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Abstract

Stem cell therapy is gaining attention in autoimmune disease treatment and is cmerging as a promising field
of regencrative medicine. Psoriasis, a chronic autoimmune skin disorder, remains a major challenge due to
its complex immune pathways and multifactorial nature. Existing therapies often provide only temporary
relief, with relapse occurring after discontinuation, and complete remission is rarely achicved. This thesis
studies the progression and control of psoriasis from mathematical points of view through modelling. The
aim is to understand the underlying biological mechanisms and to evaluate the effects of control strategies,
mainly biologic drugs and stem cell-based therapies. Special focus is given to stem cell therapy as a possible
future alternative where conventional approaches fail. Each chapter combines theoretical analysis with
numerical simulations to maintain biological relevance and clinical applicability. Methods such as optimal
control theory and impulsive differential equations are applied to design and evaluate different control

interventions. The overall goal is to provide a mathematical framework that may guide the development of
more effective treatment strategies for psoriasis in the future.

Chapter wise Contributions

*  Chapter 2 provides a nonlincar ODE-based model including Thy, Thy; cells, keratinocytes, and
mesenchymal stem cells (MSCs). The effects of pulsed MSC transplantation are studied, showing
their potential in immune modulation.

*  Chapter 3 introduces simplified mathematical model with T cells, dendritic cells, keratinocytes,
and MSCs. The role of anti~-TNF-a biologics is cxamined introducing optimal control, Further,
pulsed MSC therapy is introduced as an adjunct in resistant cases, demonstrating the combined
therapeutic benefits of the biologic TNF-u inhibitor and MSCs.

* Chapter 4 extends the model of Chapter 3 to fractional-order systems to include the memory
effects. Three operators, namely Caputo, Caputo-Fabrizio, and Atangana-Baleanu—Caputo
operators, are used for the fractional-order models. Theoretical analysis is carried out for the ABC
operator with a non-singular Mittag-Leffler kernel, and biologic control strategies are tested using
the Forward-Backward Sweep Method with respect to all considered fractional operators.

*  Chapter 5 incorporates two intracellular time delays in T cell-dendritic cell interactions. Hopf
bifurcation analysis is carried out, and a dual-biologic strategy (TNF-u and IL-17 inhibitors) is
proposed to regulate oscillatory disease behavior, highlighting the role of delayed immune
signaling.

¢ Chapter 6 provides a model with stem cell maturation stages and uses impulsive differential
equations to study the effect of stem cell administrations. The results show that periodic impulses,
given at proper intervals, can control T cell and keratinocyte over-activity effectively.

*  Chapter 7 integrates five key cytokines with T cells, dendritic cells, keratinocytes, and stem cells
with differentiation lineages. Quasi-steady-state approximations simplify cytokine interactions.
Hopf bifurcation analysis and numerical simulations confirm that impulsive stem cell therapy can
restore cytokine balance and coatro] keratinocyte overgrowth.

¢ Chapter 8 outlines future directions of research and presents a model as part of ongoing work.
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Chapter 1

Introduction

“Psoriasis has a significant impact on quality of life and is associated with a range of physical
and psychological comorbidities. It is a serious global problem that meeds more awareness,
advocacy, and coordinated care.”

~ World Health Organization, Global Report on Psoriasis (2016) O

1.1 Psoriasis: History of the Disease

!'Psoriasis is a chronic immune-mediated skin disorder with a history dating back to ancient
times. Early descriptions by Hippocrates often confused it with other skin conditions like
leprosy due to overlapping symptoms. The disease was formally named in the 19th cen-
tury by Ferdinand von Hebra, who distinguished it as a non-contagious condition. Initially
thought to be a disorder of excessive skin cell growth, psoriasis is now understood as an
autoimmune condition involving immune cells and pro-inflammatory cytokines. Treatments
have evolved from coal tar and phototherapy to systemic drugs and, more recently, biologics
targeting immune pathways. Today, psoriasis is recognized as a complex, systemic disease
with physical and psychological impacts, and while treatment options have advanced, a com-
plete cure remains out of reach. However, stem cell based therapies are under investigation
for their potential to restore immune tolerance and modulate chronic inflammation, offering
a promising avenue for long-term remission in psoriasis patients [1].

1.2 The Epidemiology of Psoriasis

Psoriasis is a chronic, multifactorial, immune-mediated inflammatory skin disorder that im-
poses a significant global health burden, transcending geographic, racial, and socioeconomic
boundaries. It is clinically characterized by raised, erythematous, scaly plaques that most
commonly appear on the elbows, knees, scalp, back, face, palms, and soles of the feet. Af-
fected individuals often experience symptoms such as dryness, pruritus, erythema, and thick

LInformation given/listed in this chapter are collected from several web links and peer-reviewed
journals (cited here).



1.2 The Epidemiology of Psoriasis

scaling, which may lead to painful fissures and bleeding. Beyond its visible dermatological
manifestations, psoriasis is associated with systemic comorbidities as well as considerable psy-
chosocial distress. The in-depth overview and the important features of the disease psoriasis
are organized as follows.

e Global Prevalence: Psoriasis affects approximately 2-3% of the global population,
although prevalence estimates vary by country [2]. It is estimated that more than
125 million people worldwide live with psoriasis, making it one of the most prevalent
autoimmune conditions globally. The incidence of psoriasis appears to be rising in cer-
tain parts of the world, potentially due to increasing awareness, improved diagnostics,
urbanization, and environmental changes [3, 4].

ws
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Figure 1.1: Worldwide Psoriasis Update (2020): Geographical distribution of psoriasis
prevalence, highlighting regional variations across continents.

e Geographic Distribution: The distribution of psoriasis exhibits marked geographic
heterogeneity. High-prevalence regions include Northern and Western Furope, North
America, and Australia, where rates often exceed 4% of the population [2]. In contrast,
lower prevalence is reported in East Asia, Sub-Saharan Africa, and certain parts of
Latin America, sometimes falling below 1% [5]. Genetic predisposition, environmental
exposures, and variations in health systems contribute to these disparities.

e Clinical Spectrum: Psoriasis manifests in multiple clinical forms, including plaque
psoriasis (the most common), guttate, pustular, erythrodermic, and inverse variants [6].
Disease severity also varies widely—from localized plaques with minimal symptoms
to extensive, debilitating skin involvement. The condition frequently coexists with
comorbidities such as psoriatic arthritis, cardiovascular disease, metabolic syndrome,
and depression, further complicating its clinical management [7].

e Endeavors Toward Eradication: Psoriasis is currently incurable, though significant
progress has been made in disease management and policy recognition. The World



1.3 Types of Psoriasis

Health Organization (WHO) adopted a resolution in 2014 to improve access to care
and reduce stigma associated with psoriasis [8]. Advances in biologic therapies and
stem cell-based therapy have revolutionized treatment paradigms, offering symptom
remission and improved quality of life in many cases [9].

1.3 Types of Psoriasis

Psoriasis encompasses a spectrum of clinical phenotypes, each with distinct morphological
features, distribution patterns, and severities. The major types include:

e Plaque Psoriasis (Psoriasis Vulgaris): Plaque psoriasis is the most prevalent form,
accounting for approximately 80-90% of all cases. It presents as well-demarcated,
erythematous plaques covered with silvery-white scales, typically found on extensor
surfaces such as the elbows, knees, scalp, and lower back. Lesions may be asymptomatic
or accompanied by itching, burning, or pain.

e Guttate Psoriasis: Guttate psoriasis commonly affects children and young adults
and is often triggered by streptococcal throat infections. It appears as numerous small,
droplet-shaped, pink papules on the trunk and proximal extremities. This form may
resolve spontaneously or evolve into chronic plaque psoriasis.

e Erythrodermic Psoriasis: This is a rare but severe form, accounting for less than
3% of psoriasis cases. It manifests as widespread erythema and scaling covering most
of the body surface area. Erythrodermic psoriasis may be accompanied by systemic
symptoms such as fever, chills, dehydration, and electrolyte imbalance. It requires
immediate medical attention due to risks of complications including cardiac failure and
infection.

e Inverse Psoriasis (Flexural Psoriasis): Inverse psoriasis occurs in intertriginous
areas such as the axillae, groin, inframammary folds, and genital region. Lesions are
typically smooth, shiny, and erythematous, lacking the characteristic scaling due to the
moist environment. It is often misdiagnosed as a fungal or bacterial infection.

e Pustular Psoriasis: Pustular psoriasis is characterized by sterile pustules on an ery-
thematous base. It may be localized (e.g., palmoplantar pustulosis) or generalized (gen-
eralized pustular psoriasis, GPP), the latter being a severe, potentially life-threatening
condition often requiring hospitalization. GPP may be associated with fever, malaise,
and leukocytosis.

e Psoriatic Arthritis (PsA): PsA is a chronic inflammatory arthropathy associated
with psoriasis, occurring in approximately 20-30% of patients. It can affect peripheral
joints, axial skeleton, and entheses. If left untreated, PsA may lead to joint damage
and functional impairment. Early diagnosis and treatment are crucial for preventing
long-term disability.



1.4 Etiology of Psoriasis

1.4 Etiology of Psoriasis

Psoriasis is a complex, multifactorial disease arising from the interplay of genetic predispo-
sition, immune system dysregulation, and environmental triggers. Its pathogenesis is not
attributed to a single cause but rather a cascade of interacting biological and external factors
that initiate and perpetuate the inflammatory cycle characteristic of the condition.

1.4.1 Immunological Factors

Psoriasis is primarily driven by immune dysregulation, particularly involving the innate and
adaptive immune systems. Activation of dendritic cells and macrophages leads to the re-
lease of pro-inflammatory cytokines (e.g., TNF-«, I1L-12, 11-23), which stimulate naive T
cells to differentiate into Thi, Thi7, and many more cells. These effector T cells infiltrate
the skin and secrete cytokines such as IL-17A, IL-22, and IFN-v, promoting keratinocyte
hyperproliferation and sustaining inflammation [9].

1.4.2 Immune System Dysregulation

The development of psoriasis is caused by multiple interrelated factors, including keratinocyte
hyper-proliferation, abnormal differentiation, and a dysregulated crosstalk between T cells
and dendritic cells through the secretion of inflammatory cytokines [10]. This interaction
also promotes the recruitment and infiltration of several inflammatory cells into the epider-
mal layer. A hallmark of this immune dysfunction is the hyper-activation of helper T cells,
which secrete excessive inflammatory cytokines [11]. These cytokines orchestrate a cascade
of autoimmune responses that target keratinocytes. The synergistic action of these media-
tors sustains chronic inflammation and contributes significantly to disease development and
persistence [12].

(i) Role of T Cells and Dendritic Cells

T cells and dendritic cells (DCs) play central roles in the initiation and maintenance of psori-
atic inflammation. The disease is initiated when plasmacytoid dendritic cells (pDCs) become
activated in response to skin injury or other environmental triggers, leading to the produc-
tion of type I interferons [13]. These cytokines stimulate myeloid dendritic cells (mDCs),
which subsequently migrate to lymph nodes where they activate naive T cells. Upon acti-
vation, T cells differentiate into effector subsets such as T'hy, Thy7, and Thos, which then
home to the skin and secrete pro-inflammatory cytokines, including IFN-v, TNF-q, IL-17,
and IL-22 [14]. These cytokines act on keratinocytes and other skin-resident cells, promoting
hyper-proliferation, altered differentiation, and further production of chemokines that recruit
additional immune cells to the site of inflammation. Dendritic cells also contribute to the
maintenance of the inflammatory environment by presenting self-antigens and continuously
activating auto-reactive T cells. In psoriatic lesions, DCs express high levels of co-stimulatory
molecules and cytokines such as IL-23 and IL-12, which are critical for the expansion and
survival of pathogenic Th; and Thyr cells, respectively [11]. The continuous interplay be-
tween T cells and dendritic cells establishes a self-perpetuating inflammatory loop. This
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Figure 1.2: Diagrammatic representation of the initial trigger of psoriasis involving
immune cell activation and differentiation. The figure illustrates the role of dendritic
cells, macrophage T cell subsets (Thy, Thyir), natural killer cells and their interactions
with keratinocytes, alongside the key cytokines (e.g., TNF-a, IL-12, 1L-23, IL-17, IL-
22) that orchestrate the inflammatory cascade characteristic of psoriatic pathogenesis.

cellular crosstalk not only amplifies the local immune response but also disrupts epidermal
homeostasis, making both cell types key therapeutic targets in modern biologic treatments
for psoriasis.

(ii) Role of Keratinocytes

Keratinocytes are essential for keeping the body safe from environmental hazards and are
also involved in the healing of wounds under normal homeostatic conditions. Keratins, which
are naturally present in keratinocytes, are crucial in cytokine synthesis in the epidermis [15].
However, in psoriatic inflammation, keratinocytes are not only passive targets but active
participants. Upon stimulation by cytokines such as IL-17 and TNF-«, keratinocytes pro-
duce chemokines (e.g., CCL20, CXCL1, CXCLS) that recruit additional immune cells to the
epidermis. They also release antimicrobial peptides (AMPs), including LL-37, which can
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complex with self-DNA or RNA to further activate plasmacytoid dendritic cells via TLR7/9
pathways. This interaction between immune cells and keratinocytes perpetuates the psori-
atic lesion, resulting in abnormal differentiation, proliferation, and a chronic inflammatory
microenvironment [5, 9].

1.5 Treatment Options of Psoriasis So Far

The treatment of psoriasis has evolved significantly over recent decades, reflecting a deeper
understanding of the disease’s immunopathogenesis. Current therapeutic strategies aim to
reduce inflammation, control keratinocyte hyperproliferation, and restore skin homeostasis.

1. Phototherapy: Ultraviolet (UV) phototherapy, particularly narrowband UVB and
psoralen plus UVA (PUVA) are effective for moderate to severe psoriasis. Photother-
apy acts by inducing T cell apoptosis, reducing cytokine production, and promoting
keratinocyte differentiation [16].

2. Systemic Therapies: Patients with widespread or refractory disease may require
systemic treatment. Traditional systemic agents include methotrexate, cyclosporine,
and acitretin. These treatments are effective but associated with potential long-term
toxicity and require close monitoring [17].

3. Topical Therapies: For mild to moderate psoriasis, topical treatments are typically
the first line of intervention. These include corticosteroids, vitamin D analogs (such as
calcipotriol), coal tar preparations, and topical retinoids [18]. Topical corticosteroids
remain the most commonly prescribed agents due to their anti-inflammatory and im-
munosuppressive properties.

4. Biologic Therapies: Biologic drugs have revolutionized the management of moder-
ate to severe psoriasis by specifically targeting key components of the immune system.
These agents include TNF-« inhibitors (e.g., etanercept, adalimumab), IL-12/23 in-
hibitors (e.g., ustekinumab), IL-17 inhibitors (e.g., secukinumab), and IL-23 inhibitors
(e.g., guselkumab) [19]. Biologics have shown superior efficacy and safety profiles com-
pared to conventional systemic therapies, though their high cost and risk of immuno-
suppression are considerations.

5. Stem Cell Therapies: Stem cell-based therapies are the emerging treatment op-
tions currently under investigation for their potential to restore immune tolerance and
modulate chronic inflammatory response. These therapies offer a promising avenue for
achieving long-term remission in psoriatic patients, potentially complete eradication
of psoriasis so far [1]. At present, stem cells are routinely harvested and preserved in
stem cell banks by various organizations during the childbirth process, enabling their
potential application in the future treatment of several autoimmune diseases, including
psoriasis.
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1.6 Stem Cells: A Short Review

Stem cells are undifferentiated cells characterized by their ability to self-renew and differenti-
ate into specialized cell types. They serve as a fundamental component in tissue development,
regeneration, and repair. Broadly, stem cells are categorized based on their origin and po-
tency.
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Figure 1.3: Stem cells have the ability to differentiate into various specialized cell types,
contributing to tissue regeneration and repair.

1.6.1 Mesenchymal Stem Cells (MSCs)

MSCs are a type of adult stem cell found in bone marrow, adipose tissue, umbilical cord, and
dermis. They exhibit immunomodulatory properties and are capable of differentiating into
mesodermal lineages such as osteoblasts, adipocytes, and chondrocytes [20]. MSCs secrete
anti-inflammatory cytokines, promote tissue regeneration, and suppress pathological immune
responses, making them promising candidates for treating immune-mediated disorders like
psoriasis [21, 22].
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1.7 Mathematical Methods and Their Applications

This section presents key mathematical techniques commonly employed to investigate the
dynamical behavior of systems. The qualitative methods discussed herein have been applied
to analyze various models proposed throughout this thesis.

Equilibrium Analysis

Consider a discrete-time autonomous system described by the first-order difference equation:
Xep1 = f(Xe), or X — f(X), (1.7.1)

where X = (X', X2,...,X") € R, f = (f1, f%,...,f") € R*, and f: R® — R". Here, X;
denotes the state of the system at discrete time ¢ € T with initial condition

Xt:O :XO - (X(%7X0277X(7)1)

Definition 1.7.1 A point X* € R" is called an equilibrium point (or fized point or critical
point) of the system (1.7.1) if it satisfies f(X*) = X*.

To understand the behavior of the system near its equilibrium points, we analyze the
stability properties of these points.

Local Stability

Local stability analysis plays a fundamental role in applied mathematics and control theory,
particularly in mathematical biology [23, 24]. The stability of an equilibrium point determines
whether nearby trajectories remain close or diverge from it.

Definition 1.7.2 The equilibrium point X* of system (1.7.1) is said to be locally stable if
for every € > 0, there exists a § > 0 such that

IIf"(Xo) — X*|| <€ whenever [ Xo—X*|| <. (1.7.2)
That is if a solution starts sufficiently close to X*, it remains close for all future times.

Definition 1.7.3 If an equilibrium point X* is not stable, then it is called an unstable fized
point.

Definition 1.7.4 An equilibrium point X* is said to be locally asymptotically stable if it is
locally stable and there exists § > 0 such that
lim f"(Xp) = X" whenever [ Xo— X"| <. (1.7.3)
n—oo
Let X be any solution near the fixed point X* and let A = (A1, A2, ..., \,,) denote a small

perturbation, such that:
X=X"+), Ant1 = NAg, (1.7.4)
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where

Ofi ]
9X; X=X*
is the Jacobian matrix of f evaluated at X*. The system (1.7.4) is the linearization of the
nonlinear system (1.7.1) at X*.

Let Ag be the initial perturbation, then: A\, = N™)\y. The local behavior near the fixed
point is determined by the eigenvalues of N. Let £ be an eigenvalue of N corresponding to
an eigenvector v, then the characteristic equation is:

N:[ (5,5 =1,2,...n)

det(N — &) = po&" + p1&™ ' + ...+ pn, po#0. (1.7.5)
Stability Criterion: The equilibrium point X* is locally asymptotically stable if and only
if all eigenvalues of N lie inside the unit circle in the complex plane [25].

Global Stability

Global stability examines the system’s behavior from arbitrary initial conditions. One of the
most effective tools for establishing global stability is Lyapunov’s stability theory. Consider
a continuous-time dynamical system:

t=F(x), F:R"—R" (1.7.6)
with equilibrium point = = 0.

Definition 1.7.5 A scalar function V : R™ — R is called a Lyapunov function for system
(1.7.6) if:

o V is continuously differentiable,

o V is locally positive definite, i.e., V(x) > 0 for all x # 0 and V(0) =0,

e the derivative along trajectories, V(z) = VV - F(x), is locally negative definite.

Definition 1.7.6 The equilibrium point x = 0 of system (1.7.6) is globally asymptotically
stable if:

o V(z) is globally positive definite and radially unbounded,

e V(x) <0 for all z € R™\ {0}.

Application of Stability Analysis

Throughout this thesis, we studied the stability of equilibrium points for the proposed models.
A locally stable equilibrium means that after a small perturbation, the system returns to its
original state. In autoimmune diseases like psoriasis, this represents a stable diseased state,
where minor immune fluctuations do not alter the overall system behavior. Global stability,
on the other hand, shows whether the system will converge to an equilibrium point regardless

10
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of the initial conditions. A globally stable diseased state reflects a self-sustaining pathological
condition.

Remark: Global stability implies local stability, but not vice versa. While local stability
ensures convergence to the equilibrium from nearby initial conditions, global stability ensures
convergence from any initial state in the entire domain. However, practical application is often
limited by the difficulty in constructing suitable Lyapunov functions.

Bifurcation Analysis

Bifurcation analysis is a powerful tool in the study of dynamical systems. It investigates
the qualitative or topological changes in the behavior of solutions as a parameter of the
system is varied. Bifurcation occurs when a small, smooth variation in one or more system
parameters (called bifurcation parameters) causes a sudden change in the long-term behavior
of the system. It can arise in both continuous and discrete systems. The most commonly
studied types of bifurcations in continuous systems are Saddle-node bifurcation, Transcritical
bifurcation, Pitchfork bifurcation, and Hopf bifurcation.
Consider the following continuous dynamical system defined by an autonomous ODE:

= f(x,\), f:R"xR—=R" (1.7.7)

where A € R is a bifurcation parameter, and z € R" is the state variable. Let (xg, Ag) be an
equilibrium point of the system (1.7.7), and let df (z,)) denote the Jacobian matrix evaluated
at that point.

Definition 1.7.7 A bifurcation occurs at the fized point (xg, No) if the Jacobian matriz
df (2o, n0) has at least one eigenvalue with real part equal to zero.

Definition 1.7.8 A Hopf bifurcation occurs when a pair of complex conjugate eigenvalues
of the Jacobian matrix crosses the imaginary azis, causing the system transit from a stable
fized point to a periodic orbit (or vice versa).

The following theorem, adapted from Hale et al. [26], provides a criterion for the occur-
rence of a Hopf bifurcation.

Theorem 1.7.1 (Hopf Bifurcation Theorem) Suppose that all eigenvalues of the Jaco-
bian matriz df 4, »,) evaluated at the equilibrium point (wo, \o) have negative real parts, except
for a conjugate pair of purely imaginary eigenvalues +if8 with 8 # 0. Then a Hopf bifurca-
tion occurs if, as the parameter \ varies, this pair of eigenvalues crosses the imaginary axis,
leading to the birth (or disappearance) of a stable or unstable periodic orbit.

Application of Hopf Bifurcation

Hopf bifurcation theory has been employed to analyze the transition from steady-state be-
havior to oscillatory dynamics. Parameter-influenced Hopf bifurcation within a deterministic
framework, demonstrating how variations in certain model parameters can induce or elim-
inate periodic behavior of the equilibrium through change in the stability. Delay-induced
Hopf bifurcation is also analyzed, where the inclusion of time delay leads to the emergence
of periodic solutions due to a loss of stability in the equilibrium state.

11
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Preliminaries of Fractional Calculus

Definition 1.7.9 [27] Let f(t) be a function that is n-times continuously differentiable on
the interval [0, T], where n = [X] is the smallest integer greater than or equal to the fractional
order A > 0. The Caputo fractional derivative of order X\, denoted by CDg\f(t), is defined as:

1 t f(n)(s)
dS, n—1<\< n,
“DMf()] = I(n—2) /0 (t — s)\—n+l

d"f(t)
den

where T'(+) denotes the Gamma function.

A=neN,

Definition 1.7.10 [25] Let f(t) € CY([0,T]) be a continuously differentiable function on
the interval [0,T], and let ¢ € (0,1) be the fractional order. The Caputo—Fabrizio fractional
derivative of order (, is defined as follows:

CF C st=s
DS[f( 1C/f [(1C}ds,t>0,

where N(C) is a normalization constant such that N(0) = N(1) = 1.

Definition 1.7.11 [29] Consider a real-valued function f : [0,T] — R such that f € H(0,1),
where H'(0,t) denotes the Sobolev space of functions with square-integrable first derivatives:

HY(0,¢) = {f € L*(0,t) | f' € L*(0,%)} .

The Atangana-Baleanu fractional derivative in the Caputo sense of order o € [0,1) is

defined by
o (70) = 2 [ R |- 2] s

where Ey(+) is the one-parameter Mittag-Leffler function and the normalizing function B(«)
s given by

B(a)zl—a+$.

Definition 1.7.12 [29] Let f € H'(0,t), and o € [0,1]. The Atangana-Baleanu-Caputo
fractional integral operator of order a is defined as

CRU0) = 5O+ o | T s

Application of Fractionalized Model

The progression of autoimmune diseases like psoriasis depends not only on the current state
but also on the history of cellular interactions. Memory effects and multiscale immune re-
sponses play an important role in triggering disease expression. To capture these non-local

12
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features, fractional-order models are useful. Unlike classical integer-order systems, they pro-
vide a stronger framework to represent memory and hereditary properties in biological sys-
tems.

Delay Differential Equations (DDEs)

A delay differential equation (DDE) is a type of differential equation where the derivative
of the state variable at time ¢ depends not only on its current value but also on its values
at earlier times. These delays often represent maturation, reaction, or transmission times in
various systems.

The general form of a DDE is:

dx(t)
dt

= f(z(t),z(t — 1), z(t — 12),...,z(t — 1)), (1.7.8)

where z(t) is the state variable and 7; are constant time delays. The function f governs how
both present and past states influence the system’s evolution.

Example: Consider a logistic population model with delayed feedback:

O (1 X07)),

where X (t) is the population at time ¢, v is the intrinsic growth rate, K is the carrying
capacity, and 7 is the time delay representing maturation time. The delay 7 affects how past
population sizes influence current growth.

Linearization Around Equilibrium

Assume x = 0 is a steady state of a DDE of the form:
o(t) = g(z(t), z(t — 7)),
with g(0,0) = 0. The linearized system near x = 0 is:
z(t) = o1x(t) + ooz (t — 1),

where o1 = ¢,(0,0) and o2 = g,(0,0). Substituting z(t) = e* yields the characteristic
equation:

A=o01 + 0'267/\7.
This transcendental equation generally has infinitely many roots, which determine the sta-
bility and oscillatory nature of the equilibrium. Only finitely many roots lie to the right of

any vertical line in the complex plane and all roots satisfy a < |o1|+ |o2|, where A = o +i[3.

13



1.7 Mathematical Methods and Their Applications

Application of Delayed Model

Mathematical models with delay differential equations (DDESs) are increasingly used to study
biological systems where time delays are crucial [30]. Such models capture the lags in pro-
cesses like signal transmission and cell interactions through cytokine feedback. Recent studies
show that DDE-based models provide more accurate insights describing dynamics of differ-
ent diseases [31, 32]. Incorporating delays therefore enhances the biological realism of models
and improves understanding of disease progression and treatment. In this thesis, Chapter 5
focuses on the role of immune-mediated delays in psoriatic inflammation.

Optimal Control Theory

Optimal control theory is a mathematical framework used to determine a control policy that
optimizes a given performance criterion for a dynamical system. The goal is to find time-
dependent profiles of the control variable that optimize a certain objective, often subject to
system dynamics governed by differential equations. Consider a system governed by ODE:

O _ pxw). x0) =X (1.7.9)

where Xy € R™ is the initial state and f : R” — R" is a function that governs the system’s
evolution. The function X : [0,00) — R™ denotes the state trajectory over time. Now,
assume the system is influenced by control parameters v € U C R™. The function f is
redefined as:f : R™ x U — R"”, and the controlled system becomes:

P _ px.w). x0)=x (17.10)

To capture time-dependent control, we define a measurable control function ¥ : [0, 00) —
U that assigns different control values over time:

up, 0<t <4y,
ug, t1 <t <t

HMt) =
®) ug, to <t <t3,

where 0 < t] <ty <tz <...and u; € U for all i.
The control system now takes the form:

dX (1)

= FX0,9), X(0) = Xo. (1L7.11)

For each admissible control ¥(t), the solution X (-) describes the state trajectory over
time. The set of all admissible controls is denoted as:

L={9:[0,00) = U ‘ ¥(-) is Lebesgue measurable} .

14



1.7 Mathematical Methods and Their Applications

Given a control ¥(-) € L, we define the performance of the system via an objective (cost)
functional:

JY()] = /t ' p(X(t),9(t)) dt + G(X(ty)), (1.7.12)

where p : R x U — R is the running payoff function, G : R — R is the terminal payoff
function, t5 and ¢y denote the start and end times for the control action.

The main objective of optimal control theory is to determine an optimal control ¥*(-) € £
that minimizes (or maximizes) the objective functional:

J[W0* ()] < (or 2)J[W()], V()€ L.

Such a control ¥*(-) is called an optimal control, and the corresponding trajectory X*(-)
is the optimal state evolution of the system.

Application of Optimal Control

Optimal control is a useful mathematical tool for designing treatment strategies using model
systems analysis. It plays an important role in addressing issues like drug resistance in
long-term treatments by helping to plan better therapies and analyze their cost-effectiveness.
Pontryagin’s Principle [33] provides the necessary conditions for deriving such strategies. In
this thesis, we use time-dependent control strategies for psoriasis and apply Pontryagin’s
framework to design optimal protocols for biologic therapies targeting TNF-a, IL-17, and
IL-23, with the goal of achieving effective and balanced treatment outcomes.

Impulsive Differential Equations

Impulsive differential equations (IDEs) describe dynamical systems where abrupt changes
(impulses) occur at specific moments in time. Consideration of IDEs are useful for capturing
phenomena where state variables evolve continuously but also experience sudden shifts, such
as in population dynamics, epidemiology, economics, and control theory.

The theory of impulsive differential equations was first introduced by Myshkis et al. [34],
with significant developments made by Lakshmikantham et al. [24] and Smith et al. [35].
A typical IDE system includes three main components: (i) A continuous-time differential
equation governing system behavior between impulses, (ii) An impulsive jump equation that
models sudden changes, and (iii) A jump criterion that specifies the moments of impulses.
The general form of an impulsive differential system is:

dX (t)

TZf(th@))? t# T,

AX (1) = I(X (7)), k=1,2,....m.

(1.7.13)
where 7, are fixed impulse times, and AX(7;) = X(7;7) — X (7 ) denotes the jump in the
state variable at t = 7;,. The limits are defined as:

X(le) = hli)r(r)l+X(Tk +h), X(r,)= hli)r(r)lﬁ X (1 + h).

15
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A parameterized version of the impulsive model takes the form:

dX (1)

Tdt = f(t,X(t)), t # Tk,

X(rH) =aX(r)+8, k=1,2,....m.

(1.7.14)

where a, 8 € R, with a # 0, and X (0) = Xj is the initial condition.

Application of Impulsive Control

The impulsive control approach models treatments given at discrete time intervals, such as
drug injections or stem-cell transplantation. Unlike continuous control, it captures the sudden
and periodic effects of therapy on disease dynamics. In psoriasis, where treatments are often
delivered in pulses, this method better represents real clinical interventions and their long-
term effects. In this thesis, we apply impulsive control at discrete intervals and study the
impact of both biologic cytokine inhibitors and stem cell therapy on the dynamics of psoriatic
inflammation.

