PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Ahmad A, Kulachi MO, Farman M, Junjua
M-u-D, Bilal Riaz M, Riaz S (2024) Mathematical
modeling and control of lung cancer with /L,
cytokine and anti-PD-L1 inhibitor effects for low
immune individuals. PLoS ONE 19(3): €0299560.
https://doi.org/10.1371/journal.pone.0299560

Editor: Muntazir Hussain, Air University, PAKISTAN
Received: November 23, 2023

Accepted: February 12, 2024

Published: March 14, 2024

Copyright: © 2024 Ahmad et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript.

Funding: This work was supported by the
Deanship of Scientific Research, Vice Presidency
for Graduate Studies and Scientific Research, King
Faisal University, Saudi Arabia (grant no. 2473).
This study is also supported via funding from
Prince Sattam bin Abdulaziz University, project
number (PSAU/2023/R/1445). The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

RESEARCH ARTICLE

Mathematical modeling and control of lung
cancer with /L, cytokine and anti-PD-L1
inhibitor effects for low immune individuals

Aqeel Ahmad®'*, Muhammad Owais Kulachi®?!, Muhammad Farman®?2, Moin-ud-
Din Junjua®**, Muhammad Bilal Riaz®, Sidra Riaz®

1 Department of Mathematics, Ghazi University, D G Khan, Pakistan, 2 Department of Mathematics, Faculty
of Arts and Sciences, Near East University, Northern Cyprus, Turkey, 3 Department of Computer Science and
Mathematics, Lebanese American University, Beirut, Lebanon, 4 School of Mathematical Sciences, Zhejiang
Normal University, Jinhua, Zhejiang, China, 5 IT4Innovations, VSB-Technical University of Ostrava, Ostrava,
Czech Republic, 6 Mathematical Research Center, Faculty of Arts and Sciences, Near East University,
Northern Cyprus, Turkey

* ageelahmad.740 @ gmail.com (AA); moinuddin @zjnu.edu.cn (MJ)

Abstract

Mathematical formulations are crucial in understanding the dynamics of disease spread
within a community. The aim of this work is to examine that the Lung Cancer detection and
treatment by introducing /L, and anti-PD-L1 inhibitor for low immune individuals. Mathemati-
cal model is developed with the created hypothesis to increase immune system by antibody
cell’s and Fractal-Fractional operator (FFO) is used to turn the model into a fractional order
model. A newly developed system TCDI/L,Z is examined both qualitatively and quantitatively
in order to determine its stable position. The boundedness, positivity and uniqueness of the
developed system are examined to ensure reliable bounded findings, which are essential
properties of epidemic models. The global derivative is demonstrated to verify the positivity
with linear growth and Lipschitz conditions are employed to identify the rate of effects in
each sub-compartment. The system is investigated for global stability using Lyapunov first
derivative functions to assess the overall impact of /L, and anti-PD-L1 inhibitor for low
immune individuals. Fractal fractional operator is used to derive reliable solution using Mit-
tag-Leffler kernel. In fractal-fractional operators, fractal represents the dimensions of the
spread of the disease and fractional represents the fractional ordered derivative operator.
We use combine operators to see real behavior of spread as well as control of lung cancer
with different dimensions and continuous monitoring. Simulations are conducted to observe
the symptomatic and asymptomatic effects of Lung Cancer disease to verify the relationship
of IL,, anti-PD-L1 inhibitor and immune system. Also identify the real situation of the control
for lung cancer disease after detection and treatment by introducing /L, cytokine and anti-
PD-L1 inhibitor which helps to generate anti-cancer cells of the patients. Such type of inves-
tigation will be useful to investigate the spread of disease as well as helpful in developing
control strategies from our justified outcomes.
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1 Introduction

Mathematics first found its application in biology during the 13™ century when Fibonacci
introduced the renowned Fibonacci series to explain population growth. Daniel Bernoulli later
employed mathematical principles to describe the effects on small organisms’ shapes, while in
1901, Johannes Reinke coined the term “bio math”. Bio math is essentially the theoretical
examination of mathematical models to analyze the underlying principles governing the struc-
ture and behavior of biological systems.

Opver the past few decades, there has been a remarkable surge in biological sciences, and it is
reasonable to expect that this trend will persist, driven by significant technological advance-
ments. Society has consistently derived benefits from and made substantial contributions to
mathematics. Mathematics has played a pivotal role in advancing the natural sciences and can
similarly revolutionize biological research [1]. Mathematics provides us with models to help us
understand the intriguing complexities posed by biology, and biology, in turn, assesses these
mathematical models. Complex mathematical problems are now easier to handle thanks to
recent advances in computer algebra systems. Consequently, this frees up researchers to con-
centrate on understanding mathematical biology instead of figuring out how to solve problems
[2].

Cancer is a highly complex subject, encompassing a wide array of diseases with unique
characteristics, numbering at around two hundred. Consequently, numerous researchers per-
sist in their efforts to investigate the interactions between immune cells and tumor cells. They
employ diverse methodologies to gain deeper insights into the dynamics of cancer [3, 4]. The
primary focus of this research lies in understanding the interplay between the immune system
and tumor cells [5]. The application of ordinary differential equations in mathematical model-
ing has proven to be indispensable in comprehending the dynamics of the tumor-immune sys-
tem. This sheds light on how host immune cells and cancer cells interact and develop [6-8].
Nevertheless, it's worth noting that fractional-order differential equations offer additional fea-
tures when compared to traditional derivatives in mathematical modeling.

Fractional calculus has gained significant recognition and importance due to its established
usefulness in various scientific fields, including systems biology [9] and other branches of sci-
ence [10]. Fractional calculus enables the application of derivatives and integrals of non-inte-
ger orders. An advantage of fractional derivatives, as well as integrals, lies in their non-local
characteristics [11]. In the field of epidemiology, mathematical models are frequently utilized
to gain a better understanding of the intricacies of infectious diseases. Stability theory for dif-
ferential equations is employed to analyze the modeling approach for dysentery with controls
[12]. The commonly utilized operators, such as Caputo-Fabrizio and Atangana-Baleanu,
incorporate local derivatives along with exponential functions, power laws, and Mittag-Leffler
functions, respectively.

Cancer is a significant global health concern, surpassing AIDS, tuberculosis, and malaria
combined in terms of its impact on human lives. It affects one in every six individuals world-
wide. At present, it is the second most common cause of mortality worldwide, and is more
common in countries with high or very high Human Development Index (HDI) [13]. The
incidence of new cancer cases and fatalities continues to increase, owing to factors like rising
life expectancy and shifts in epidemiology and demographics. By 2030, Sustainable Develop-
ment Goal (SDG) 3.4 strives for a 33% reduction in premature mortality linked to noncommu-
nicable diseases (NCDs), which encompass cancer. Unfortunately, progress in the field of
cancer research and treatment has lagged behind other NCDs. In 2018 alone, there were an
estimated 18.1 million newly diagnosed cases of cancer and 9.6 million cancer-related deaths.
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Regionally, the incidence rates were distributed as follows: 48.4% in Asia, 21.0% in the Ameri-
cas, 23.4% in Europe, 5.8% in Africa, and 1.4% in Oceania [14].

Lung cancer stands out as a prominent contributor to cancer-related deaths, accounting for
roughly a quarter of all cancer fatalities and surpassing the combined mortality of colon,
breast, and prostate cancers [15]. In 2018, nations with both high and medium Human Devel-
opment Index (HDI) levels reported exceptionally high rates of lung cancer diagnosis among
men [13]. Notably, Bangladesh recorded a prevalence of 13.1% among men and 2% among
women over the preceding 5 years [16]. The World Health Organization (WHO) data from
2018 highlights a concerning scenario in Bangladesh, with 108,137 cancer-related deaths and
150,781 cancer cases. Lung cancer constituted 8.2% of these cases, with an associated fatality
rate of 11% [17]. The situation is expected to worsen over time, as WHO predicts an increase
in lung cancer cases from 10,851 in 2012 to 12,374 in 2018, and a projected 26,738 cases by
2040. Thus, by 2040, lung cancer is expected to become a greater concern than breast cancer.
Several investigations have examined the dynamics of cancer. A mathematical model for
studying the genesis of cancer was presented by De Pillis et al. [18]. To treat cancer patients,
they used a combination of chemotherapy, activation protein injections, TIL injections, and
IL-2 injections. Furthermore, De Pillis et al. [19] presented a unique mathematical model that
clarifies the relationship between tumors and the immune system, emphasizing the functions
of CD8+ T cells and natural killer (NK) cells in immune-mediated tumor rejection. Another
mathematical model utilizing dendritic cells for patient therapy was created by Trisilowati
et al. [20]. Natural killer cells were substituted in their model for cytotoxic T lymphocytes and
dendritic cells as the main immunological components. In reaction to these advancements,
Unni and Seshaiyer [21] developed a mathematical model that explains how tumor cells inter-
act with different immune cells, such as dendritic cells, CD8+ T cells, and natural killer cells.
The distribution of drugs to certain cell sites is also covered by this approach.

