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Abstract

The term cancer is generally used to refer to a large group of diseases. Neoplastic or cancerous cells grow and divide in an
uncontrolled manner and, as a result, form tumours that progressively increase in size. There are different types of cancer
which are categorised according to the type of tissue or fluid originated from inside the body. We incorporate chemothera-
peutic agents into a mathematical model of non-small cell lung cancer interacting with immune cells. The immune system
cells included in the model are composed of macrophages and cytotoxic lymphocytes. In our model, tumour infiltrating
lymphocyte therapy is also considered. In this work, we show how pulsed chemotherapy combined with immunotherapy,

known as chemoimmunotherapy, can improve survival outcomes in the treatment of non-small cell lung cancer.

Keywords Macrophage - Cancer model - Non-small cell lung cancer - Chemotherapy treatment - Immunotherapy

1 Introduction

Cancer is a group of diseases characterised by the uncon-
trolled growth of abnormal cells. Healthy cells can be
recruited and transformed into pathological cells. There
are over 100 types of cancer, including skin, breast,
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leukemia, and lung cancer [1]. In the United States, it
was estimated that there would be approximately 2 mil-
lion cases of invasive cancer and around 600,000 cancer-
related deaths in 2024 [2]. Among the vast number of
cancer types, lung cancer is the second leading cause of
cancer related death. It is primarily classified into non-
small cell lung cancer (NSCLC) and small cell lung can-
cer (SCLC) [3]. NSCLC is known to be the most lethal
cancer type worldwide [4]. Due to diversity of cells in
its microenvironment, multiple clinical treatments have
been explored and developed [5, 6].

In the past few decades, several cancer treatments have
been proposed, such as radiotherapy, chemotherapy, and
immunotherapy [7]. Chemotherapy is one of the most
common treatments for various types of cancers [8]. This
treatment consists of eliminating fast-proliferating cells,
such as cancer cells. However, this approach also dam-
ages healthy fast-growing cells [8—11]. The time interval
between chemotherapy sessions is crucial for the treat-
ment, allowing the healthy cells to regenerate from the
damage [8]. Chemotherapy follows specific protocols
regarding timing and dosage [8, 12]. In NSCLC, dif-
ferent chemotherapy protocols, known as ANITA, have
been used. For instance, the 1x7 chemotherapy protocol
[13—15] in which the chemotherapeutic agents are admin-
istered every seven days during a period, while 1x21
[15, 16] involves dosing every twenty-one days. We also
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consider two cycles of combination chemotherapy, given
by 1x7 plus 1x28. The use these two cycles is based on
the work published by Douillard et al. [13]. They com-
pared the effect of adjuvant vinorelbine plus cisplatin
on survival in patients with NSCLC. Further details on
NSCLC chemotherapy protocols can be found in Refer-
ences [15, 17-21].

The chemotherapy damages the healthy fast prolif-
erating cells and, as a consequence, the immune system
becomes weaker [7]. Due to this fact, some cancer treat-
ments have shown that chemotherapy with immunother-
apy can strengthen the immune system [21]. A common
immunotherapy for NSCLC is the tumour-infiltrating
lymphocytes (TIL) therapy [5, 21]. TIL enhances the
elimination of tumour cells by injecting a large number
of T cells into the body, that are predators of cancer cells
[5, 22, 23].

Various mathematical models have been proposed for
describing the cancer cell growth dynamics [7, 12,24-29].
Das et al. [30] investigated a dynamic model depicting
cancer growth, incorporating chemotherapy and immune
system. larosz et al. [27] introduced a model of brain
tumour where glial cells, glioma, neurons, and chemo-
therapeutic agents interact with one another. This model
was extended to include drug resistance under continuous
and pulsed chemotherapy [25]. In the extended model,
the neuron’s lifespan depends on the infusion rate of the
chemotherapy and the mutation rate from drug-sensitive
to drug-resistance cells. Trobia et al. [26] mathematically
described the interaction among the immune system, can-
cer cells, and anti-cancer drugs. Their findings suggest
that the delay in the immune system targeting the tumour
cells influences the treatment efficacy.