Floquet Theory

Floquet theory provides a powerful framework to analyze the stability of solutions to linear

differential equations with periodic coefficients. It is particularly applicable to the study of

periodic dynamical systems arising in physics, biology, engineering, and control theory.
Consider a linear system of differential equations of the form:

(1) = A(t)z(t), (1.7.15)

where z(t) € R™ and A(t) is a continuous, T-periodic matrix, i.e., A(t +7T) = A(t) for all
t € R and some fixed T" > 0.

Theorem 1.7.2 (Floquet’s Theorem) Let A(t) be a continuous T-periodic matriz. Then
the fundamental matriz solution ®(t) of (1.7.15) can be written as:

where P(t) is a nonsingular, T-periodic matriz function, and R is a constant matriz.

This result implies that the behavior of the system can be decomposed into a periodic
part and an exponential part. The eigenvalues of the monodromy matrix ®(7"), also known
as Floquet multipliers, determine the stability of the periodic system. Let p; be the Floquet
multipliers (eigenvalues of ®(7')). The trivial solution 2 = 0 of the system (1.7.15) is:

1. Asymptotically stable if all |u;| < 1,
2. Stable (but not asymptotically) if all |g;| < 1 and those with modulus 1 are simple,

3. Unstable if any |pu;| > 1.
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Stability of periodic solutions in nonlinear systems

Using linearization techniques, the stability of periodic orbits in nonlinear systems can be
determined. This theory is commonly applied to the linearized variational equations around
a periodic orbit in nonlinear systems. Consider a nonlinear system:

dx

E:f(t,x), f(t+7T,x)=f(t,x), (1.7.16)
and suppose x,(t) is a T-periodic solution. The linear variational equation along x,(t) is
given by:

dg§
o= Dyf(t,x,(t)) €. (1.7.17)

Floquet’s theory is then used to analyze the stability of the periodic orbit x,(¢) by examining
the Floquet multipliers of the monodromy matrix associated with the variational system.

Application of Floquet’s Theory

Floquet’s theory is a mathematical tool used to check the stability of periodic solutions in
dynamical systems. It helps us understand whether small changes around a periodic state will
die out or increase with time. In biological models, especially those with impulsive effects,
this theory is very useful to study repeated treatments and recurring disease patterns. In
this thesis, we use Floquet’s theory [36] to analyze the periodic behavior of stem cell-based
therapy given impulsively.

1.8 Motivation of the Study

To lay the foundation for this thesis, it is important to recognize the contributions of earlier
studies that explored the biological mechanisms of psoriasis. These studies have provided
valuable insights and motivated the development of mathematical models to better explain
disease progression. Early attempts, such as those by Savill et al. [37], Diffey [38], and Laptev
and Nikulin [39], highlighted processes ranging from nitric oxide signaling to epidermal mitotic
activity. Later works, including Datta et al. [40], Zhang et al. [41], Oza et al. [42], and Roy et
al. [43], further advanced this field of research by integrating immune cell regulation, cytokine
signaling, and biologic therapies. These contributions form the basis for further mathematical
exploration of psoriasis.

In recent years, stem cell-based therapies have gained attention as a potential alternative
for treating autoimmune diseases like psoriasis. Mesenchymal stem cells (MSCs), in particu-
lar, show strong immunomodulatory effects by suppressing pro-inflammatory cytokines (e.g.,
TNF-a, I1-23, IL-17) while promoting anti-inflammatory cytokines (e.g., IL-4, IL-10, TGF-
B) [44, 45]. Several clinical studies and case reports [46, 47, 48, 49, 50] have demonstrated
the safety and therapeutic potential of MSCs in psoriasis patients, often with long-term re-
mission and minimal side effects. However, despite this growing evidence, their integration
into mathematical models remains largely unexplored.

From a clinical perspective, current biologic therapies are effective but costly, and re-
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lapse often occurs after treatment discontinuation [51]. In contrast, stem cell therapy offers
a regenerative and potentially longer-lasting approach, but its mechanisms and long-term
effects require systematic theoretical and clinical study. A mathematical framework incor-
porating stem cell dynamics can provide predictive insights into disease regulation, compare
therapeutic strategies, and guide future clinical applications.

Based on these gaps, this thesis is motivated by the need to extend existing mathemat-
ical models of psoriasis by integrating stem cell therapy, cytokine regulation, and advanced
modeling techniques. In particular, we focus on fractional-order systems to capture memory
effects, delay differential equations to model immune-mediated time lags, and optimal and
impulsive control approaches to design effective treatment strategies. Through these contri-
butions, the thesis aims to advance the theoretical understanding of psoriatic inflammation
and support the development of more effective therapeutic interventions.

1.9 Objective of the Thesis

Throughout the thesis, our key objectives are

1. Develop mathematical models describing the progression of psoriatic inflammation in
the epidermal layer through various biological avenues.

2. Examine the crosstalk between stem cells and immune cells in psoriasis and its role in
modulating keratinocyte overgrowth.

3. Explore stem cell-based treatments mathematically, incorporating multilineage differ-
entiation, predict key parameters associated with important biological feathers and
cytokine levels in psoriatic inflammation post-treatment.

4. Analyze the mathematical model both analytically and numerically to investigate the
important cell dynamics that can contribute to treatment progression.

5. Comparison between the effects of biologic inhibitor drugs and stem cell-based thera-
pies, as well as the impacts of combined treatment strategies.

6. Determine the optimal drug dosage and dosing intervals for clinical treatment, identify
threshold values for effective therapy using control theoretic approaches and modified
impulse theory, ensuring efficacy and improved predictions.

1.10 Outline of the Thesis

This thesis investigates the immunopathological mechanisms and therapeutic strategies for
psoriasis through mathematical modeling, with a focus on stem cell-based interventions and
cytokine dynamics. Each chapter builds upon the previous, progressing from classical models
to advanced fractional and delay-based systems, and exploring optimal control, and impulsive
control strategies.
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Outline of the Thesis

In Chapter 2, we have formulated a nonlinear ODE-based mathematical model for
the disease psoriasis considering populations: Thy, Thy7 cells, keratinocytes, and mes-
enchymal stem cells (MSCs). The impact of pulsed umbilical cord-derived MSC (UC-
MSC) transplantation is studied both analytically and numerically, providing insights
into stem cell-based immune modulation in psoriasis.

Expanding on this, Chapter 3 presents a simplified but control-oriented model incor-
porating T cells (ignoring the subtypes), dendritic cells, keratinocytes, and MSCs. The
efficacy of anti TNF-« biologics is explored using optimal control theory. In scenarios
of treatment resistance, pulsed stem cell therapy is introduced as an adjunct. The
combined therapeutic impact of biologics and MSCs is demonstrated, establishing a
bridge between cell replacement therapy and cytokine inhibition.

In Chapter 4, the previous ODE-based continuous model is extended to fractionalized
systems using three different kernel functions, namely, Caputo, Caputo-Fabrizio, and
Atangana-Baleanu-Caputo operators, to incorporate memory effects. Stability analysis
is conducted via the Banach fixed-point theorem. Optimal control strategies involving
TNF-a and IL-23 inhibitors are applied using the Forward-Backward Sweep Method
(FBSM), highlighting how memory-based dynamics can inform long-term treatment
outcomes.

Chapter 5 advances the model further by incorporating two immune-mediated intra-
cellular time delays into the system introduced in Chapter 3. These delays reflect
cytokine signaling lags in T cell-dendritic cell communication. Delay-induced Hopf
bifurcation analysis is performed to determine the critical thresholds of system oscil-
lations. A dual biologic control strategy (TNF-a and IL-17 inhibitors) is shown to
regulate disease progression, reinforcing the robustness of biologic-stem cell synergy
under temporal perturbations.

Continuing from the deterministic ODE framework, Chapter 6 introduces impulsive
differential equations to study the discrete-time effect of stem cell transplantation.
Periodic impulsive transplantation, demonstrating that timely administered stem-cell
therapy can effectively reduce T cell and keratinocyte hyperactivity if applied appro-
priately, even in the absence of continuous biologics.

In Chapter 7, a model is formulated, integrating T cells, dendritic cells, keratinocytes,
and MSCs, considering the effects of five key cytokines that have a major role in the
pathogenesis of psoriasis. Quasi-steady-state approximations reduce the complexity of
consideration of cytokine dynamics, while detailed stem cell differentiation pathways
are modeled. Hopf bifurcation analysis and numerical simulation support the findings
of earlier chapters from a cytokine-network perspective by demonstrating how impulsive
control via both biologic and stem cell therapy can normalize cytokine imbalance and
keratinocyte overgrowth.

Finally, Chapter 8 outlines prospective future directions for research and provides a
model of our ongoing work.
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Chapter 2

Introducing MSC Therapy to
Inhibit Th-1 and Th-17 Mediated
Cytokines: A Mathematical Study
to Regulate Psoriasis

Psoriasis is a chronic autoimmune skin disease marked by immune system dysregulation.
The disease is mainly characterized by excessive proliferation and abnormal differentiation
of keratinocytes, driven by the hyperactivation of T cell subsets, notably Th1 and Thi7, and
infiltration of multiple inflammatory cells. These cells secrete pro-inflammatory cytokines,
TNF-«, IFN-v, IL-17, and IL-22, which collectively promote keratinocyte overgrowth and
sustain the inflammatory cycle. On the other hand, mesenchymal stem cells (MSCs), known
for their immunosuppressive capabilities, attempt to counteract these effects. However, in
psoriatic conditions, local MSCs become dysfunctional, diminishing their regulatory potential.
In this Chapter’, we have proposed a mathematical model to explain the dynamics of the
disease psoriasis considering the densities of two major subtypes of T cells (T'h; and Thy
cells) and keratinocytes. Incorporating MSCs as a secondary population, we ensure the
effect of MSCs. Later we have considered MSC replacement from an external source via
an impulsive control approach. All analytical outcomes have been supported by numerical
simulations.

2.1 Model Formulation with Suitable Assumptions

Here we have considered a four-dimensional deterministic ODE-based mathematical model,
where two subtypes of helper T cells (namely Th; and Thi7), keratinocytes and matured
stem cells as basic cell populations. Figure (2.1) depicts the cytokine network, illustrating
the interactions among the considered cell populations that contribute to disease progression.

2 Adapted in part from: International Conference on Mathematical Analysis and Application in
Modeling, pp. 87-101 (2023), Springer Nature Singapore.
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Figure 2.1: Diagrammatic representation of the model’s populations relationships.

To formulate the mathematical model, we have considered following hypotheses.

1.

Ti(t), Th7(t), K(t), and Sp,(t) are the concentrations of T'hy cell, Thy7 cell, keratinocyte,
and MSC respectively at any instant ¢.

Since the concentrations of Thy, Thy7, and S, cannot increase indefinitely, we employed
logistic growth equations. Here, r1, r17, and r,, denote the intrinsic growth rates,
and T, T17**, and S},** represent the carrying capacities of T'hy, Thi7, and MSC
respectively.

MSC secrete a variety of tolerogenic anti-inflammatory cytokines which have immuno-
suppressive properties. MSC inhibits the proliferation of T at the rate of 51 via TGF-(
and T17 cells at the rate of 817 via the cytokine IL-10.

ri is the constant accumulation of keratinocyte cell population. The up-regulatory
effect of T'hy cells on the growth of keratinocytes occurs at a rate of n; through the
cytokines TNF-a and IFN-v. Similarly, Thi7 cells enhance keratinocyte proliferation
at a rate of 117 via the cytokines IL-17 and IL-22. Simultaneously, MSCs inhibit this
proliferation at the rate of 6 via cytokines, namely IL-4 and IL-10.

The natural mortality rates of Thy, Thi7, keratinocytes, and MSC are d1, dy7, dx, and
d,, respectively.
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2.1 Model Formulation with Suitable Assumptions

Based on the above hypotheses, we have formulated the following mathematical model

dl; t(t) =rTi(t) [1 - %2] — BTy (t)Sm(t) — di Ty (1),
1
dT;;(t) = r17T17(t) [1 - 7;;(?} — B1Ty7(t)Sm (t) — di7Th7(t),
17
dE(t) _ rx [anl(t) + 7717T17(t)} AgE(®) (2.1.1)
dt 1+ 60S,,(t) )
n0) 5,0 [1- 20 5,0

Since the intrinsic growth rates of each population exceed their corresponding inherent
mortality rates (r1 > di, r17 > di7, and r,,, > d,y,), the initial conditions for the feasibility of
cell dynamics must satisfy 77(0) > 0, T17(0) > 0, K(0) > 0, and S,,,(0) > 0.

Parameter | Definition | Value (day ') | Reference |
1 Intrinsic growth rate of Th; cells 0.15 [52]
ri7 Intrinsic growth rate of T'hy7 cells 0.08 [52]
T'm Intrinsic growth rate of MSCs 0.0033 [41]
Tk Constant accumulation of Ker- 0.3 [43]

atinocytes
Tmax Carrying capacity of Thy cells 300 mm~? [52]
Toax Carrying capacity of Thy; cells 300 mm =3 [43]
Spmax Carrying capacity of MSCs 0.45 mm =3 [41]
o5 Rate of inhibition of T'h; via MSC 0.006 chosen
B Rate of inhibition of Thi; via 0.003 chosen
MSC
i Up regulatory effect of Thy; on 0.07 [53]
Keratinocyte
N Up regulatory effect of Thy; on 0.06 [53]
Keratinocyte
0 Inhibition rate of Keratinocyte 0.02 chosen
proliferation
dy Natural mortality rate of Thy 0.03 [52]
dir Natural mortality rate of Thy; 0.03 [43]
dr Natural mortality rate of Ker- 0.04 [54]
atinocytes
dm Natural mortality rate of MSCs 0.0017 [41]

Table 2.1: Parameters used for numerical simulations. Some values are taken as ranges
from peer-reviewed literature, while the remaining parameters are suitably chosen for
the model.
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2.1 Model Formulation with Suitable Assumptions

2.1.1 Positivity and Boundedness

In this subsection, we have analyzed the positivity and boundedness properties of the so-
lutions of system (2.1.1) by considering the initial conditions to establish that the system
is biologically well defined. The following theorem ensure the positivity of the solution of
system (2.1.1).

Theorem 2.1.1 All solutions of the system (2.1.1) along with the initial conditions are
positive for all t > 0.

Proof. Let us choose p;(t) = T1(t), p2(t) = Thi7(t), p3(t) = K(t), and pa(t) = Sy (t) in order
to prove the theorem. Now we rewrite the system (2.1.1) in the following manner:

dn(t)

dt == (p(t)), where p(t) = (pl,pg, ,03,,04)T and = = (51,52, Eg, E4)T. (212)

Here Z denote the right hand sides of the system (2.1.1), and 7" denotes the transpose.

We have,

[1]

1(0, p2, p3,p4) = 0, if p2 > 0,p3 > 0, p4 > 0,
2(p1,0, p3,p4) = 0, if p1 >0, p3 >0, p4 >0,
( )=
( 0)

(1]

771P1+?72P2
1+ 0py
=0, ifp;1 >0,p2 >0,p3 > 0.

(1]

31017p210/04 207 if01207,0220ap4207

[1]

4\P1, P25 P35

Therefore, the condition =;(p)| pi=0, peR%. > 0 clearly ensures the positivity of the solutions
of the system (2.1.1) using the well-known result of Krasnoselskii and Mark Aleksandrovich
[55], which implies that all solutions for the system (2.1.1) starting with the point py =
(p1(0), p2(0), p3(0), p3(0))" € R4, such as p(t) = p(t; po), and p(t) € R4, vt > 0. It means
that the non-negative octant RY become invariant for the system (2.1.1) and all solutions are
positive for all ¢ > 0 with respect to the initial conditions.

It is also crucial to show that all the population variables in system (2.1.1) are bounded
for all ¢ > 0. Which will ensure that the system (2.1.1) is mathematically well defined and
epidemiologically meaningful. The following theorem illustrates the invariant region {2 where
the solutions of system (2.1.1) are bounded.

Theorem 2.1.2 All positive solutions of the system (2.1.1) in the region @ C R are
bounded, where 2 is defined by

Q:{(Tl,Tn,K,Sm) 6Ri:0<T1 §M1,0<T17§M2,0<K§M3,0<Sm§M4}.

Here, M; (i = 1,2,3,4) are constants defined by

SV i r17 77 K +mMi +nirMa TmSmx
— — d = .
M= 1, My = tdy Ms p , and My 1d,,

The solutions maintain their biological significance for all t € [0,7T].
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2.1 Model Formulation with Suitable Assumptions

T1(t)

Proof. The maximum value of the quadratic term 7177 (t) [1 - } of the first equation of

T{nax
(2.1.1) is ﬁ. Using this fact, from the first equation of system (2.1.1) we have:

dTl(t) < ,r.lTlmax
da - 4

—diTi(t) = diMy — di Ty (1).
Using the comparison principle [56] we obtain from the above inequality:

0 <Ti(t) < Mi(1 —e Bt 4 T1(0)e~ 4, ¢ > 0 where Ty (t) < My if Ty (0) < M.
In similar arguments from the second and fourth equations of system (2.1.1) we get:
0 < Thi7(t) < Ma(1 — e D™y 4 T17(0)e~ D7, ¢ > 0 where Ty7(t) < My if T17(0) < Ma.

0 < Sp(t) < My(1—e 4t + .8, (0)e 9!, t >0 where S,,(t) < My if S, (0) < My.

Utilizing the facts T7(t) < My, Ti7(t) < My and Sy, (t) < My, from the third equation
of the system (2.1.1), we obtain:

dK (t)
dt

<rg +mMi+nmrMo —dgK(t) = dgMs — dg K(t).
By using the same comparison principle, we get:
0 < K(t) < M3(1 — e %) 4 K(0)e ! t > 0.

Note that all solutions (71 (¢), T17(t), K (t), Sm(t)) of the system (2.1.1) with positive initial
conditions start in {2 and finally reach this set for all £ > 0. The boundedness is justified
because we have proved the positive invariance of the set 2. This property is provided by
the definition of the region 2 and with the following relations:

dTi(t dTi7(t
o, ),
t Ti=M; ¢ Ti7=Mz2
dSim(t) _o K o
dt s, =m, At |y <My Tir <M K=Ms

This guarantees the boundedness of all solutions of the system (2.1.1) with positive initial
conditions.

2.1.2 Feasibility of Equilibrium

Since psoriasis is an auto-immune disease, all of the cell types considered here are non-
negative. We put all the equations of the system (2.1.1) to zero and solve for the state variables
to determine the endemic equilibrium point E*(T7, T3, K*, S}, ), where its co-ordinates are
positive. From the fourth equation of the system (2.1.1), we get

P — ) ST

o

m

> 0 as ry > dmy,.

m
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2.2 Pulsed Mesenchymal Stem Cell Replacement Strategy

Utilizing the value of S}, and setting the first three equations of the system (2.1.1) to
zero, we have determined the values of 17, T}, and K™, which are given by

Tmax rmax 'K an* + 7717T*
T — 1 . * T* — 17 _ * _d K= 2> #
i - (r1 = p1S;,, —di), 11 T17 (r17 — B17Sy, — dar), dix | dr(1+05%)

Thus, we can uniquely determine the positive endemic equilibrium point E* if the follow-
ing conditions are satisfied:

rye > 515; +di; and ri7 > ,3175:,1 + dq7.

2.1.3 Stability of the Interior Equilibrium

Here we have analyzed the local stability of the endemic equilibrium point
EX(TY,T7., K*,S,). The variational matrix evaluated at the endemic equilibrium point
E* is given by

Ty

— s 0 0 -6y
T*
0 —Z=& 0 — BTy
V(E) = TP oty
—m 117 —dp Ty +mrTyy)
1+0S;,  1+0S;, K (1+0S;,)2
Tm Sy,
0 0 0 — Gt
The eigenvalues of the above variational matrix are
1T Y Cdy. and — Tm S,
) bl bl .
Tax Tyoex Gmax

Since all of these eigenvalues are negative, therefore, the endemic equilibrium point
Ex(T}, T}, K*, S),) of system (2.1.1) is locally asymptotically stable.

2.2 Pulsed Mesenchymal Stem Cell Replacement
Strategy

In the course of stem cell-based therapy, multiple injections of mesenchymal stem cells (MSCs)
are typically administered to the affected region of the patient. Due to the limited endogenous
production of MSCs in the affected area, we investigate the effects of a pulsed therapeutic ap-
proach within the system described in equation (2.2.1). The maximum value of the quadratic
term 7, Sy (£) [1 — S (£)/Smax] in the fourth equation of system (2.1.1) is [ry, S5 /4]. For
mathematical simplicity, we use this maximum value instead of the logistic term in the fourth
equation of system (2.1.1). The pulsed differential equations describing the dynamics of cell
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2.2 Pulsed Mesenchymal Stem Cell Replacement Strategy

treatment are as follows:

T =01 - 2] - AT (0 - AT,

T — ot ) 1 - 2] = BrrTio(Sult) = duTin(),

S = [P - k) 22
dS;;(t) B rmif,;ax s

Sm(nt) = Sp(n7T)” + b, [kr <t<(k+1)7, keNU {0}},

where 7 is the time interval and the coefficient ‘b’ represents the average quantity of MSCs
infused into the affected region. The term S,,(k7)~ denotes the concentration of S,, imme-
diately before the administration of the next MSC dose at t = k7.

The solution to the fourth equation of the system (2.2.1) can be expressed as follows:

i ST

4d,,

Sp(t) = + Cedmt,

C'is a constant to be determined using the following initial condition.
When, 0 <t <

dSm (1) _ TmSm™ max
z : dmSm (), oo (b _ ™mSp )
Sm(0) =b 4dp,

mSmaX mSmaX _
Therefore, Sy, (t) = ImOm (b - rim)e dmt

4d,, 4d,,
r SmaX r SmaX
N _ — L p= [mOm Lt o=dmry _ TmOm _dr
ow, S (T) = S(7)” + b 1d,, +b(1+e ) i

We analyze the system (2.2.1) for each time interval since the initial condition of the
S (t) population varies with respect to time.
When, 7 <t <21

dSm rmS, gax
{ ) _ > _ dem(t)u

dt

Sm(T) = Tﬁgﬁax +b(1+ e 4m7) — 7T"Z§§ax e~dmT,
Smax
oo [b(l 4 emtnm) TTZdZ e_me] odm™

TS

4d,,

Thus, S, (t) =

'm S7r2ax €_me e—dm (t—7) ]
4d,,

+ [b(l e dmT) -

TS —d —2d TmSm™  _ag
b(1 mT mTY _ m mT‘
1d,, O AertT e ) - e

So, S (27) = S (27)” + b=

26



2.3 Numerical Simulation

Continuing this process up to ‘k’ iterations we get:
When, k7 <t < (k+1)7

ASp(t) _ Ty Smax
{ dt() = 2= — dmSn(t),

S (k1) = 7T’"Ci:?ax +b(1+ e T e 2mT + e 7kdmTy _ 77,"212?% e~ kdmT
— = [b(l 4o dmT 4 2dmT o ehdmTy _ We—kdm] odmT
...... 1d,. .

The concentration of infused MSC after £ — th infusion

TS ™ —dmT —2dyT —kdpm T TmSm™  _kdpr| —d (t—FkT)
Sm(t):ﬁjL b(l+e 9mT 4 e 29mT 4 ... +e m)—me mT e~ %m
_ Tmsggax N b<1 _ e(k+1)dm7) B rmsgaxe_kdnﬂ_ e—dm(t—kT)
4d,, 1 —e=dmT 4d,, '

(2.2.2)

Observe that the endpoints of each cycle rise monotonically. The events right before and
after the end of a positive impulsive periodic orbit involving infused stem cells S,,(t) are
described by the following.

gmax 1— —kdmT gmax
Si(hr)™ = TOom be—me< T ) — TSR obn,
m m

o - TS hedmT
< lim S (k)™ = id, T 1_edmr

TmSnn;ax 1— e—(k:-i—l)dm'r T,msrr:llax Cdon
Sm(kT):Mrn—’_b( 1_e*dm7' >_ 4dm e m s

ryp S0 b
4d,, 1 — e dmT’

oo lim Sy (k1) =
k—r00

Therefore, the concentration of S, (t) at the ends of a positive impulsive periodic orbit
falls within the points of impulse [57].

TS be~dmT sk TS b
<9 < .
4d,, + 1—edmnm =™ = 44, + 1 —e=dmT

The advantage of this strategy lies in its ability to produce a substantial amount of anti-
inflammatory cytokines, which suppress the cytokine storm and enhance immunity against
psoriasis. However, in clinical practice, a limited number of infusions are generally used [22].

2.3 Numerical Simulation

In this section, we have performed several numerical simulations of our proposed system
based on our theoretical outcomes. It is essential that the initial values chosen for the
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2.3 Numerical Simulation

model populations in these simulations adhere to the scientific hypotheses derived from the
analytical results of this study. The parameter values employed for the numerical simulations
are detailed in Table 2.1.
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Figure 2.2: Simulation of the system (2.1.1) shows all the system populations are
bounded and the trajectories converge to a unique solution with respect to time for
different range of initial conditions for (a) Thy cells, (b) Thyy cells, (c) Keratinocytes,
and (d) MSCs. We have used the parameter values given in Table (2.1).

In Figure 2.2, we present the time series solutions of each population for our proposed
system (2.1.1) using four different initial conditions. We observe that Thy cells, Thyy cells,
and keratinocyte populations initially exhibit an increasing trend followed by stabilization,
with all trajectories converging to a single equilibrium point. In contrast, the population of
MSCs declines significantly during disease progression. This figure illustrates the asymptotic
stability of the endemic equilibrium point, confirming our analytical findings. The simulation
depicts the disease development dynamics in the absence of cell treatment.

In Figure 2.3, we plot two distinct 3D phase portraits of the system (2.1.1), each con-
sidering three populations at a time, and identify numerically the endemic equilibrium point
E* for various initial conditions of each sub-population. Figure 2.3(a) illustrates trajec-
tories converging to the equilibrium E} = (139.6,93.37,278.48) for Thy, Thiz, and ker-
atinocyte populations. Similarly, Figure 2.3(b) demonstrates convergence to equilibrium
E5 = (139.6,278.48,8.38) for Thy, keratinocyte, and MSC populations. Since analytical
evaluation of the endemic equilibrium is very difficult, we identified it numerically. Conse-
quently, the endemic equilibrium point is E*(139.6,93.37,278.48, 8.38).

The normal concentration of keratinocytes is established at K = 200 mm =3 [52]. Con-
centrations above this threshold indicate a psoriatic state, whereas concentrations below this
level are considered indicative of a healthy state. Subsequently, stem cells replacement strat-

28



2.3 Numerical Simulation
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Figure 2.3: In this simulation, we have identified the endemic equilibrium point E*
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(235.22,182.94,687.42,0.39) of the system (2.1.1) by taking two groups of populations,

three at a time for (1) E; (T

(235.22,687.42,0.39).
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Figure 2.4: The model populations were simulated for 140 days without cell replacement,
after which a numerical simulation of the pulsed infusion of MSC' (six infusions at 14
day intervals) was performed.

egy is applied in an impulsive manner over conventional biologic medication treatment for
severe cases of the disease. In Figure 2.4, we present the numerical simulation for six MSC
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2.4 Discussion and Conclusion

infusions at a single dose of 4 cells/mm? once every two weeks. This figure shows two dis-
tinct colour trajectories for each cell population considered. The red trajectories represent
the psoriatic state without any treatment for up to 140 days, while the cyan trajectories de-
pict the dynamics of the pulsed MSC infusions once every 14 days as a course of treatment.
Our numerical results indicate that within two months of treatment with MSC, keratinocytes
gradually decreased to the desired density levels (i.e. < 200 mm ™). Additionally, we observe
a significant reduction in the concentrations of Th; and Thyy cells, and the MSC counts in
the affected areas return to normal levels.

2.4 Discussion and Conclusion

In this Chapter, we formulated a four-dimensional nonlinear mathematical model to investi-
gate the dynamical changes of psoriasis, incorporating T'hy and T'h17 cells, keratinocytes, and
MSCs as population densities. The proposed mathematical model apprehends key cellular
interactions mediated by cytokine signaling. To ensure biological relevance, we demonstrate
the positivity and boundedness of the model system. The model exhibits a unique interior
equilibrium point, E*, and proves its local asymptotical stability.

To explore therapeutic intervention, we implement a pulsed therapeutic control strategy
analytically and simulate the administration effect of UC-MSCs after 140 days of disease on-
set. Based on our numerical findings, within 60 days of interventions, the densities of Thy and
Thi7 cells decline significantly, keratinocyte levels fall to the healthy state (< 200 mm™3),
and local dysregulated MSC concentrations in the affected region increase to normal lev-
els. This indicates a reduction in keratinocyte density, with epidermal homeostasis restored
within a few months. Since stem cell therapy is not yet a standard therapeutic approach in
clinical practice, rigorous clinical trials are necessary to confirm these findings and address
the recurrence associated with the disease. However, for severe psoriasis cases when biologic
treatments are ineffective, stem cell therapy offers a promising alternative for achieving com-
plete recovery. Because of factors related to adverse effects and the high expense of stem
cell-based treatment, we recommend the impulsive control strategy, allowing clinicians to
monitor and evaluate therapeutic responses following each MSC administration. Note that
dendritic cells (DCs) are also recognized as key mediators that initiate and sustain the abnor-
mal T cell differentiation through cytokine signaling. Therefore, incorporating the influence
of dendritic cells into the model is essential to achieve more biological understanding of the
disease. In the subsequent chapter, we incorporate the role of dendritic cells into the mathe-
matical model of psoriasis, along with the effects of healthy MSC transplantation combined
with TNF-« inhibition.
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Chapter 3

A Mathematical Insight to Control
the Disease Psoriasis Using
Mesenchymal Stem Cell

Transplantation with a Biologic
Inhibitor

In this Chapter®, we present a mathematical model to study the progression of psoriasis.
The model considers the densities of T cells (without separating subtypes), dendritic cells,
keratinocytes, and mesenchymal stem cells (MSCs). To examine possible treatment strategies,
we first study the effect of a TNF-« inhibitor by including it as a control input in the system.
Using the optimal control framework, we identify the best possible effect of the TNF-«
inhibitor and confirm the analytical results through numerical simulations. Since stem cell
therapy is usually considered for severe or treatment-resistant cases, we next extend the model
to include the effect of impulsive administration of healthy MSCs. This extension gives rise to
an impulsive control model that combines continuous biologic therapy with discrete stem cell
transplantation. With this modelling approach, we show that combining MSC-based therapy
with TNF-« inhibition can significantly improve treatment outcomes. The chapter further
provides theoretical analyses of system stability, the role of optimal control, and the impact
of impulsive stem cell therapy. All analytical results are supported and validated through
detailed numerical simulations.

3.1 Mathematical Model

To describe the progression dynamics of psoriasis, we propose the mathematical model; we
divided it into three key populations to illustrate the main epidermal transmission pathway.
The densities of helper T cell, dendritic cell, and keratinocyte cell populations are denoted by

3 The magor portion of this chapter is published in Scientific Reports, Nature, September 2024.
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Figure 3.1: Schematic representation of model populations and their interrelationships
mediated by cytokine signaling.