Research by Kirschner and Tsygvintsev [22] describes how they developed a novel tumor
treatment technique. Additionally, they created a mathematical model to forecast how the
immune system will react to cancers. By using host components, their therapy strategy seeks to
improve the immune response. Expanding on these findings, Kirschner and Panetta used
mathematical modeling to clarify the relationships among IL-2, immune-effector cells, and
tumor cells [23]. Both long-term tumor recurrence and transient variations in tumor develop-
ment may be addressed by these research endeavors. Subsequently, the scientists conducted
experiments on mice to examine the effects of adoptive cellular immunotherapy and identified
the specific conditions conducive to tumor eradication. Decker and colleagues (Decker et al.,
[24]) undertook a thorough study of the literature to pinpoint and outline significant turning
points in the acceptance of immunotherapy as an effective treatment for neoplastic cancers.
The development of crucial model systems, notably in mouse and dog models, was another
area of emphasis in their research.

In a related study, Waldman and his colleagues (Waldman et al., [25]) offered an extensive
historical and biological perspective on the development and clinical utilization of cancer
immunotherapy. They highlighted the crucial involvement of T lymphocyte regulation and
examined a variety of clinical trials that demonstrated the efficacy of distinct drug categories.
They also discussed the associated adverse effects. Furthermore, Hiam-Galvez and their team
(Hiam-Galvez et al., [26]) furnished a summary of the contemporary insights regarding sys-
temic immunity in cancer. Their research encapsulated the current knowledge regarding this
vital aspect of cancer research.

Kartono [27] developed a mathematical model to illustrate the impact of tumor-infiltrating
lymphocytes (TIL), interleukin-2 (IL-2), and interferon-alpha on tumor cell behavior. McLane
et al. [28] provided a comprehensive overview of Tex cells, encompassing their developmental
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pathways, transcriptional and epigenetic characteristics, as well as intrinsic and extrinsic fac-
tors contributing to cell exhaustion. The current state of knowledge concerning the factors
influencing T cells’ susceptibility to or resistance to immunotherapy was explored by Philip
and Schietinger [29], who also highlighted unresolved areas of research.

Currently, there is a significant emphasis on comprehending diseases with high mortality
rates on a global scale, including infectious diseases and cancer. To achieve this understand-
ing, mathematical modeling proves to be a valuable tool for analyzing diseases that impact
populations universally [30]. Cancer remains a significant health challenge, leading to the
loss of human lives despite advancements in the scientific and medical fields. In recent
times, the medical community has adopted protocols incorporating interleukin-10 (IL-10)
and anti-PD-L1 inhibitors to enhance the immune system’s response against cancer cells
[31]. Authors explore a recent biological model created to analyze the behavior of cancer
cells, diabetes and smoking by using different fractional techniques given in [32-34]
respectively.

The article [35] by Casiraghi and colleagues describes research that was carried out at a sin-
gle medical facility with individuals who had received care during the preceding two decades.
Their study reduced heterogeneity within the patient group by implementing a multimodality
strategy and integrating the most recent staging methods. This approach facilitated the identi-
fication of potential prognostic factors for optimizing patient selection. Liang et al.’s study [36]
focused on patients with Small Cell Lung Cancer (SCLC) who had undergone chemotherapy.
Their primary objective was to develop a predictive nomogram. Chao and his research team
conducted an investigation and developed a predictive algorithm [37] with the specific pur-
pose of identifying individuals who could benefit from surgical intervention. Additionally, Li
et al. [38] retrospectively examined 18 patients with Non-Small Cell Lung Cancer (NSCLC)
who presented complex EGFR mutations, emphasizing mutations that encompass both com-
mon and uncommon genetic alterations. Different types of investigation on Cancer model are
given in the references [39-41].

Several models have been developed to investigate the influence of different immune cell
types on tumor cells. However, only a limited number of models have explored dendritic cells’
influence on tumor cells. Moreover, prior discussions have not considered surgical interven-
tions as a viable treatment option. In contrast, our approach integrates both surgery and che-
motherapy into our treatment regimen. Additionally, previous authors failed to establish a
clear starting point for this treatment phase. In contrast, our research distinguishes itself by
introducing a mathematical model for lung cancer that is not small-cell that incorporates the
potential treatment options of chemotherapy and surgery, illustrating their combined impact.
We also offer recommendations for the most effective treatment strategy among the various
combinations of surgery and varying chemotherapy dosages. Finally, we propose a specific
time frame for initiating treatment to improve a patient’s prognosis. Considering the signifi-
cance of the aforementioned, we want to concentrate on these basic issues in this work, using a
model that has been specially tailored to depict the dynamics that characterize lung cancer as
well as the limitations of our response to it. Using a traditional TCD design that allows for
lengthy incubation, we first presented the epidemic dynamics inside one community with a
particular social pattern.

Here, the existing model to investigate cancer disease published in June 2023 is given in
[15] as follows:

Z—f = aT(1—-pBT) —yT — ¢CT,
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dcC

— = vT —nCT — «C,

dt

D (1)
E = M+O'DT—pCD—0)D.

Initial conditions corresponds to the aforementioned system:
T(0) = T° C(0) = C° D(0) = D".

The main objective of this study is to incorporate innovative fractional derivatives into mathe-
matical analysis and simulation for the improvement of the Lung Cancer model. Lung Cancer
poses a considerable threat to human life due to its high level of danger. In the previous model
given above has delimitations that lung cancer can not be controlled with dendritic cells. So,
we introduce cytokine and the anti-PD-L1 inhibitor to boost up the low immune individuals.
We developed new mathematical model by taking these two measures which helps to control
lung cancer early which we shall observe on simulation easily. The research involves confirm-
ing the presence of a solution system with unique characteristics and conducting a qualitative
evaluation of this system. Furthermore, the fractal fractional derivative is utilized to investigate
the real-world behavior of the newly developed mathematical model. Finally, numerical simu-
lations are used to reinforce and authenticate the biological findings.

Definition 1.1

If0 < ¢ <1and0 < A < 1, then the Riemann-Liouville operator for the Fractal-Fractional
Operator (FFO) with Mittag-Leftler (ML) kernel is defined as U(¢) [42].

FEM 1y AB(¢) /t dUu(Q) ¢ :
D¥U(t) = E.|— t— Q) |dQ
0 u) 1-& ), dtr ¢ 1—6( ) ’
involving 0 < {, A <1land AB(¢) =1 — ¢+ %

Therefore, the function U(#), which has an order of (§, 1) and a ML kernel, is given as fol-
lows.

ML=l | )/ o (- QU@

FFM yép _
DAV = =45 AB(Z

0

2 Formulation of TCDIL,Z model

A mathematical model is formulated for Lung Cancer by introducing IL, cytokine and anti-
PD-L1 inhibitor for treatment as well as for strong immune, whereas the previous model used
the TCD framework which is not enough to control lung cancer. In this new model, the new
model is referred to as TCDIL,Z, where “T” represents the tumor cells, “C” represents the
CD8+ T cells, “D” represents the dendritic cells, “IL,” represents the cytokine and “Z” repre-
sents the anti-PD-L1 inhibitor.

In this model, we introduce several key parameters: The expression “aT(1 — 8T)” describes
the logistic growth of the tumor, “y” represents the constant rate at which tumor cells are
destroyed by dendritic cells, “¢” signifies the rate at which CD8+ T cells eliminate tumor cells,
“k” denotes the natural death rate of CD8+ T cells, “4” characterizes the sources responsible
for generating dendritic cells, “p” symbolizes the rate at which dendritic cells are rendered

inactive by CD8+ T cells, “w” indicates the natural death rate of dendritic cells, “A” represents
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,),'1' K,C K

OLT(l—ﬁT) oCT ] oCD
T 1 € ¢

wD
D
\

dl Ly

aZ 7 k

the source of IL, to reduce the dendritic cell’s, “d” represents the rate at which anti-PD-L1
inhibitor cell’s increases the immune system and “a” represents the natural death rate of anti-
PD-L1 inhibitor. Fig 1 represents the flow chart for the newly developed model TCDIL,Z.

The model that was developed based on the generalized hypothesis with the IL, cytokine
and anti-PD-L1 inhibitor Z effect is presented as follows:

Fig 1. Flow chart. The flow chart illustrates for model formulation.

https://doi.org/10.1371/journal.pone.0299560.9001

T

‘th = oT(1 - BT) —yT — ¢CT,

9C _ CT+ pCD - xC,

dt

c;—]i = u—pCD— wD — AD, (2)
dlIL,
——= = AD—dIL.

dt 29

dz

E = dIL2 —al.