Cancer cell proliferation has been modelled through-
out the years [28, 29], for instance the interaction among
macrophage cells, immunotherapy, and NSCLC [5, 31].
The macrophage cells M1 and M2 are white blood cells
responsible for eliminating pathogens. They can not only
stop the spread of cancer cells, but also promote the can-
cer growth. Eftimie et al. [31] proposed a model capable
of reproducing the dynamics of NSCLC considering the
M1 and M2 macrophages. They showed that the macro-
phage half-lives affect the treatment outcome. Lourengo
et al. [5] studied the interaction among NSCLC, macro-
phages (M1 and M2), and CD8+ T cells when TIL immu-
notherapy is applied. They demonstrated that the growth
and death rate of M1 as well as CD8+ T cells growth rate
can affect the reduction of NSCLC.

In this work, we modify the NSCLC model published
by Lourenco et al. [5]. The model consists of four differ-
ential equations, each one representing a different type of
cell, given by NSCLC, M1, M2, and CD8+ T cells. The TIL
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therapy is also considered in our model. We include che-
motherapy to investigate how different treatment protocols
influence the reduction of the NSCLC. Our results show
how the combination of TIL with different chemotherapy
protocols can effectively increase the number of days that
the tumour takes to regrow, improving the post-treatment
status.

The paper is organised as follows: In Section 2, we dis-
cuss the mathematical model. In Section 3, we present our
results regarding the different chemotherapy protocols and
immunotherapy. In Section 4, we draw our conclusions.

2 Mathematical Model

We include chemotherapy in a cancer model [5, 9, 33] incor-
porating a constant source of macrophages in the tumour
microenvironment. Depending on the phenotypic signaling,
the macrophages can be activated. The model also consid-
ers tumour-infiltrating lymphocytes (TIL), which consists
of removing T lymphocyte cells and injecting back into
the tumour microenvironment [5, 32]. Figure 1 displays a
schematic representation of the interactions included in our
modified model. The number of tumour neoplastic cells is
denoted by N, the numbers of macrophage phenotype 1 and
2 cells are represented by M; and Mo, respectively, and T
is related to the number of immune system cells (CD8+ T
cells). The arrows indicate the interactions and biological
processes involving these cells.

Considering chemotherapy in the NSCLC model, our
model is given by

N N
d:aﬂVO—>ﬂ+aﬂb%

dt K, (1)
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Fig. 1 Schematic representation of
our modified model, where N cor-
responds to the number of tumour
neoplastic cells, M7 is the number
of macrophage phenotype 1 cells,
M5 is the number of macrophage
phenotype 2 cells, and T is related
to the number of immune system
cells (CD8+ T cells). The arrows
correspond to the cell interactions
and biological processes

dQ
o e 5)
where
0.2857 ,t € [7,8
"= { 0 te E—olw) U (8, 00). (6)

The function v(¢) is related to the infusion protocol for the
tumour-infiltrating lymphocyte therapy. The dose is applied
continuously between the 7th and 8th days. The infusion
enhances the elimination of tumours mediated by 7§ cells.
It is a standard treatment protocol [9]. In the immunother-
apy protocol, the dosage is applied only during a specified
period of time. Outside this period, there is no dosage. The
cell populations (N, M;, M, and Tg) are limited by the
carrying capacities (K, K,,, and K) that are equal to 1
mm > [31]. The description and values of the parameters are
shown in Table 1 [5].

In (1), the first term represents the growth of neoplastic
cells that are influenced by the amount of M5 macrophages
and tumour growth factors. The second and third terms
describe the reduction of N due to the action of AM; macro-
phages and CDS8+ T effectors, respectively. The last term is
related to the chemotherapeutic agent. In (2), the first term
represents a constant source of macrophages. The second
term indicates that M depends on the number of Ms. The
third and fourth terms represent the internal processes and
chemotherapy. In the third term in (2), the macrophage repo-
larisation occurs in response to the signals from the micro-
environment. The immune cells can change their functional
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phenotype, for instance from a pro-inflammatory (1/;) to an
anti-inflammatory (Ms) phenotype. The parameter py can
be related to a background biological process and its study
can play an important role in future cancer immunotherapy.
The first and second terms in (3) represent the source of
macrophages and the growth of M5. The third and fourth
terms are associated with the internal processes and chemo-
therapy. In (4), the second term models the number of CD8+
T effectors that are responsible for the reduction of the N
neoplastic cells. The third term indicates the reduction effect
due to the macrophages with phenotype 2. The last equation
describes the dynamics of the chemotherapeutic agent, the
chemotherapy, where the first term is related to the amount
of chemotherapy and the second term represents the rate of
absorption of the drug in the organism. Q is the chemothera-
peutic agent concentration and 6 is the absorption rate.

