.

Next, in Fig. 5 we present the time series plot of the tumor cell population (7") with
no control (#; = uy = 0), with immunotherapeutic drug control only (u; = 0,uy #
0), with chemotherapeutic drug control only (#; # 0,u> = 0) and with both controls
(1 # 0,uz # 0). In the case of no control and with immunotherapeutic drug control
only, we notice that the tumor cell population is continuously increasing over time while
the tumor cell population initially decreases slowly for a short time period, after which it
falls rapidly using chemotherapeutic drug control only. But using both chemotherapeutic and
immunotherapeutic drug controls the tumor cell population is quickly driven to a much lower
level and is forced to remain there for the duration of the run. This study and observations
show that with only immunotherapeutic drug control there is no remarkable change in the
nature of tumor growth while with only chemotherapeutic drug control there is a remarkable
change in the nature of tumor growth and gives us a much better result. But using both
controls together we can get the best result as it lowers the growth level of the tumor cell
population very quickly. From these observations we can conclude that intervention practices
involving both chemotherapeutic and immunotherapeutic drug controls yield an effectively
better result.
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Fig. 5 Time series plot of the tumor cell (T) with no control (u; = up = 0), with immunotherapeutic drug
control only (u] = 0, up # 0), with chemotherapeutic drug control only (2 = 0,u1 # 0) and with both
controls (#1 # 0, up # 0), parameter values given in Table 3 B] = 5, B, = 30
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Fig. 6 The optimal control graph for a chemotherapeutic drug control (#1) and b immunotherapeutic drug
control (#2) using the parameter values given in Table 3 with By = 5, By = 30

The optimal control graphs for chemotherapeutic drug control (#1) and immunotherapeutic
drug control (u7) are presented in Fig. 6a, b. One could conclude from these diagrams that
full effort must be given in both chemotherapeutic and immunotherapeutic drug controls at
the beginning of the disease to control the spread of tumor cells. This means that both the
controls are very important at the beginning of the disease than when the disease prevails.
The optimal control graph for the objective functional (J) is presented in Fig. 7. From this

@ Springer



168 Differ Equ Dyn Syst (April 2016) 24(2):149-171

1.4 T T T T

Time(t)

Fig. 7 The optimal control graph for the objective functional (J) using the parameter values given in Table 3
with By =5, Bp =30

figure, we can observe that the chemotherapeutic drug control (#1) and immunotherapeutic
drug control (#,) minimize the objective functional (J) given in (7). Overall the numerical
analysis demonstrates that two controls u (¢) and u» (¢) decrease the tumor burden minimizing
total drug administered. Numerical simulations also support the theoretical characterization
of the optimal control.

Discussions and Conclusions

In this paper, we consider a malignant tumor growth model exhibiting the effect of tumor—
immune interaction with chemotherapeutic as well as immunotherapeutic drugs. Here we
explore the effects and interactions of tumor cells and immune cells through a system of
non-linear differential equations. We also consider the effects of chemotherapeutic and
immunotherapeutic drugs on our system. We have discussed dynamical behaviour of our
system by analyzing the existence and stability of our system at various equilibrium points.

The most important part of this paper is to set up an optimal control problem related to
the model so as to minimize the number of tumor cells. We consider the administration of
chemotherapeutic and immunotherapeutic drugs as two controls to reduce the spread of the
tumor growth. Here we use a quadratic control to quantify this goal. The control functions
u1(t) and uy(t) are designed in such a way that they can minimize the objective functional
as given in (7).

The important mathematical findings for the dynamical behaviour of the tumor-immune
model are also numerically verified using MATLAB. The nature of the equilibria for differ-
ent sets of parameter values and different initial conditions are graphically presented. The
graphical representation of the model with control/controls as well as without control are
presented for tumor cells and immune cells so that we can compare them and can understand
the necessity of using the controls. It is observed that the optimal control is much more effec-
tive for reducing the number of tumor cells to near zero. This study and observations show
that with only immunotherapeutic drug control there is no remarkable change in the nature of
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tumor growth while with only chemotherapeutic drug control there is a remarkable change
in the nature of tumor growth and gives us a much better result. But using both controls
together we can get the best result as it lowers the growth level of tumor cell population very
quickly. From these observations we can conclude that intervention practices involving both
chemotherapeutic and immunotherapeutic drug controls yield an effectively better result.
Overall the numerical analysis demonstrates that a burst of treatment at the beginning is the
best way to fight against the tumor cells. Numerical simulations are in good agreement with
the theoretical characterization of the optimal control.

The mathematical models on tumor growth make us the understanding of the nature of
tumor—immune dynamics. Our model formulation is based on the effects and interactions of
tumor cells and immune cells and also the effects of chemotherapeutic and immunothera-
peutic drugs on the system. We also consider a model with controls where the administration
of chemotherapeutic and immunotherapeutic drugs are treated as controls. Our model can
provide an approximate estimation of timing and dosage of therapies that would be the best
complement of the patient’s own defense mechanism versus the tumor cells. As with many
models, the mathematical model presented in this paper should be treated with circumspection
due to the assumptions made and the difficulties in the estimation of the model parameters.
Most of the parameters are dependent on many factors, so they are rarely constant. But for the
simplification of the system that these parameters are taken as constants. There are many com-
ponents in this model that may be regarded as stochastic rather than deterministic and these
variations may significantly alter the dynamics of the system. Therefore, we can incorporate
stochastic differential equations in our model and study its dynamics as our future work.
The development of various cancer therapies and identification of the most effective therapy
against the spread of tumor cells are the primary goal of health administrators, policy-makers
and researchers. Our model study is a small step towards this goal.
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