The following are initial conditions linked with the described system:

T(0) = T°, C(0) = C°, D(0) = D", T,,(0) = IB, Z(0) = Z°.
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Using FFO with Mittag-Lefller (ML) definition, above model becomes

gFMDflT(t) = oT(1—pT) —yT — ¢CT,
(I)JFMD?LC(t) = ¢CT + pCD — xC,
5FMD§JD(1L) = u— pCD — wD — D, (3)
gFM Di*IL,(t) = D — dIL,,
gFM Di*Z(t) = dIL, —aZ.
Here FFM D:*, is the fractal fractional operator with Mittag-Lefller (FFM), where 0 < £ < 1

0
and 0 < A < 1. The following are initial conditions linked with the described system:

T(0) = T°, C(0) = C°, D(0) = D°, IL,(0) = I, Z(0) = Z°.

2.1 Equilibrium point and reproductive number
For this model, the point of equilibrium without disease is

0 A A
"Nt o’dri+o)al+w))

D(T,C, D, 1L, Z) = (o,o

as well as the endemic point of equilibrium as follows D, (T*, C*, D*, IL;, Z*).where

1rcp + apd — 3pd + 08 + G — \[4aPups’ + (ap(—r+ 9) + 6(—3p + (1 + w)))’

"o 20 |
o ke —apdtipd AT+ - VA2Buod? + (ap(—Pic + 8) + d(~1p + 60 + ©)))’
a 2p¢° ’
o Mo owdtups - M’ — ¢'w + \/4aﬁup2¢2 + (@p(=Pr + ¢) + o(—yp + d(A + w)))*
B 20fp? ’
L L Moo —oupdtpd A - G+ VA4aBup s’ + (ap(—pr + 6) + S(—1p + 60 + )))")
2 2dafp? ’
5 Mobrp —apd+ipd — M - Got VA2Bupd? + (ap(— i+ 8) + d(—p + 601 + ©)))")

2aufp?

Reproductive number for the developed system is derived from next generation technique
which represents that at how much rate the cancer spread in the community depending on the
value of R,. After substituting the value of parameters we get that the system is disease free due
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to introducing new control variables.

1p

Ry = k(A + o)

<1

3 Bounded and positive solutions

In this section, we demonstrate the boundedness and positivity of the developed model.
Theorem 3.1 The considered initial condition is as follows

{T°,C°, D, IL), 2°} C Y,

therefore the solutions {7, C, D, IL,, Z} will be positive, V t > 0.

Proof: We will begin the primary analysis to show the improved quality of the solutions.
These solutions effectively address real-world issues and have positive outcomes. We will fol-
low the methodology provided in references [43-45]. In this segment, we will examine the
conditions required to ensure positive outcomes from the newly developed model. To accom-
plish this, we will establish the standard.

Il =sup [ C(2) 1,
teD;
here “D;” represents the { domain.
So, continue with T(¢).
FEMpeir(r) = oT(1— BT) —yT — ¢CT, ¥t >0,

0
> —@p [T |+y+¢ |C)T, Vt=0.
> —(ocﬁsup | T | +y+¢sup | C | >T, vt > 0.
teDy teDe

z =@l Tlo+v+ol ClIT, Vi=0.

This outcome was achieved.

10> 08, [- g ST bt O CLIE ]y

> :{AB(@)_(l—é)(ocﬁHT||m+v+¢IIC||N)

here “b” represents the time element. This demonstrates that the T(f) individuals must be posi-
tive V> 0. Now, we have C(t) individuals as follows.

gFMfoAC(t) — @CT+pCD—kC, VY t>0,
> _(K_¢|T|_p|D|)C7 Vtzov
> —(k—¢sup | T | —psup | D |)C, V>0,
teDy teDp,
> (k=0 Tll.—-rllDI)C Vi=0.

This outcome was achieved.

b= gl Tl —p DILF
€)= COL: |~ B =@ =B =0 Tl —pl DT’

here “b” represents the time element. This demonstrates that the C(#) individuals must be

V>0,
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positive V £> 0. Now, we have D(¢) individuals as follows.

gFMDf"‘D(t) = u—pCD—wD—iD, Vt>0,

Y

—(p | C | +0o+A)D, Vt>0,
> —(psup | C | +o+X)D, Vt>0,

teD¢

—(p|| Cllo+®+A)D, Vi>0.

Y

This outcome was achieved.

b (]| Cll + o+ )E
D(t) > D(0)E, TABO —(1-O(p|[Cll.tw+r)]

vt >0,

here “b” represents the time element. This demonstrates that the D(¢) individuals must be posi-
tive V £> 0. Now, we have IL,(t) individuals as follows.

gFM Di*L(t) = AD—dIL, V>0,

> —dIL, Vt>0.

This outcome was achieved.

B bl—ké(d)té
L ABE) - (1-9@)]

IL,(t) > IL,(0)E vt >0,

here “b” represents the time element. This demonstrates that the IL,(¢) individuals must be
positive V t> 0. Now, we have Z(t) individuals as follows.

(I;FM Di*Z(t) = dIL,—aZ, ¥t >0,

> —aZ(t), Vt=>0.

This outcome was achieved.

2(t) > Z(0)E bra)r

SR v R 1] M,

here “b” represents the time element. This demonstrates that the Z(¢) individuals must be posi-
tive V t> 0.

Theorem 3.2 Solutions of our developed model given in Eq (3) with positive initial values
are all bounded.

Proof: Above theorem demonstrates that the solutions of our developed model must be
positive V t > 0, and strategies are described in [46]. Because X = T'+ C + D. Therefore, given
as follows.

gFMDfXX(t) —a—0X— (g, +o—b+ @)L

We achieved this
TP:{T, C, DeR | T+D<X} Vt>0.
It has also as X, = IL, + Z. Therefore, we have developed.

(l):‘FMDti}\Xn(t) = 7\‘D - aZ + Xv - Xu?

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 9/34


https://doi.org/10.1371/journal.pone.0299560

PLOS ONE

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

on solving above equation and taking t — oo, we get

X, <AD—aZ+X,.

Thus

Y = {ILQ, ZeER | X, <7\D—aZ—|—XU} Vit>0.
The model’s mathematical solutions (3) are confined to region V.

‘I’:{T, C, D, IL,, ZER, | T+D§X,X,}§7\D—aZ—|—XU} Vt>0.

This demonstrates that for every t > 0, all solutions remain positive consistent with provided
initial circumstances in domain V.

Theorem 3.3 The newly developed Lung Cancer model Eq (3) in R’ is unique and con-
strained, in addition to the initial circumstance.

Proof: In this particular scenario, we applied the procedure described in [46]. We've got

o DIHT(O)ry = o >0,

gFMDf‘k(C(t))c:o = ¢CT+pCD >0,

EMDI (D), = 1 20, @
gFMDf‘)”(ILz(t))ILQ:o = AD >0,

o MDAy = I, 20,

If (T°,C°, D", IL}, Z°) € R, then our obtain solution is unable to escape from the hyperplane,
as stated in Eq (4). This proves that R} domain become a positive invariant.

4 Impact of global derivatives for uniqueness and exitance of
solution

Riemann-Stieltjes integral has been widely recognized in the literature as the most commonly
used integral. If

Y(x) = /y(x)dx.
The Riemann-Stieltjes integral is given as follows.
) = [yl

y(x) global derivative with regard to w(x) is

i YR —y(x)
Duy(x) = lim w(x +h) —w(x)’

If the above functions numerator and denominator differentiated, then we get

Y ()

w'(x)

D,y(x) =

)
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assuming that w'(x) # 0, Vx € D,,. Now, we will test the impact on Corona virus by using the
global derivative instead of classical derivative.

D,T = oT(1—BT)—7yT — ¢CT,

w

D,C = ¢CT+ pCD —«C,

D,D = pu—pCD— wD—AD,
DJIL, = AD-—dIL,

D,Z = dIL,—aZ.

For the purpose of cleanliness, we shall suppose that w is differentiable.

T = wT(l— BT) —yT — ¢CT],
C = W[¢CT + pCD — kC],

D = w[u—pCD— wD — AD],
I, = w[AD—dIL),

Z = w[dIL, — aZ].

An appropriate choice of the function w(t) will lead to a specific outcome. For instance, if w(t)
= t% where « is a real number, we will observe fractal movement. We had to take action due to
the circumstances that

[ w'llo= sup [w'(t) [<N.

teD,

The below example demonstrate the unique solution for the developed system.