The fourth term in (2) and (3) as well as the third term in
(4) correspond to the natural cell death (apoptosis). In (1),
(2), (3), and (4), the last term represents a Holling type 2
interaction function, which indicates the action of the che-
motherapy on the cells. The parameters are associated with
the regulatory interactions that N, My, M, and Ty have
with each other, through enzymes and other biochemical
mechanisms. From a mathematical point of view, we con-
sider that the parameter values are not negative. According
to the hypotheses assumed for lung cancer, positive param-
eter values guarantee the existence and positivity of the ana-
lytical solutions.

In Fig. 2, we compute the population dynamics
of N (red line), M; (black line), Ms (cyan line), and
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Table 1 Parameter descriptions and values used in our simulations [5]

Parameter Values Description

a1 2.30 x 10~ ! day™! Proliferative growth rate of N

as 6.72 x 107! mm™? Rate of influence of M2 on tumour volume

as 7.00 x 107! day™! Growth rate of M,

a4 7.00 x 1071 (mm®.day)~* Rate of influence of N on the proliferation of M2

as 8.00 x 107! (mm?®.day)~* Rate of influence of M1 on the proliferation of CD8+
p1 1.00 x 1072 (mm?-day) ! Polarisation rate from M to M2

P2 [0; 0.2] (mm?’-day)_l Polarisation rate from Ms to M7

B 1.344 (mm3-day) ! Rate of effectiveness of M1 in fighting N cells

B2 4312 (mm3-day) ! Rate of effectiveness of CD8+ in fighting N cells

B3 1.344 (mm?3-day)~* Rate of effectiveness of M2 in fighting CD8+ cells
w1 0.87 day ! Death rate of M cells

12 1.00 x 107" day~* Death rate of Mz cells

13 4.00 x 107! day~? Death rate of CD8+ cells

K, 1 mm—3 Carrying capacity of neoplastic cells

Ko 1 mm—3 Carrying capacity of macrophages

K, 1l mm~—3 Carrying capacity of CD8+ cells

A 1072 day~! Differentiation rate

mo 1 mm™3 Cytokine concentrations in the tumour microenvironment
& [0; 400] mg(m?-day)~* Amount of chemotherapy

0 0.3 day " Absorption rate

a1 1072 m2(mg day)~! Predation coefficient on N cells

as 4.0 x 1072 m2(mg day)~! Predation coefficient on M cells

as 4.0 x 1072 m2(mg day) ! Predation coefficient on M2 cells

as 3.0 x 1072 m2(mg day)~! Predation coefficient on T3 cells

b 1 Support rate when there is no competition and predation

Fig. 2 Temporal evolution of

N (red line), M (black line),

M5 (cyan line), and Ty (magenta
line) for parameter values accord-
ing to Table 1. The panels (a) and
(b) display the solutions without
chemotherapy (¢ = 0) for p2 =0
and p2 = 0.2, respectively. With
chemotherapy (® = 10), the panels
(¢) and (d) exhibit the solutions for
p2 =0and p2 = 0.2
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Tg (magenta line) for parameter values listed in Table
1. Without chemotherapy (® = 0) and no repolarisation
stimulus (p2 = 0), N and M, increase while M; and Ty
go to zero, as shown in Fig. 2(a). Considering the mac-
rophage repolarisation (p2 = 0.2), the neoplastic cells
value N stabilises before reaching its maximum value
due to the recruitment of macrophages from My to M,
as displayed in Fig. 2(b). Figures 2(c) and 2(d) exhibit
the population dynamics of the cells with the adminis-
tration of chemotherapeutic agents ( = 10). Compara-
tively, Fig. 2(d) displays a lower N value in 180 days
compared to that exhibited in Fig. 2(c). It is due to the
combination of chemotherapy with immunotherapy,
known as chemoimmunotherapy. A pronounced peak in
the T3 population occurs due to the TIL injection att = 7,
followed by clonal expansion and subsequent cell death
or exhaustion.

3 Pulsed Chemotherapy

In pulsed chemotherapy, the drugs are administered in
cycles with periods of rest. The repeated application of
drugs for a short time presents some benefits including
reduced side effects and delayed drug resistance. There
are different clinical protocols associated with the pulsed
chemotherapy.