T(t), D(t), and K(t), respectively, at any time ‘¢’ The following hypotheses are considered
when formulating the mathematical model for the disease psoriasis:

1. Here, we have used ap and ap as the constant accumulation rates of T cells and
dendritic cells, respectively, to construct the growth equations.

2. Psoriasis is a chronic, inflammatory disorder associated with T cells, but the total
number of T cells cannot increase endlessly; thus, we take the logistical expansion of T
cells. The term nT'(1 — Tﬂ,{‘lz) serves to highlight the growth of T cells, where 7 is the
proliferation rate and T""%" is the maximum carrying capacity.

3. In the human immune system, T cells and dendritic cells are two distinct kinds of
immune cells with diverse characteristics. Psoriasis begins as a result of the differentia-
tion of Thy and Thy7 cells by activated dermal DC derived cytokines (mainly IL-12 and
I1-23) [44]. Here, we have considered f; as the rate at which DCs activate T cells (via
TNF-a, IL-12, and IL-23) and f32 as the rate at which T cells activate DCs (through the
cytokines TNF-« and IL-17). T cells and DCs engage in mutual interaction (denoted
by the terms 517D and 2T D) to generate a cytokine storm that eventually infiltrates
and contributes to the growth of the keratinocyte population.

4. The hyper-reactivity of T cells is initially inhibited by keratinocytes (via IL-4 and
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3.1 Mathematical Model

TGF-p) at a rate of £, which is considered in the first population by the term —¢TK.
Throughout the typical sequence, the per-capita clearance rates of T cells and DCs are
considered to be ur and pp, respectively.

5. Psoriasis is mainly characterized by the hyper-proliferation and abnormal differentia-
tion of keratinocytes and the infiltration of multiple inflammatory cells. The immune
system also plays a crucial role in regulation. However, incorporating all these fac-
tors into a mathematical model is complex due to the numerous parameters involved,
which complicates computations. For the sake of simplicity, we focus on the signif-
icant causes: hyper-proliferation and the infiltration of cells via interaction between
immune cells (specifically T cells and DCs) through inflammatory cytokines, which
leads to excessive growth in the keratinocyte population. Excessive production of pro-
inflammatory cytokines by T cells and dendritic cells (DCs) significantly contributes
to the cytokine storm. IFN-v is a pivotal cytokine in this process, its secretion be-
ing stimulated by I1.-12. Additionally, the synthesis of IL-17 is promoted by I1.-23.
Keratinocytes over-proliferate in conjunction with TNF-« and increase IFN-v and IL-
17/22 axis production, which promotes inflammation and maintains hyper-proliferation
over the course of the disease [12]. We have taken, ax as constant accumulation of
keratinocyte population and py stands for the keratinocytes inherent mortality rate.
The cytokine network in Figure (3.1) illustrates how immune cells interact with one
another to promote disease progression.

Combining the above hypotheses, we have formulated the following mathematical model:

C@? =ar +0T(t)(1 - ﬁ(fl) — BIT(t)D(t) — ET (K (t) — prT(t)
dDdEt) =ap = BT()D(t) — ppD(t) (3.1.1)
dK (t)

— —ag + /TE)D(t) + BT () D(t) — p K (t).

The ability of MSCs to suppress immune cell function and prevent the entry of infiltrating
cells into inflamed areas indicates that this approach could obstruct the migration of T cells
[58]. MSCs secrete a substantial amount of tolerogenic anti-inflammatory cytokines, (e.g.,
TGF-3, IL-4, IL-10) to inhibit the overproduction of T cells and keratinocytes [59]. More-
over, it contributes to increasing the number of immature DCs, resulting in elevated IL-10
expression. Simultaneously, it diminishes the population of mature inflammatory DCs, along
with a decrease in the expression of TNF-a and IL-12 [60, 61]. Therefore, transplanting them
into the inflamed area of the patient will replace damaged cells and promote the functional
recovery of those cells.

In this direction, we have introduced an additional population of matured stem cells
(MSCs) to the previously considered cell populations reflected in system (3.1.1) to investigate
how this cell therapy inhibits the excessive production of inflammatory cytokines. To express
the effect of MSCs on the core populations of our model, we have considered the interactions
between T cells and DCs are inhibited by the MSCs at the rates of 1 and <2, so that the
interaction terms are multiplied by (14 71.Sx)~! and (1 +725y) 7. MSCs do not affect the
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3.2 Mathematical properties of the Model

interaction terms explicitly if v; and 2 fade away. The coefficient ag,, denotes the constant
production or the average of all mature stem cells and pg,, is the sum of natural mortality and
absorption rate in the inflamed region. From the above-mentioned cell biological discussion,
the complete mathematical model that includes MSC as a population takes the form:

T = et 01— 1) - PEOZ — erK() - ()

dD(t) _ B2T(t)D(t)

Sdt D_m—ml)(t) .
dE(t) _ BiT(t)D(t) | BT()D() 1.
7 =k 14 'ylSM(t) + 1+ ’YQSM(t) o MKK(t)

dSZ(t) = agy — sy S (1),

subject to the initial conditions: 7'(0) > 0, D(0) > 0, K(0) > 0, and Sys(0) > 0.

3.2 Mathematical properties of the Model

3.2.1 Positivity and Boundedness

In this subsection, we have looked at the non-negativity and boundedness properties of the
solutions for our formulated mathematical system (3.1.2) to prove that the model is biolog-
ically feasible and well-posed. Now we provide the following theorem, which guarantees the
non-negativity of the solutions of system (3.1.2).

Theorem 3.2.1 All solutions of the system (5.1.2) together with the initial conditions are
positive for all t > 0.

Proof. To prove this theorem, let us take that z1(t) = T'(¢t), z2(t) = D(t), 23(t) = K(t), and
z4(t) = Spr(t). Rewrite the system (3.1.2) in the following manner.
dZ(t)
2 1z,
dt (2®) (3.2.1)
where Z(t) = (21(t), 22(t), z3(t), z4(t)) " and T = (T, Ty, T3, T1y) "

Here T denotes the transpose and I denote the right hand sides of the system (3.1.2). It
is easy to verify that

Hi(Z)‘Zi:()’ ZeR% > 0. (3.2.2)

The condition clearly ensures the non-negativity of the solutions of a system according
to the well-known Nagumo finding [62]. It means that all the solutions of the system (3.1.2)
starting with a point Zy = (21(0), 22(0), 23(0), 23(0))" € R, such as Z(t) = Z(t; Zy), and
Z(t) € Ri,w > 0. This implies that the non-negative octant Ri becomes invariant for
system (3.1.2).
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3.2 Mathematical properties of the Model

It is also very essential to show that all the state variables of system (3.1.2) are bounded
for all time ¢ > 0. This will ensure that the system (3.1.2) is epidemiologically meaningful
and mathematically well-posed. The following theorem demonstrates the invariant region I'
where the solutions of system (3.1.2) are bounded.

Theorem 3.2.2 All non-negative solutions of the system (3.1.2) enter into the region T' C
]RfiF and are ultimately bounded, where I' is defined by I' = {(T, D,K,Sy)T e Ri 0<T <
B1,0< D < By,0 < K < By, STin < G < B4}, where B;’s (i = 1,2,3,4) are defined by

ar | nT™™ By— 9D p, 0K p1B1Bs + B2B1Bs B, = “Su

Bl = min miny ’ 4
pr  Apr D pr o pr(L+7Sy")  pr(l+7255") [Sas

Proof. The maximum value of the quadratic term nT'(1 — =) of the first equation of

max

(3.1.2) is "T4 . Using this fact, from the first equation of system (3.1.2) we have:

ar _ T
—_— (87
a >t 4

—prT = prBy — prT.
Using comparison principle [56], we obtain from the above inequality:

0<T(t) < Bi(l—e ) + T(0)e " = T(t) < By if T(0) < By. (3.2.3)
In similar manner from the second equation of system (3.1.2) we get:

0 < D(t) < Ba(1 — e "2 4 D(0)e #P! = D(t) < By if D(0) < Ba. (3.2.4)

From the fourth equation of system (3.1.2) we obtain:

dSy

W <asy, — MSMSM-

By solving this inequality for sufficiently large ¢ we have:
SN < Syr(t) < By, t>0. (3.2.5)

Utilizing T'(t) < By, D(t) < By and Sy (t) > S%® | from the third equation we get:

dK 51B1B> B2 B1Bs

— < ag+ . — — uxK = ugBs — g K.
i KT 7 A QNUpM 1204 KK D3 — hK
Employing the same comparison principle, we have obtained:

0 < K(t) < B3(1 — e "5t 4 K(0)e #<' — K(t) < Bz if K(0) < Bs. (3.2.6)

Hence, all the solutions (T'(¢), D(t), K(t), SM(t))T of system (3.1.2) that start in the re-
gion I', remain within it. This evidently implies, I" is invariant set for the system (3.1.2). Fur-
thermore, the set I' is bounded and therefore all solutions of the system (3.1.2) are eventually
bounded. It is noteworthy that in this case, any solution of system (3.1.2) with non-negative
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3.2 Mathematical properties of the Model

initial conditions eventually enters and remains inside the set I'. This property is justified by
the definition of the set I" and the subsequent relationships:

)| _, 4

dt |,y dt

dK(t
<0, (t)

dSy(t
<0, M (t)
or dt

or dt |or

<0, (3.2.7)

which are actually performed at the points of the boundary OI" of I'. Also, note that, these re-
lationships in (3.2.7) hold outside the set I', which guarantees the boundedness of all solutions

of the system (3.1.2) along with the positive initial conditions.

3.2.2 Feasibility of Positive Equilibrium

To find the interior equilibrium point E*(T*, D*, K*,S%,) we set all the equations of the
system (3.1.2) to zero and solve for the state variables when its co-ordinates satisfy the
conditions : T* > 0, D* > 0, K* > 0 and S}, > 0. From the fourth equation of the system
(3.1.2), we get:
YSu
HSa

Using the value of S}, we have chosen two constants PP and P2 in order to simplify the
computation, which are given by

Sy =

hr and Po = B2

Pr= S -
YT Sy, 147253,

Following that, we determined the values of D* and K™ in terms of T™ by using the
aforementioned values and setting the second equation of the system (3.1.2) to zero, which
are provided by

T*
Df—__ @D o = 9k ap(PL+Ps)

 up + PoT*’ pr pr(pp + PoT*)

(3.2.8)

Setting the first equation of the system (3.1.2) to zero and substituting these values of
state variables into the equation, we have obtained a cubic equation of T*.

T*3 + AlT*2 + AQT* -+ A3 = 07 (329)
1
where A; = P [UMK,UD + {(ﬁaK + prpk — k)P + apé(Pr + PQ)}Tmax}’
1
Az = [faKMD — NUDUK + HTHDUK + appukPL — aTMKPQ] Tmax,
N Po
Tmax
Ay = _STHEDE
NP2

Using the parameter values listed in Table (3.1), we have observed that A; > 0 is positive
and As < 0 and Az < 0 are negative. By Descartes’ rule of sign the system (3.2.9) has exactly
one positive root. By substituting the value of 7% in (3.2.8), we can determine the interior
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3.3 Optimal Control using TNF-« Inhibitor

equilibrium point E*(T*, D*, K*, S},).

3.2.3 Stability Analysis of Interior equilibrium

The local stability analysis of the interior equilibrium point E* = (7%, D* K*,S},) has
been examined here. The Jacobian matrix calculated at the interior equilibrium point E* is
provided by

* 2 * )%
_(%7*: + '171]3:&:() _PlT* _gT* Pl ’71[-}1; &
—PyD" _ap P3yt D
J(E*) = PQD D O 'PZ T*D*BQ PZ T*D*
(P1+P2)D* (P14 Po)T* —pk  —( ﬂlﬁl + 27252 )
0 0 0 i

The eigenvalues of the above Jacobian matrix determine the stability criterion of the
dynamical system at the equilibrium point E*. The characteristic equation of the matrix J
is given by

A+ par) N3+ C1A? + Cod + C3) = 0, (3.2.10)

where the coeflicients are
ar 0l ap
€1 =(7 + 7o) ,
1 T*+Tmax +D*+'U’K

ap ar ~ nT* QapiE
¢ =( ) (5 + s ~ PP D" Py Po) T,
2 D + ug T —i—Tmax + L P1Po +&(P1+ P2

Cy =£T™ <’Pl + 732) (OéD — PQT*D*) +

QD LK < ar  nT*

D* T* Tmax) o MKP1P2T*D*

Here C > 0 and C1Cy — C5 > 0, applying the Routh Hurwitz criterion [63], we deduce
that all the roots of the equation (3.2.10) is either negative or have negative real parts. We
construct the following lemma based on the aforementioned considerations.

Lemma 3.2.1 The interior equilibrium point E*(T*, D*, K*,Sy,) of system (5.1.2) is locally
asymptotically stable if the following inequality holds

ar nT* ap "
— — PoT 1.
max{(T*—l-TmaX),(D* 25 >}<C1<

3.3 Optimal Control using TNF-a Inhibitor

The optimal control approach is a powerful mathematical tool for developing and managing
treatment policies for various diseases through modeling and system analysis. It is crucial for
addressing drug resistance in long-term disease treatment by enabling strategic planning, im-
proving therapies, and evaluating cost-effectiveness. This technique facilitates the creation of
precise, individualized treatment regimens by determining time-dependent control functions

over specific intervals.
In the context of psoriasis, the interaction rate between T cells and DCs is amplified
by the cytokine TNF-q, resulting in the abnormal proliferation of keratinocytes. Effective
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3.3 Optimal Control using TNF-« Inhibitor

control of psoriasis requires the regulation of keratinocyte overgrowth, which is the primary
pathological feature of this condition.

In this section, we have examined our formulated mathematical model by introducing one
control function, u(t), where u(t) is a permissible control representing the effect of TNF-«
inhibitor that can restrict the reaction rates between T cells and dendritic cells. Therefore,
the model (3.1.2) equipped with optimum control is governed by the following set of equations
for the spemﬁed time interval [ts,tf].

dr(t) T(t) Bi(1—u(t)T(t)D(t)
S = e 0 (1- ) - T S TR Q) ()
dD(t) Ba(1—u(®))T(#)D(t)
= — D(t
dK(t) Bi(l—u(t)T(t)D(t) | B2(1—u(t))T(t)D(t)
@ KT T I Sm ) T 15 wesu) HiK(®),
dSpy(t
;‘/Q = QS — HSy Sm (t)’
with the initial conditions given by
T(0) =Ty >0,D(0) =Dy > 0, K(0) = Ko > 0,50(0) = Spr, > 0.
3.3.1 Description of Objective functional
The problem is in minimizing the objective cost functionally expressed as follows:
t
T(u(t)) = / C[m@ W] ar, (3.3.2)
ts

subject to the optimal control induced system (3.3.1). Since, our aim is to suppress the
keratinocytes using TNF-« inhibitor with minimum cost; the control function u(¢) represents
the effect of the TNF-« inhibitor and W is the positive weight constant on the benefit of the
cost of the TNF-« inhibitor. The control set is defined on the interval [t,,ts], where t; and
ty stand for the treatment’s starting and finishing times of control. Let us define the control
set of Lebesgue measurable functions as follows:

U= {u(t) :u(t) is defined on [t,,tf], 0 < w(t) <u™ <1, te [ts,tf]}.
To determine the optimal control function, u*(t) for the system (3.3.1), we have:
J(u*(t)) = min {J(u(t)) Lu(t) € u}. (3.3.3)
We applied Pontryagin’s Minimum Principle [64] to derive the necessary conditions for
solving the optimal control problem. Within this framework, the system (3.3.1) governed by

the optimal control admits non-negative and bounded solutions, provided the bounded and
Lebesgue measurable control function with the positive initial conditions.
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3.3 Optimal Control using TNF-« Inhibitor

3.3.2 Optimal control’s Characteristics

For characterization of optimal control, we apply Pontryagin’s Minimum Principle [64]. In
order to do this, let us define the Hamiltonian # for the control problem (3.3.1) as:

T(t) > _ B —u@®)T(#)D(2)

H = K(t) + Wul(t) + 01(t) [aT +nT(t) (1

- Tmaz 14+ 7S (2)
— T K (t) — ,uTT(t)] +0s(t) [ap - 52(111“%25((’?)1) ®) _ D(t)]
(3.3.4)
Bl —u(t)T(#)D(t) | Bo(l —u(t))T(t)D(t)
+ O5(t) [ozK +2 Trnse 2 Ewowr MKK(t)]

+64(0)|asy — s Su(0)]

where 0;(t)’s (i = 1,2,3,4) are the adjoint variables to be determined suitably.
The adjoint system with transversality criteria ©;(ty) = 0 for ¢ = 1,2,3,4 can be obtained
by using Pontryagin’s Minimum Principle.

e, OH dO, OH dO3 OH doy,  OH

dt 9T’ dt 9D’ dt 9K dt  9Su

The optimality of the system (3.3.1) consists of the optimal control and corresponding
states, thus the adjoint system takes the form:

o, 2T\ B(l-w)D Ba(1 — u)D
dt % [77(1 Tmax) L+7185Mm S +725Mm

. 51(1*’&*)@ ﬁz(lu*)pj|

93[ T+ 18um | L+7:8Mm
dO; pi(1 - u*)”f} [52(1 —u)T ] [51(1 —u)T | B2l — u*)q
T2 _g |2 g o
dt 1[ 1+ 18m TPl B I s s paey -y |
% =—-1 + @1€T+ @3#[(,
@ _ [7161(1 — 'LL*)TD:| _ |:’)/252(1 — ’U,*)TD:|
dt (I +785m)? (1 +728m)?
’ylﬁl(l — U*)TD ’)/QBQ(l — U*)TD:|
+ O: + Oups,,
3|: (1+’71SM)2 (14_728/\4)2 44

(3.3.5)

with transversality conditions ©;(t;) = 0 for all i = 1,2,3,4. We now determine the optimal
control u*(t), using the optimality condition provided by

oH

u=u*(t)

Differentiating the equation (3.3.4), partially with respect to u and using the condition
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3.4 Impulsive MSC Replacement on the Control Induced System

(3.3.6) we get:
sy L /L TD PTD '\ /JTD \ p2TD
wit) = 2 [@3<1 +71SMm 1 +’YQSM> @1<1 +’YlSM> @2<1 +’Y2SM>]
= O(t) (say).

Now, by applying the standard boundedness condition for control and using the properties
of the control set U, we assume that the admissible control satisfies

0 <u(t) <u™™ <1.

This means that the control function wu(t) always takes values within the interval [0, ™|

where ™ is strictly less than one. Hence, we obtain:

)

0, when () <0
u*(t) =< ®(t), when 0<P(t) <umex (3.3.7)
u

u™* when ®(t) > u™mx.

Based on the analysis for the control-induced model, we derive the following theorem:

Theorem 1 If the objective cost functional J(u) attains its minimum value for the optimal
control u*(t) and (T,D,K,Snm) is the corresponding optimal state for the optimal control
problem (3.5.1), then there exist adjoint functions ©;(t) (i = 1,2, 3,4) satisfying the transver-
sality conditions ©;(ty) = 0, for i = 1,2,3,4. Furthermore, the optimal control solution is
given by

u*(t) = max {0, min{1, ®(¢)} }.

3.4 Impulsive MSC Replacement on the Control
Induced System

MSC is considered as a population in our proposed mathematical model stated in system
(3.1.2). We have already used the optimal control strategy mathematically with a biologic
TNF-« inhibitor from the initial phase of the treatment of the disease psoriasis by employing
the system (3.3.1). In cases where the disease severity is high and the TNF-« inhibitor
is not effective in eradicating the disease completely, stem cell replacement therapy will
be used in conjunction with the biologic TNF-« inhibitor. A patient with severe psoriasis
requires replacement MSC, possibly for complete eradication of the disease, because long-term
psoriasis causes a deficit of mature stem cells in the affected part. In stem cell therapies,
an intravenous infusion of MSC from the outside of the body is often administered to the
patient’s affected region to fill this deficiency. Due to this reason, we rely on an impulsive
approach [65]. This approach involves administering a certain amount of MSC periodically,
at a certain time interval, into the patient’s affected region during the course of treatment.
The model presented below is almost equivalent to system (3.1.2). The dynamics of cell
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3.4 Impulsive MSC Replacement on the Control Induced System

therapy can be modelled using impulsive differential equations.

0 — ap sario(i- 20) - ACZEITOPO ey oz,
dD(t) B2 (1 —u*)T(t)D(t)

7 = Qap — 2 1+72SM(t) —HDD(t)a

dK(t) _ Bi(1—u*)T()D(t)  Bo(1 —w)T(t)D(t) (3.4.1)
ot T T s TS K@),

dSc]\th(t) = asg,, — psy Su(t),

Su(nt) =90+ Su(nt)™,

where ‘0’ represents the average quantity of MSCs administered, and ‘7’ denotes the time
interval between successive infusions. Each dose, containing a fixed amount ¢, is infused into
the inflamed region at intervals of 7, for a total of ‘n’ (nT <t < (n+1)r, n € NU{0})
impulsive infusions. Sy;(n7)~ represents the population value just before receiving the next
input of MSC, i.e., just before ¢t = nr.

The production of MSC in the affected region is at an extremely low constant rate. We
investigate the effects of pulsed treatment strategy with MSC in this model both mathemat-
ically and numerically. However, a restricted number of MSC infusions are feasible for use in
clinical trials. These infusions typically involve dosage amounts ranging from (1-6) x10%/kg
of body weight. The infusions are administered five to six times, with intervals of 7 to 15
days between each administration throughout the course of treatment [22].

The solution of the last equation of the system (3.4.1) is of the following form.

S(t) = X5u

= + Ce_“SMt7

where C' is a constant to be determined using the following initial condition.
When 0 <t <7,

SM
ddljtu = 05y — Sy M — = ( _ O‘SM>'
Sn(0) =46 HSny

o o}
Therefore, Spy(t) = —2 + (5 — ﬂ)e‘“th. (3.4.2)
aSM + 6(1 + e_:u'S]\/[T) _ aﬂe_USMT.

IU’SM IU’S]\/[

We examine the system at each time interval because the MSC population’s initial condition

changes over time.
When 7 <t < 27,

NOW, SM(T) = SM(T)_ +4=

dSy
AOM — o  —
{ dt Sur = My SM = (C = (5(1—}-6_”51\47)——&51\/1 e HSMT | eMSu T

_ XSy —BSpTY _ XM ,—sy, T
S (7) HSpp +o(l+e ) HSpp € Sy
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rI‘:herefore7 SM(t) — aﬂ + 5(1 + e_MSA{T) _ ﬂe_usij e_MSIW (t—’l'). (3.4.3)
_ - _ sy —S T —205,, T Sy —2ug. T
Now, Sp(27)=Sm(27)” +d= " +5(1+e HSu™ e HSuT) — =M HSuT,
HSy, HSy,

Continuing this process up to the nth iteration, we have:
When nr <t < (n+1)r,

ds
{ L= sy, — 1Sy SM,

Sy(nt) = S5 4 §(1 4 e Psu™ e su™ 4L + e TMHsMT) — Z5M oSy T
1Sy 18,
«
= (C = [5(1 e THSMT e sy T 4. + e ST — XM —npus ) | sy T
HSn

Therefore, the concentration of MSC after n — th infusion is given by

Su(t) = ASu + [5(1 +eTHSMT e s T 4L, +e M) — CYS]‘/’e_"’LSMT] e Hsy (t=nT)

— 1

_ %Sm + 5(1 —e "t MSMT) _ Gsy oSy T | g Hsyy (1)
150, 1—e ot ) gy,

Qs + [(56“5M (t=—nT)

1—6_“51»17] as n — oo.

[45s
(3.4.4)

Our analytical results and numerical findings have demonstrated that pulsed cell therapy
can effectively treat severe forms of the disease in combination with a TNF-« inhibitor under
optimal control approach. We have also demonstrated how the entire system dynamics will
change with this combined control approach numerically.

3.5 Numerical Simulation

In this section, we have performed several types of numerical simulations of our proposed
mathematical model of psoriasis described in systems (3.1.2), (3.3.1), and (3.4.1) to validate
our analytical results. The initial values have been chosen for the system populations satisfy
the biological hypothesis based on the theoretical analyses. The values of the parameters
utilized here are depicted in Table 3.1.

In Figure 3.2, we have plotted the time series solution of the proposed system (3.1.2)
for various initial conditions of the cell populations. We have observed the rising trend
of keratinocyte populations while MSC counts have been sharply declining, and T cell and
dendritic cell counts will eventually reach saturation to some extent. This figure demonstrated
the stability of the endemic equilibrium point E*, which justified the analytic outcome of the
asymptotic stability of the psoriatic state. This simulation reflects the behaviour of disease
progression in the absence of any control or pulsed treatment.

In Figure 3.3, we have plotted two different 3D phase portraits of system (3.1.2) by taking
three populations at a time for different initial values of model populations. The trajectories
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Figure 3.2: Simulation of the system (3.1.2) showing system boundedness and conver-
gence of solutions with various initial conditions to the endemic equilibrium point E*
for (a) T cells (b) Dendritic cells (¢) Keratinocytes and (d) Mesenchymal stromal cells
using the parameter values given in Table (5.1).

(a)
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(
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Figure 3.3: Identifying the endemic equilibrium E*(T*, D*, K*, S%,) of system (3.1.2)
by stability analysis of the system employing two groups of cell populations: (a) Con-
sidering three types of cells (T cell, Dendritic cell and Keratinocyte); (b) Considering

three sorts of cells (Keratinocyte, Mesenchymal stromal cell and T cell).
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’ Parameter \ Definition \ Value \ Reference ‘
ar Constant accumulation of T cells 25 mm3d ! [53]
ap Constant accumulation of dendritic-cells 18 mm~—3d~! [40]
(%% Constant accumulation of keratinocytes 30 mm—3d ! [53]
b1 T cell activation rate in response to dendritic | 0.025 mm3d~* [66]

cells
B2 Dendritic cell activation rate in response to | 0.03 mm3d~! [66]
T cells
" Inhibition rate of the response of DCs to T 0.035 mm? chosen
cells via MSCs
Yo Inhibition rate of the response of T cells to 0.25 mm? chosen
DCs via MSCs
n Proliferation rate of T cells 0.03 d™! [40, 66]
£ Inhibition rate of T cells by keratinocytes 0.003 mm3d 1 [54]
Tmax Maximum carrying capacity of the T cell 300 mm~? [52, 43]
population
wr Mortality rate of T cells 0.06 d! [40, 53]
J155) Mortality rate of dendritic cells 0.15 d~* [40, 53]
WK Mortality rate of keratinocytes 0.26 d! [40, 43]
as,, Constant production of MSCs in the in- | 0.0033 mm—3d~! [41]
flamed area
1S Sum of natural mortality and absorption rate 0.3d7! [53]
of MSCs

Table 3.1: In numerical simulations, the values of the system parameter are employed.
We have sourced a few parameter ranges from the literature to help us choose the
parameter values. Numerous model parameters were determined from various literature,
which allowed for the biological viability of the model behavior.

in Figure 3.3(a) converge to a unique point Ej(26.43,17.44,224.29) for various initial values
of T cells, dendritic cells, and keratinocytes. Similarly, in Figure 3.3(b), keratinocytes, MSCs,
and T cells converge to a certain equilibrium state, E;(26.43,224.29,0.34). Since it is quite
difficult to evaluate the endemic equilibrium analytically, this figure allows us to estimate the
endemic equilibrium point £*(26.43,17.44,224.29,0.34) numerically.

To observe the effect of the optimum control w*(t) with respect to a TNF-« inhibitor,
we have solved the optimal control problem for the mathematical system (3.3.1) numerically
by taking the objective functional (3.3.2) and system (3.3.3). In a healthy state, the normal
concentration of keratinocytes is considered to be K~ = 200 mm 2 [52].

In Figure 3.4, we have plotted T cell, dendritic cell and keratinocyte populations with
respect to time without optimal control and considered three fixed values (u = 0.55, 0.64, 0.7)
of w for the control-induced mathematical model (3.3.1). This figure demonstrates that,
although T cell and dendritic cell concentrations rose with the higher values of the control
parameter u, the keratinocyte concentrations approached a state that is considerably closer
to the healthy state. Even if this option would probably make psoriatic symptoms easier
to manage, the disease is not in remission since the concentration of keratinocytes is still
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Figure 3.4: Dynamical behavior of T cells, dendritic cells, and keratinocytes in System
(5.5.1) for several fixed values of the control variable.

above the threshold value of 200 mm™3. As a result, we need to provide the optimal control
strategy for this situation.

In Figure 3.5, we have plotted both the systems of ODEs, without control and with opti-
mal control, where the optimal value of the control function u(t) is u™** = 0.86. This allows
us to see how treatment with a biologic TNF-« inhibitor reduces keratinocyte density. Ac-
cording to clinical investigations, keratinocyte hyper-proliferation can be effectively reduced
by TNF-« inhibitor treatment [67]. However, in the severe form of the disease, this approach
will not be enough to reach the keratinocyte density below the threshold K~ = 200 mm™3.

In Figure 3.6, we have plotted the dynamics of the control function, wu(t) described in
system (3.3.7), with respect to time using MATLAB. This figure demonstrates that at the
initial stage of treatment, it required high doses of a TNF-« inhibitor to control the disease.
After that, the dose decreases over time until 74 days. Later, we noticed a significant rise
in the control function between 75 and 78 days, depending on the severity of the disease.
Then the trajectory gradually decreases, even though the keratinocyte concentration has not
reached the desired threshold value of K™.

In a severe psoriatic scenario, when treatment with a TNF-« inhibitor is unable to yield
the desired outcomes, we performed stem cell replacement in combination with TNF-« in-
hibitor (MSCs derived from the umbilical cord is the best). We have started this approach
mathematically and numerically after 80 days of observation of the disease treated with only
a biologic TNF-« inhibitor.

In Figure 3.7, we have depicted MSC replacement with six pulsed infusions at a single

45



3.5 Numerical Simulation

45 T T T T T T T T T T T
. — Without Control —Without Control
40 ' ----With Optimum control - ----With Optimum control
H [}
— 35§ y
O 30N & =
[ U _E ____________________________________________________
= C
)
@)
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (day) Time (day)
250
@ 200| - Lol I
)
Py
8 150 + Normal Concentration
c of Keratinocyte
= 100}
S
V]
X 50 — Without Control
----With Optimum control
0 10 20 30 40 50 60 70 &0
Time (day)

Figure 3.5: Dynamical behavior of all model populations (T cell, Dendritic cell, Ker-
atinocyte and Mesenchymal stem cell) for psoriatic people (blue solid line) and after
using optimal control (brown dotted line).
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Figure 3.6: Control function u*(t) with respect to time requlated by TNF-cv inhibitor.

dose of 3 cells/mm? (i.e., §=3) once every 10 days simultaneously with optimum control via
a TNF-« inhibitor. In this figure, the blue trajectories for the cell populations indicate the
uncontrolled psoriatic state. The brown colour trajectories represent the dynamics of the
cell densities, with the optimum control strategy alone using a TNF-« inhibitor. Following
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Figure 3.7: Diagrammatic representation of the model populations with optimum con-
trol and after 80 days of treatment with TNF-a inhibitor, we perform the numerical

simulation of the systemic stem cell therapy simultaneously with the same biologic (i.e.,
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Figure 3.8: The sensitivity indices of the parameters are shown in relation to the ex-
cessive growth of the keratinocyte cell population during psoriasis formation. Green
trajectories represent parameters with positive sensitivity, while red trajectories repre-
sent those with negative sensitivity.

eighty days of treatment with a TNF-« inhibitor, stem cell therapy combined with a TNF-«
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inhibitor is started. The dynamics of this combined effect of MSC infusion simultaneously
with TNF-« inhibitor are shown by the green colour trajectories, and it is also clearly visible
via our numerical simulation that the keratinocytes rapidly decrease to the desired density
levels (< 200 mm~3) in a short period. Since the differential equation for the MSC population
does not depend on the TNF-« inhibitor, the trajectories of MSC with and without TNF-«
inhibitor control coincide, leading to a decline in MSC levels in inflamed regions. However,
with this combined therapy, T cell and dendritic cell concentrations are raised, and the MSC
levels in the inflamed regions return to a normal state. It is important to note that in an
impulsive approach, the population must be in an equilibrium state. Consequently, for this
approximation, the implementation of treatment strategies will not be impeded.