T = w[oT(l—-pT)—yT—¢CT]|=X(t,T,G),
C = w[¢CT+ pCD — kC|] = X,(t,T,G),

D = w[u—pCD—wD—-AD]=X,(t,T,G),
IL, = wWAD-—dIL]=X,(tT,G),

Z = w[dIL,—aZ] = X,(t,T,G).

where G=C, D, IL,, Z.
We need to confirm the first two requirements as follows.

L. |X(t, T, G)|* < K(1 + |T?,
2.V Ty, Ty, wehave, | X(t,T,,G) — X(t,T,,G)||* < K|| T, — T, || .

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 11/34


https://doi.org/10.1371/journal.pone.0299560

PLOS ONE

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

| X,(t, T,G) |* =

IN

IN

X

IN A

IN

| X%,(t,T,G) |?

Initially,

| w'laT(1 = BT) =T — ¢CT] | *,
| w/loT + (BT —y — ¢CO)T] | 2,
2 | wh (] aT |+ | (=0T =y —¢CO)T | ?),

2sup | W |2Psup | T |>+6sup | w |*|o?fsup | T |>+9*+ ¢ sup | C |2
teD,, teDy teD,, teDy teDe
| T[7

2 w20l THZ + 6l w1581 THE +2* + ¢° [l ClIZ) | T [

21 w20 | TIIZC<1+ @BITIE+7+ "I ClZ) | T Iz),

3
o || T
K1+ [ T[]

under the condition

3

ST ER I T+ = el < 1

involving

Ky =20 w || o | T %

= | W[6CT + pCD — «C] |2,
= | w[(—xC) + (¢T + pD)C] |,

< 2 [ W] (=xC) [*+ | (T +pD)C |?),

< 2sup | W [**sup | C|*+4dsup | w [*(¢"sup | T[*+p?sup [ D[*) | C%
teD, teDe teD, teDp teDp

< 2l wE I CllE + 4l willZ@ I TIL +p* 1 DI | C I

. 2(¢7 || T 2| DJJ2) | C|?
< 2| W/|;K2||C||zo<1—|— (o || ||x+,0 | ||oc) | ),

L C%

IN

K(1+ | C %)

under the condition

2’|l TIIZ +£° 1 D%
I Cl%

<1,
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where

K, =2 w2 CIIL.

| X,(tT,G) |* = | wli—pCD—wD—1D] |,

| Wi+ (=pC— o —2)D] |2,

2w A wl’+ [ (=pC—w =MD |?),

2sup | W [P+ 6sup | W [*[pPsup | C P+’ +27] | D

teD,, teD,, teDc

20 L w' I + 611 [ wililo® | Cll% +* +27] | D|?,

IN N

IN

IN

o 3
2] w II;MZ(HE(;OZIIClli+w2+7»2) |D|2),

K;(14 | D |?).

IN

under the condition
3 2 2 2 2
E(ﬂ | ClI% + o +27) <1,

where

Ky =2 | w'll%e.

| X,(t,T,G) |? | w[hD —dIL,)] |7,

| WD + (—dIL,)] |7,

< 2 | w [*(| AD [P+ | (=dIL,) [?),
< 2sup | W |"Wsup | D|*4+2sup | W |2d® | IL, |2,
teD,y teDp teD,y
< 2w XA DI + 2wl 2d | ILy |7
; & | IL, |?
< 2||w'|;x2||D||;<1+M>,
< K,(14 | IL, |?).

under the condition

d2
<1,
A DIz

where

K, =2|| w' [ 22° ]| DI
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| X,(,T.G) |* = | w[dIL, - aZ] |7,
| wldL, + (=aZ)] |7,

< 2 [ W || dIL, |*+ | (=aZ) |?),
< 2sup | W |*(dsup |IL,|*)+2sup | W |%a° | Z |7
teD,, teDy, teD,,
< 2w (@ IL |12) + 2] wlZa* | Z ]2,
(12 ‘ Z |2
< 2|lw| 2 (2| IL,]| 2 1+——7——
< AW (14 )
< K+ | 2],
under the circumstances
aZ
— <1,
d* || IL, || 2,

where
Ky=4| w'[|% (| IL, [ %)

Hence, linear growth criteria is satisfied.
Further, we verify Lipschitz condition as follows.
If
| Xl(t7 Tl? C7 D7 IL27 Z) - Xl(ta TZ? C7 D7 ILQ» Z) ‘2
= | wlla+apT,) + (=afT, —y — ¢ONT, = T,) |*,

| X,(t, T,, C, D, IL,, Z) — X,(t, Ty, C, D, IL,, Z) |* < 2
| W PR+ [ Ty )3 [ T [P+ +¢" [ C1?) | T =T, |

sup | Xl(t7 Tl) Ca D7 IL27 Z) _Xl(t7 TQ’ Ca D7 IL27 Z) |2 S 2SU.p | Wl |2

teDr teD,

(20 +o’f sup | T, |*) +3(*f sup | T, |*+9"+ ¢ sup | C|*))sup | T, ~ T, |

teDr, teDy, teDe teDy

|| Xl(t7 Tla C7 Da IL27 Z) 7X1(t7 Tza C7 Da IL27 Z)Hic S 2” W/Hzc
2@ + 2B T,1I1%) + 3B [ T2 +9* + &* |l CIE) | Ty = Tl

|| Xl(tv Tlv Ca D7 ILQ& Z) _Xl(t7 T27 C, D7 IL27 Z) ||r2>o < Kl H Tl - T2 ||iov
where

Ky =2 w' |22 + B || T, 11%) + 3B || T, 1% +* + ¢° || CII%)).
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If
| X,(t, T, C,, D, IL,, Z) = X,(t, T, C,, D, IL,, Z) |* = | w/(¢CT + pCD — «C) |?,
| X,(¢, T, C,, D, IL,, Z) — X,(¢t, T, C,, D, IL,, Z) |2 < | w |?
(3" [ TI*+3p* [ D|*+3x*) | C =G, |*,
sup | X,(t, T, C,, D, IL,, Z) — X,(t, T, C,, D, IL,, Z) |> <
teDc
sup | W [*(3¢%sup | T|2+3p°sup | D |?+3%) x sup | G, —C, |,
teD,, teDy teDp teDe
| X,(t, T, C;, D, IL,, Z) = X,(t, T, C,, D, IL,, Z) ||, < [| w' |2
(B¢ TII % + 30| D[ 2, + 36%) [ €, = G %
” Xz(t7 T’ Clv Dv IL27 Z) _X2(ta T7 C27 D7 IL?? Z)”io SKZ ” Cl - CZHZQ?
where
Ky = || w' | Z3¢°|l T +3p°| D2 + 31%).
If

| X:}(t7 T7 C7 D17 IL2’ Z) _X:E(tv Tv Ca DQ) IL27 Z) |2 = ‘ w’(—pC—w—k))(Dl _DQ) |27

| X,(t, T, C, D,, IL,, Z) — X,(t, T, C, D, IL,, Z) |2 <
| w ?(3p* | C|*+3w +31%) | D,—D, |,

Sup | XS(tv Ta C7 D17 IL27 Z) _X'S(ta Ta C7 D27 IL27 Z) |2 S

teDp
sup | w |*(3p* | C|*sup | C|*+3w®+3)\)sup | D, — D, |?
teD,y teDe teDp,

” X:s(tv T> C, D17 IL27 Z) _Xzs(t> T7 Cv D27 IL27 Z)Hic <
I w'12,30” | CIIZ +3w® +30%) || D, — Dy ||%,
||X3(ta T? C7 Dlﬁ H‘Q? Z) _Xs(tv T7 Ca D27 ILQ? Z) Hic < KS H Dl _DZ ||io7

where

Ky = || w/llZ (0% ClI% + 30 +317)).
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If

| X4(t, Tv C, D, IL217 Z) _X4(t7 Tv C, Dv IL227 Z) |2 :| W,(_d)(ILm _IL22) |27
| X,(t, T, C, D, IL,,, Z) = X,(t, T, C, D, IL,,, Z) |* = | w |*(&) | IL,, — IL,, |?,

supX,(t, T, C, D, IL,,, Z) — X,(t, T, C, D, IL,,, Z) |* =

teDy,

sup | W |2(d2) sup | IL21 _IL22 |2>

teD,, €Dy,
||X4(ta T> C> Da IL217 Z) 7X4(t, T7 Cv D: IL22, Z) HZ S H w' ||§o(d2)|| IL21 *ILzz ||§ca

HX1(t7 T7 Ca D7 IL217 Z) _X4(t7 Ta Ca D’ IL22’ Z)”Zo S151 || IL?I _ILZQHim
where
Ky = w'l|%(d?).