Figure 3 displays the population dynamics of the cells
for po = 0.2 and my = 1. In our simulations, we consider
the protocols (a) 1 x7 with ® = 200 for 15 cycles, (b) 1x

(a)

Fig. 3 Temporal evolution of

14 with & = 200 for 8 cycles, (¢) 1x21 with & = 200
for 6 cycles, and (d) 1x7 plus 1x28 with &; = 50 and
®y = 150, respectively, for 15 cycles and 4 cycles each
one. The red line corresponds to the neoplastic cells N(¢),
the black line represents the macrophages of type M (t),
the cyan line denotes the macrophages of type Mx(t), and
the magenta line represents the immune system cells
Ts(t). The number of neoplastic cells grows and reaches
an asymptotic state. We observe that the time for N to
reach an asymptotic state depends on the protocol.

We analyse the post-treatment status by means of the
time (7) that the tumour takes to regrow after stopping
the chemotherapy. Figure 4 shows the parameter space
p2 x @ for different protocols. The colour bar exhibits the
7 values that are obtained after the end of the treatment
cycles according to the protocols. The panels (a), (b), (c),
and (d) correspond to the protocols 1x7, 1x14, 1x21,
and 1x7 plus 1x28, respectively. The red region repre-
sents a longer life expectancy and the blue region denotes
a shorter one. The size of the red region is larger for the
protocols 1x7 (Fig. 4(a)) and 1x7 plus 1x28 (Fig. 4(d)).
The protocol 1x 14 has a red region larger than the proto-
col 1x21, as shown in Fig. 4(b) and Fig. 4(c). Increasing
the rest days, we verify that large 7 values are observed
for larger ® values. Comparing the panels (a), (b), and
(c), a shorter interval between chemotherapy treatments
is better to increase the survival time. Figure 4(d) shows
that combined chemotherapy protocols can also be used
to enhance the survival time after the end of the cycles
(red region), where ® = ®; € [0,400] and $3 = 3 x P;.

(b)

N (red line), M, (black line), 0.5 — ‘ :
My> (cyan line), and T (magenta : N(t) — :
line) for p2 = 0.2 and mo = 1. (a) ‘ Myt) —— §
1 x 7 with @ = 200 for 15 cycles 1‘%( tﬁ — 3 1 1
(t = 500 days), (b) 1 x 14 with ) —— § | 235 days |
@ = 200 for 8 cycles (1 = 235 0.25 ¢ ) P o ;
days), (¢) 1 x 21 with & = 200 for 550 days : 3
6 cycles (1 = 149 days), and (d) 1
1 x 7plus 1 x 28 with &1 = 50 s =/ il“““i
and ®2 = 150 (7 = 196 days), 0 L A
respectively, for 15 cycles and 4
cycles each one ( d)
0.5 !
1196 days |
0.25 : !
r———
0 [ T T T T T
0 180 360 540 720 0 180 360 540 720
days days
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Fig.4 Parameter space p2 X

05 &

(b)

for (a) 1 x 7 with 15 cycles, (b) 540
1 x 14 with 8 cycles, (¢) 1 x 21
with 6 cycles, and (d) 1 X 7 plus
1 x 28 (® = ®; € [0,400] and 360
®y =3 x 1) with 16 and 5 & 025 e
cycles, respectively. We consider 180
v(t) = 0.2857 (¢ € [7,8]) and
v(t) =0( € (—o0,7) U (8,00)).
The colour bar represents the sur- 0 0
vival time (7) after the end of the
cycles. The red region corresponds ( d)
to a longer life expectancy and the 0.5 540
blue region denotes a shorter one
360
& 025 e
180
0 0
0 200 400 0 200 400
P O]
Table 2 Amount of chemotherapy per cycle, where ®1,2=®1 2
1x7 1x 14 1x21 1x 7+ x 21
Brown 83.13 147.78 221.67 $1,2=30,170
Black 90 160 240 $1,2=40, 160
Green 96.88 172.22 258.33 ®1,2=50, 150
Blue 103.75 184.44 276.67 $1,2=60, 140
Red 117.50 208.89 313.33 $1,2=80,120
The colours correspond to 7 in Fig. 5
700 ‘ _ o
® protocol, where the colour names in the first column indi-
500 cate the ones used in Fig. 5.
° ° ° Figure 5 displays 7 for different protocols, pa = 0.2,
1 mo = 1, and amount of chemotherapy according to Table
500 r o 1 2. For the three protocols and combined protocols, we
L ) P °® ® observe an increase in 7 when the amount of chemother-
400 ° ° Y : apy per cycle is increased (® and ®;). For the protocols
. ° 1x7, 1x14, and 1 X 74+ 1 x 28, the values of 7 are
300 - * ® ® ] approximately equal. The protocol 1 x 21 show higher 7
® L values for all amount of chemotherapy per cycle.
200 The chemoimmunotherapy is a treatment that com-
1x7 Ix14 1x21 Ix741x28 bines chemotherapy with immunotherapy. Chemothera-
protocols peutic agents are used to eliminate cancer cells and