In Figure 3.8, we have shown the sensitivity index of a few model parameters as a function
of time in accordance with Saltelli et al. [68]. We have found that certain parameters
are positively and a few are negatively responsive with respect to the excessive growth of
the keratinocyte population. The green lines indicate those parameters that are positively
sensitive, and the red lines indicate those parameters that are negatively sensitive.

3.6 Discussion and Conclusion

In this Chapter, we proposed a model of psoriasis focuses on cell-to-cell interactions among
T cells, dendritic cells, keratinocytes, and mesenchymal stem cells (MSCs), which play an
important role in regulating immune responses. Although psoriasis involves complex mech-
anisms such as abnormal cell differentiation and cytokine signaling, our analysis emphasizes
keratinocyte hyper-proliferation as the main factor driving disease progression. MSCs are
highlighted for their positive role in controlling this hyper-proliferation by producing anti-
inflammatory cytokines and restoring immune balance. However, in severe cases, local MSC
levels decline, and clinical studies recommend external infusion of healthy MSCs. As shown in
Figure 3.7, TNF-« inhibitors alone are often insufficient, which motivates a dual-intervention
strategy in our model: combining TNF-« inhibition with periodic MSC transplantation.

We study the dynamical system (3.1.2) under two approaches. First, TNF-« inhibition is
analyzed through an optimal control framework in system (3.3.1). Second, the model is ex-
tended to include impulsive stem cell therapy, represented by system (3.4.1), which is applied
when biologics alone fail. Simulation results show that after 80 days of TNF-« inhibition, the
addition of impulsive MSC transplantation leads to a rapid reduction in keratinocyte density
within two months, along with normalization of other immune cell levels and restoration of
local MSC counts. In conclusion, based on our analytical and numerical results, combined
therapy with MSC transplantation and TNF-« inhibition effectively controls keratinocyte
hyper-proliferation. This indicates that stem cell therapy could emerge as a promising ther-
apeutic option for severe psoriasis.

Furthermore, we extend this proposed model by developing its fractional-order counter-
parts to explore the memory effects among immune and skin components across different
time scales. To capture the non-local dynamics more effectively, we consider three different
fractional operators with varying fractional orders. This approach provides a more accurate
description of psoriasis and its control, which have been explored in Chapter 4.
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Chapter 4

Stem Cell Based Fractional-Order
Dynamical Model of Psoriasis: A
Mathematical Study

The complex interplay among immune and skin components across different time scales
strongly shapes the disease outcome, which can be considered as a memory effect. To capture
such non-local characteristics, it is important to incorporate memory effects into mathemat-
ical modeling. In this Chapter®, we extend our integer-order psoriasis model (see Chapter 3,
equation 3.1.2) to a fractional-order system. By using fractional derivatives, the model pro-
vides a more realistic description of autoimmune responses and cytokine-driven progression
of psoriasis.

We incorporate three fractional operators: the Caputo, Caputo—Fabrizio, and Atan-
gana—Baleanu—Caputo derivatives, represented by fractional orders A, ¢, and « € (0, 1] [27,
28, 29] into the ODE-based system. Since fractional derivatives do not follow standard di-
mensional rules, a scaling parameter £, called the memory rate parameter (with unit day=!),
is introduced for dimensional consistency. Lower fractional orders indicate strong memory
effects, whereas values close to one correspond to the classical (memory-free) case. The
existence and uniqueness of solutions for the fractional model corresponding to the Atan-
gana—Baleanu operator in the Caputo sense are examined using the Banach contraction prin-
ciple, and stability is analyzed under the generalized Ulam-Hyers criteria. To study control
strategies, we also formulate a fractional optimal control framework considering general frac-
tional order involving two biologic inhibitors targeting TNF-« and I1.-23. Three different
control strategies are tested numerically with respect to each considered operator, and the
conditions for optimality are derived through a generalized fractional optimal control problem
(FOCP). The FOCP is solved using the Forward-Backward Sweep Method (FBSM), and the
results highlight the distinct non-local dynamics generated by different fractional operators.
The aim of this chapter is to compare the behavior of fractional and classical models and
to analyze how different operators and fractional orders influence the system dynamics and

4The magjor portion of this chapter is published in the Jambura Journal of Biomathematics (JJBM),
September 2025.
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4.1 Fractional-Order Modelling Approach

outcomes of the control effectiveness.
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Figure 4.1: Schematic representation of the model within a cytokine network.

4.1 Fractional-Order Modelling Approach

Fractional-order derivatives, owing to their ability to capture memory effects, often yield
more accurate and realistic results than traditional integer-order models. Based on the work

provided in the Chapter 3, we extend the classical integer-order model (3.1.2) of psoriasis by

incorporating three widely used fractional-order operators: the Caputo, Caputo—Fabrizio, and

Atangana—Baleanu derivatives in the Caputo sense. In our model, T'(t), D(t), K(t), and M (t)

denote the concentrations of T cells, dendritic cells, keratinocytes, and mesenchymal stem

cells (MSCs), respectively, at time ¢. The interactions among immune cells, keratinocytes,

and MSCs, mediated by cytokines and contributing to disease progression, are illustrated in
Figure 4.1. Accordingly, the proposed models corresponding to the aforementioned operators

are formulated as follows:
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4.1 Fractional-Order Modelling Approach

4.1.1 The model with Caputo sense

£ CDNI@] = o+ T (0|1 - | - TR <K (@) - a7 (),
YT (t)D(t)
~ roD(E), (4.1.1)

£ DD = 6 - LT
(
M

)
nT(t)D t; 2TOPG k().

1-X C A _
L7 DRl =&k + 5 1+ 6, M(t)

LY CDNM ()] = — prrM (1),
where A € (0, 1] is the fractional order for all the model population taken in the Caputo sense

and ‘t’ is time in days.

4.1.2 The model with Caputo-Fabrizio sense

T(t)] T (t)D(t) — Tt K (t) — prT(t),

L1 CFDYT(1)] = &p + pT(t) [1 T Tmaz | T 1y 6, M(2)
- 72T'(t)D(1)
ri—=¢ CFDg[D(t” =¢p — W — ppD(1), (4.1.2)

(
(*)
_ - nTt)D(E) | »=Tt)D()
£ DK (0] =€k + st H 1ot ~ RO,

£ DYM ()] = énr — par M (D),
where ¢ € (0,1] is the fractional order for all the model population taken in the Caputo-

Fabrizio sense and ‘t’ is time in days.

4.1.3 The model with Atangana-Baleanu-Caputo sense

£ APCDRT(E)] = 60+ 0|1 = s | = 5 ) — TOK(E) = prT(0)

Ca o _ o _eT®D{E)
rl ABth [D(t)] = ¢p L1 M (D) ppD(t), (4.1.3)
El—a ABCD?[K(t)] — §K + ?{i%;ﬁ]ﬁgg + ;Yzfg;)ﬁg; - PKK(t),

L1 ABCDMM(6)] = v — par M (2),
where a € (0, 1] is the fractional order for all the model population taken in the Atangana-

Baleanu-Caputo sense and ‘¢’ is time in days.
The initial conditions are given by

T(0) =Ty > 0, D(0) = Dy > 0, K(0) = K > 0, M(0) = My > 0. (4.1.4)
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4.1 Fractional-Order Modelling Approach

In the fractional-order models (4.1.1)—(4.1.3), the terms &7, {p, &k, and &ys represent the
constant accumulation rates of T cells, dendritic cells, keratinocytes, and mesenchymal stem
cells (MSCs), respectively. Since T cells cannot increase endlessly, the logistical expression
uT(t)(1 — TT,,(LZ)QC) highlights the growth of T cells, where p is the proliferation rate and 7™
nT(t)D(t)
1461 M(t)
incidence function, where 71 D(t) quantifies the interaction strength with T cells, and the
denominator describes inhibition by MSCs. As D(t) increases, the interaction saturates,
while an increase in M (t) suppresses this interaction. Although MSCs do not directly inhibit
T cell-dendpritic cell interactions under normal conditions, during autoimmune responses they
modulate these interactions via cytokine-mediated regulatory mechanisms. When §; — 0,
the term reduces to a classical bilinear incidence. This Holling type-II functional form more
realistically captures immune saturation effects and prevents unbounded growth in interaction
terms. A similar mechanism is modeled by the term %m. Both terms ultimately
contribute to keratinocyte population growth, while M (¢) suppresses the T cell-dendritic cell
interaction loop and limits infiltration by producing anti-inflammatory cytokines. ¢; and ds
denote the respective scaling coefficients of inhibition. In early stages of disease progression,
keratinocytes also suppress T cell over-activation via anti-inflammatory cytokines, modeled by
the term nT'(t) K (t). The per-capita mortality rates for T cells, dendritic cells, keratinocytes,
and MSCs are denoted by pr, pp, pi, and pps, respectively. The model parameters are also
summarized in Table 4.1.

is the maximum carrying capacity. The interaction term represents a saturated

4.1.4 Resolving the Dimensional Inconsistency Issues of
Fractional-Order Systems

Fractional-order epidemiological models, in their standard form, often exhibit dimensional
inconsistency and undermines both the mathematical integrity and biological relevance of the
model. For example, the Caputo fractional derivative of order A has the dimension (time)™*,
whereas the right-hand side of system (4.1.1) carries (time)~!. A detailed mathematical
discussion of this imbalance can be found in [70, 71]. To resolve this, we introduce a scaling
factor L, called the memory rate parameter, with units (day_l). Multiplying the left-hand

side of each equation by £17* yields
(day™)' ™ day ™ = day ™,

thereby ensuring dimensional balance in system (4.1.1). The same correction is applied
to systems (4.1.2) and (4.1.3), which involve the Caputo-Fabrizio and Atangana-Baleanu
derivatives of orders ¢ and a € (0, 1], respectively. This adjustment is essential for maintaining
dimensional consistency in all fractional-order model formulations and the inclusion of L is
mathematically justified and biologically essential, including those with non-singular kernels
such as exponential (Caputo—Fabrizio) and Mittag—Leffler (Atangana—Baleanu) types [72].
For instance, the Caputo—Fabrizio derivative has the effective dimension

[CF DeF()] ~ “;(?], 0<a<l.
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4.1 Fractional-Order Modelling Approach

| Parameter | Definition of parameter | Value (unit) |

ér Constant accumulation rate of T cells in the | 25 mm™3d !
proximity region

¢p Constant accumulation rate of dendritic cells | 15 mm=3d !
in the proximity region

£k Constant accumulation rate of keratinocytes | 30 mm™3d !
in the inflamed area

v Constant accumulation rate of MSCs near | 0.5 mm—3d~!
the inflamed region

1 Intrinsic growth rate T cell population 0.03 d*

Tmax Maximum carrying capacity of T cell popu- 300 mm 3

lation

" Activation rate of T cells through DC medi- | 0.03 mm?3d~!
ated cytokines

Yo Rate of activation of DCs via T cell mediated | 0.03 mm?3d~!
cytokines

01 Inhibition scaling coefficient of MSCs on DC 0.035 mm3
activation

09 Inhibition scaling coefficient of MSCs on T 0.25 mm?
cell activation

n Initial inhibition rate of T cell hyper-activity | 0.003 mm3d~!
by keratinocytes

pr Natural mortality rate of T cells 0.06 d~*

D Natural mortality rate of DCs 0.16 d~*

PK Inherent mortality rate of keratinocytes 0.25 d*

oM Natural mortality rate of MSCs 0.3d!

Table 4.1: This table presents the model parameters, their definitions, and the assigned
values used in the numerical simulations. Some parameter values are sourced from
various literature [52, 53, 69] and some are estimated, which allowed for the biological
viability of the proposed systems.

Proof: The Laplace transform of the Caputo-Fabrizio derivative is given by

S

L{TDRf(1)} (s) = M(a)

where M () is a normalization constant with M (0) = M (1) =1, and A = 1. Since s ~ 1/T
and f(s) ~ [f] - T, one infers that

s
s+ A

~ (1/T),

which confirms the scaling of dimension [f(¢)]/T.

23



4.2 Positivity and Boundedness

Alternative Proof: The Caputo—Fabrizio exponential kernel for o € (0,1) is

__at 1 1 1 1
e l-a = ~ < < —.
= ta

(et)ﬁ - (1+t+%+§+...)a (14t~

Since t ~ T, this again implies

c Lf(t)]

(T D (1)) ~ o

Thus, the Caputo—Fabrizio derivative effectively modifies the time scaling to behave as a
derivative of order «.

Similarly, the Atangana—Baleanu fractional derivative in the Caputo sense has dimension

[ABC D F(1)] ~ U;Ei)], 0<a<l.

Proof: Consider f(t) = t7, with [f(¢)] = T7. Then the Atangana-Baleanu—Caputo deriva-
tive is

B@ly+1) .
1-a)l'(y+1—-a) ’

ABCDtat'y —

which implies

ABC —a _ Lf(D)]

[ DtV =T"7¢ = Ta -
Hence, the Atangana—Baleanu derivative reduces the time exponent by «, confirming its
effective scaling.

4.2 Positivity and Boundedness

Let us denote RY = {z(t) € R* : z(t) > 0} and define the state vector as z(t) =
(T(t), D(t), K(t), M(t))T, where T indicates the transpose. Our objective is to investigate
the positivity and to establish the existence of a positively invariant region in which the solu-
tions of the fractional-order model (4.1.3), formulated using the Atangana-Baleanu—Caputo
(ABC) fractional derivative.

Now, we state the following theorem, which guarantees the positivity of the solutions of
the system (4.1.3).

Theorem 4.2.1 If the initial condition satisfies (Ty, Do, Ko, Mo)T € Int(R%), then all the
solutions of the fractional-order model (1.1.3) remain positive for all t > 0.

Proof. Consider the first equation of the fractional-order system (4.1.3). Evaluating it at
T =0 and z(t) € RY, we obtain:

L= ABCDRT(1)] ‘T:O,z(t)eRi = &r

4.2.1
= Lo Yer > 0. ( )

= ABCD? [T(t)HTzo,z(t)eRi
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4.2 Positivity and Boundedness

In similar manner from the remaining equations of the system (4.1.3) one can easily verify

ABC ABC o ABC o
Dy [D(t)HDzo,z(t)eRi >0, Dy [K(t)HKzo,z(t)eRi >0, Dy [M(t)HM=07Z(t)ERi > 0.
(4.2.2)

These inequalities confirm that the fractional derivatives of each model variable are strictly
positive at the boundary, ensuring that the trajectories point inward at the boundary of the
positive octant. Therefore, by the Nagumo condition [62], the solution remains in Ri for all
t > 0, completing the proof.

It is also essential to show that the solutions of the fractional-order system (4.1.3) remain
bounded for all time £ > 0. The following theorem establishes the invariant region II, where
the solutions of system (4.1.3) are biologically feasible and mathematically well-posed.

Suppose IT = {z(t) € R*: 0 < T(t) + D(t) + K(t) + M(t) < %} The following theorem
confirms that II is positively invariant for the system (4.1.3).

Theorem 4.2.2 The closed set 11 is positively invariant with respect to the fractional-order
system (1.1.3).

Proof. Let us define the total population as Y (t) = T'(¢t) + D(¢t) + K(t) + M(t). By adding
the equations of the system (4.1.3), we obtain the following inequality involving the Atan-
gana—Baleanu—Caputo (ABC) fractional derivative:

max
L1 APEDRIY (1)) < (6 + €p + €k + ) + o — = pY (1) (42.3)
=K = pY(t)7
where & = & + &p + Ex + Eu + L5, and p = min{pr, pp, prc, par}. The term 07
represents the maximum value of the logistic growth term p7'(¢)(1 — 7?,,(,?,()

Applying the Laplace transform and using the known identity for the Mittag-Leffler func-
tion, the solution Y (¢) satisfies:

t
Y (t) <Y(0) Ea(—pﬁalta)+/ KLY 1o By o(—pLY 10 do. (4.2.4)
0

Expanding the Mittag-Leffler function in series and simplifying the integral expression
gives:

Y (t) < Y(0) Eq(—pLo 1) + g (1 — Ea(—pL't%)). (4.2.5)

Clearly, if Y/(0) < %, then for all ¢ > 0,

0<Y() <™
p

= 0<T(t)+D(t)+K(t)+ M) < (4.2.6)

SRS

Therefore, it follows that the closed set Il remains positively invariant within the frame-
work of the fractional-order system (4.1.3).
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4.3 Existence and Uniqueness

4.3 Existence and Uniqueness

In this section, we analyze the existence and uniqueness of solutions to the fractional-
order model by employing the Banach contraction mapping principle, corresponding to the
Atangana-Baleanu fractional derivative defined in the Caputo sense. To analyze the existence
of solutions, we now state the following lemma and fixed-point theorem.

Lemma 4.3.1 [29] Let o € [0,1]. If the Atangana-Baleanu-Caputo derivative satisfies

ABEDEH(1) = T (1. H(D), t€(0,T), H(0) = Ho,
then the function H(t) is given by

MO = Mo+ 5o /O + iy | 1= o)

Theorem 4.3.1 [73] Let X be a convex subset of a Banach space Z and suppose operators
Xy, X X — X satisfy:

1. X1h+ Xh € X for all h € X,
2. Xy is a contraction,
3. Xy is compact and continuous.

Then the operator equation X1h + Xsh = h has at least one solution in X.

4.3.1 Existence of Solutions

We considered our formulated mathematical model (4.1.3) and rewritten in the following
form:

Fi(t,T, D, K, M) = &g + Tt [1 TW] LT AT OK) - prT(0),

. RT®D®)
Folt, D, K M) = p — - es = poD(E), )
J(t, T, D, K, M) = €x + ngfﬁgg Yzf(d?j\l;g; — prK(t),

j4(taT7D7K’M):£M_pMM( )

Using the equation (4.3.1), the proposed system (4.1.3) can be written in the following
form:

{ L1 ABCDeq () = J(t,H(t), te[0,T], 0<a<1 (4.3.2)

H(0) = Ho > 0.
Applying the Lemma 4.3.1 on the problem (4.3.2), we obtained

11—« ale 1

() = Ho(t) + LT (4 H(0) = DO 5y + Bla)r(a

) /O (t—s5)*"1T (s, H(s))ds, (4.3.3)
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4.3 Existence and Uniqueness

where
T(t) 7(0) Ju(t, H(t)) J1(0)
_ ) D) _ JD(0) _ J %a(t, H() _ } %(0)
MOk Y ke T Geney Y T g0
M(t) M(0) Ja(t, H(t)) J4(0)
(4.3.4)

Now, we prove that all kernels J1, J2, J3 and Jy satisfy the Lipschitz condition. Since all
the populations of our system are bounded therefore there exist some positive constants for
which we can write all the populations in the form: w1 < T < Uj,uo < D < U, uzg < K < Us
and uy < M < Uy.

First, we prove that the kernel [J; satisfies the Lipschitz condition. Let T'(¢) and T7i(t)
are two functions, then utilize the norm function properties, we have

| @ T(t) — T, Ti))||

= (k0|1 - o] - T - T OK ) - pr70))

(MTl (t) [1 - ;ﬁrfai] - ’1{1&5&) — (K () - PTTl(t)) H (4.3.5)
<(+ g + R U+ pr ) [T0) ~ T3 (1))
NIT() = Ti®)l,  where Vi = (u+ ;*;Z; + - fanm +3Us + pr ).

Similarly, we can prove that the other kernels also satisfy the Lipschitz condition and
therefore there exist Vs, V3, V4 such that

|72t D() = Ta(t, D1(1))]]
| T5(t, K (1) — Ta(t, K1 (t))]
|72 (8, M (1)) = Ta(t, My (1))

where
7 U1

Vo= 1+ doug

+ pp, V3 = px and V4 = pp.

The Lipschitz condition of all kernels in terms of equation (4.3.2) is written in the following
lemma:

Lemma 4.3.2 There exists a constant Vi > 0, such that for all Hi,Ho, the following in-
equality holds:

1T (8, Ha(t) = T (&, Ha(0)) || < ViellHa — Hal.-

Let X = C([0,T]; R) be the Banach space of all continuous functions from [0, T| to R defined
by

I7¢(8)]| = maxe [H(0).
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4.3 Existence and Uniqueness

where [H(t)| = [T(t)| + |D(t)| + |K(t)| + |M(t)] and T, D, K, M € C([0,T)).

From the equation (4.3.3), we consider two operator X7 and X; as

11—«

Xi(H) = Ho(t) + LYTHIT (. H(1) — To(t)] Bla)’

- (4.3.6)

—_ t — ) L7 (s, H(s))ds.
e NN O

Now, we will prove that the operator &7 (H) is a contraction, and the operator Xa(#) is
compact and continuous. Before proceeding with the proof, we make the following assump-
tion:

Xo(H) =

(L1) There exist constants k1 and kg such that |7 (¢, H(t)| < k1 H(t) + K2, where H(t) < m.

(4.3.7)

First, we prove that X} (#) is a contraction using the Banach contraction principle. Let

Hi € X and He € X. By applying the lemma (4.3.2) to the operator Xj, as defined in the
equation (4.3.6), we have:

_ _ pa—1 l -« _
I000) — ()] = £ L e (8, 0) — T (00
a—1 (1 —a)Vy .
<L Bla) [ H1 — Hall.

This implies that the operator Xj(H) is a contraction. Next, we prove that the other
operator, Xa(H), is compact.

= 705504*1 t — ) L 7(s s))ds
200] = s 20 x| [ (0976, H(s)a

< B(zf)c;_(la) /OT(t - s)o‘_l’j(s,?‘-{(s))‘ds
ToLo!

< Bla)L(a "1 TRz

Therefore, the operator Xa3(#) is bounded. Next, we need to prove that the operator is
continuous. To do so, let us assume that t1,t2 € [0, 7], where to > t;.

| X2 (H(t2)) — Xo(H(t1))]

_La_l ” — )2 T (s, H(s))ds — ! —5)* T (s, H(s))ds

_B(Q)F(Q)/O(t2 )T (s, H(s))d /O(tl )" T (s, H(s))d
a— ["fm—i_’%] « «a

<L 1%[1&2—5]

This implies that |Xa2(H(t2)) — Xo(H(t1))| — 0 as ta — t1, and hence the operator Xa(H)
is compact. Since X (H) is a contraction and X () is compact, it follows from Theorem 4.3.1
that equation (4.3.3) admits at least one solution.
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4.3 Existence and Uniqueness

4.3.2 Uniqueness of Solutions

Theorem 4.3.2 The integral problem (/.5.2), together with Lemma /.5.2, admits a unique
solution if the following condition is satisfied:

(1 —a)Vy TV,
B(«) B(a)l'(«)

Lot < 1. (4.3.8)

Consequently, the solution of the fractional system (/.1.3) is also unique under the con-
dition (4.5.8).

Proof. Let ¥ : X — X be the operator defined by

11—« ale 1

' — 5 a—1 s s s,
B(a) © B(a)l(a) /0“ )T (s, H(s)) d

Now, consider two functions Hi, Ho € X. Then

W(H() = Ho(t) + LT (8, H(t)) — To(t)]

1—a
Bl M T (t, Ha () — T (t, Ha (1))

ale1 t - o S S
o | [ 9 76006 - 7670
a—1 (1_05)1}}: TaVk .
=+ [ B(o) B(Q)F(a)]
:A'HHl—H2H.

| W(Hi(t) — O(Hao(t))|| < £*7F-

+

Therefore, by the Banach contraction principle, ¥ is a contraction mapping if A < 1.
Hence, by the fixed-point theorem, the fractional system (4.1.3) admits a unique solution
under the condition A < 1.

Remark 4.3.1 When A > 1, the operator ¥ : X — X is no longer a contraction mapping,
i.e., the distance property d(V(x), VU(y)) < d(x,y) is lost. If A\=1, the distance property of the
operator is preserved or reduced, but not strictly reduced, which means the uniqueness of a
fized point is not guaranteed, and solutions may be non-unique or not necessarily approachable
by standard iterations. Whenever A > 1, the operator increases distances between two points,
implying that the iterative sequence would diverge. Therefore, for A > 1, the model is invalid
for biological interpretation.

Biological Interpretation: The existence and uniqueness of solutions in a fractional model
ensure that the biological system exhibits a consistent and predictable response during treat-
ment. Existence guarantees that a meaningful outcome occurs under given conditions, while
uniqueness confirms the reproducibility of this response. The fractional aspect captures mem-
ory effects in biological processes, reflecting the influence of past therapeutic interventions.
This enhances the model’s reliability in representing the dynamics of the immune response.
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4.4 Stability Analysis

4.4 Stability Analysis

In this section, we present the stability analysis for our fractional system (4.1.3) in the context
of Ulam-Hyers stability and generalized Ulam-Hyers stability. The concept of Ulam-Hyers
stability, introduced by Ulam in [74], provides a framework for analyzing the robustness of
solutions to perturbations in functional equations. Before presenting the proof of the system’s
stability, we introduce some definitions that will be utilized in the subsequent stability anal-
ysis. Let € > 0 and h : [0,7] — [0, 00] be a continuous function. We consider the following
inequalities.

|clm> ABCDe H(t) — J(t,H(t))| <e, te€[0,T], and (4.4.1)

L1 ABC DS (1) — T (8, H(t))| < eh(t), te [0,T). (4.4.2)

Definition 4.4.1 The solutions of the proposed mathematical model (/.1.3) are said to be
Ulam-Hyers stable if, for every ¢ > 0 and for a function H € X satisfying the inequality
(4.4.1), there exists a solution H(t) of system (/.1.3) such that

|H(t) — H(t)| < Npe, t€0,T], (4.4.3)

where Ny, is a positive constant.

Definition 4.4.2 The solutions of the system (/.1.3) are said to be generalized Ulam—Hyers
stable if there exists a continuous function @y : Ry — Ry with ®,(0) = 0, such that for
arbitrary € > 0 and for each H € X satisfying the inequality (/./.2), there exists a solution
H € X of the system (/.1.3) such that

|H(t) — H(t)| < Pre, t€[0,T). (4.4.4)

Remark 4.4.1 We aim to analyze the stability of the proposed system (/.1.3). A function
H € X satisfies the inequality (/./.1) if and only if there exists a perturbation function g € X
such that the following conditions hold:

(i) lg@t)| <e te]0,T],
(i) L7 ABCDE (1) = T(t,H(t) +g(t), t€[0,T].

Theorem 4.4.1 Let H € X satisfy the inequality (/./.1) and the properties described in
Remark j./.1. Then H satisfies the following inequality:

£o-1(1 - a) ce

‘H(t)—(HwB(a)[j(u%(t))—%(t) +]3(a)_rf“a) /0 j(s,?—[(s))(t—s)o‘_lds> < Qe,

LN ()1 —a) +T9)
B(a)l'(a) '

where Q) =
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4.4 Stability Analysis

=

Proof. Considering the second part of the Remark 4.4.1 and applying the theorem in [75],
we obtained

H(t) = Ho + ﬁa];((;)_ @) T, H(t) — Jo( / I (s, H(s))(t — s)* 'ds
a—1 —a afla t
+ EB((la))g(t) + Bfa)l“(a)/o g(s)(t = 8)0‘_1658-

Using the first part of Remark 4.4.1 along with our assumption, we get

'%(t) = <7'lo+ m_];((la)_a)[J(t,H(t)) ot / T H(s) S)a_1d8>
Lol - a) Lo

=B Y BT /0 (t=5)""lg(s)ld
EOé (1_ ) an—lToc 0

S TB@) Bl e

Theorem 4.4.2 Suppose that J : [0,T] x R* — R is continuous for every H € X and our
two assumption (Ly) are satisfied with condition 1 — A > 0. Then our proposed fractional
system (/.1.3) is Ulam-Hyers stable and also generalized Ulam-Hyers stable. Where

_ pa—1 (1—a)Vk TaVk
A=L [ B(a) B<a>r<a>]'

Proof. Suppose that H € X be the solution satisfies the inequality (4.4.1) and H; € X be
the unique solution of the system (4.1.3). Then

H(t) = Ha (1)
a—1 —a a—la t

=|F(t) - (%o e Ha0) - Fe)] + Bﬁaﬁ | Tt s>“ds> ‘

<[ - (%w E L [a.m0) - )] + s [T e s>“1ds>
L7111 - a) L .

+ <H0+B(a)[j(t,%(t)> —jo(t)} +B(a)r(a)/o T (5, H()(t — s) 1ds>
£o1(1 — a) Lole o

—(Hg + W[J(t,?—[l(t)) - jo(w} n B(a)r(a)/o T (5, H1(s))(t — s) 1ds>‘
£o1(1 - a) TV

< Qe+ B Vil H(t) — Hi(t)| + £ 1%\%@) — Ha(t)]

— Qe+ AIH() — Hi(0)]

Hence, 0

|H(t) — Hi(t)] < Nge, where Ny = i
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4.5 Fractional Order control problem

Here we consider ®(e) = Nye such that ®;(0) = 0. So we conclude the the system (4.1.3)
is Ulam-Hyers stable as well as generalized Ulam-Hyers stable.

Biological Significance: The generalized Ulam-Hyers stability signifies that under small
perturbations or uncertainties characteristic in biological processes, such as minor fluctua-
tions in stem cell proliferation rates or therapeutic interventions, the system’s trajectory,
representing the progression or degradation of psoriasis, remains close to its ideal and equi-
librium state. This mathematical robustness suggests that the disease dynamics are not
excessively sensitive to minor biological noise, and that therapeutic strategies aiming to shift
the system to a stable equilibrium are likely to be effective and maintainable in a real-world,
dynamic biological environment.