If

| X;(¢t, T, C, D, IL,, Z,) = X,(¢t, T, C, D, IL,, Z,) |*=| w(—a)(Z, — Z,) |?,
| X,(¢, T, C, D, IL,, Z,) — X,(t, T, C, D, IL,, Z,) |* < | W |?a* | (Z, - Z,) |?,

sup | X,(t, T, C, D, IL,, Z,) — X,(t, T, C, D, IL,, Z,) |* <

teD,

sup | W |*@’sup | Z, — Z, |7,

teD, teDy

1X;(t, T, C, D, IL,, Z,) = X;(t, T, C, D, IL,, Z,)|I%. < [ w’[|%a’l| Z, — Z, ||%,,

||X5(t7 T7 C’ D7 ILZ’ Z]) _X5(t7 T7 Cv D7 IL?? Z?)Hi@ SKSH Z] _Z2 ||Zo7

involving

Ky = w'll%a
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The system (3) therefore has a unique solution under the following condition.

2 2 2 2 2 2
—_— T C
2(¢° || TII% +p* I DJI%)
| ClI% ’
3 .
max —2(p2||CHZC+w2+7»2), <1

U

d2
MID)z

a2
& || 1L, ||

5 Global stability for developed system

We use Lyapunov’s approach and LaSalle’s concept of invariance to analyze global stability
and determine the conditions for eliminating diseases.

5.1 Lyapunov’s first derivative

Theorem 5.1 Endemic equilibrium of the lung cancer model are globally asymptotically stable,
if reproductive number Ry> 1.
Proof: Lyapunov function can be expressed in the following manner.

T C
L(T",C",D*IL;,Z") = (T— T — T" log T) + (C— C' —C'log E>+
D IL V4
(D—D*—D*logﬁ) + (ILZ—IL;—ILglog ﬁ) + (Z—Z*—Z*log;).

We achieve by applying a derivative on both sides

FEM pyeor — (T =T\ FEM e C—C\ FFM pyza
MDA <T >0 D,T—i—( o DPCH

D — D"\ FEM o IL, —IL}\ FEM o Z—2Z"\ FFM s,
(D>0 DD + o DML, + (== ) ("M Dz

We get,

) T-T c-¢ =
gFMDf"‘L—( - >(“T(1_5T)_yT_¢CT)+< C )(¢CT+pCD—KC)+<D DD)

*

L, — IL;
1L,

x(u—pCD—wD—?»D)—i—( )(KD—dIL2)+( >(dIL2—aZ).
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placingT=T-T",C=C—-C,D=D—-D"IL, =1L, — IL;,Z = Z — Z" results in

. T—T) T—T) T—T)
FFMDf.xL:a( ) _aﬁ( ) )

0 T T T
(T—T) AT-T) (c—cC)
—pC—— L 4 pC L L T L
¢ T +¢ T +é C
(c-c) (c—c) (c-cY)
—¢T C + pD C — pD C
c-cY D’ D— D)’
(D-D)’ (D-D) , (D-D)
+pC B —o—0 -\ 5 +AD
IL: L IL, — IL:)*
ple pyap L gUL L)
IL, IL, IL,

we can write

FEMpii =z - .

where

T—T
o TT)
T T

(D-D")’ IL;
L L AD+AD 2,
p MM

Cc—cC)

(
+ T

and

(T-1)  (T-T) (T-1) (c-cy
c— "7 = 7
T e C
(c-c)y (c-c) D (D-D")’
D’ — 4 pC———
+p C + K C +u D +p D

(D-D")’ IL; (IL, — IL})?
A AD—2 4 \D" 4 d—2_—2/_
b D IL, A IL,

+oT"

We conclude that if ¥ < Q, this yields (I; FM pii, < 0, however when
T=T,C=C,D=D"IL,=IL},Z = Z'.

T-Q=0 = 5FMD§~'AL: 0.

We can observe that {(T*,C*,D*,IL;,Z*) € " : (I;FM DL = 0} represents the point D,

for developed model.
According to Lasalles’ concept of invariance, the D, is globally uniformly stable in I" if ¥ <

Q.

6 Solutions by fractal fractional operator

Now, we will develop a solution using numerical approach for our newly developed model
given in Eq (3). We use ML kernel in the current scenario instead of classical derivative
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operator. Furthermore, we will use the variable order version.

gFMDf«? T(t) = oT(1—BT)—7T - ¢CT,
gFMDfAC(t) = ¢CT + pCD — xC,

(I;FM D*D(t) = u—pCD— wD — AD,
FFMDEv’”IL (t) = AD-—dIL,,

gFM Di*Z(t) = dIL,—aZ.

For clarity, we express the above equation as follows:

FEMpiar(n) = 1,(1,1,6),
FEMpiic) = ¢/(1,6),
EEMpiip(t) = D,(t,T.G),
FEMDEIL,(1) = 1Ly, (8, T.G),
FEMpiz(n) = Z,(t,T.G).
Involving
1(t7T7G) OCT(l*ﬁT)*’))T*(bCT,
(t T,G) = ¢CT+ pCD — «C,
D/(t,T,G) = u—pCD— wD — AD,
IL,,(t,$,G) = \D—dIL,
Z,(t,T,G) dIL, — aZ.

After using the fractal-fractional integral with the ML kernel, we obtain the following results.

T(t,+1) = xz(alB(f)é)t} '"T,(t,, T(t,), G(t,))
+ mﬁ; / YL T o), — o),
clt,+1) = kng(éf)t’lc (1, T(,), G(t,))
f e L [ GETe -
t,+1) = kﬁfBéif)t,, 0 T, 60 )
+ W;/t‘ D,(t,T,G)t" ' (t,,, — 1) 'dr,
It +1) = xSB(_if) £ L (1, T(E ), G(t,))
f Y ) e TG =
Z(t,+1) = kSB(_éf) £71Z,(t,, T(t,), G(t,))
+ /ﬁxr(f)‘i: / tMZl(t, TGt (t,,, —1)° dr.
where G(t,,) = C(t,)), D(t,), IL,(t,), Z(t,).
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Remember that the Newton polynomial can be obtained by using the Newton interpolation

formula.

1
N(tv T? G) = N(tr/—Q? Tq—Qﬂ Gr]—Q) + Xt [N(tn—17 Tn—l? Gq—l)

[N(trﬂ Tn) Cq7 Dr/? IL?y’7Z11)

1
2A¢?
Tn—l’ Gq—l) - N(tn—27 T)]—Z? Gn—2)](r - tq—?)(r - tq—l)'

— N(tn—27 Tﬂ—?’ GW—Z)] (‘C - tﬂ—Q) +

— 2N(t

n—17

where Gn—z = Cn—2a Dn—z’ ILZn—Z: Zn—2: Gn—l = Cn—l: Dn—l’ ILZr]—l) Zn—l-
When we substitute the Newton polynomial into system of Eq (5), we obtain the following.

rM1-9)

T

7\’ 1
£, T (¢, T(t,), G(2,)) + m 231@_27 T%,G7?)

oM e ¢ N1, 1 e
t}» 1 t _ c ]d - tl 1T t T 1 v—1
X v—2 / ( n+1 T) T+ AB(C)F(&) VZ; At [ v—1 1( v—17 7G )

tyty
_ y— v é—
AT (1, T, G / (c =t )t — 1) de
t,

v

5 ’ 1 h— v v — v— V— — v —2 V—
+AB(6)F(€)Z2At2 [ti lTl(tv’T 7G ) - 2tih—1lT1(tv—17T I?G l) + t&—ZlTl(tv—%T Z7G 2)]
v=2

ty
-1
<[ = ), -0
t,

v

rM1-9)

YT

_ ¢ Z" 2 et
t’}; 1Cl<tv7’ T(tvl)7 G(tn)) +AB(€)F(€) Cl(tv—Q’ T 2? G 2)
v=2
t, n
R e ¢h 1, el e
Xt\)vL—Zl/ (trl+l - T)V ldr +AB(€)F(£) E E [ti\—llcl(tv—l’ T 17 G 1)

byt .
—0C, (. T, G)] / (=1, ,)(t,, — 1) de
t,

v

5)\’ ! 1 h— v v — v— v— — v —2 V—2
+AB(§)F(€)Z2AI.’2 [ti lcl(t\"T ’G ) _2t3;11C1(tv71,T 17G l) +tzh—21C1(tV727T Z7G 2)}
v=2

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 20/34


https://doi.org/10.1371/journal.pone.0299560

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

PLOS ONE

tyy1 .
<[ ) -0 e
t,

"

vH_M -1 L Ui Y
=g b e T6) G0 + Gy 2 D1t T 6)

] } 0

ty

tyt1 .
—fi”_’lel(fM, TV?Q, GFQ)] / (T - tv72)(t:1+1 - T)C 1d7
t

v

Y 1 ,
> s [0, TG ~ 26D, (4, TG 0D (4, T G )