Fig. 5 7 for different protocols, p2 = 0.2, mo = 1, and amount of
chemotherapy according to Table 2. We consider 1000 different initial
conditions to calculate 7

Considering that the total amount of drug administered
until the final course of chemotherapy is approximately
the same for all protocols, we compute the averaged T
values (7) for 1000 different initial conditions. Table 2
shows the amount of chemotherapy (®) per cycle in each

@ Springer

the immune system is stimulated or restored to fight
cancer. To analyse the influence of the chemotherapy
and immune system, we compute the parameter space
v(t) x ® for (a) 1 x 7 with 15 cycles, (b) 1 x 14 with
8 cycles, (c) 1 x 21 with 6 cycles, and (d) 1 x 7 plus
1x28(®=P; €10,400] and P = 3 x P;) with 16 and
5 cycles, respectively, as displayed in Fig. 6. The colour
bar correspond to the 7 values. We consider v(¢) in the
interval [0, 1] and the tumour-infiltrating lymphocytes
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Fig. 6 Parameter space A x &

for (a) 1 x 7 with 15 cycles, (b) 1.0 540 540
1 x 14 with 8 cycles, (¢) 1 x 21
with 6 cycles, and (d) 1 x 7 plu
L 28 (8 = @ € [0, 400] and 360 360
®y =3 x ®1) with 16and 5 < 05 ©
cycles, respectively. We con- 180 180
sider v(t) = A (¢t € [7,8]) and
v(t) =0(t € (—o0,T) U (8,00)).
The colour bar represents the 0.0 0 0
survival time (7) after the end of
the cycles
1.0 s40 D 540
360 360
< 05 e
180 180
0.0 0 0
0 100 200 300 400 0 100 200 300 400

o

doses are applied continuously between 7th and 8th days
with 29 days of cycle. Larger and smaller 7 values are
represented by red and blue, respectively. For all proto-
cols, we observe that chemotherapy and immunotherapy
can be more effective when combined.

4 Conclusions

Chemoimmunotherapy is a treatment option for cancer that
combines chemotherapy and immunotherapy. The chemo-
therapeutic agents eliminate or slow down the growth of
cancerous cells. The immunotherapy improves the immune
system to recognise and attack the cancer. In this work, we
study the non-small cell lung cancer (NSCLC) control based
on chemoimmunotherapy. The NSCLC is the most common
type of lung cancer.

We include chemotherapy in a NSCLC model with
immunotherapy. Due to the immunotherapy, there are pro-
cesses of repolarisation of macrophages within the micro-
environment combined with the infiltration of lymphocytes
into the tumour. Considering three months of chemotherapy,
it is possible to observe a reduction in the number of cancer
cells.

We analyse the post-treatment status by means of the time
(7) that the tumour takes to regrow after stopping the pulsed
chemotherapy. To do that, we consider the protocols 1 x 7
with 15 cycles, 1 x 14 with 8 cycles, 1 x 21 with 6 cycles,
and 1 x 28 plus 1 x 28 with 16 and 5 cycles. By varying the
polarisation rate of the number of macrophage phenotype
from 2 to 1 and the amount of chemotherapy, the protocols
1 x 7and 1 x 7plus 1 x 28 exhibit better parameter ranges

>

for the 7 values. For all protocols, maintaining approxi-
mately the same total amount of drug administered until the
final course of chemotherapy, the protocol 1 x 21 show the
best results for the averaged 7 values.

Recently, Hirabayashi et al. [34] examined real-world
data after the introduction of chemoimmunotherapy in
patients with cell lung cancer. They reported that the median
overall survival in chemotherapy and chemoimmunother-
apy were 9.7 and 15 months, respectively. Depending on
the treatment protocol, our results show a range of survival
time approximately between 10 and 20 months, a median
overall survival equal to 15 months.

With regard to chemoimmunotherapy in NSCLC control,
we show that the treatment can prolong the patient survival
in the context of protocols. The combination of chemothera-
peutic agents with immune therapy plays an important role
in the cancer treatment effectiveness.
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