4.5 Fractional Order control problem

In the case of psoriasis, the interaction rates between T cells and dendritic cells are highly
stimulated by the effects of the cytokines TNF-a and IL-23, which result in the abnormal
differentiation of T cells and hyper-proliferation of keratinocytes. To control the effects of
these cytokines, we have considered our model by introducing two control functions, namely,
ui(t) and uy(t) (7 = 1,2) which are permissible controls representing the effect of biologics
TNF-« inhibitors and IL-23 blockers respectively in order to restrict the interaction rates ~;
and 2, respectively. Therefore, equations (4.1.1)—(4.1.3) equipped with optimum controls is
given by the following system of equations specified in the time interval [0,t;].

T(t) ] ~ [l = ()] T#)D(t)

—nT()K(t) = prT(t),

(1—a)F nya — —
L DT (t)] = & + pT(t) [1 Tmaz 1+0,M(1)

c0=0 () = g - 2L OIOPO ),
m[1 —ui (t)]T(t)D(t) M [1 —u2(t)] T(t) D(t)
1+ 61 M(t) 1+ 62M(t)

LUDEDEM ()] = €ar — par M (2),

LU=OFDYK ()] = &k + — prK(t),

(4.5.1)
subject to the initial conditions:
T(O) =1y >0, D(O) =Dy > 0, K(O) =Ky >0, M(O) = My > 0.

Note that we do not specify a particular fractional operator at this stage, as our objective is
to simulate the fractional-order control system using all three considered fractional operators
for comparative analysis.

In the following subsection we explain the solution of the above mentioned control induced
system with respect to three different fractional operators with different kernels. For this we
have written the three fractional system in a vector notation in general form as:

LU DE (Xi() = o (Xa(t), us(1) [i=1,2,3,4and j =1,2]. (45.2)
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Where ‘F’ symbolized the three different fractional operators and ‘a’ is the order of the
corresponding method. Q/J(Xi(t),uj') denotes the right hand side of each fractional order
control system.

4.5.1 The description of Objective functional :

Here, we construct an objective cost functional in order to minimizing the effect of two key
inflammatory cytokines, TNF-a and I1.-23, which are associated to the interactions between T
cells and dendritic cells simultaneously, reducing the related cost of these biologic treatments.
For this, we use two control measures: (i) a TNF-« inhibitor and (ii) an IL-23 blocker those
inhibit the effects of the cytokine TNF-a and IL-23. Thus, our considered cost functional
takes the form:

Minimize Z(u1,uz) = oIf, [K*(t) + Prui(t) + Pau(t)], (4.5.3)

subject to the optimal control-induced system (4.5.1) along with the specified initial condi-
tions. Here, oltaf denotes the fractional integral operator. The terms P; and P, represent the
positive weight constants associated with the control functions u(t) and us(t), respectively,
and the units of P; and Py are the same as K2(t). We used a quadratic cost functional to
measure cost in the control problem, since it fits the nonlinearity and it also prevents the
bang-bang or singular optimal control cases [76]. The control set is defined over the time
interval [0,t¢], where t¢ denotes the total duration of control implementation. The admissible
set of Lebesgue measurable controls is given by:

U= {(u1(t),uz(t)) : 0<u;(t) <1, (j=1,2), t €[0,t5]}.

The aim of the optimum control problem is to determine the optimal control functions
for the system (4.5.1), represented by u}(t) where j = 1,2.

Z[ui(t), u3(t)] = min {Z(u(t),uz(t)) : u;(t) € U, (j = 1,2)}. (4.5.4)

Applying the fractional optimality conditions based on Pontryagin’s Minimum principle
[64] we state and prove the following theorem and determine the conditions for solving this
optimum control problem for the control induced system (4.5.1).

Before presenting the proof of the following theorem, we first state the lemma given by

Lemma 4.5.1 [77] Assume that z : [0,t;] = R and 0 < o < 1. Then, the following identity
holds:
FD2 (1) = £ DRx(ty — 1),

where ' DY denotes the fractional derivative in Caputo sense.

Theorem 4.5.1 Suppose T, D, K, M be the optimal state solutions for the fractional order
model (}.5.1) associated with the optimal controls u},ud which minimizes the cost functional
(/.5.3) over admissible control set U. then there exist adjoint variables 0; (i = 1,2,3,4)
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satisfying

_ 2T (1 —=u1)D (1 —u2)D

(1-a)F parg ()] = — _ _m VY ok J2\L T u2)
L thl(t)] 91[!“(1 Tmax) 14+0nM 77K PT:|+02[ 14+ 6oM :|

_ 9 [Vl(l—ul)DJer(l—W)D}
1+6M 1+ 6o M

(1-a)F parg, ()] — g, [ L= 1) 2(1 —up)T gy [z u)T | (1~ uo)T

LT DR 03()] = 01 N | + 62| 1+ 6, M +on] = o] LT oM Lt &M |

LY DLgs(t))] = —2K + 61 [nT] + 03[ pK],
51’}/1(1 — ul)TD} _ |:(52’YQ(1 — UQ)TD]

L0 Dely(t')] = 61|

(1+(51M)2 (1+52M)2
(1 —u)TD = dovy2(1 — ug)TD
+93|: (1+(51M)2 (1+52M)2 :|+94|:pM:|7
(4.5.5)
where t' =ty —t with the transversality conditions
01(tf) = Oa2(ty) = Os(ty) = O4(ty) = 0. (4.5.6)

Furthermore, optimal solutions (ui,u%) that minimizes the fractional optimal control in U,
are given by:

wi(t) = max [o, min {1, (Z;Z(fi(gz;ﬁ) H . (i=1,2). (4.5.7)

Proof. To characterize the optimal control, we apply Pontryagin’s Minimum Principle, we
define the Hamiltonian function H (T, D, K, M, 0;,u;,t) as following:

H = K?+ Pl + Paul

nl T (1 —w)TD

(a—1) . _ B B

+ 6L _§T + MT(l Tm(w) Y nTK — prT
@fe,  20-w)TD

B T+oM 7 (4.5.8)
(a—1) [ 4! (1 - ul)TD ’}/2(1 — UQ)TD - K

+ 63L _§K + 5 A oK

+ 6,001 Em — pMM} ,

where 6;(t)’s (i = 1,2, 3,4) are the adjoint variables obtained by using right fractional deriva-
tive of the equation (4.5.8) over [0, ¢ 7] with respect to optimal state variables 7, D, IC, M that
satisfy:

aH(T,D,K,M,@Z’,U;,t) 2T 71(1—u1)D
Ol (1~ ) -

£O-IE D 0(0)] = - == T

oT _”K_pT]

- Tmax
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Lo [72(1 - UQ)D} B [71(1 —u)D (1l - U2)D}
2 1—|—52M 1—|—51M 1—|—52M ’
OH(T,D,K, M, 6;,u*,t) (1—u)T (1 —u)T
(1-a)F pa _ j n( = w)T 72(1 = up)T
SRR dD 6[1+&M} 9[1+®M
|:"}/1(1 — ul)T n "}/2(1 — 'LLQ)T:|
1+ 51M 1+ 52M ’
OH(T,D,K, M, 0;,u*,t)
L0 Dg 05(8)] = — ok D2 = —2K + 01 [nT] + 03 [pxc],
OH(T,D, K, M,0;,uj,t) 6171(1 — u1)TD 827y2(1 — ug)TD
E(l’“)fof[04(t)] - _ AR 91[ 171( 1)2 } _ [ 272( 2)2
oM (14 61M) (14 692M)
51’)/1(1 — ul)TD 62’)/2(1 — UQ)TD
+93[ (1+0,M)2 (1 + 0o M )2 }+94[’”‘4'

(4.5.9)

According to Lemma 4.5.1, the adjoint system can be equivalently expressed using the
left-sided fractional derivative as follows:

£<1_a)ng[91(t/)] _ _Hl(t/)[ ( 2;;12;)) 111121]\5)()1))@/) —nK — ,OT:|
Y2(1 —ue(t)D(t')
N[N —w@)DE) | el —us(t')D(t)
—o5(t) | 1+51M(t’) + 1+5ZM(t’) J
T B LS i ,)[72<1+z£§\t4 )&T)( )+ 10]
nT(L=u ()T v2(1 —ux(¥)T
_03”{ : 1+61M () + 1+ 6 M ( t’
£t “)FD“[93( t)] = =2K(t') + 0:1(t') [nT] + 05(t') [px ]
. S0 (1= w ()T()D(E) 5272(1 — wa(¢)T()D(¥)
L= )FD [04(¢/ [ 171 1+21M e } [ 272 TR }
[51’)/1 1 —U1 t, )T(t, D( ) (52’)/2(1 —’LLQ(t,))T(t,)D(t/)
(146, M(t))2 (1+ oM (t))?
+ 04 [pM}, where t' =ty —t.

(4.5.10)

Here ¥ D® denotes the arbitrary fractional differential operator. Since, it is very vast to
incorporate considered differential operators into this control problem, we solve and compare
with different kernels by numerical simulations. In order to determine the optimal controls
ui(t) and u3(t) using the first order necessary condition for optimality provided by

of il . (4.5.11)
aul (T7D7’C7M79ivu;7t) BUQ (T,D,K,M,Qi,u;f7t)
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Thus, utilizing the above-mentioned equation (4.5.11), we have

(03 — 01)(mTD) (03 — 602)(12TD)
2P (1 + 6 M) 2Py(1 + o M)

ui(t) = and us(t) = (4.5.12)
To ensure that the control functions u] and u5 represent optimal solutions, the second-
order sufficient conditions for a minima must be satisfied. For the present problem, we obtain:
O*H

U

i luj=uj

which confirms that u; minimizes the Hamiltonian and satisfies the second-order condition
under Pontryagin’s Minimum Principle.

The conventional control’s boundedness criterion and the characteristics of the control
set U, we have the compact form of control profiles i.e., the equation (4.5.7).

4.5.2 FBSM-Based Numerical Schemes for Different Frac-
tional Operators

Let us take the state variables of the control system X;(t) = T'(t), Xao(t) = D(t), X3(t) =
K(t), and X4(t) = M(t). We have also considered the functions f;(i = 1,2,3,4) as:

flt) = £l -fT + uT'(t) [1 T(t) } _n [1 - w@)]T(0)D()

T K() - pﬂ“(t)} ,

- maz 140, M(t)
e L )
e[, o m[lmwm@]TO)DE) | e[l - ua(t)]T()D(?)
fol) = L0 e+ T TSN T TeaM) pKK(t)] ’

falt) = £ [0, - pMMa)] |
) (4.5.14)

Combining the above system and rewrite it shortly we can have:

17 = Fi(X10), Xa(5), X3(), Xa(3), wi (), ua(5)) (i =1,2,3,4).

The superscript ) represent the value of each functions at j — th time point.
In similar manner corresponding to the adjoint variables 6;(i = 1,2, 3,4) let us construct
the functions g;(i = 1,2, 3,4) as following:

_ 2T (1 —u1)D (1 —u2)D
_ pla=1)| _ _ mn 1 _ _ 2
g1 (t) L |: 01 [M(l Tmax) 1+ 51M K PT} T 92 [ 1+ 52M
iy |:’71(1 — ul)D ’)/2(1 — UQ)Di|
14+6M 14+ 5aM ’
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_ plan [ (1L —uw)T n2(1 —u2)T
g2(t) = £ 01[ 1+ 6 M } 9[ 1+ 650

(1 =u)T 2l — uQ)TH ,

+”D}_93[ 1+ oM 14 0o M

gdﬂzﬁw”)—2K+ﬂﬂﬂﬂ+0ﬂmd}

ga(t) = £(a=1) [ _ 9 [5171(1 — m)TD] B [5272(1 — uQ)TD}

(1+(51M)2 (1+52M)2
(1 —u)TD  doy2(1 — ua)TD
0| 1(11+511\})2 2(i+5gz\2)2 }+94[”M]]'

(4.5.15)

Combining the above system and rewrite it shortly we can have:

a7 = g:(X1(), X2(5), X3(3), Xa(5), 01.(5), 02(3), 03(5), 04 (5), w1 (5), ua(§)) (i = 1,2,3,4).

The superscript ) represent the value of each functions at j — th time point.

In the beginning, we explain a numerical approach using the Forward-Backward Sweep
Method (FBSM) by the following steps:

Step 1. (Initialization)

1. a: Order of the fractional derivative.

2. Dividing the time interval [0,%] into the n number of time steps, where h = %f(tk =
kh, k=0,1,--- ,n) is the step size.

3. Initial condition for each state variable X;(i = 1,2, 3,4) and the terminal condition for
each adjoint variable 6;(n)(i = 1,2, 3,4) together with the consideration of the control
parameters u1(0) and uz(0).

Step 2. (Forward Sweep for State Variables with Control)
X;(t) = Forward update(Xi, fi,ul-) [t =1,2,---n— 1].
Step 3. (Backward Sweep for Adjoint Variables)
0;(n — t) = Backward update(Xi, Hi,gi,ui) [t =1,2,---n— 1}.

Step 4. (Update the Control Parameters)
Updating both u; (i = 1,2) by using a convex combination of the previous controls and
the values given by the equation (4.5.7) by:

uNew(t) = W[max {0, min (1, (Z;:(fii(’gjgb}} + (1= m)ul(t). (4.5.16)

Step 5. (Check Convergence)

If two successive iteration provides sufficiently close values of the control parameters, then
the iteration stops, otherwise repeat Step 2 to Step 5.

The Forward-Backward update rules for the control problem, formulated using the Ca-
puto operators [(i)-(ii)], the Caputo-Fabrizio operators [(iii)-(iv)], and the Atangana-Baleanu
operators [(v)-(vi)] in the Caputo sense, are presented as follows:
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(i) Forward Caputo Numerical Scheme

h)\

m[(t+ 1))\(75+2+)\) _t)\(t+2+2)\)}fi(0)v

t
)Q@#I)Z‘XAO)+}V\E:[CElfQ)CEZfQU}
r(A+2) ¢ g ’

(i=1,2,3,4andt=1,2,--- ,n—1).

(ii) Backward Caputo Numerical Scheme

h/\
Bi(n—1) = 1%@+1V@+2+A)—%@+2+2M}

T+
h>\ t—1

0;(n—t) = e 3 [C‘Elgl(nfj) _ CEZgl(nfjJrl)] ’

(i=1,2,3,4and t =2,3,--- ,n).

(4.5.17)

(4.5.18)

Here we have taken the Caputo fractional order a = A and the coefficients “=;(i = 1,2)

are given by:

C

(1]

1=+ DMt —+24+N) =t =) -7 +2+2)N),

OBy =(t—j+ )MVt -+ 24N =t t—j+1+N).

[1]

(iii) Forward Caputo-Fabrizio Numerical Scheme

Xi(1) = X:(0) + 52— - O+ e - 0] 12,

Xi(t+1) = X;(t) + [CFEl (t) _cFg, '(t71)]’

3 7

(i=1,2,3,4andt=1,2,--- ,n—1).

(iv) Backward Caputo-Fabrizio Numerical Scheme

tin-1) = [52-00 -0 + 2re@ - 0],

Bi(n —t) = 0i(n —t + 1) + |OFE "D OFgygln=t+2)]

(2

(i=1,2,3,4andt=1,2,--- ,n—1).

(4.5.19)

(4.5.20)

We have taken the Caputo-Fabrizio fractional order a = ¢ and the coefficients “¥'=;(i =

1,2) are given by:
1

3h h
T = 2-00 -0+ -0, FE=s@-00-0+ -0,

68



4.6 Numerical Simulation

(v) Forward Atangana-Baleanu Numerical Scheme
Xi(1) = Xi(0) + AECZ £+ AP, [ (¢ 4+ )%t + 2+ @) — 15t + 2+ 20) | £,

t
Xi(t+1) = X,(0) + A5z, {0 4 48Oz, 3 [C=( ) - 0= (070, (4.5.21)
j=1

(i=1,2,3,4andt=1,2,--- ,n—1).

(vi) Backward Atangana-Baleanu Numerical Scheme

Bi(n — 1) = 4BCZ " £ ABCE, (£ 4 1)t 4+ 2+ @) — £5(t + 24 20) o,

t—1
[CEga)g(an) B C:(a)g(nﬁﬂ)

—_ —t+1 —_
0i(n — t) = ABCEng(n ) | ABCx { 2 g }’

—2
j=1
(i=1,2,3,4andt =2,--- ,n).

(4.5.22)

Here, a = « is taken as the Atangana-Baleanu-Caputo fractional order and the coefficients
are given by:

aBo= _ (1—a)l(a)  apoo R

T - )T () + T (a+ )1 -a)l(a)+a
05§“>=<t—j+1>“t—g+2+a>—<t—j>a<t—j+2+2a>,
OB = (¢ —j+ 1)Vt —j+ 24 a) = (t—5)(t—j+ 1+ a).

4.6 Numerical Simulation

In this section, we present the results of numerical simulations designed to analyze the formu-
lated model in accordance with analytical predictions. These simulations are carefully struc-
tured to ensure consistency with fundamental mathematical principles derived from prior
analytical investigations. The initial values for the model variables are selected to adhere
to these foundational criteria, ensuring that the system behaves in a manner consistent with
expected theoretical outcomes. To conduct these simulations, we utilized Python. The initial
population values used in the simulations are set as follows: Ty = 30, Dy = 25, Ko = 20,
and My = 15. The corresponding parameter values employed throughout the numerical ex-
periments are listed in Table 4.1, providing a clear reference for the simulation setup. By
employing different fractional-order derivatives, we examined how varying memory effects
influence the stability and dynamics of the cell populations within the system.

The first set of simulations, depicted in Figure 4.2, showcases the temporal evolution
of T cells, dendritic cells, keratinocytes, and mesenchymal stem cells within system (4.1.1),
using the Caputo kernel function. These simulations were conducted for different values
of the fractional-order parameter A, specifically A\ = 0.6, 0.7, 0.8, and 0.9. The results
reveal a distinct pattern: as the value of A decreases, the stabilization of the cell populations
occurs more gradually, indicating that lower values of A introduce a stronger memory effect.
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Figure 4.2: Population density of T cells, dendritic cells, keratinocytes, and MSCs
with respect to time for different values of the fractional order \ (= 0.6, 0.7, 0.8, 0.9)
in the Caputo sense. For this simulation, we considered the system (/.1.1) by taking
the memory rate parameter value £L=0.7 day™*.
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Figure 4.3: Population density of T cells, dendritic cells, keratinocytes, and MSCs with
respect to time for different values of the fractional order ¢ (= 0.6, 0.7, 0.8, 0.9) in the
Caputo-Fabrizio sense. For this simulation, we take the memory rate parameter value
L=0.7 day™" by considering the system (/.1.2).

This suggests that the system retains past states for longer durations when A is smaller,
leading to delayed convergence to equilibrium. In contrast, higher values of A result in
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Figure 4.4: Population density of T cells, dendritic cells, keratinocytes, and MSCs with
respect to time for different values of the fractional order a (= 0.6, 0.7, 0.8, 0.9) in the
Atangana-Baleanu-Caputo sense. For this simulation, we considered the system (/.1.3)
considering the memory rate parameter value £L=0.7 day™'.
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Figure 4.5: Time evolution of the population densities of T cells, dendritic cells, ker-
atinocytes, and mesenchymal stem cells shown in a single plot for the systems (/.1.1),
(4.1.2), and (4.1.3). The simulations are performed by fixing the memory rate param-
eter value of L=0.7 day™*, with all fractional-order parameters set to A = ( = a =
0.9. The dynamics are evaluated using three distinct fractional differential operators:
Caputo, Caputo-Fabrizio, and Atangana—Baleanu in the Caputo sense, each with their
respective kernel functions.
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Figure 4.6: Temporal evolution of system population dynamics under varying memory
rate parameter £ within the Caputo fractional operator framework. The fractional order
parameter is fivxed at X\ = 0.9, with L values set to 0.1, 0.3, 0.5, 0.7, and 0.9 day™'.
The figure shows that the trajectories remain nearly similar despite variations in the
memory rate parameter.

faster stabilization, signifying that the system is less influenced by its history. This behavior
highlights the significant role that fractional-order derivatives play in modeling biological
processes with memory-dependent dynamics.

The second set of simulations, illustrated in Figure 4.3, investigates the behavior of the
model under system (4.1.2) using the Caputo-Fabrizio kernel function. Here, we varied the
fractional-order parameter ¢ across values ¢ = 0.6, 0.7, 0.8, and 0.9 to assess how different
fractional orders impact system stability. Unlike the Caputo kernel function, which showed a
pronounced effect of ( on stabilization rates, the Caputo-Fabrizio formulation exhibits a more
uniform response across different values of (. This implies that the influence of fractional-
order variation is less significant in this case, leading to a more consistent stabilization pattern
regardless of the specific { value used. This observation underscores a fundamental differ-
ence between the two kernel functions: while the Caputo kernel function results in grad-
ual stabilization for lower orders, the Caputo-Fabrizio approach produces less sensitivity to
fractional-order changes, suggesting that it represents memory effects in a different manner.

The final set of simulations, represented in Figure 4.4, examines system (4.1.3) while
varying the fractional-order parameter o (o = 0.6, 0.7, 0.8, and 0.9), again using the Caputo
kernel function. The results demonstrate a trend similar to that observed in Figure 4.2: as
the value of o decreases, the system takes longer to reach a stable state. This reinforces
the finding that lower fractional orders amplify memory effects, delaying stabilization across
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Figure 4.7: All system population dynamics with respect to time by varying the memory
rate parameter L values considering the Caputo-Fabrizio fractional operator structure.
The fractional order parameter is fived at ¢ = 0.9, with L values set to 0.1, 0.3, 0.5,
0.7, and 0.9 day=*. The figure indicates that the trajectories exhibit minimal variation
despite changes in the memory rate parameter.

multiple configurations of the model. Taken together, these simulations emphasize the pro-
found impact of fractional-order parameters on biological system behavior. The comparison
between the Caputo and Caputo-Fabrizio kernel functions highlights the importance of se-
lecting an appropriate mathematical framework when modeling dynamic systems influenced
by historical dependencies. Ultimately, these insights contribute to a deeper understanding of
fractional-order modeling in biological processes, offering a powerful approach for capturing
the complex, memory-driven dynamics of cellular populations.

In Figure 4.5, we analyze the temporal evolution of the model’s population densities—T
cells, dendritic cells, keratinocytes, and mesenchymal stem cells—by employing three distinct
numerical schemes based on the Caputo, Caputo-Fabrizio, and Atangana-Baleanu-Caputo op-
erators. The fractional-order parameters were fixed at A = ( = o = 0.9 to provide a uniform
basis for comparison. The results reveal a clear distinction in how each operator influences the
system’s stabilization behavior. Among the three approaches, the Caputo-Fabrizio operator
exhibits the most rapid convergence to the stability orbit, indicating a weaker memory effect
and faster adaptation of population densities to equilibrium. The Atangana-Baleanu-Caputo
operator follows, displaying a moderate speed of convergence to stabilization behavior, while
the Caputo operator demonstrates the slowest approach to stability, reflecting its stronger
historical dependency. This finding underscores the fundamental differences in how these frac-
tional operators encode memory effects in biological systems. The Atangana-Baleanu-Caputo
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Figure 4.8: Using the Atangana-Baleanu-Caputo fractional scheme, all system popula-
tion densities with respect to time are plotted by varying the memory rate parameter L
values of 0.1, 0.8, 0.5, 0.7, and 0.9 day™' while fizing the value of the fractional order
parameter o at 0.9. Although the memory rate parameter changes, the figure shows
that the trajectories show negligible variation.

scheme, by allowing for a more balanced and responsive adaptation, could be particularly
useful in applications where rapid recovery and stabilization of biological populations are
crucial.

In Figures 4.6, 4.7, and 4.8, we extend our analysis by investigating the influence of the
memory rate parameter (£) on system dynamics while utilizing three different fractional
operators: Caputo, Caputo-Fabrizio, and Atangana-Baleanu-Caputo. The fractional-order
parameter was consistently set at 0.9, while £ was varied across 0.1, 0.3, 0.5, 0.7, and 0.9
day~!. The objective was to determine whether the rate at which past states influence
present behavior significantly alters population trajectories. Interestingly, the results across
all three figures demonstrate minimal variation in system trajectories despite changes in L,
suggesting that within this specific modeling framework, the system exhibits low sensitivity
to variations in the memory rate parameter. This indicates that while the choice of fractional
operator plays a crucial role in defining system behavior, adjustments to £ do not significantly
impact the model’s predictive power in this context. These insights are valuable in biological
modeling, as they suggest that certain fractional-order parameters may have a dominant
effect on system behavior, while others, such as the memory rate parameter £, may have a
more limited role.

We now analyze the impact of control strategies on the fractionalized model (4.5.1) under
different fractional operators, applying distinct formulations across the three considered frac-
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Figure 4.9: Control-induced system along with the control profile of the optimal control
functions, considering uy # 0,us= 0, over time using three different fractional operator
kernels: Caputo, Caputo-Fabrizio, and Atangana-Baleanu. The uncontrolled system
populations are represented by red solid trajectories, while the fractional-order controlled
systems are illustrated using different colored dotted trajectories corresponding to the
respective kernels. The control functions highlight how each kernel’s distinct memory
effect influences the density and timing of optimal treatment interventions required to
requlate the immune response.

tional approaches. This step aims to enhance our understanding of how various mathematical
interpretations of fractional dynamics can be utilized to design effective control interventions
relevant to real-world scenarios. For the numerical implementation of optimal control strate-
gies via the Forward-Backward Sweep Method (FBSM), all fractional orders are fixed as
A =(=a=0.9, and the memory rate parameter is set to £ = 0.7 day~!. The weight
constants in the objective functional are chosen as P; = Po = 0.5, and all other parameter
values used in the simulations are taken from Table 4.1.

Strategy-I (u; # 0,uy = 0)

In this control strategy, we investigate the effects of administering a TNF-« inhibitor by set-
ting u; # 0, while excluding the use of an I1.-23 blocker by fixing us = 0. Figure 4.9, provides
a comparative analysis between the uncontrolled system (depicted by red trajectories) and
the controlled system, which is simulated using three different fractional operators: Caputo,
Caputo-Fabrizio, and Atangana-Baleanu-Caputo—through FBSM. The controlled system is
represented using three distinct colored dotted trajectories, corresponding to each fractional
operator, allowing for a direct comparison of their effects on population dynamics. Addi-
tionally, the control profile of u; is illustrated to capture its evolution under the influence of
the three kernel functions. The numerical results in Figure 4.9, reveal that TNF-« inhibition
leads to a gradual, but not substantial, decline in keratinocyte density, indicating partial sup-
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Figure 4.10: Comparison of the uncontrolled and controlled system dynamics under the
influence of the optimal control function uy # 0 while uy = 0, utilizing three fractional
operator kernels: Caputo, Caputo-Fabrizio, and Atangana-Baleanu. Red solid trajec-
tories represent the uncontrolled system populations, whereas the controlled system 1is
depicted through distinct colored dotted trajectories corresponding to each fractional
operator. The control profiles illustrate the impact of different kernel memory effects
on the timing and intensity of optimal treatment interventions for immune response
requlation.

pression of the inflammatory response. T cell density increases significantly, while dendritic
cell density decreases. These outcomes suggest that while TNF-« inhibition can diminish
certain pro-inflammatory pathways, it does not fully eliminate immune activation, resulting
in a partial disruption of cytokine-mediated interactions but not complete normalization of
keratinocyte proliferation. The different responses observed across the three fractional oper-
ators highlight the importance of memory effects, as each approach captures unique aspects
of immune regulation and inflammation dynamics.

Strategy-II (u; = 0,ug # 0)

In this control strategy, we focus on the effects of an I1.-23 blocker by setting us # 0,
while excluding the use of a TNF-« inhibitor by fixing u; = 0. Again in Figure 4.10, we
compare controlled and uncontrolled dynamics across the same three fractional operators
(distinguished by different colored trajectories). The control profile of us is illustrated. Sim-
ulations show a slight reduction in keratinocyte density, though levels remain above healthy
thresholds, indicating that 1L-23 blockade alone is insufficient to achieve complete disease
remission. Additionally, T-cell density declines modestly, whereas dendritic cell density in-
creases, pointing to limited regulation of the immune response. Biologically, these results
imply that IL-23 inhibition alone cannot fully disrupt the inflammatory cytokine network,
allowing immune infiltration to persist and thus preventing restoration of tissue homeosta-
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Figure 4.11: Visualization of the system dynamics under both control functions (uy #
0,uy # 0) compared to the uncontrolled case, using three fractional operator kernels:
Caputo, Caputo-Fabrizio, and Atangana-Baleanu. The red solid trajectories indicate
the uncontrolled system populations, while the controlled system s represented by col-
ored dotted trajectories corresponding to each fractional operator. The control profiles
demonstrate how the distinct memory effects of each kernel influence the optimal tim-
ing and magnitude of treatment interventions for immune response requlation.

sis. Note that, across all three fractional operators, similar population trends are observed,
suggesting that under the control of IL-23 inhibition, the memory effects inherent to each
operator do not significantly alter the qualitative behavior of the system. This emphasizes
the potential need for a combined therapeutic approach.

Strategy-IIT (u; # 0,uz # 0)

In this control strategy, we conduct numerical simulations on fractionalized systems repre-
sented by equations (4.1.1), (4.1.2), and (4.1.3), governed by three distinct fractional-order
differential operators: Caputo, Caputo-Fabrizio, and Atangana-Baleanu-Caputo, to evaluate
the behavior of the model under simultaneous application of both control measures: the TNF-
« inhibitor (uq # 0) and IL-23 blocker (ug # 0) (see Figure 4.11). The red trajectories depict
the uncontrolled system, while the controlled responses are illustrated by three differently
colored dotted trajectories corresponding to each fractional operator, allowing a comparative
assessment of the system’s dynamics. The evolution of the control profiles u; and us are
also presented, reflecting how each fractional kernel influences treatment intensity over time.
Results indicate that the combined control strategy successfully reduces keratinocyte density
to a healthy state, effectively curing inflammation-induced proliferation. The densities of T
cells and dendritic cells increase significantly. Biologically, this implies that cytokine-driven
inflammatory interactions are suppressed, slowing immune infiltration, a key contributor to
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Figure 4.12: Effectiveness analysis of control strategies I (blue), II (orange), and IIT
(green), expressed in percentage, for the three considered fractional operators with fized
fractional parameters A = ( = a= 0.9. Strategy I shows that the moderate effective-
ness with all considered operators, among them Caputo—Fabrizio, yields the highest
effectiveness. Strategy II demonstrates weaker effectiveness, and the control using all
fractional operators provides almost similar outcomes. Among them, the Caputo oper-
ator provides the highest effectiveness. Strategy I, the combined strateqy, provides the
strongest overall results, with the Caputo—Fabrizio operator again achieving the highest
effectiveness among all operators.

psoriasis progression. Notably, the Caputo and Atangana-Baleanu-Caputo operators exhibit
similar trends across all cell populations, indicating comparable memory effects, whereas the
Caputo-Fabrizio operator produces distinct control profiles and immune dynamics due to its
faster memory decay. These differences underscore that for a fixed fractional-order parameter
value, optimal control strategies depend on the chosen operator: Caputo demands sustained
interventions due to strong memory retention, suitable for chronic cases; Caputo-Fabrizio al-
lows short-term interventions, making it ideal for acute flares but less effective for long-term
control; and Atangana-Baleanu-Caputo offers a balanced memory effect, supporting a hybrid
approach with intensive early therapy followed by maintenance dosing. These findings em-
phasize the importance of fractional-order modelling in tailoring control strategies, as varying
memory effects directly influence the design and efficacy of therapeutic interventions.
Figure 4.12 presents the effectiveness analysis (in %) of three control strategies using
bar plots, with fixed fractional parameters A = ( = a = 0.9. From a biological perspec-
tive, Strategy I (e.g., targeting a single pathway) shows moderate effectiveness, with the
Caputo—Fabrizio operator yielding the best outcome. Strategy II (targeting an alternative
pathway) shows weaker responses with comparable results across all operators, where the
Caputo operator performs slightly better. Strategy III, representing a combined therapeutic
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Figure 4.13: Partial Rank Correlation Coefficient (PRCC) bar plots of system parame-
ters with respect to the keratinocyte population, based on a sample size of 1000. PRCC
values are computed at day 100, with all p-values reported up to four decimal places.
The horizontal axis represents the model parameters, while the vertical axis indicates
their corresponding PRCC values.

approach (e.g., TNF-a and IL-23 inhibition), demonstrates the highest effectiveness, partic-
ularly under the Caputo—Fabrizio operator. These results suggest that combination therapy
provides superior control over psoriatic inflammation.