T ABET(e) & 288

byl .
o A I A (O (6)
t,

v

n+1 7“1_5) -1 57‘ % v—2 -2
L3 = =y Mt TC0), Gl0) + vy me foo T2, G7)

tyyl B
thle/ (t11+1 _T)§*1d1+ ZAt 7~ 1IL21 v— 17TL ! G‘ 1)
t,

v

tyt1
A— V— V— 671
L TG [ =), — o)
t,

v

A U |
B > a0 Ly (6, T, GY) = 2650 ILy (6, T, G + 5Ly, (6,5, T2, G72)]

AB(OT(S) '

tyiy .
/ (t—t, (T = t, )t — ) dn,
t,

v

n

n+l )\’(1 — é) h—1 57\. D S
2 == h Zl(tmT(t,,%G(t,]))+A73(5)F(é) ;Zl(tﬁj ,G'?)

tp1 ; "
thf:;/ (tn+1 - f)g’ld.[ At x 1Z t, 1,T"71,Gv71)
t Z

v

tyyl .
152, (t, 5, T, G2 / (T = t,5)(t, — 1) de
t

v
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Developed Method

0.4 ' '
0 50 100 150
t

Fig 2. Tumor cells T(¢) with dimension 0.5. The value of T(t) using fractal fractional operator with various fractional
values at 0.5 dimension.

https://doi.org/10.1371/journal.pone.0299560.g002

5)\' ! 1 — v v — v— Vv— — V— V—2
+AB(§)F(€) Z 2At2 [t\}; 1Zl(tv’ T 7G ) - 21%—1121(1‘\7—17 T 17 G 1) + tzh—QlZl(tv—% T 27 G 2)]

v=2

i .
x / (v =t (T — b, )t — ) d.
1,

v

where G =C D2 ILy 2,27, G =C ', D" ILy L, 271, G = C', D', 1L}, Z, G(t,)
= C(t,), D(t,), IL,(t,), Z(t,,).
We can perform the following calculations for the integral in Eq (6).

byl ¢ x
| =t = (v v - - vy

v

c (A : )
|t =0 e = g v ) v 3420

—(n—v)(n—v+3+38),
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Developed Method

0.98

0.96

= 0.94

0.92

0.9

0.88 ' '
0 50 100 150
t

Fig 3. Tumor cells T(¢) with dimension 0.2. The value of T(f) using fractal fractional operator with various fractional
values at 0.2 dimension.

https://doi.org/10.1371/journal.pone.0299560.g003

g1 B . _Té—l,L._(At—)HQ
/tv (7 t, ) tvfl)(tn+1 ) d _5(6—&—1)(54-2)

(1 —v+1) {201 = v)* + (3E + 10)(n — v) + 2&° + 9¢ + 12} —
(n —v) {201 —v)* + (5¢ + 10) (g — v) + 68> + 18¢ + 12}].

putting above all integral calculation values from Eq (7) into Eq (6).
We acquire the numerical solutions T(¢), C(¢), D(t), IL,(t) and Z(t).

N+l __ 7\‘(1 — é) r—1 5>\‘ At v—2 V—2
T =~5E b Ty(t, T(4), G(t,) + o mr e 1D ZT T2 G

et = v+ 1 = =]+ it LT T
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Fig 4. Cancer cells C(t) with dimension 0.5. The value of C(f) using fractal fractional operator with various fractional
values at 0.5 dimension.
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Fig 5. Cancer cells C(f) with dimension 0.2. The value of C(¢) using fractal fractional operator with various fractional
values at 0.2 dimension.
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Fig 6. Dendritic cells D(f) with dimension 0.5. The value of D(f) using fractal fractional operator with various
fractional values at 0.5 dimension.
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Fig 7. Dendritic cells D(f) with dimension 0.2. The value of D(f) using fractal fractional operator with various
fractional values at 0.2 dimension.
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Fig 8. Cytokine IL,(t) with dimension 0.5. The value of IL,(t) using fractal fractional operator with various fractional
values at 0.5 dimension.
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Fig 9. Cytokine IL,(t) with dimension 0.2. The value of IL,(t) using fractal fractional operator with various fractional
values at 0.2 dimension.
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7 Simulation explanation

The advance technique is used to obtain theocratical outcomes and investigate their effective-
ness. The newly developed system TCDIL,Z is analyzed through simulation. We have achieved
interesting findings through applying non-integer parametric values in lung cancer model. In
the Figs 2-11, the individuals T(#), C(t), D(t), IL,(t) and Z(t) gives us the reliable solutions if
we decrease fractional values. MATLAB code is used to determine the approximate solutions
in simulations form for lung cancer model. The initial conditions used in newly developed
model are T(0) = 1.0, C(0) = 0.8, D(0) = 0.3, IL,(0) = 0.4, and Z(0) = 0.3. The parameter values
used in the developed system are @ = 0.0514, 8 = 0.00000000102, y = 0.1, ¢ = 0.0000001, k =
0.02, p =480, p = 0.00000001 and w = 0.24 which are taken from [34], where A = 0.0000002,

d =0.0003 and a = 0.04 are assumed in the feasible range. Figs 2 and 3 represents the dynamics
of Tumor cell T, Figs 4 and 5 represents the dynamics of Cancer cell C, Figs 8 and 9 represents
the dynamics of cytokine IL, and Figs 10 and 11 represents the dynamics of anti-PD-L1 inhibi-
tor Z respectively in which all the compartments decreases sharply, and after certain time all
compartments approaches to its stable position using different dimensions. Figs 6 and 7 repre-
sents the dynamics for dendritic cells D in which the individuals increases sharply, and after
certain time all compartments approaches to its stable position using different dimensions. It
is observed that cancer cells decline sharply due to IL, cytokine and anti-PD-L1 inhibitor, can
be seen in Figs 4, 5, 8-11 using different dimensions. It is observed that results are similar
using dimension either 0.2 or 0.5 with minor effects, but it provide more appropriate results

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 29/34


https://doi.org/10.1371/journal.pone.0299560.g009
https://doi.org/10.1371/journal.pone.0299560

PLOS ONE

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

Developed Method

o1

0.28

0.26

0.22

0.2

0.18 : :
0 50 100 150

t

Fig 10. Anti-PD-L1 inhibitor Z(f) with dimension 0.5. The value of Z(t) using fractal fractional operator with various
fractional values at 0.5 dimension.
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by decreasing dimensions and can be seen in Figs 10 and 11. It is also observed that IL, and
anti-PD-L1 cells help to increase the immune system of CD4+T and CD8+T lymphocytes pro-
duction and decrease the cancer cells. The anti-PD-L1 also helps to create cells which are
destroyed by cancer cells in the body as well as help to reduce these cancer cells [40]. It predicts
what should happen in future by this research and how we shall be able to reduce the number
of cancer unit spread in the body more efficiently. FFM (fractal fractional with Mittag-Leffler
kernel)approach gives better results for all sub-compartment at different fractional derivatives,
if we compare it with classical derivative. Also, it is stated that the solutions for all compart-
ments are more trustworthy and accurate when fractional values are reduced as well as dimen-
sions are reduced.

8 Conclusion

In this article, fractional order TCDIL,Z model for lung cancer is formulated by introducing
IL, cytokine and anti-PD-L1 inhibitor to boost up the immune for low immune individuals.
We demonstrate advices to control the spread of disease by introducing the anti-cancer cell’s
which improves the immune system of the individuals, so that the environment become dis-
ease free. The dangerous lung cancer disease is investigated with detection and treatment mea-
sures to examine the real impact of lung cancer in the world wide. For this purpose, the
developed system is investigated quantitatively as well as qualitatively to verify its stable posi-
tion for a continuous dynamical system. We also verify that the fractional order lung cancer
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Fig 11. Anti-PD-L1 inhibitor Z(f) with dimension 0.2. The value of Z(t) using fractal fractional operator with various
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disease model has bounded and unique solutions. We examine the impact of global measures
to control the spread of the lung cancer disease as well as verify its existence. It is observed that
the cancer infected individuals reduces due to IL, and anti-PD-L1 inhibitor measures for low
immune individuals. The Fractal-Fractional Operator (FFO) is used for continuously monitor-
ing the spread of the disease using different fractional values as well as reliable and realistic
findings. In fractal-fractional operators, fractal represents the dimensions of the spread of the
disease and fractional represents the fractional ordered derivative operator which provide the
real behavior of spread as well as control of lung cancer with different dimensions and contin-
uous monitoring respectively and can be observed in simulation. We conduct numerical simu-
lation with the help of MATLARB to see it’s real behavior of lung cancer disease to control the
disease in the community after introducing IL, cytokine and anti-PD-L1 inhibitor measures.
Also the predictions can be made on the basis of our justified outcomes for future investiga-
tions which will be helpful to understand the behavior and outbreak of lung cancer disease
spread in the environment as well as in early detection process.

Author Contributions
Formal analysis: Aqeel Ahmad, Moin-ud-Din Junjua, Muhammad Bilal Riaz.

Funding acquisition: Muhammad Bilal Riaz.

Methodology: Muhammad Owais Kulachi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 31/34


https://doi.org/10.1371/journal.pone.0299560.g011
https://doi.org/10.1371/journal.pone.0299560

PLOS ONE

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

Software: Aqeel Ahmad, Muhammad Farman, Moin-ud-Din Junjua, Sidra Riaz.

Supervision: Aqeel Ahmad, Moin-ud-Din Junjua.

Writing - original draft: Aqeel Ahmad, Muhammad Owais Kulachi, Muhammad Farman.

Writing - review & editing: Muhammad Owais Kulachi, Moin-ud-Din Junjua, Sidra Riaz.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Chou CS, Friedman A. Introduction to mathematical biology. Springer undergraduate texts in mathe-
matics and technology, Springer International Publishing. 2016 Apr 27; 1:1-172.

Yeargers EK, Herod JV, Shonkweiler RW. An introduction to the mathematics of biology: with computer
algebra models. Springer Science & Business Media; 2013 Dec 1; 1:1-417.

Medina MA. Mathematical modeling of cancer metabolism. Critical reviews in oncology/hematology.
2018 Apr 1; 124:37—40. https://doi.org/10.1016/j.critrevonc.2018.02.004 PMID: 29548484

Bellomo N, Bellouquid A, Delitala M. Mathematical topics on the modelling complex multicellular sys-
tems and tumor immune cells competition. Mathematical Models and Methods in Applied Sciences.
2004 Nov; 14(11):1683—-733. https://doi.org/10.1142/S0218202504003799

Roose T, Chapman S, Maini P. Mathematical models of avascular tumor growth. SIAM Review. 2007;
49(2):179-208. https://doi.org/10.1137/S0036144504446291

Bellomo N, Preziosi L. Modelling and mathematical problems related to tumor evolution and its interac-
tion with the immune system. Mathematical and Computer Modelling. 2000 Aug 1; 32(3—4):413-52.
https://doi.org/10.1016/S0895-7177(00)00143-6

Byrne HM, Alarcon T, Owen MR, Webb SD, Maini PK. Modelling aspects of cancer dynamics: a review.
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences.
2006 Jun 15; 364(1843):1563-78. https://doi.org/10.1098/rsta.2006.1786 PMID: 16766361

Castiglione F, Piccoli B. Cancer immunotherapy, mathematical modeling and optimal control. Journal of
theoretical Biology. 2007 Aug 21; 247(4):723-32. https://doi.org/10.1016/.jtbi.2007.04.003 PMID:
17543345

Rihan FA, Lakshmanan S, Hashish AH, Rakkiyappan R, Ahmed E. Fractional order delayed predator
prey systems with Holling type Il functional response. Nonlinear Dynamics. 2015 Apr; 80:777-89.
https://doi.org/10.1007/s11071-015-1905-8

Zaslavsky GM. Chaos, fractional kinetics, and anomalous transport. Physics reports. 2002 Dec 1; 371
(6):461-580. https://doi.org/10.1016/S0370-1573(02)00331-9

Wang Y, Cao J, Li X, Alsaedi A. Edge-based epidemic dynamics with multiple routes of transmission on
random networks. Nonlinear Dynamics. 2018 Jan; 91:403-20. https://doi.org/10.1007/s11071-017-
3877-3

Berhe HW, Makinde OD, Theuri DM. Modelling the dynamics of direct and pathogens-induced dysen-
tery diarrhoea epidemic with controls. Journal of biological dynamics. 2019 Jan 1; 13(1):192-217.
https://doi.org/10.1080/17513758.2019.1588400 PMID: 30843764

Garcia M, Jemal AW, Ward EM, Center MM, Hao Y, Siegel RL, et al. Global cancer facts & figures
2007. Atlanta, GA: American cancer society. 2007; 1(3):52.

Rumgay H, Cabasag CJ, Offman J, de Camargo Cancela M, Barchuk A, Mathur P, et al. International
burden of cancer deaths and years of life lost from cancer attributable to four major risk factors: a popu-
lation-based study in Brazil, Russia, India, China, South Africa, the United Kingdom, and United States.
Eclinicalmedicine. 2023 Dec 1; 66. https://doi.org/10.1016/j.eclinm.2023.102289 PMID: 38192589

Ullah MA, Mallick UK. Mathematical Modeling and Analysis on the Effects of Surgery and Chemother-
apy on Lung Cancer. Journal of Applied Mathematics. 2022 June; 2023:1-16. https://doi.org/10.1155/
2023/4201373

Hussain SM. Comprehensive update on cancer scenario of Bangladesh. South Asian Journal of Can-
cer. 2013 Oct; 2(4):279-84. https://doi.org/10.4103/2278-330X.119901 PMID: 24455659

Nessa A, Chowdhury SB, Fatima P, Kamal M, Sharif MO, Azad AK. Cervical cancer screening program
in Bangladesh. Bangladesh Journal of Obstetrics and Gynaecology. 2020; 33(1):63—73. https://doi.org/
10.3329/bjog.v33i1.43550

de Pillis LG, Gu W, Radunskaya AE. Mixed immunotherapy and chemotherapy of tumors: modeling,
applications and biological interpretations. Journal of Theoretical Biology. 2006 Feb 21; 238(4):841-62.
https://doi.org/10.1016/j.jtbi.2005.06.037 PMID: 16153659

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 32/34


https://doi.org/10.1016/j.critrevonc.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29548484
https://doi.org/10.1142/S0218202504003799
https://doi.org/10.1137/S0036144504446291
https://doi.org/10.1016/S0895-7177(00)00143-6
https://doi.org/10.1098/rsta.2006.1786
http://www.ncbi.nlm.nih.gov/pubmed/16766361
https://doi.org/10.1016/j.jtbi.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17543345
https://doi.org/10.1007/s11071-015-1905-8
https://doi.org/10.1016/S0370-1573(02)00331-9
https://doi.org/10.1007/s11071-017-3877-3
https://doi.org/10.1007/s11071-017-3877-3
https://doi.org/10.1080/17513758.2019.1588400
http://www.ncbi.nlm.nih.gov/pubmed/30843764
https://doi.org/10.1016/j.eclinm.2023.102289
http://www.ncbi.nlm.nih.gov/pubmed/38192589
https://doi.org/10.1155/2023/4201373
https://doi.org/10.1155/2023/4201373
https://doi.org/10.4103/2278-330X.119901
http://www.ncbi.nlm.nih.gov/pubmed/24455659
https://doi.org/10.3329/bjog.v33i1.43550
https://doi.org/10.3329/bjog.v33i1.43550
https://doi.org/10.1016/j.jtbi.2005.06.037
http://www.ncbi.nlm.nih.gov/pubmed/16153659
https://doi.org/10.1371/journal.pone.0299560

PLOS ONE

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

de Pillis LG, Radunskaya AE, Wiseman CL. A validated mathematical model of cell-mediated immune
response to tumor growth. American Association for Cancer Research. 2005 Sep 1; 65(17):7950-8.
https://doi.org/10.1158/0008-5472.CAN-05-0564 PMID: 16140967

Trisilowati T, McCue S, Mallet D. Numerical solution of an optimal control model of dendritic cell treat-
ment of a growing tumour. ANZIAM Journal. 2013 Oct; 54:664—680. https://doi.org/10.21914/anziam,;.
v54i0.6654

Unni P, Seshaiyer P. Mathematical modeling, analysis, and simulation of tumor dynamics with drug
interventions. Computational and Mathematical Methods in Medicine. 2019 Oct 8: 2019:4079298.
https://doi.org/10.1155/2019/4079298 PMID: 31687042

Kirschner D, Tsygvintsev A. On the global dynamics of a model for tumor immunotherapy. Mathematical
Biosciences and Engineering. 2009 Jul; 6(3):573-83. https://doi.org/10.3934/mbe.2009.6.573 PMID:
19566127

Kirschner D, Panetta JC. Modeling immunotherapy of the tumor—immune interaction. Journal of Math-
ematical Biology. 1998 Sep; 37(3):235-52. https://doi.org/10.1007/s002850050127 PMID: 9785481

Decker WK, da Silva RF, Sanabria MH, et al. Cancer immunotherapy: historical perspective of a clinical
revolution and emerging preclinical animal models. Frontiers in Immunology. 2017 Aug 2: 8:829. https://
doi.org/10.3389/fimmu.2017.00829 PMID: 28824608

Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: from T cell basic science to clin-
ical practice. Nature Reviews Immunology. 2020 Nov; 20(11):651-68. https://doi.org/10.1038/s41577-
020-0306-5 PMID: 32433532

Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic immunity in cancer. Nature Reviews. Cancer. 2021
Jun; 21(6):345-359. https://doi.org/10.1038/s41568-021-00347-z PMID: 33837297

Kartono AS. Mathematical modeling of the effect of boosting tumor infiltrating lymphocyte in immuno-
therapy. Pakistan Journal of Biological Sciences. 2013 Oct 15; 16(20):1095—1083. https://doi.org/10.
3923/pjbs.2013.1095.1103 PMID: 24506008

McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaustion during chronic viral infection and
cancer. Annual Review of Immunology. 2019 Apr 26: 37:457—495. https://doi.org/10.1146/annurev-
immunol-041015-055318 PMID: 30676822

Philip M, Schietinger A. CD8+ T cell differentiation and dysfunction in cancer. Nature Reviews. Immu-
nology. 2022 Apr; 22(4):209-223. https://doi.org/10.1038/s41577-021-00574-3 PMID: 34253904

Ucar E, Ozdemir N. A fractional model of cancer immune system with Caputo and Caputo Fabrizio
derivatives. The European Physical Journal Plus. 2021 Jan; 136:1-7.