Additionally, Figure 4.13 presents a global sensitivity analysis of key model parameters
affecting the keratinocyte population, using Latin Hypercube Sampling (LHS) combined with
the Partial Rank Correlation Coefficients (PRCC) method. For each parameter, the PRCC
and corresponding p-value are computed; a p-value < 0.05 indicates statistical significance.
The bar plot reveals that parameters &7, u, v1, €p, Y2, and £x positively influence disease
progression, whereas 01, 1, pr, 02, pD, pK, v, and pyr exert negative effects. Keratinocyte
levels are used as a marker for disease prediction, and the sensitivity analysis helps identify
key parameters that could serve as potential targets for therapeutic intervention in psoriasis.

4.7 Discussion and Conclusion

ODEs are widely used to describe biological systems, as they model instantaneous processes
that respond immediately to changes in time. FDEs on the other hand, introduce a memory
effect by allowing historical states to influence current behavior through fractional-order pa-
rameters. The main advantage of these fractional operators lies in their non-local nature,
which provides greater flexibility and adaptability compared to classical ODE-based ap-
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proaches. In this chapter, we applied FDEs to a cell-biological model of psoriasis and analyzed
the system under three operators: Caputo, Caputo-Fabrizio, and Atangana-Baleanu-Caputo.
The results show that decreasing the fractional parameters A (Caputo) and a (Atangana-
Baleanu-Caputo) slows the stabilization of equilibrium, indicating a stronger memory effect.
In contrast, the Caputo-Fabrizio operator produces similar stabilization patterns across val-
ues of (, suggesting a different way of representing memory. Overall, this framework shows
how keratinocyte and mesenchymal stem cell populations gradually approach equilibrium
when memory effects are considered.

To further examine therapeutic outcomes, we incorporated fractionalized optimal control
theory using Caputo, Caputo-Fabrizio, and Atangana-Baleanu-Caputo formulations. Two
biologic drugs, TNF-« inhibitors and IL-23 blockers, were tested under three treatment
strategies using the Forward-Backward Sweep Method (FBSM). Among the three strategies
described in Chapter 4, Strategy 111, which combines both drugs, was found to be the most ef-
fective. Simulations confirm that this approach restores keratinocyte density to healthy levels
while suppressing inflammatory cytokine production and immune cell activity. Effectiveness
analysis further highlights the Caputo-Fabrizio operator as yielding the best therapeutic out-
come.

The interactions between T cells and dendritic cells through cytokine-mediated feedback
loops are not immediate; they involve delays due to signal processing, cell communication,
and cytokine activity. Such immune-related delays may play a key role in the unstable
or oscillatory behavior observed during psoriasis flare-ups. In the following Chapter 5, we
investigate these delay effects in the system and apply an optimal control strategy using two
biologics that inhibit TNF-« and IL-17 in a cost-effective manner.
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Chapter 5

A Mathematical Study for Psoriasis
Transmission with
Immune-Mediated Time Delays and
Optimal Control Strategies

In psoriasis, dendritic cells activate T cells, which in turn release excessive pro-inflammatory
cytokines, leading to abnormal keratinocyte growth in the epidermis. At the same time,
anti-inflammatory cytokines attempt to restore balance. In reality, these immune processes
are not immediate; they involve time gaps due to signal processing, cell communication, and
cytokine feedback. Such immune-related delays may play a key role in triggering the unstable
or oscillatory behavior observed during psoriasis flare-ups. In this Chapter’, we study and
analyze our mathematical model of psoriasis that explicitly incorporates two intracellular
immune-mediated time delays to demonstrate their biological significance in the progression
of the disease.

The model captures the interactions among T cells, dendritic cells, keratinocytes, and
local mesenchymal stem cells. It features two cytokine-mediated feedback loops between T
cells and dendritic cells, while stem cells attempt to regulate the immune response through
anti-inflammatory signaling. A key challenge lies in identifying the critical time delays that
modulate these interactions. To address this, we introduce two different delays into distinct
interaction terms of the model. We test the hypothesis that these delays can critically influ-
ence the onset and persistence of psoriatic pathology. Using stability analysis of the interior
equilibrium, we determine parameter relations, their ranges, and delay thresholds that give
rise to Hopf bifurcations, thereby linking delays to disease progression and deriving condi-
tions for instability. Our analysis demonstrates that both immune-mediated delays strongly
influence system stability, with threshold values of 7{ and 75 inducing oscillations through
Hopf bifurcations.

We further apply optimal control to the delayed system using two biologic drugs: a TNF-
« inhibitor and an IL-17 inhibitor. Numerical simulations support the theoretical analysis

5 A magjor portion of this chapter has been communicated to a peer-reviewed international journal.
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5.1 The Model Introducing Immune Delays

and show that these drugs effectively reduce keratinocyte density. The results suggest that
incorporating time delays in the model provides deeper insight into psoriasis dynamics and
aids in planning improved therapeutic strategies. All theoretical findings are supported by
simulations, and a comparison with recent clinical data is also presented in this chapter.
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Figure 5.1: Schematic representation of model populations and their interrelationships
mediated by cytokine signaling.

5.1 The Model Introducing Immune Delays

In this section, we present a mathematical model for psoriasis in the presence of immune-
mediated delays. In our earlier work, Kushary et al. [69] formulated a four-dimensional deter-
ministic model based on ordinary differential equations (ODEs). The model incorporates the
key cellular populations involved in psoriasis, namely T cells, dendritic cells, keratinocytes,
and mesenchymal stem cells, formulated under suitable biological assumptions.

The interactions between T cells and dendritic cells, mediated by pro-inflammatory cy-
tokines, are not instantaneous. Anti-inflammatory cytokines attempt to counterbalance these
signals, which leads to a lag in immune activation and inflammatory cell infiltration. To
capture this effect, we introduce two distinct intracellular immune response delays into the
previous model. These delays represent the time gap in the interaction between T cells and
dendritic cells, and their subsequent influence on keratinocyte proliferation.
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5.2 Properties of the Delayed Model

Based on these considerations, the delayed mathematical model is formulated as follows:

= e+ (0 (1 - ) - MR R PSD) ar ) - ne )

dD(t) w2 (t — 1) D(t — 132)

Tar P 21+€252(t—7'2) = —pD(t), )
dK(t) wmT(t—7)D({t—711) T (t—712)D(t —19) e
T_pK—i_ 11+6151'(t—7'1)1 21+6252(t—7'2)2 —nx K (t),

dflit) = ps —nsS(t),

subject to the initial conditions:
T(0) >0, D(F) >0, K(6) >0, S(@) > 0,where 0 € [-7,0], 7 = max{r, 72}

Here, T'(t), D(t), K(t), and S(t) denote the population densities of T cells, dendritic cells,
keratinocytes, and mesenchymal stem cells (MSCs), respectively, at time ¢. The interaction
network among these cell populations is shown in the schematic diagram (Figure 5.1), and
the model parameters are described in detail in Table 5.1. The parameter 7 represents the
time delay, measured in days.

Let C' = C([—7,0],R%) be the Banach space of all continuous functions ¢ : [—7,0] — R4,
equipped with the usual supremum norm defined by

[l = sw {le1(0)], l02(0)]; ls(0)], [a(0)]},

where ¢ = (1, 92, 3, pa) and T(0) = ¢1(0), D(0) = #2(0), K(0) = ¢3(0), S(0) = pa(6) with
0 € [-7,0]. To make the model feasible from the biological point of view, initial functions
are assumed to be ¢;(0#) > 0 for § € [—7,0] and ¢;(0) > 0 for ¢ = 1,2,3,4. Using the
fundamental theory of functional differential equations [23], we can guarantee the uniqueness
of the solutions of the system (5.1.1) with the initial conditions mentioned above.

5.2 Properties of the Delayed Model

5.2.1 Positivity and Boundedness

Positivity and boundedness in a mathematical model are essential to establish well-posedness.
It provides a reliable basis for the prediction of the system and gives meaningful insight into
the outcome of the model. In this subsection, we analyze the positivity and boundedness of
the delay-induced system (5.1.1) through the following theorem.

Theorem 5.2.1 Consider the system of equations (5.1.1) with initial history X(6) =
(©1(8),92(0), p3(0), pa(0)) € C([—7,0],RL) such that ©;(0) > 0 fori=1,2,3,4. Then-

1. Every solution remains positive for allt > 0, i.e., X (t) € Ri. Hence, Ri s a positively
invariant region for (5.1.1).
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5.2 Properties of the Delayed Model

2. Ewvery positive solution is bounded and ultimately enters the domain of attraction A C
Ri, where A = {(T,D,K,S) € Ri P 0<T+D+ K< 0<5 <88
with p = pr + pp + px and n = min{nr, np, Nk }-

T

Proof. Let X(t) = (T(¢),D(t), K(t),S(t)) and

pr+7T() (1 — k) — IEEDPER) — ST () K (1) — nrT (1)
—711)D(t—T1 —12)D(t—
pK + “1T1(+t61§()t7(f1) )y “2T1$6252()t,(:2) 2) _ nx K(t)

ps —nsS(t)
Then system (5.1.1) can be written as
X
CiTt = F(X), X(0) € C([-7,0],RY). (5.2.1)

1. Let x1 =T, 20 =D, x3= K, x4 = S. From the form of F it follows that

Fi(X)

po xewt = 0 i=123.4
By Lemma 2 of Yang et al. [78] and Theorem 1.1 of Bodnar et al. [79], any solution X (¢)
of (5.2.1) with X (0) € C([-7,0],R%) satisfies X(t) € R for all ¢ > 0. Therefore, R} is a
positively invariant region for (5.1.1).
2. Adding the first three equations of (5.1.1) gives

d
S (T+D+K) = ,o+7rT(1—

)—nTT—nDD—nKK < ,o+7rT(1— )—17(T+D+K),

Tmax Tmax

where p = pr + pp + px and n = min{nr,np, K }. .
The quadratic term satisfies T (1 — Tfax) < %. Hence,

ﬂ.Tmax

4

d
ST+D+K) < (p+

= )—n(T+D+K).

=

By the comparison principle [56], for ¢ > 0,

4 TmaX
T(t) + D(t) + K(t) < ’”;:7(1 — ™) + (T(0) + D(0) + K(0))e™™,
so for large t,
4 TmaX
T(t) + D(t) + K(t) < p+47:7.

For the fourth equation we have the explicit solution

S = 21— e + 50)e 7 = S(t) + 2 ast oo
ns ns
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5.2 Properties of the Delayed Model

Therefore, every positive solution ultimately enters and remains in
A={(T,D.K S)eR: 0<T+D+K<®H™ gcg<esl

which satisfies A C ]Ri.

5.2.2 Feasibility of Positive Equilibrium

To determine the interior equilibrium point E*(T*, D*, K*, S*) of the delay-induced system,
we set all the equations of the system (5.1.1) to zero and solve for the state variables under
the conditions T > 0, D* > 0, K* > 0, and S* > 0. From the fourth equation of the system
(5.1.1), we get S* = pg/ng. Using the value of S*, we introduce two constants, &; and &2, to
simplify the computations. These constants are defined as follows:

M1 M2
= — d = — 5.2.2
& 1+ 65* an &2 1+ 5% ( )
Subsequently, we determined the values of D* and K* in terms of T™ using the afore-
mentioned constants and by setting the second equation of the system (5.1.1) to zero. These
values are given by

T*

— ) 5.2.3
np + &T* Nk Nr(np + &T) ( )

By setting the first equation of the system (5.1.1) to zero and substituting the obtained
values of the state variables into this equation, we derive a cubic equation in terms of T™.

T*3 + PIT** + P,T* + P3 = 0, (5.2.4)
1
where P, = p— [W]KWD + {(6px + nrnr — T )& + ppd (&1 + &2) }Tmax} ,
1
P, = [5PK77D — ™pNK +NTNpNK + PpNKél — PT77K§2} e,
TNKE2
TmaX
py = _PTIDT
&2

Using the parameter values listed in Table 5.1, we observe that P, > 0 is positive, while
P, <0 and P; < 0. According to Descartes’ rule of signs [80], the system (5.2.4) has exactly
one positive root. By substituting the value of T* into (5.2.3), we can determine the interior
equilibrium point E*(T*, D*, K*, S*).

5.2.3 Stability and Hopf-bifurcation Analysis

The non-delayed system admits a unique positive interior equilibrium point, since the ex-
tinction of any population is biologically unrealistic. Without loss of generality, we denote
this equilibrium as E*(T*, D*, K*, S*). The exact values of the state variables at E* were
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5.2 Properties of the Delayed Model

determined earlier in our previous work by Kushary et al. [69].

In this subsection, we study the local stability of the delay-induced system (5.1.1) in a
neighborhood of the interior equilibrium point E*.

Let T(t) = T(t)—T*, D(t) = D(t)—D*, K(t) = K(t)— K*, and S(t) = S(t) — S* represent
the perturbed variables near the equilibrium point E*. Linearizing the delay-induced system
(5.1.1) about E*, we derive the following system:

4y (t)

= = JOY (1) + J()Y (t = 71) + T ()Y (¢~ 72), (5.2.5)

where Y (t) = [T(t), D(t),K(t), S’(t)]T and J(0), J(71), and J(m2) represent the 4 x 4 Jacobian
matrices of the system evaluated at E* for the current state, the delayed state with delay 71,
and the delayed state with delay 7o, respectively. Their explicit forms are:

2 * T)*
_('fl)}’: + Tﬁ’,rl;aa:) 0 _5T* 0 _MlD* _:U’IT* 0 Elel%
_ 0 —np 0 0 _ 0 0 0 0
0 0 0o - -
ns 0 0 0 0
0 0 0 0
2 * T)*
—usD*  —ppT* 0 &1 D™
and J(m) = 2 M2
ueD* paT* 0 —22E
0 0 0 0
(5.2.6)

Now, the characteristic equation of the system (5.1.1) is given by

AT = 7(0) = e (1) = e ()| = 0,
S (A ms) [N 4+ 41N + Ao + A3) + e (BN + Bo) + Bs) (5.2.7)
+ e A2(C1A2 4+ O\ + C5)] =0,

where the coefficients are

A= % —&D" + ;Z(; +np + K, Az = (% —aD"+ 7:{;)(77[’ 115) e,
Az = (% -6 D" + ;3;) (np + nx)npnk, B = &D,

By = 66 T*D* 4+ £,D*(np + ni), Bz = np&iD* (07" + k), C1 = &T7,

Coy = 0&T*D* — &T (- % +& D" — ;f; — 1K),

Cs = bnp&aT" D" + e (P — D" 4 ).

The interior steady state E* is said to be locally asymptotically stable (LAS) if all roots A
of the characteristic equation (5.2.7) are negative or possess negative real parts. The following
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5.2 Properties of the Delayed Model

cases will now be analyzed in detail.
Case-1 (11 =1 =0)
In this case, the characteristic equation (5.2.7) simplifies to the following form:

A+ n9)[A? + A1 N7 + Agh + A3] =0, (5.2.8)

where fL = A+ B +Cl,z4_2 = Ao + By + (U, and /Ig = A3+ B3 + Cjs.
One of the eigenvalues is A = —ng < 0. Thus, the interior equilibrium E* is LAS in the
absence of delays if following conditions are satisfied:

A1>0, /I3>Oand/11ffg—/13>0.

Case-II (71 >0 and m» = 0)
For this case, the characteristic equation (5.2.7) takes the form:

(A +ns)[(A* + MIA? + MoX + Ms) + e ™ (BiA? + Ba) + Bs)] = 0,

5.2.9

where M1:A1+01,M2:A2+02, and M3 = A3 + Cs. ( )

The root A = —ng is negative. Thus, we are only interested in analyzing the following
equation:

(A% + My + Moh 4 M3) 4+ e 2 (B1A2 4 BoA 4 Bs) = 0. (5.2.10)

Since, the characteristic equation (5.2.10) is transcendental in A, the stability of the system
(5.1.1) cannot be analyzed using the classical Routh-Hurwitz criteria [63]. The equation
(5.2.10) admits purely imaginary solutions as a necessary condition for a stability change
at the interior equilibrium E*. Let A\ = iw(7m) be a root of equation (5.2.10). Substituting
A = iw into equation (5.2.10) and separating the real and imaginary components, we obtain:

Myw? — My = (B3 — Blw2) cos wTy + Bow sinwTy, (5.2.11)
Mow — w? = (B3 — Blw2) sinwm + Bow cos wTi. o

Squaring and adding the above two equations and substituting w? = o, we get the fol-
lowing equation:
\I/(O') =g + R10'2 + Roo + R3 =0,
where Ry = M? —2My — B}, Ry = M3 — 2M; M3 + 2B, B3 — B3, and R3 = M3 — B3.
(5.2.12)

The equation (5.2.10) does not admit purely imaginary roots if the equation (5.2.12)
satisfies the Routh-Hurwitz’s criteria [63]. The results are summarized in the following
proposition:

Proposition 1. The interior equilibrium E* is LAS for all 71 > 0 if the following conditions
are hold:

R; >0, R3 >0, and R{Ry — R3 > 0.
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5.2 Properties of the Delayed Model

If R3 < 0, the equation (5.2.12) has at least one positive root. Let o = w? denote the smallest
positive root. In this case, the characteristic equation (5.2.10) will have purely imaginary
roots, says (fiw). We now determine the critical value of 71, denoted as 71 that corresponds
to the point at which the stability of the interior equilibrium E* changes. The critical value
71 is determined from the system of equations (5.2.11) to analyze the conditions under which
the system transitions from stability to instability as 7 increases, as follows:

1 _ (BQ — MlBl)w4 + (MlBg + Ms3By — MQBQ)WQ — M3 B3 2nm

n 1
S  VneNu{o.
R Biw* + By + B2 + w " {0}

(5.2.13)

Let us assume that for w; = w(m), 77 = min,>e{7{'}. Based on this assumption and
summarizing the above discussions, we have derived the following theorem.

Theorem 5.2.2 If Ry < 0, according to Butler lemma [81] the interior equilibrium E* is
LAS when 1 < 1{ and becomes unstable when t1 > 1, where

. 1 (BQ — ]\41B1)(,L)i1 + (M1B3 + M3B; — MQBQ)W% — M3B3
T = — arccos Bl B B :
w1 1W1 + 2 + 3

(5.2.14)

Furthermore, when 71 = 71, a Hopf bifurcation [82] occurs, meaning that a family of periodic
solutions of the system (5.1.1) bifurcates as 11 crosses the critical value 7. This bifurcation
1s ensured by the transversality condition:

3wi + 2R1w? + Ry > 0. (5.2.15)

Proof. Now, considering A\ as a function of 71, i.e., A = A\(71), and differentiating equation
(5.2.10) with respect to 71, we derive the following expression:

(d)\(Tl))_l _ 3)\2+2A1>\+M1 Bl E

— 5.2.16
dm ( )

A3+ A1N2 4+ Mid + M) * AMBiA+Bg) X\’

From this above equation, we get:

- sign [RS(M)] — sign [Bx(cu(ﬁ))l}

d7‘1 dT1

TI=T7{ T=T, w=w
= sign[3w] + (2M7 — 4M — 2B7)wi + (M3 — 2M1 M3 + 2B, Bs — B3)]
= sign [3wi" + 2Ryw? + RQ].
Hence, we conclude that the delayed system (5.1.1) undergoes a Hopf bifurcation at the
critical value 7 = 77" if the transversality condition [Re(@)]ﬁ_ﬂ > 0, i.e., when 3w] +
-1

drm
2R1w% + Ro > 0 is satisfied.
Case - IIT (71 =0 and 7 > 0)
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5.2 Properties of the Delayed Model

In this case, the characteristic equation (5.2.7) reduces to:

(A +18) [(A® + N1AZ + NoX + N3) + e 22(C1 A + O + C5)] = 0,

(5.2.17)
where N1 = A1 + B1, No = Ay + By, and N3 = A3 + Bs.

Following a similar approach as for the system described in (5.2.9), it can be shown that
a critical value 7 = 75 exists for the positive interior equilibrium point E*, at which the
stability transitions for the delayed system (5.1.1). Without repeating the detailed analytical
calculations presented in Case - II, we provide the general expression that characterizes the
transition from stability to instability as the value of 75 increases.

1 _1 (CQ — N101)w4 + (Nng + N3Cq — CQNQ)wz — (C3N3 2nm
)y = — vn € NU {0}.
LR R Ciwt + Co + C3 T M€ {0}

(5.2.18)

Assuming that for wy = w(7), the sequence {7} represents the critical values of 72,
where n > 0. The minimum value in this sequence, 75 = min,>o{75'}, is identified as the
critical point. The results are summarized in the following theorem without proving it.

Theorem 5.2.3 The interior equilibrium E* is LAS if 7o < 15 and becomes unstable if
To > 75, where

.1 (Cy — N1C1)wi + (N1C3 + N3Cy — CyNo)w? — C3N3
Ty = — arccos 51 5 .
wo Ciw; +C2 + C3

(5.2.19)

Moreover, the delayed system (5.1.1) undergoes a Hopf bifurcation at 7o = 75 when transver-
sality condition 3w§ + 2R1w§ + Ry > 0 hold where R = M12 — 2M5 — 012 and Ry =
M2 — 2M; M3 + 2C1C3 — C3.

Case - IV (71 > 0 and 7, > 0)

The analysis of this case is extensive and complex, making it challenging to derive precise
information regarding the nature of the eigenvalues and the conditions under which stability
switches occur. Instead of performing detailed analytical calculations, we have numerically
demonstrated the emergence of Hopf-bifurcating periodic solutions for the system (5.1.1)
and provided the necessary biological interpretations. The result, stated without proof, is
presented in the following theorem.

Theorem 5.2.4 The non-delayed system is asymptotically stable under the given conditions.
Howewver, there exists a critical threshold T* beyond which the stability of the system undergoes
a change. Specifically

1. The steady state E* remains LAS when 71 + 19 < 7*.
2. The steady state E* becomes unstable when 1 + 70 > 7*.
3. A Hopf bifurcation occurs at 71 + 70 = 7%, provided the transversality condition

[Re(%)]T:T* > 0 is satisfied.
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5.3 Optimal Control Strategy on Delayed system

5.3 Optimal Control Strategy on Delayed system

The incorporation of optimal control strategies with delays has become important in studying
biological systems where cellular communication is not instantaneous. In psoriasis, cyclic
interactions between T cells and dendritic cells are central to disease progression and are
further amplified by pro-inflammatory cytokines such as TNF-« and IL-17. This amplification
promotes abnormal keratinocyte proliferation, leading to epidermal thickening and plaque
formation. Intracellular delays are very significant, as cytokine secretion and downstream
responses do not occur immediately. When these time lags are reduced, feedback between
T cells and dendritic cells intensifies, accelerating the inflammatory cycle and keratinocyte
infiltration. To address this, we design an optimal control framework with two biologic
cytokine inhibitors, represented by control functions vi(t) and wvy(t), incorporated into the
delay-induced system (5.1.1). These functions denote the effects of time-dependent biologic
agents that block TNF-a and IL-17, thereby weakening the interacting feedback loop and
restoring a more balanced immune response in psoriasis.

1. v1(t): Represents the effect of a TNF-« inhibitor, which can modulate the reaction
rates between T cells and dendritic cells.

2. wvy(t): Represents the inhibition of the IL-17 axis, targeting its associated pathways.

Thus, the delayed system (5.1.1), augmented with optimal control functions, is described by
the following set of equations over the specified time interval [0,%].

= oo (1= 1) - =R OEEE D) g - v,
d?zit) o p2{l — Ui(—?f;zt_—z))l)(t —m) D)
dl;(t) . p {1 — Ui(?iffsgft_j;))mt —7) |, pe{l- Ui(j—)ijs(ft_—?;)l)(t —m) K
B — s~ nsS(0)

(5.3.1)

with To(t) > 0, Do(t) > 0, Ko(t) > 0 and Sp(t) >0, Vte [—T,0].

5.3.1 Description of the Objective Functional

Our primary objective is to minimize the cost associated with each biologic treatment to
reduce the overall treatment expense of psoriasis. To achieve this, we define an objective cost
functional for the minimization problem, expressed as follows

T(v1(), va(t)) = /O tf [K(t) + Luvd (6) + Lowd (1) . (5.3.2)

subject to the control system (5.3.1). The parameters L; and Lo represent positive weight
constants on the benefit of the cost of the TNF-«a and IL-17 inhibitors, respectively. Our aim
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5.3 Optimal Control Strategy on Delayed system

is to determine the optimal control v*(.) = (v1(.),v2(.)) that satisfies the following:
J(0") = min {J(v) : v(t) € Uy x Us}. (5.3.3)

The Lebesgue measurable control set is defined on the interval [0,¢s], where ¢; represents
the terminal time of control.

Uy x Uz = {o(t) = (vi,v2) : 0 < vi(t) < o™ < 1,Vt € [0,¢4], i = 1,2}. (5.3.4)

Pontryagin’s Minimum Principle with delays has been applied to establish the necessary
conditions for solving this optimal control problem [83]. The optimal control-induced system
(5.3.1) has been shown to admit non-negative, bounded solutions for a bounded Lebesgue-
measurable control function and the non-negative initial conditions.

5.3.2 Optimal Control’s Characteristics

To characterize the optimal control, Pontryagin’s Minimum Principle reduces the problem
(5.3.1)—(5.3.4) to a problem of minimizing the Hamiltonian H, defined as

H =K(t) + Livi(t) + Lav3(t)

+T1(t) :PT + T (t) (1 - fffl) _ailo vﬁ) ifs*(l(tt_—z))D o) sy (O K(t) - UTT(t)]
+ Ia(t) _PD it Ui(_t: ij;?t__TjQ))D(t SC npD(t)
I ,ul{l—Ul(t)}T(t—Tl)D<t—7‘1) /J,Q{l—UQ(t)}T(t—TQ)D(t—TQ)
+Ts(t) P * 1+aSi—mn) * 1+ 250 — 72) —nxk (t)]
+Ta(t) |ps — 7755(75)] ,
) (5.3.5)

where, T';(t)’s (i = 1,2,3,4) are the adjoint variables to be determined suitably. The adjoint
system with transversality criteria I';(tf) = 0 for ¢ = 1,2,3,4 can be obtained by using
Pontryagin’s Minimum Principle [83] as:

dl“;t(t) _ _%(t) — ;X[O,tf — n](t)g—l;(t +7),
drjt(t) _ _gg(t) - éX[O’ ty— Ti](t)ngI(t +75),
T _ 22,

dr;t(t) _ _%I;(t) _ éx[o, t— Ti](t)aag(t +r).



5.3 Optimal Control Strategy on Delayed system

The optimality of the considered system consists of the optimal states and the corre-
sponding adjoint system takes the form

O [ﬂ(1 - QT*(t)) SR UT]

dt Tmax
X[0, 5 — 7](t) (F1 t +7) [“1{11::15* ]
X[()?tf_TQ]( )(PQ—FB t+7- |:M2{11§_1;225* :|
20 _oa(t) + x00,t7 ~ m)(0) (T3~ T ) () [‘“{1112 e '
i1 — o3 (VT (1 (5.3.6)
+x[0,tf—72]()(1“2—1‘3 t—i-T |: 1+€25* ) :|,
dls(t) _ + 8Ty (t) 4+ nxTs(t),
dUy(t) e {1 — i (t) }T*(t) D*(t)
;t —USF4(t)—X[Oﬂff—71](t)(F1—F3>(t+71)[ {1+1€15* )} }7
N Tem {1 @) T OD W)
e[l

We determine optimal controls v} (t) (i = 1,2), using the optimality condition given by

o
801

oH

—0 S
an 90

=i (1)

=0. (5.3.7)

va=v3 (1)

Taking partial differentiation of the equation (5.3.5) with respect to v; and vy separately
and applying the condition (5.3.7), we obtain

vi(t) = 57 (05— T )t )[MT*(t_ﬁ)D*(t_ﬁ)] =10 (t) (say),

1+ eS*(t—m)

1510 = 5 (1) 2 2R iy ay),

Now, using the conventional control’s boundedness criteria and following the charac-
teristics of the control set U; x Us that the admissible control takes the values such that
0 <w;(t) < v <1 (i =1,2), we can have

0, whenll;(t) <0 0, whenIly(t) <0
vy (t) = S I4(¢), when 0 <TIi(t) <o and v3(t) = ¢ Ha(t), when 0 < Ilp(t) < viex
o' when Iy (t) > v v when Iy (t) > v

(5.3.8)
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From this result, we can derive the following theorem.

Theorem 5.3.1 If the objective cost functional J(vi(t),va(t)) attains its minimum value
for optimal controls vi(t) and vi(t), moreover (T*, D*, K*,S*) be the corresponding optimal
state for the optimal control problem (5.3.1), then there exist adjoint functions I';(t) satisfying
the transversality conditions I';(ty) = 0, for i = 1,2,3,4. Furthermore, the optimal control
solutions are given by

o _ 1 ‘ wiT*(t — ;) D*(t — 15) .
vi(t) = maX{O, mln{l, 2Lj<F3 —I‘j>(t) [ J - —|—€jSJ*(t_7-j) J ] }}’ forj=1,2.
(5.3.9)

5.4 Numerical Simulations

In this section, we perform several numerical simulations to validate our analytical results for
both the delayed system (5.1.1) and the optimal control system on the delay-induced model
(5.3.1). The initial values for the model populations are chosen to satisfy the biological
assumptions underlying this study. To demonstrate the behavior of the model, numerical
simulations have been performed using the parameter values provided in Table 5.1.