Ugar E, Ozdemir N, Altun E. Qualitative analysis and numerical simulations of new model describing
cancer. Journal of Computational and Applied Mathematics. 2023 Apr 1; 422:114899. https://doi.org/
10.1016/j.cam.2022.114899

Ugar E, Ozdemir N. New Fractional Cancer Mathematical Model via IL-10 Cytokine and Anti-PD-L1
Inhibitor. Fractal and Fractional. 2023 Feb 3; 7(2):151. https://doi.org/10.3390/fractalfract7020151

Ugar S, Ozdemir N, Koca |, Altun E. Novel analysis of the fractional glucose insulin regulatory system
with non-singular kernel derivative. The European Physical Journal Plus. 2020 May; 135(5):1-8.

Ugar S, Evirgen F, Ozdemir N, Hammouch Z. Mathematical analysis and simulation of a giving up
smoking model within the scope of non-singular derivative. National Academy of Sciences of Azerbai-
jan. 2022; 48:84—99.

Casiraghi M, Sedda G, Del Signore E, et al. Surgery for small cell lung cancer: when and how. Lung
Cancer. 2021 Feb: 152:71-77. hitps://doi.org/10.1016/j.lungcan.2020.12.006 PMID: 33360438

Liang M, Chen M, Singh S. Prognostic nomogram for overall survival in small cell lung cancer patients
treated with chemotherapy: a SEER-based retrospective cohort study. Advances in Therapy. 2022 Jan;
39(1):346-359. https://doi.org/10.1007/s12325-021-01974-6 PMID: 34729705

Chao C, Di D, Wang M, Liu Y, Wang B, Qian Y. Identifying octogenarians with non-small cell lung can-
cer who could benefit from surgery: a population-based predictive model. Frontiers in Surgery. 2022
July; 9:1-13:972014. https://doi.org/10.3389/fsurg.2022.972014 PMID: 35965875

LiH-S, Li J-L, Yan X, et al. Efficacy of dacomitinib in patients with non-small cell lung cancer carrying
complex EGFR mutations: a real-world study. Journal of Thoracic Disease. 2022 May; 14(5):1428—
1440. https://doi.org/10.21037/jtd-21-1841 PMID: 35693621

Farman M, Ahmad A, Akgll A, Saleem MU, Nisar KS, Vijayakumar V. Dynamical behavior of tumor-
immune system with fractal-fractional operator. AIMS Mathematics. 2022 Jan 1; 7(5):8751-73. https://
doi.org/10.3934/math.2022489

Farman M, Saleem MU, Ahmed MO, Ahmad A. Stability analysis and control of the glucose insulin glu-
cagon system in humans. Chinese Journal of Physics. 2018 Aug 1; 56(4):1362-9. https://doi.org/10.
1016/j.cjph.2018.03.037

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 33/34


https://doi.org/10.1158/0008-5472.CAN-05-0564
http://www.ncbi.nlm.nih.gov/pubmed/16140967
https://doi.org/10.21914/anziamj.v54i0.6654
https://doi.org/10.21914/anziamj.v54i0.6654
https://doi.org/10.1155/2019/4079298
http://www.ncbi.nlm.nih.gov/pubmed/31687042
https://doi.org/10.3934/mbe.2009.6.573
http://www.ncbi.nlm.nih.gov/pubmed/19566127
https://doi.org/10.1007/s002850050127
http://www.ncbi.nlm.nih.gov/pubmed/9785481
https://doi.org/10.3389/fimmu.2017.00829
https://doi.org/10.3389/fimmu.2017.00829
http://www.ncbi.nlm.nih.gov/pubmed/28824608
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s41577-020-0306-5
http://www.ncbi.nlm.nih.gov/pubmed/32433532
https://doi.org/10.1038/s41568-021-00347-z
http://www.ncbi.nlm.nih.gov/pubmed/33837297
https://doi.org/10.3923/pjbs.2013.1095.1103
https://doi.org/10.3923/pjbs.2013.1095.1103
http://www.ncbi.nlm.nih.gov/pubmed/24506008
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
http://www.ncbi.nlm.nih.gov/pubmed/30676822
https://doi.org/10.1038/s41577-021-00574-3
http://www.ncbi.nlm.nih.gov/pubmed/34253904
https://doi.org/10.1016/j.cam.2022.114899
https://doi.org/10.1016/j.cam.2022.114899
https://doi.org/10.3390/fractalfract7020151
https://doi.org/10.1016/j.lungcan.2020.12.006
http://www.ncbi.nlm.nih.gov/pubmed/33360438
https://doi.org/10.1007/s12325-021-01974-6
http://www.ncbi.nlm.nih.gov/pubmed/34729705
https://doi.org/10.3389/fsurg.2022.972014
http://www.ncbi.nlm.nih.gov/pubmed/35965875
https://doi.org/10.21037/jtd-21-1841
http://www.ncbi.nlm.nih.gov/pubmed/35693621
https://doi.org/10.3934/math.2022489
https://doi.org/10.3934/math.2022489
https://doi.org/10.1016/j.cjph.2018.03.037
https://doi.org/10.1016/j.cjph.2018.03.037
https://doi.org/10.1371/journal.pone.0299560

PLOS ONE

Mathematical modeling and control of lung cancer with /L, cytokine and anti-PD-L1

41.

42,

43.

44,

45.

46.

Farman M, Akgul A, Ahmad A, Imtiaz S. Analysis and dynamical behavior of fractional-order cancer
model with vaccine strategy. Mathematical Methods in the Applied Sciences. 2020 May 15; 43
(7):4871-82.

Akgul A, Li C, Pehlivan I. Amplitude control analysis of a four-wing chaotic attractor, its electronic circuit

designs and microcontroller-based random number generator. Journal of Circuits, Systems and Com-
puters. 2017 Dec 18; 26(12):1750190. https://doi.org/10.1142/S0218126617501900

Atangana A. Mathematical model of survival of fractional calculus, critics and theirimpact: How singular
is our world?. Advances in Difference Equations. 2021 Dec; 2021(1):1-59. https://doi.org/10.1186/
$13662-021-03494-7

Atangana A. Modelling the spread of COVID-19 with new fractal-fractional operators: can the lockdown
save mankind before vaccination?. Chaos, Solitons & Fractals. 2020 Jul 1; 136:109860. https://doi.org/
10.1016/j.chaos.2020.109860 PMID: 32501371

Atangana A, Igret Araz S. Mathematical model of COVID-19 spread in Turkey and South Africa: theory,
methods, and applications. Advances in Difference Equations. 2020 Dec; 2020(1):1-89. https://doi.org/
10.1186/s13662-020-03095-w PMID: 33391372

Shi R, Zhao H, Tang S. Global dynamic analysis of a vector-borne plant disease model. Advances in
Difference Equations. 2014 Dec; 2014(1):1-6. https://doi.org/10.1186/1687-1847-2014-59

PLOS ONE | https://doi.org/10.1371/journal.pone.0299560 March 14, 2024 34/34


https://doi.org/10.1142/S0218126617501900
https://doi.org/10.1186/s13662-021-03494-7
https://doi.org/10.1186/s13662-021-03494-7
https://doi.org/10.1016/j.chaos.2020.109860
https://doi.org/10.1016/j.chaos.2020.109860
http://www.ncbi.nlm.nih.gov/pubmed/32501371
https://doi.org/10.1186/s13662-020-03095-w
https://doi.org/10.1186/s13662-020-03095-w
http://www.ncbi.nlm.nih.gov/pubmed/33391372
https://doi.org/10.1186/1687-1847-2014-59
https://doi.org/10.1371/journal.pone.0299560