5.4.1 Simulations of the Stability of Equilibrium

The initial values of all model populations for the simulation are chosen as follows:
(T(9),D(8), K(0),S(0)) = (10,25,140,25), 6 € [-7,0], where 7 = max{r,72}. (5.4.1)

Initially, when both delay parameters are set to 7 = 7o = 0, representing the non-delayed
system, the model populations, namely, T cells [T'(¢)], dendritic cells [D(¢)], keratinocytes
[K(t)], and mesenchymal stem cells [S(t)], exhibit asymptotically stable behavior. However,
introducing time delays 71 and 72 (see Figure 5.2), all system populations, except mesenchy-
mal stem cells [S(¢)], show oscillatory dynamics. For this simulation, the intracellular delay
parameters are set to 71 = 7o = 1.2, while the remaining parameter values are taken from
Table 5.1.

Since introducing non-zero delays into the system (5.1.1) does not alter the asymptotic
behavior of the MSC population, our focus shifts to the dynamics of the other state pop-
ulations. In Figure (5.3), we illustrate the behavior of the first three cell types: T cells,
dendritic cells, and keratinocytes, for both non-delayed system (71 = 79 = 0), represented by
blue trajectories and the delayed system (73 = 1.2, 75 = 1), represented by orange trajecto-
ries. Without delays, all system populations are asymptotically stable and converge to the
endemic steady state. The introduction of non-zero delays exhibits stable periodic oscillations
in the populations of these cell types. Moreover, the resulting limit cycles are depicted in a
3-D plot with respect to these populations, providing a comprehensive visualization of the
periodic behavior. The simulation demonstrates the significant effect of intracellular delays
on the autoimmune response for psoriasis transmission for the considered model system.
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5.4 Numerical Simulations

Parameter | Definition | Value (Unit) |
T Constant accumulation rate of T cells 25 mm 3d !
PD Constant accumulation rate of dendritic cells | 25 mm=3d !
PK Constant accumulation rate of keratinocytes 5 mm 3d !
ps Constant production of all mature stem cells | 0.5 mm=3d !
T Logistic growth rate T cells 0.003 d~!
Tmax Maximum carrying capacity of T cells 300 mm 3
T Rate of activation of T cells via dendritic cells | 0.03 mm?3d~*
7 Rate of activation of dendritic cells via T cells | 0.03 mm?3d !
€1 Inhibition scaling coefficient of MSCs on DC 0.05 mm?
activation

€ Inhibition scaling coefficient of MSCs on T 0.05 mm?
cell activation

) Rate of inhibition of T cells hyper-activity | 0.003 mm3d—*
via keratinocyte

nr Natural mortality rate of T cells 0.1d?

D Natural mortality rate of dendritic cells 0.16 d*

Nk Natural mortality rate of Keratinocyte 0.25 d*

s Natural mortality rate of mature stem cells 0.3d°t

Table 5.1: Parameter values used in the numerical simulations for the entire model
system. Several parameter ranges were obtained from previous studies [}0, 84, 69].
Due to the lack of sufficient primary data related to immune-mediated delay factors,
some parameter values were chosen to ensure the biological plausibility of the model
behavior.

5.4.2 Simulations with Different Time Delays

In this subsection, we examine numerically the influence of time delays on first three model
populations of the system (5.1.1) and perform some simulations in order to depicted the delay
induced Hopf bifurcating positions by considering each delay parameters separately at a time.

If the time delay parameter 79 is fixed to zero (7 = 0), and 7 =0.8 and 73 = 1 respec-
tively, we observe in Figure 5.4(a) that the oscillation increases as 71 increases and periodic
oscillation is seen at 71 = 1 day. For 71 = 0.8, the cell densities initially oscillate but even-
tually achieve local asymptotic stability, confirming our analytical finding stated in Case-11
in the subsection 5.2.3. The trajectories for 71 = 0.8 and 73 = 1 are illustrated using two
distinct color codes. In this scenario, the stability of the endemic equilibrium E* depends on
the value of the time delay 71, where 7 is fixed to zero. Larger values of 7 lead to regular
oscillatory solutions, indicating that an increased time delay between the interactions of T
cells with dendritic cells and keratinocytes results in sustained oscillations. Stability switch
occurs through Hopf bifurcation which are depicted in the Figure 5.4(b) where we present
the delay-induced Hopf-bifurcation, focusing on T cells, dendritic cells, and keratinocyte cells
populations only. In this analysis, 7 serves as the bifurcation parameter. The parameter
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Figure 5.2: The dynamics of the model populations, namely T cells, dendritic cells,
keratinocytes, and mesenchymal stem cells, for the delayed system with 7 = 75 = 1.2.

71 is varied within the range of 0.7 to 1. The figure illustrates that, for 7o = 0, there exists
a critical value 77 at which the endemic equilibrium point E* transitions from stability to
instability. This observation highlights the critical role of the delay parameter 7, in determin-
ing the stability of the system (5.1.1). Biologically, this implies that an increase in the time
lag within the interaction term of the T cell growth equation—mediated by dendritic cell
mediated cytokines infiltrating and accelerates fluctuations in the model cell concentrations,
excluding the MSC population. These fluctuations manifest as oscillatory dynamics and this
behavior arises from the inflammatory response in the upper epidermal layer caused by the
over-expression of keratinocytes, which, in turn, amplifies the progression and dissemination
of the disease.

In Figure 5.5(a), the time delay 7 = 0 is fixed, and the trajectories are plotted for
three distinct values of 7, color coded as follows: red for = 0.85, and blue for ™ = 1.2.
It is evident that as the value of 7o increases, the oscillations in the system populations
become more pronounced initially but gradually diminish over time, indicating stabilization
of the system. This demonstrates that larger values of 7o contribute to enhanced system
stability. In Sub-figure 5.5(b), we present the bifurcation diagram by varying the bifurcation
parameter » from 0.8 to 1.2 while keeping 71 = 0. The diagram reveals the occurrence of a
Hopf bifurcation at a critical value 7 = 75. For 7 < 73, all system populations except the
mesenchymal stem cell (MSC) exhibit stable behavior, whereas for 7o > 75, the stability is
lost. This indicates that increasing the time delay in the interaction term of the dendritic
cell growth equation (stimulated by T cell-derived cytokines) infiltrating the keratinocyte
population induces more oscillatory behavior in the system, excluding the MSC population.
This observation highlights the significant impact of the bifurcation parameter 7 on system
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Figure 5.3: This figure illustrates the populations of three cell types T cells, dendritic
cells, and keratinocytes, for both the non-delayed system (11 = 75 = 0, shown with blue
trajectories) and the delayed system (my = 1.2, 7 = 1, shown with orange trajectories).
The introduction of non-zero delays results in periodic solutions, with the corresponding
limit cycles depicted in a 3D plot.

stability from a biological point of view.

In Figure 5.6, the stability region of the endemic equilibrium point is depicted in the
71 — 79 plane. The color gradient represents the maximum real part of the eigenvalue, denoted
as Re(Amax), where A corresponds to the eigenvalue of the Jacobian matrix at the interior
equilibrium point of the delayed system (5.1.1). The equilibrium point is unstable in the
region where Re(Amax) > 0. It is observed that the critical values of 71 and 72, denoted as 77
and 75, increase in the figures. Consequently, the area of the stability region for the endemic
equilibrium expands with increasing values of 71 and 75. The values of all other parameters
used in the analysis are provided in Table 5.1.

5.4.3 Simulations of Optimal Control for the Delayed Model

In this subsection, we numerically solve the optimal control problem for the delayed system
(5.3.1) and present the results obtained through simulation. The parameter values used for
the simulations are taken from Table 5.1, while the initial values are specified in equation
(5.4.1). The weight constants in the objective functional are set as Ly = La = 0.5.

The optimal system (5.3.1) represents a two-point boundary value problem (BVP) with
boundary conditions provided at two time points, ¢ = 0 and ¢ = ty. For the numerical
simulations, we utilized the bvp4c solver in MATLAB, which is specifically designed for
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Figure 5.4: In sub-figure (a), the populations of T cells, dendritic cells, and ker-
atinocytes are shown for the delay parameter o = 0, with trajectories plotted for two
distinct values of 7y (0.8 and 1), each represented by a different color code. Sub-figure
(b) depicts the Hopf bifurcation with respect to the delay parameter Ty while keeping
Ty = 0.
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Figure 5.5: In Sub-figure (a), the populations of T cells, dendritic cells, and ker-
atinocytes are shown with a fized delay of 7 = 0. The trajectories are plotted for
two distinct values of 7o (0.85 and 1.2), each represented by a different color. Sub-
figure (b) illustrates the Hopf bifurcation with respect to the delay parameter 1o, while
the other delay parameter, T, is fized at 0.
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Figure 5.6: The stability region of the endemic equilibrium point is shown in the 71 — Ty
plane. The color coding denotes the max[Re(\)], where X\ is the eigenvalues corre-
sponding to the delayed system.
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Figure 5.7: Numerical solution of the optimal control problem with 7y = 7 = 1.1 and
remaining parameter values taken from Table 5.1. The red dotted trajectories represent
the disease dynamics without optimal control, while the blue trajectories depict the
population behavior under the influence of optimal control.

solving nonlinear two-point BVPs. For a detailed understanding of this numerical method,
readers may refer to the work by Torres et al. [85].

To solve the system, we define the state variables T'(t), D(t), K (t), S(t), the adjoint vari-
ables I'1(t),T'2(¢),T's(t), I'4(t), and the control functions v;(t) (j = 1,2). A combination of
forward-backward difference approximations is employed to solve the control-induced system
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Figure 5.8: Numerical approximation of Pontryagin’s extremals and the corresponding
optimal control profiles vi(t) and vi(t).
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Figure 5.9: PRCC scatter plots of all system parameters against keratinocyte population
(N = 1000). PRCC values are computed at day 100, with p values up to four decimal
places. The z-axis shows residuals from regressing the rank-transformed parameter on

all others, and the y-azis shows residuals from regressing keratinocyte values on all
parameters except the one analyzed.

along with the adjoint system. The solutions are then plotted, with all state variables shown
over time in Figure 5.7. The red dotted trajectories represent the system population concen-
trations without control, while the blue trajectories correspond to the population behavior
under optimal control.

To determine the optimal control profiles, we apply the transversality conditions and
enforce the boundedness of controls within the interval [0, 1] as per Pontryagin’s principle.
The control functions v} (¢) and v3(t) for the delayed system (5.3.1) are computed and plotted
over 30 days, as shown in Figure 5.8. From the results, we observe a similar pattern for both
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control profiles, though notable differences exist. The control v] (represented by trajectories
with blue dots), associated with the TNF-« inhibitor drug, modulates the system within a
short span of approximately 10 days. In contrast, the control v; (indicated by red dotted
trajectories), corresponding to the IL-17 inhibitor, requires about 18 days to regulate the
system effectively. This indicates that the combination of these biologic inhibitors optimally
controls the delayed model system, mitigating the auto-immune response and keratinocyte
over-expression. The inflammatory cytokine loop, regulated predominantly by T cell and
dendritic cell mediated interactions, is thus brought under control, achieving an optimal
therapeutic outcome.

In addition to these, Figure 5.9 presents the global sensitivity analysis of all parameters
in our system using Latin Hypercube Sampling (LHS) with the Partial Rank Correlation
Coefficients (PRCC) method, focusing on the keratinocyte population. We evaluate the
PRCC and p-value for each parameter, where the p-value indicates the level of uncertainty
associated with each parameter’s PRCC value. p-value < 0.05 for each parameter signifies
the statistical significance of the corresponding PRCC value. This scatter plot shows that
the parameters pr, u1, pp, and px have a positive influence on disease progression, while
the parameters d, 7, np, and nx have a negative influence. In this study, we consider the
keratinocyte level as a marker for disease prediction. The overall sensitivity analysis helps in
identifying the precise point of treatment for psoriatic disease.

5.5 Discussion and Conclusion

Psoriasis involve complicated immune interactions, where time delays play an important
role in the start and growth of symptoms. These delays come from immune activation,
cytokine release, and cell recruitment, which do not happen immediately. In this Chapter, we
introduced two intracellular delays, 71 and 79, in the mathematical model to capture these
immune processes. The analysis showed that both delays have a strong effect on the stability
of the system. When the delays cross certain threshold values, the system loses stability
and starts oscillating. This reflects the prolonged immune response in psoriasis and explains
how delays may lead to flare-ups. Thus, the model gives a realistic picture of how timing in
immune interactions shapes disease progression.

Further applying optimal control strategies via the effects of two biologic inhibitors tar-
geting TNF-« and IL-17 pathways in the delay-induced system (5.3.1). The results show that
these controls reduce oscillations and help to stabilize the immune response with respect to
different response times. The TNF-« inhibitor acts faster (about 10 days), while the IL-17
inhibitor takes longer (18-20 days) to achieve control.

In the following chapter, we present a psoriasis model that includes different stages of
stem cell maturation. The study investigates the therapeutic potential of local stem cell
replacement in comparison with biologic cytokine inhibitors, with both strategies analyzed
under impulsive control frameworks.
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Chapter 6

Stem Cell vs. Biologic Therapy in a
Psoriasis Model: A Comparative

Mathematical Study through
Impulsive Control Framework

In this Chapter’, we formulate a mathematical model based on ODEs to understand how
psoriasis develops and how it can be controlled. The model includes three main cells: helper
T cells, dendritic cells, and keratinocytes, along with two more cell types: local embryonic
stem cells (SCs) and mesenchymal stem cells (MSCs). Stem cells can grow and become
MSCs after several stages, and MSCs can directly control immune cells and keratinocytes by
releasing anti-inflammatory cytokines like IL-4 and IL.-10. These MSCs also help in repairing
damaged tissues and balancing the abnormal stem cells in psoriatic skin. We checked the
mathematical properties of our model, such as positivity, boundedness, and stability. First,
we tested the effect of the drug Infliximab, an FDA-approved TNF-« inhibitor, but it did
not give good results in severe cases. Further, we studied stem cell transplantation, and
our results showed that the disease could be removed within two months of treatment. The
impulsive cell replacement strategy induced a periodic behavior in the system, and we studied
its stability using Floquet theory. Numerical results supported our analysis, and overall we
found that stem cell transplantation may be more effective than common biological drugs for
treating severe psoriasis.

6.1 The Model with Stem Cells

We divide our mathematical model into three main cell populations to describe the epidermal
transmission channel. Here, T'(t), D(t), and K (t) represent the population densities of helper
T cells, dendritic cells, and keratinocytes. The development of psoriasis is driven by cytokines

2 A substantial portion of this chapter has been submitted for publication in a peer-reviewed inter-
national journal.
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released from these cells. The constant input rates of T cells and dendritic cells are denoted by
Cr and Cp, which define their growth in the psoriatic state [86]. Dendritic cells stimulate T
cells at a rate -, influenced by cytokines IL-10 and IL-12 [87]. Keratinocytes are activated by
T cells through TNF-« and 11-17/22 at rate 01, and by dendritic cells mainly through IL-15
and IL-23 at rate dy [88, 54]. Keratinocytes also proliferate continuously at rate Cx as they
migrate from the dermis to the epidermis [69]. The natural death rates of T cells, dendritic
cells, and keratinocytes are given by Ar, Ap, and Ak, respectively. Figure 6.1 illustrates
these mutual interactions among immune cells via the cytokine network that drives disease
progression. Based on these assumptions, we propose the following mathematical model.

dzl(tt) =Cr —~T(t)D(t) — i T(t)K(t) — ArT(¢),
dDdEt) = Cp — 2 D()K(t) — ApD(?), (6.1.1)
dK (t)

—5 = Ck + [61T(4)K(t) + 62D(t) K (t)] — Ak K(2).

To show the dynamics of stem cells, we have developed a mathematical model based on
ordinary differential equations. Here, S(t) and Sy (t) represent the densities of embryonic
stem cells and mesenchymal stem cells. The growth equations are given by

dfh(tt) = po+ [C(ps — pp) — As]S(t)
dSu(t) (6.1.2)
o = [CA@pp + pa)] S(t) = AuSar(h):

Here, pg denotes the constant production rate of stem cells. The division probabilities are
defined as: pg for symmetric self-renewal (two stem cells), pp for symmetric differentiation
(two committed cells), and py for asymmetric division (one stem cell and one committed
cell) [89], with ps + pp + pa = 1. The parameter A represents the maturity amplification
factor, and ( is the differentiation rate. The natural death rates of stem cells (SCs) and mes-
enchymal stem cells (MSCs) are Ag and Ajz, respectively [90]. MSCs help maintain immune
balance by suppressing T-cell hyperactivity at rate £ [91], and by controlling keratinocyte
overproduction at rate n through tolerogenic cytokines such as IL-4 and IL-10 [61]. Based on
these assumptions, the stem-cell-induced model is formulated as:

di(f) = po + [C(ps —pp) — As] S(1),
BME _ cA@pp + pa)] SO~ A Su (o),

AT _ op — @) D(E) = 5 THK (1) — ETSu () = \eT(), (6.1.3)

%
2=
o~
S~—

=Cp— 52D(t)K(t) — )\DD(t),
dK (1)

- SIT(H)K (1) + 6, D (1) K (t)
@ oKt : 1+nSMz(t)

— A K(t),
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6.2 Stem-Cell Maturation

subject to the initial conditions S(0) > 0, Sx(0) > 0, T(0) > 0, D(0) > 0 and K(0) > 0.

s ™
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Figure 6.1: Schematic diagram of cell-cell interactions through cytokine signaling, with
shaded arrows indicating effects driving psoriasis dynamics.

6.2 Stem-Cell Maturation

Stem-cell-based therapies have the capacity to promote the differentiation of stem cells into
mature types of cells in order to repair damaged cells or tissues [22]. Healthy stem-cell
transplantation is needed for the treatment of psoriasis in severe cases, which ultimately
differentiated to MSCs (the n-th stage is regarded as the mature stage; i.e., S, (t) = Sas(t))
and inhibits the overproduction of T cells and keratinocytes. S;(t) signifies the population
density of stem cells at the i-th stage of differentiation (¢ =1,2,--- ,n—1) and S, (¢) denotes
the density of mature SCs at the n-th stage.

We assume that cytokines are secreted by specific cells at a maximum rate of «, and this
secretion is reduced by a negative feedback mechanism. This forms a self-limiting process with
rate p [92]. The delivery of these signals is also controlled by mechanisms that respond to the
quantity of mature cells. This means that when mature cells are present, the production of
signaling factors decreases at a rate 8. The differential equation that describes how signalling
molecules change over time is as follows:

dX
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6.2 Stem-Cell Maturation

Substituting Y'(t) = uX(t)/a and Z = /u, the above equation changes to

dy
= u[1-Y - 28],
a " [ "

The amount of cytokines quickly stabilizes because they are secreted at a much faster rate
than cell proliferation and differentiation. The signal intensity using the quasi-steady-state
approximation is given by Y (t) = 1/(1+ ZS,(t)). The following scheme represents the stem
cell lineage:

dsS

ditl = po+ f1[Y, 5]

dsy

o f2[Y, Sa] + g1]Y, 51] 62.1)
dsSy,

W = fn Dfa Sn] + gn—1 [Y7 Sn—l] .

The functions f;[Y (t),Si(t)] and g¢;[Y (t),Si(t)], respectively, denote a change in S;(t)
resulting from activities taking place at the i-th and (i — 1)-th stages of maturation [93].
filY (t), Si(t)] is positive if the number of cells produced by self-renewal and proliferation
is greater than the number of cells produced by differentiation or cell death. Otherwise
fi[Y (t), Si(t)] is negative. The term f,[Y (), S,(t)] is negative since mature cells cannot
multiply because they are unable to go through mitosis; this term instead indicates cell
death. To complete the chain, we suppose that the regulatory signal relies on the quantity of
mature cells or that Y (¢) = Y (S5,(¢)) is negative. The following presumptions form the basis
of the definitions of f and g:

1. fi(Y,0) =0 for all Y.
2. ¢;(Y,S;) > 0, with equality when S; =0 for all Y.
3. If S; > 0, then f;(Y,S;) is strictly monotone increasing in Y.

4. For each ¢ < n and for all S; > 0, there exists a signal concentration Y;* > 0 such that

1(Y7,8) = 0.

p. 25 s 0 at §;=0if Y > Y7 and 205D <0 at ;= 0if Y < V7.

2

6. Cell densities are balanced in healthy tissue.

The type-i sub-population proliferate at a rate l;, the self-renewal percentage is denoted
by b;, and the death rate is denoted by A;. Then, [;S;(t) gives the flow to mitosis at time ‘¢’.
The percentage b; of daughter cells remains undifferentiated. The amount of cells (i.e., the
influx) that enter the i-th population after cell division is given by 2b;1;S;(t), while the flux
to the next cell compartment is given by 2(1 — bi)liSi(t). The flux to death is provided by
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AnSi(t). Thus we have,

() = (2b; — 1)1:S;(t) — NiSi(t), (1=1,2,--- ,n—1)
(t) 2(1— b;— 1)lz 19i-1(t), (i=2,3,--- ,n—1) (6.2.2)
In(t) = =AnSn(t).

Here, we assume that the concentration of mature stem cells determines the feedback
signal and is given by Y = Y (S, (¢)) = 1/(1 + ZSx(t)), where Z is a positive constant. The
expression confirms the empirical hypothesis that the signal amount reaches its maximum
value of 1 in the absence of mature stem cells and decreases asymptotically to zero in the
presence of mature stem cells. It is theoretically impossible to evaluate this expression without
mature cells because essential processes rely on the presence of mature cells. Therefore, the
proliferation rates are stable throughout time and the signal feedback Y (S, (¢)) regulates the
self-renewal fractions; i.e., b;(t) = b;[Y(Sn(t))] = b/"**Y (S, (t)), where b*** is the maximal
fraction of self-renewal. For the sake of simplicity, it is also anticipated that the mortality
rate will stay constant over time throughout all stages of differentiation. As a result, we
arrive at the following equations:

dSi(t

c;t( ) _ po+ [2679°Y — 1]11S1(t) — A1 Si(8),
B — foey )+ 2 - VS0 NSO, (629
dsgt(t) 2[1 = b7 Y Jln-1Sn-1(t) — AnSn(t),

where Y (t) = 1/[1 4 ZS,(t)]. To establish the model parameters and initial conditions, we
utilize the following assumptions:

(1)t €]0,00). (2) Si(0) >0, fori=1,--- ,n.
3) X >0, fori=1,---,(n—1), and A, > 0. 4)l; >0fori=1,---,(n—1).
(5) b € [0,1), fori=1,-- ,n—1. (6) Z > 0.

6.3 Full-Scale Model with Stem-Cell Maturation

Each organ of the body produces new cells to replace old ones and maintain tissue balance.
In this psoriasis model, we consider different stages of the stem cell lineage as described in
system (6.2.3). Immature and mature cells are treated as separate populations to distinguish
stem cells from their immediate offspring. With (n+3) state variables and (n+3) ODEs, the
model explains stem cell maturation and the interaction of mature cells with immune cells in
the psoriatic epidermis [94]. For simplicity, we assume that mature cells stop dividing after
the third stage (n = 3) [90]. To introduce stem cells from an external source, we use a small
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positive constant Z so that the feedback term [1/(1+ ZSy(t))] stays in (0,1) and remains
close to 1. Hence, b™Y [ = b /(1+ ZSp(t))] is replaced by b; for i = 1,...,n— 1. Based
on this, the stem-cell-induced mathematical model is structured as follows:

dsét(t) = po — o151(t), dsjt(t) = p151(t) — 0252(2), dsft(t) = p252(t) — A Sar (),
def) = Cr —yT(#)D(t) = (T (K (t) — ET()Sm(t) — ArT(b),

dl;(t) = Cp — 6,D(H)K(t) — ApD(t),

d[fzt(t) _ Crt 51T(t)f1( (i)ng i[z(g(t)K(t) CARK(®),

(6.3.1)

with o; = A\; — (2b; — 1)1, p; = 2(1 — b;)l; (i = 1,2), subject to the initial conditions S;(0) >
0, S2(0) > 0, Syr(0) > 0, T(0) >0, D(0) > 0 and K(0) > 0.

6.4 Properties of the Full-Scale Model

In this section, we study the positivity and boundedness of the full-scale model populations,
the existence criterion of the endemic equilibrium point and its global stability analysis for
system (6.3.1). It is necessary for the model to be well-posed and biologically realistic.

6.4.1 Positivity of the Invariant Region and Boundedness of
the Model

We discussed the positivity of the solutions and boundedness properties of our proposed
system (6.3.1), to ensure that the model is well-posed and epidemiologically feasible. Now,
we prove the following theorem, which guarantees the positivity of the solutions of system.

Theorem 6.4.1 All solutions of the system (0.3.1) with positive initial conditions remain
positive for all t > 0.

Proof. Let us choose x1(t) = S1(t), x2(t) = Sa(t), z3(t) = Sp(t), x4(t) = T(t), z5(t) = D(1),
and z¢(t) = K(t). Rewriting the system (6.3.1) in the following manner
dz(t)
dt

=T[z(t)], (6.4.1)

where z(t) = [21(t), (), 23(t), 24(t), 25(t), 26(t)] " and T = [T'1,T9, T3, Ty, T5,Tg]" . Here T
denotes the transpose and I' denote the right-hand side of system (6.3.1). Thus we have

Ti(2)ly,—o.0erg =0, Vi=1,...,6.

Using the result of Nagumo, this condition ensures the positivity of the solutions
of our system (6.3.1) [62]. Hence all solutions of the system starting from z(0) =
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[21(0), 22(0), 23(0), 24(0), 25(0), xﬁ(O)]T belong to RS, such as z(t) = z[t;z(0)], and z(t) €
Rg_,w > 0. This implies that the non-negative octant Rﬁ_ becomes invariant for the system
(6.3.1).

It is also important to show that all the model variables of system (6.3.1) are bounded for
all time ¢ > 0. This will ensure that the system is biologically meaningful and mathemati-
cally well-posed. Before showing the boundedness of the solution of the system, we cite the
following lemma [35].

Lemma 6.4.1 Suppose P is a variable satisfying %}Et) < R—Q(¢)P(t), where R is a constant
and Q(p) is independent of P and t. Then if P(0) < R/Q(yp), it follows that P(t) < R/Q(y)

for all t.

The following theorem demonstrates the invariant region II where the solutions of system
(6.3.1) are bounded.

Theorem 6.4.2 All non-negative solutions of the system (0.5.1) enter into the region 11 C
RS and are ultimately bounded, where 11 is defined by I = {(Sl, So,Su, T, D, K)T € RS :
0<S1(t) <G1,0 < Ss(t) < Ga0 < Sy(t) <G3,0<T(t) <Gy, 0<D(t) <G5, 0<
K(t) < GG}. The G;’s (i =1,2,3,4,5,6) are defined by

C
G1:@G _ PPy o POPIP2 o T

o1’ 2 o109’ oo A
. Cp . CK(l—i-?]S]\H}in)
Gs = =2 Gg = : .
)\D /\K(l + nS]\n}[m) — ((51G4 + 52G5)

The solutions of system (0.5.1) maintain their biological significance for all t € [0,T].

Proof. From the first equation of the system (6.3.1) we have:

dS1
— = pg — 01951.
dt PO — 0101

Using Lemma 6.4.1, we obtain:
li < —.
Jim sup [S1(¢)]

From the second equation of the system (6.3.1), we have:

dS:
72 = p1S1 — 0252 < porL 0259.
t 01

The comparison principle [56] and Lemma 6.4.1 ensure the following inequality:

0 < So(t) < Go(1 — e 2) + S5(0)e 72!, ¢t > 0, where Sy(t) < Gy if S3(0) < Go.
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In similar manner, from the third, fourth and fifth equations of system (6.3.1), we get:

0 < Sy(t) < Gs(1 — e M) + §3,(0)e Mt ¢ > 0 where Sy (t) < Gs if Sy(0) < Gs.
0<T(t) < Gy(1—e M) +T(0)e?, t > 0 where T(t) < Gy if T(0) < Gy.
0 < D(t) < Gs5(1 — e™PY) 4 D(0)e™ P!, t > 0 where D(t) < G5 if D(0) < Gs.

Using the bounds for T-cell and DC' concentrations, from the last equation we have:

dK 0 0 1 1)
< Op + MK_AKK:CK_QK_M)K
dt 1+ 775]\”}1“ 14+ nS]r\n/[ln
Utilizing the comparison principle and Lemma 6.4.1, we obtain:
01G4 + 09G5 } { 01G4 + 602G }
0< K(t) <Gg|l— —|Ag — ————— )t K(0 —\Ax — ———— |t ¢,
() 6 exp{ ( K 1+7751]n\}1n ) + ( )eXp ( K 1+775]r\n/[1n )

where t > 0, and K (t) < Gg if K(0) < Gé.

Therefore, all solutions (S1(t), S2(t), Sam(t), T'(t), D(t), K(t))T that begin in the region II
remain there for all £ > 0. Hence II is an invariant set for system (6.3.1). Moreover, all
solutions of the system are bounded, since the set II is bounded.

Note that, any solution of system (6.3.1) with positive initial conditions ultimately enters
and remains inside the set II. The following relationships and the definition of the set II
justify this characteristic.

4D

s,

s

dSw

dr
e <0,

<0, —
o1l dt |on

<0, <0, <0,

@ 0, (6.4.2)

which are carried out at the points of the boundary OII of II. Note that these relationships
n (6.4.2) also hold outside the set II, which guarantees the boundedness of all solutions

(S1(t), Sa(t), Sm(t), T(t), D(¢), K(t))T of system (6.3.1) along with the positive initial condi-
tions.

6.4.2 Existence of the Endemic Equilibrium Point

An endemic equilibrium point E* exists when its co-ordinates satisfy the conditions:
ST>0, S5>0, Syy>0, T">0, D*>0, and K* > 0.

When the disease is being treated by using stem-cell replacement, we obtain the endemic
endemic equilibrium point by setting the equations of the system (6.3.1) to zero and then
solve for the state variables.

S S5
Sp=" g = P1R1 _ POP1 S* — P22 POP1P2 (6.4.3)

Loy T D VY Y

Now, we set the fifth equation of system (6.3.1) to zero and find the value of K in terms
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of D. We set the fourth equation to zero and put Sy, = m, we get two state variables T and
K in terms of D as follows:

T = CrdaD[y62D% + €mé2D + 61(Cp — ApD) + ApdaD] ™

6.4.4
K =6,'DY(Cp — ApD). (649

Using the values expressed in system (6.4.1), we obtain a fourth-order polynomial of D
from the sixth equation of the system (6.3.1) and put it into the standard form:

F(D) = D"+ AyD* + A\ D* + 43D + As. (6.4.5)

The coefficients are given by

1
Ag=— [52h2>\T>\D + SahabmAp — 0shaCp — Y0 Ap i — O1had — 75501(],
vo2haAp
1
Al = —— [7520[)/\[( + 201hoCpAp + 00h1CrAp + 0109C K Ap + 51)‘2D)‘K — 52h2§mCD
vd2haAp
- 62hQCD>\T - 525777)\[)/\]( - 52)\T)\D)\K - 5§CK)\T - (5§§mCK],
1
Ag= —— [52§mCD/\K + 02CpArAK — 201CpApAKk — 020 CrCp — 6162CpCr — ‘51h2012?}’
yo2h2Ap
2
vd2h2Ap

where m = 222122 and h;

_ 4 -
0102 A M - (1+r]m)’ L= 1’2

The polynomial (6.4.5) has at least one positive real root D* if the following conditions
are satisfied simultaneously.

Ag <0, Ay >0, Ay <0, A3 >0, 342 > 84,
A3 —4AgA; +8Ay =0, 3A5 — 16A2A; + 1642 +1649As — 6443 = 0.

Using the value of D*, we can determine the values of T* and K* with the help of the
system (6.4.4). From these considerations, we construct the following Lemma.

Lemma 6.4.2 For the positive value of D*, if Cp > ApD*, then the endemic equilibrium
E* exists.

6.4.3 Global Stability of the Interior Equilibrium

In this subsection, we perform the global stability analysis of the endemic equilibrium point
E* for the system (6.3.1). To accomplish this, we define the Lyapunov function
L= 5(51 — S1)? 4 =(S2 — 55)* + g(SM — S+ §(T —T*)?

1
+ (D - D*)* + 5 (K = K*)2.
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AL . d5S1 o dS2 e dSu o dT
..dD . dK
+ (D= D)+ (K = K)o

< (82— 83)[p1(S1 = S7) + p2(Sar — Siy)] + K (K — K*)[(0T + 6:D) /(1 + nSi™)
— (61T* 4+ 0:D*) /(1 4+ nS3y)] + T*[v(TD* + T*D) + 6:(TK* + T*K)
+E(TS}y +T*Sur)] + 02D* (DK + D*K) — T* [y(T™" D™ 4+ 7% D)
+ 51(TminKmin + T*K*) + f(TminS]r\n/[in + T*S}kw)] _ 52D*(DminKmin + D*K*)
For the sake of simplicity, write

legl—ST, WQZSQ—SS, WgZSM—S;h, W4:K—K*

Q) = TD* + T*D, Qg = TK* + T*K, Q3 = TS?W + T*SM, Q4 = TD*+T*D

@1 — Tmianin + T*D*, @2 — TminKmin + T*K*, @3 — Tminsjﬁn/[in + T*S}kw,

Q4 = DMIEK™D 4 D*K* A = (5;T + 6oD)(1 +nSH™) =L — (6,7* + 62D*)(1 + 1S3, L.

Therefore, we get

dr
o< (Rp-1) {T*('y@l + 0102 + £O3) + 5,D*0, |,

Wa(p1 W1 + paW3) + KM W4A + T*(vQ1 4 6102 + £Q3) + 62Dy
T*(vO1 + 01092 + £O3) + 02 D*O4 ’

where Rp =

From the aforementioned notions, we create the following lemma.

Lemma 6.4.3 If Rp < 1, then the endemic equilibrium point E* is globally asymptotically
stable.

6.5 The Model with a Biological Drug

In this section, we analyzed the drug-induced system using an impulsive approach to under-
stand the effects of a biological TNF-« inhibitor, Infliximab, used during the initial phase of

treatment.

ds;t(t) = po — o151(t), dsjt(t) = p151(t) — 0252(1), dsi‘i”t(t) = p2So(t) — AarSar(t),
dzgt) =Cr —~T(t)D(t) — &1 (ﬁ(}(t})T(t)K(t) — €T Su(t) — AT (1),
dl;it) =Cp — 62(150150[@))D(t)K(t) — ApD(t),

= T 9 () TOR O+ 8 (1 ) Pt - verco
(6.5.1)
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The Hill function, given by I5o/ (150 + 1 (t)), quantifies the extent to which Infliximab
inhibits the activation rates of keratinocytes by T cells and dendritic cells. Parameters d;
and 02 decrease in response to the action of the drug, reflecting its suppressive effects [95].
Here, I5¢ represents the concentration of Infliximab required to reduce keratinocyte hyper-
proliferation by 50%. The temporal dynamics of Infliximab concentration, I(t) governed by
the following equation:

——2 = —rI(t) when t#t (6.5.2)

I(tf)=1I(t;) + I, when t =t for k=1,2,--- n.

Here, r represents the drug clearance rate. I(t, ) and I (t;) denote the concentration of
Infliximab just before and after the intake of the k-th dose. I. is the dosage of Infliximab
administered at each impulse time t = ¢, for k =1,2,--- ,n.

Using impulsive differential equations to assess drug adherence disturbs the internal
steady state, leading to periodic solutions in the model that exhibit discontinuities. Clearly,
systems (6.5.1) and (6.5.2) indicate that only the drug exhibits direct discontinuities, while
the solutions remain continuous. In the absence of the drug (i.e., I(t) = 0), the system
reduces to (6.3.1). We assume that the drug is administered at fixed time intervals. Let
¥ = tp11 — tg represent the period of Infliximab, and, for ¢ satisfying ¢, < ¢ < tx41, we have

I(t) = I(t;)e "=t
The recursion relation at the moment of impulse is given by
It =1(t;) + I .

From this equation, combined with the recursion relation, we obtained

1— e krd I
+\ c
) =17 )

Therefore, we derived the left and right ends of the impulsive periodic orbit as given by

_ Ie
I(tk+1) = m as k— oo and
I 677‘19 I
+ _ — o c o c
I(tk‘-l-l) - I(tk+1) + Ic = m + Ic = W as k — oo.

Let I* be the impulsive periodic orbit of Infliximab, which satisfies,

(6.5.3)

In this section, we do not go through the detailed calculations regarding the stability of
the periodic orbit. Instead, we illustrate numerically the effects of impulsive drug therapy on
system populations.
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6.6 Impulsive Stem Cell Transplantation and the
Stability of its Period

Stem cells are essential because they can regenerate themselves. In severe cases where drug
treatments fail to achieve a complete cure, stem-cell transplantation can offer a solution. In
severe psoriasis, where the skin condition is chronic and local stem cells are deficient, stem-
cell replacement might be necessary. To fill this deficiency, healthy stem cells are infused
intravenously or directly into the patient’s affected area. These stem cells have the ability to
differentiate and develop into mature stem cells, which aid in the restoration of the immune
system’s normal function. During the process of maturation, these stem cells produce lots
of anti-inflammatory cytokines that reduce inflammation and repair the lesions caused by
psoriasis. Clinicians assess therapeutic effects after each administration, with the number
of infusions determined by the severity of the disease and the factors of each patient [91].
These repeated infusions introduce time-dependent discontinuities in the system that can be
analytically modeled using an impulsive approach.

6.6.1 Dynamics of the Impulsive Model

In impulse stem cell transplantation, we administer a specific amount of healthy stem cells
periodically, at a fixed time interval during the treatment course. This approach requires the
population to be in an equilibrium state, ensuring that treatment strategies can be effectively
implemented without disruption. The system with impulse differential equations for cell
treatment is described as:

dsit(t) =po—01S1(t), t#nr and  Si(n7) = Si(n7)” +b, t=n7

dS;t(t) = p151(t) — 0292(t),

d ;(t) (6.6.1)
S = Cr =ATOD(®) — ST(EK () — ET(1)Su (1) — MT (D),

dl;gt) — Cp — 8D K(t) — ApD(t),

d[;ft) s 61T(t)[f€i)n;f;(’i)(t)mt) —ARK (),

where nT <t < (n+ 1)1, n € NU{0} and o; = \; — (2b; — D)l;, pi = 2(1 — b))l; (i = 1,2).
S1(nT)~ is the population value just before (t = n7) receiving the next dose of impulse. Using
the data from Table 6.1, one can observe that o1, o2, p1 and po are all positive parameters.
The populations are governed by the initial condition:

$1(0) > 0, S2(0) >0, Sys(0) >0, T(0) >0, D(0) > 0, and K(0) > 0.

We examine the above-mentioned model to comprehend the consequences of administering
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healthy stem cells from outside. Here, ‘b’ is the average of all healthy SC infused with n
infusions, once per 7-time interval. However, in actual practice, a limited number of infusions
are employed where clinicians administer a single dose ranging from (1—3) x 10° /kg, repeated
2 to 5 times and spaced 7 to 15 days apart, as documented in Cheng et al. [22].

The solution of the first equation of the system (6.6.1) is of the following form

Si(t) = % +Ce Y,

where C' is a constant to be determined using the following initial condition.
For 0<t<r, 81(0)=b = C = (b—%).Thus

Si(t) =20 ¢ (b - @)e—m — Si(1) =Si(7)" +b="L2 L p(1 ey - Pmonr,
o1 o1 01 01

We analyze system (6.6.1) for each time interval since the initial condition of the stem
cell [S1(t)] population varies with respect to time.
For 7 <t <27,

Si(r) = gﬁ Fh(1l+e ) — ?e*“’” = C= [b(l +e 77— ?e*”” e’
1 1 1

Thus we have

Si(t) = % + [b(14+e 17 — g?e"”] e~ o1(t=7)

S1(27) = S1(27)" + b= 4 b(1 4 1T 4 7217y _ PO —20u7,
01 o1

Continuing this process up to n iterations, we get, for nT <t < (n + 1)7,

Si(nt) = 2o b(l+e " 42T 4, +e Ty — P20 g=norr
o1 01
= (C= [b(l +e T feTRT 4 +e MT) — poem”] e,
o1

The concentration of infused stem cell [S;(¢)] after n-th infusion is

Si(t) =22+ [b(l +e T peTtT +e T - poe—mm} o—o1(t—n7)
g o

) ' (6.6.2)

_ @ + b(—l _ 6_(n+1)‘717> — @e_mn’r e_Ul(t—nT).
1 —e 917 o1

Observe that the endpoints of each cycle rise monotonically. The events immediately
before and after the end of a positive impulsive periodic orbit involving infused stem cells are
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described by the following:

1— noiT be— 01T
Si(nt)” = 2O 4 pemert (e ) — Demneim i Si(nt)” = LU

1 — e—017T o1 n—00 o1 1—e 17’

1— —(n+1)o17 b
Sl<n7->+ _ @ _|_b<e> o @e—nmf — lim 51(n7)+ Lo "

o1 1 —e 017 o1 Nn—00 o1 1—eo17’

The concentration of S;(t) at the ends of a positive impulsive periodic orbit therefore fall
within the points of impulse [57].

P0 be” 717 5 P0 b
mn, - S <O P
01+1—e"17_ _a+1—e“17

6.6.2 Stability of the Equilibrium-Like Periodic Orbit

The impulsive effect of the population S;(¢) will influence the other populations of system
(6.6.1) as well, leading to the appearance of periodic orbits in those populatlons The periodic
orbit is of the form E* [Sl ,Sg ,SM ,T* D* K*] The values of Sg ,SM ,T*, D* and K*

are easily determined, replacing S7 by S," and using the existence conditions of the endemic
equilibrium point. Due to the impulse-driven periodicity of Si(t), the trajectories can be
either steady or exhibit a vibration. To figure out the asymptotic expansion of the solutions
and examine how they behave, we aim to apply Floquet’s theory utilizing a one-dimensional
perturbation to the system populations.

Si(t) = S +eSi(t) +2SE(t) + - -- So(t) = 33 +e83(t) + 2S5 (1) +
Sar(t) = S +eSi,(t) + 283 () + - -- Tt) =T+ eTH(t) +2T(t) + -
D(t) = D° + DY (t) 4+ 2D2(t) + - - - K(t) = K° + ek (t) + 2K2(t) +

Here e < 1 and SY = 51*,88 = 52*,8](\)/[ = 5’;\4*,7”0 = T* D% = D* K° = K*. Substi-
tuting these into system (6.6.1) and taking only the first-order terms of ¢, we have another
system as follows

dS! S}k
7;:—01511’ 7;21)1811_02821’
dS} dT? . . N
o= Sy = S, 77; = AT*D' — §,T* K — ¢T*SL, — R TY,  (6.6.3)
D! - dKct
— = —8,D*K' — P,D, % = P,Si, + BT + P,D' + Pk,
where Py = yD* + 6, K* +£Sy + Ar, Py = 65K* + \p,
Py =n(Cx —AxSa)/(1+0Su"),  Py=6K*/(1+nSu"),
Py =0K*/(1+15u"), Ps = (6:T* +6:D%) /(1 +nSur ) — A
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We rewrite system (6.6.3) in matrix form

St —o1 0 0 0 0 0 St
521 P1 —09 0 0 0 0 821
d 1S, [ 0o p —2xu O 0 0 Sis
a|T | o o e —m o s || T (6.64)
D! 0 0 0 0 —P —6D*||D!
Kt 0 0 P, Ps P, P Kt

The coefficient matrix is decomposed into the following block matrices

—o1 0 0 0 0 —&T+
A1: P1 —02 0 N AQZ 0 0 0 ;

0  pa  —Aum 00 P

—Py —~T* —6,T* 00 0
As=| 0 —P -8D*|, O=10 0 0

P P P; 00 0

The eigenvalues of A; are —o1, —o9 and —\j;. We cannot easily determine the eigenvalues
of As. With three distinct real eigenvalues ¢1, ¢2 and g3 (if they exist), it satisfies the following
equation:

(si + PO){(qi +P)(Ps— ) — P4<5215*} + P3{752T*D~* — 6T+ Pl)} —0,Vi=1,2,3.

We now compute the eigenvectors corresponding to all eigenvalues of the co-
efficient matrix A. For the eigenvalue —oj, the eigenvectors are in the form
1 Vo1 V31 Vi Vsy V61]T. The eigenvectors corresponding to the eigenvalues —o9 and —\,y
are given by [0 1 Vag Vio Vaa Vio]? and [0 0 1 Vi3 Vg Vgs]?, respectively. Furthermore, the
eigenvectors corresponding to the eigenvalues <1, ¢2 and ¢3 are of the form of [0 0 0 1 V34 V64]T,
0001 Vs Vgs]? and [0 00 1 Vsg Vig]?, respectively. Due to the vastness of Vij’s values, we
will not mention them here. The solutions of system (6.6.3) are given by:

Sll t) = Cle_alt + C2V12€_02t + 03V136_)\Mt + C4V14€§1t + C5V15€§2t + 06V16€§3t,
821 t) = 02670225 + 03V23ef)‘Mt + c4V24eqt + C5V256<2t + 06V26€<3t,
Si(t

(6.6.5)

where the ¢;’s (i = 1,2,...,6) are arbitrary constants.

The stability of the derived solutions (6.6.5) will be examined using the Floquet’s the-
ory [96]. The fundamental matrix is constructed by imposing the identity matrix of order
six () as an initial condition. Solving system (6.6.3) and using the first column of (Is)
as the initial condition, the first column of the fundamental matrix can be derived. Again,
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solving system (6.6.3) with the second column of Is as the initial condition, we derive the
second column of the fundamental matrix. Proceeding in this manner, we have been able to
determine the columns of the fundamental matrix. Further, we determined the monodromy
matrix by utilizing the period ¢ = 7, given by

e 917 0 0 0 0 0
Mo €727 0 0 0 0
Mz Mszy e M7 0 0 0
My Myg Myg My Mys My
Msi Msy Msz Msy Mss Msg
Mg Mgz Mgz Mgy Mgz Mg

R(T7 Iﬁ) =

The values of M;;’s are described follows. However, we spare the details of s;;’s values
due to their complexity.

Moy = Var (777 — e7727),

M3y = Va1e %7 — Vi  Vage 727 4 s13¢ M7,

Msy = Vi (€727 — e7H7)

)

My = Vire ™7 — Viy Vige ™27 + s513Vaze ™ ™7 4 s14e17 + 515627 + 51657,

Mug = Vige ™27 — VaaVige M7 59417 4 5956527 + 59667,

Muz = Vige M7 4 53467 4 535627 + s36€%7,

My = 544€°17 4 545€°27 + 54657,

Muys = 554€°'7 + 555627 + 55677,

Myp = s64€°'" + se5eT + 56677,

M1 = Va7 — Vo Vage ™27 + s13Vage M7 4 514 Veae! T + s15Vise2™ + s16Va6e%7,
- Y

Mo = Vage 727 — VaaVisge™ M7 4 594 Vsae™ T + 595Va5€%2" + 596 V567,
Y

Mz = Vze M7 4 53, Vs4e' " + 535V55€"2" + 536 V5657,

My = 544V54€ " + 545V55727 + 546V56e™7,

Mz = 554V54€" " + 555V55727 + s56V56€%7,

Mg = 564 V54€ " + 565Vs572" + s66V56e™7,

Mer = V1™ — Var Veoe ™27 + s13Veze M7 + s14Voae' ™ + s15Vese™ + s16Vose™ ",
- Y

Mo = Veae™ 727 — VaaVgge™ "MT 4 594 Vae™ ™ + 505 Vi5e®?" + 506 Ve6e™,

Mes = Vize M7 4 53, Veue™ ™ + 535Vese™" + s36Vose™ T,

Mes = 544Vea€™'" + s45V5e™2" + 546Vese™",

Mes = 554Veae™" + s55Ve5e72" + 556Ve6e™7,

Mes = 564Veae™'" + s65Vese™" + s66Veee™" .

According to Floquet’s theory, a periodic orbit is stable if all the eigenvalues of the

monodromy matrix have absolute values less than one. To calculate the Floquet multipliers,
we need to find the eigenvalues of the matrix R(7, ). These eigenvalues are the same as
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those of two block matrices, R1 and R2. They can be obtained directly by dividing the
matrix R(7, Is) into the following block matrices:

e"oT 0 0 Myg Mys Mug
Ri=| My e 727 0 and Ro = | M5y Mss Msg
Mz Mszy e T Mes Mes Mes

The eigenvalues of the matrix Ry are e™?17, ¢~?27 and e *M7 such that | e77'" |< 1,
| €727 |< 1 and | e M7 |< 1. Therefore the stability of the periodic orbit of system (6.6.1)
depends on the eigenvalues of the matrix Ro. According to Lutkepohl[97], the following
theorem ensures the stability of the periodic orbit.

Theorem 6.6.1 The periodic orbit E* of system (6.0.1) is stable if det(I3 — zR2) # 0 for
|z| < 1.

Significance of the Periodic Behavior

Floquet theory is employed to predict the long-term periodic behavior of the system by analyz-
ing the stability of equilibrium-like periodic orbits, denoted as E* [51*, 52*, S}VI*, T*, D*, f(*] .
By evaluating the Floquet multipliers of the monodromy matrix, this approach determines
whether E* remains stable, thereby indicating the effectiveness of stem cell therapy in con-
trolling psoriasis. Conversely, if E* is found to be unstable, this suggests that adjustments
to the dosage amount and dosing interval of stem cell replacement therapy are necessary to
achieve therapeutic control over psoriasis.

6.7 Numerical Simulations

In this section, we performed numerical simulations for our formulated model based on our
analytical results. The initial values we have chosen for the model variables satisfy the basic
criteria of the analytical approaches during the investigation. For these numerical simulations,
we have utilized the parameter values shown in Table 6.1.

In Figure 6.2, we plotted system (6.3.1) with respect to time, which shows the behaviour of
each cell population during the progression of the disease. This figure clearly demonstrates
that the concentrations of SCs, differentiated SCs and MSCs largely decrease over time.
However, the concentration of T cells, dendritic cells and keratinocytes is significantly high.

In Figure 6.3, we plotted the phase portraits of system (6.3.1) by taking a set of initial
conditions. This figure depicts that the trajectories of all model variables (Si(t), Sa(t),
Sy (t), T(t), D(t) and K(t)) are bounded and ultimately converge. This figure validated our
analytical computation of the global stability of the endemic equilibrium point E*.

In Figure 6.4, we simulated two different 3D phase portraits of system (6.3.1) variables
using three distinct initial conditions and taking three populations at a time. Here we have de-
termined the endemic equilibrium point E*(1.28, 1.04, 0.74, 86.5, 53.5, 223.8) numerically by
considering two groups: in Figure 6.4(a), we identified the equilibrium E7 (57, S5, S7,)=(1.28,
1.04, 0.74), and in Figure 6.4(b), we identified the equilibrium E3 (7™, D*, K*)=(86.5, 53.5,
223.8). In both of these figures, the trajectories from different initial conditions converge to
a unique point.
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6.7 Numerical Simulations

] Parameter \ Definition

| Value (day ') | Reference |

Po Constant production of stem cells 0.1 [41]
by Self renewal percentage of Sy cells 0.55 [98]
by Self renewal percentage of Sy cells 0.35 [90]
Iy Proliferation rate of S; cells 0.47 [93]
Iy Proliferation rate of Sy cells 0.60 [90]
A1 Death rate of S; cells 0.125 [99]
Ao Death rate of Sy cells 0.343 [93]
A Death rate of matured stem cells Sy, 1.1 [100]
Cr Constant accumulation of T cells 15 mm™? [66]
Cp Constant accumulation of Dendritic 20 mm—3 [52]
cells
Ck Continuous self-proliferation of ker- 30 mm—3 [53]
atinocyte
0 Stimulation of T cells via DCs 0.001 [66]
9 Activation rate of keratinocytes via T 0.0002 [54]
cells
0o Activation rate of keratinocytes via 0.001 sample
DCs
& Inhibition rate of T cell hyperactivity 0.007 sample
through MSCs
n Inhibition rate of KCs overproduction 0.1 sample
through MSCs
A Natural mortality of T cells 0.07 [53]
AD Natural mortality of DCs 0.15 [66]
Ak Natural mortality of keratinocytes 0.2 [54]
r The clearance rate of Infliximab 0.25 [53]

Table 6.1: The values of the system parameters used in numerical simulations.

In Figure 6.5, we provide a comprehensive illustration of three distinct phases.

1. In first phase, the red trajectories represent untreated system populations, with signif-
icantly low concentrations of stem cells, their differentiated progenies and MSCs in the
affected region, with considerably high levels of T cells and keratinocytes. We set a
threshold concentration of K (= 200 mm~3), where values below this threshold indicate
a healthy state, and values above indicate a psoriatic state.

2. The second phase begins after 80 days, as indicated by the cyan trajectories. In this
phase, we have shown numerically the effect of treatment with Infliximab, given in
eight weekly doses of 5 mg/kg. This treatment slightly reduces keratinocyte levels but
increases T cell concentrations, suggesting incomplete recovery and the possibility of
disease to re-occur, as the functional stem-cell count in the affected area remains low,
similar to the psoriatic state. Note that we have employed I59 = 0.01 for numerical
simulations.

3. After 140 days, we introduce an impulsive stem-cell-replacement strategy, shown by
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Figure 6.2: The time plot of system (0.5.1) demonstrates the qualitative behaviour of
all cell populations during the progression of the disease. Parameter values are given
wn Table 0.1.

(a) (b)

Mesenchymal SC [ Sm(t) ]
Keratinocyte [K(t)]

Figure 6.3: 3D plots of three populations showing the endemic equilibrium
E*(Sy,85,5%,T*,D*, K*) = (1.28,1.04,0.74,86.5,53.5,223.8), grouped as (a) stem
cells, differentiated stem cells, and mesenchymal stem cells Ef = (1.28,1.04,0.74),
and (b) T cells, dendritic cells, and keratinocytes E5 = (86.5,53.5,223.8), using three
different initial conditions.

the soft green coloured trajectories in the third phase. This involves administering
a fixed amount of 6 cells/mm? of healthy stem cells from an external source, with
six infusions given at 10-day intervals. Numerical simulations of this strategy show
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Figure 6.4: FEach population of the untreated system is plotted with respect to time by
taking Table 0.1 parameter values for four distinct initial conditions. This simulation
shows that each population of the system (0.5.1) is bounded and converges to a fized
point.

promising results, with a significant decrease in T-cell counts and keratinocyte density
returning to a healthy state within two months of the treatment phase.
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Figure 6.5: This figure shows three different phases. The red trajectories represent the
populations of untreated systems in a psoriatic state. The cyan trajectories show the
effects of treatment with Inflizimab, given 8 infusions of 5 mg/kg weekly. The green
trajectories depict the effects of stem cell transplantation, with six impulsive infusions
giwen at 10-day intervals.
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In Figure 6.6, we compare the effects of two treatments: Infliximab and healthy stem-cell

transplantation, administered impulsively.

1. Figure 6.6(a) shows how different doses of Infliximab affect the keratinocyte popula-

tion for our formulated system. The red trajectory shows the density of keratinocytes
without treatment. The cyan, dark green and blue lines depict the effects of impulses
using different doses (1. = 0.005,0.01,0.05) of Infliximab, with 14 infusions adminis-
tered weekly. The treatment with this drug causes a slight decrease in keratinocyte
density, but it does not bring the levels below the healthy threshold level K.

. Figure 6.6(b) illustrates the effects of impulsive healthy stem-cell transplantation on
keratinocyte regulation. Prior to treatment, stem cell counts were low, while ker-
atinocyte concentrations remained elevated at approximately 230 mm~2 (depicted by
the red trajectories). After 80 days, a cell-replacement strategy was implemented, ad-
ministering stem cell doses of 2, 4, 6, and 8 cells/mm3, as indicated by the yellow,
soft green, violet, and magenta trajectories respectively. These doses were delivered
six times at intervals of 10 days. The results indicate that increasing the number of
healthy stem cells led to a gradual reduction in keratinocyte density. A dosage of
6 cells/mm? effectively restored keratinocyte levels to a physiologically normal range
(below K). However, at higher infusion doses, particularly 8 cells/mm?, the system
exhibited oscillatory behavior, suggesting a destabilizing effect of excessive stem cell
administration. This finding underscores the importance of optimizing both dosage
and frequency to achieve therapeutic efficacy. Biologically, these results highlight the
delicate balance required in stem cell therapy for psoriasis.
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Figure 6.6: This figure compares impulsive treatments with Inflizimab and stem-cell
transplantation. Sub-figure (a) shows keratinocyte dynamics under varying Inflizimab
doses. In sub-figure (b), red lines denote untreated populations up to day 80, after
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which coloured trajectories illustrate stem-cell replacement with different doses.
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Figure 6.7: The effects of impulses for three populations: stem cells (Sy(t)), mesenchy-
mal stem cells (Sp(t)) and keratinocytes (K (t)). In sub-figure (a), we vary the amounts
with fized repetitions and time intervals. In sub-figure (b), we vary the number of in-
fusions and the intervals with a fired amount of healthy stem cells.

Further, focusing solely on impulsive stem-cell-replacement strategies and simulating the
effects for three system populations: stem cells (S;(t)), mesenchymal stem cells (Sps()) and
keratinocytes (K (¢)). In both sub-figures, the impulsive effects are shown after 80 days.
Before that, the red trajectories indicate the population densities in a psoriatic state without
any treatment.

1. In Figure 6.7(a), we simulated the effect of different amounts of stem cells given at fixed
intervals and repetitions (six doses, each 10 days apart). The yellow, cyan and dark
green trajectories represent these different doses. We observe that as the dose amounts
increase, the high keratinocyte density gradually decreases and reaches a healthy level
(i.e., below the threshold concentration K).

2. In Figure 6.7(b), we perform the numerical simulation by varying the number of in-
fusions and the intervals between two consecutive infusions, while keeping the dose
amount and total treatment span fixed (6 cells/mm? for each infusion). These impul-
sive effects are shown by the magenta, dark green and blue trajectories. We observe
that increasing the number of infusions with shorter intervals helps keratinocyte levels
quickly reach the desired density.

Figure 6.8 presents a global sensitivity analysis of all system parameters using Latin
Hypercube Sampling (LHS) in conjunction with the Partial Rank Correlation Coefficients
(PRCC) method, with a focus on the keratinocyte population. PRCC values and corre-
sponding p-values are evaluated for key parameters, where the p-value quantifies the level of
uncertainty associated with the PRCC estimate. A p-value < 0.05 indicates statistical sig-
nificance, confirming the parameter’s impact on disease dynamics. The scatter plot reveals
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Figure 6.8: Scatter plots showing the relationship between key parameters and the ker-
atinocyte population for N = 1000 samples. PRCC values are computed at 100 days
with p-values reported to four decimals. The azxes show residuals from regressions of
rank-transformed parameters and keratinocyte population, highlighting the sensitivity
of keratinocyte dynamics to parameter variations.

that parameters A1, lo, Cr, 61, Cp, 02, C positively influence disease progression, while pa-
rameters by, l1, po, b2, 7, AT, AD, N, A exhibit a negative influence. In this study, we consider
keratinocyte levels as a marker for disease progression. The comprehensive sensitivity analy-
sis provides critical insights into identifying optimal intervention points for psoriatic disease
management, aiding in the refinement of therapeutic strategies.

6.8 Discussion and Conclusion

In this Chapter, we formulate an ODE-based model that includes immune cells (T cells and
dendritic cells), keratinocytes, and two types of stem cells (embryonic stem cells and mes-
enchymal stem cells). We described how stem cells mature into MSCs and how MSCs can
control overactive T cells and reduce the proliferative growth of keratinocytes. Using impul-
sive differential equations, we applied Floquet theory to show that stem-cell transplantation
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can create stable periodic solutions. We also did numerical simulations to compare the effects
of stem-cell therapy and the biologic Infliximab (a TNF-« inhibitor). The results showed that
increasing the drug dose can reduce keratinocyte levels but cannot fully bring the system to a
healthy state in severe psoriasis. On the other hand, stem-cell therapy was more effective, and
we found that giving 6 cells/mm? in six infusions at 10-day intervals can control keratinocyte
growth and bring the system to a healthy state. From this we suggest that in severe cases,
stem-cell transplantation may be used at the start of treatment instead of drugs. Both the
mathematical analysis and the simulations support that stem-cell transplantation could be a
future alternative for treating severe psoriasis.

In the next chapter, we study the effects of five key cytokines, both pro-inflammatory and
anti-inflammatory, which play a major role in the progression and suppression of psoriasis.
We also examine how these cytokines influence and interact with activated immune cells and
skin cell compartments.
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Chapter 7

Impulsive Stem Cell
Transplantation to Modulate
Psoriasis: Insights of Complex
Cytokine Network

In this Chapter’, we present a mathematical model to understand the complex interactions
that occur in psoriasis. To capture these underlying processes, we have developed a dynamical
system that incorporates the major cellular and molecular components known to drive the
disease. The model includes epidermal stem-cell differentiation, activated T cells, activated
dendritic cells, keratinocytes, and five important cytokines: tumor necrosis factor (TNF),
transforming growth factor-beta (TGF-£), interleukin-23 (IL-23), interleukin-17 (IL-17), and
interleukin-10 (IL-10). These components form a tightly connected network of signals, where
cytokines regulate both immune cells and skin cells, while in turn the activated cells release
cytokines that influence the network. Thus, the model is designed to represent two-way
interactions between immune cells, skin cells, and cytokines.

To make the analysis easier, a quasi-steady-state approximation has been used for cytokine
variables, which reduces the overall complexity of the system while retaining the key biological
features. We first prove that the system is well-posed and has a bounded region, ensuring
that the populations and cytokine levels remain biologically meaningful. The stability of
the equilibrium point is then studied to understand under what conditions the skin returns
to a healthy state or shifts towards a psoriatic state. In addition, a detailed sensitivity
analysis is carried out to identify the most influential parameters in the system. This analysis
highlights the biological factors that play a dominant role in controlling the abnormal growth
of keratinocytes, that is the hallmark of psoriasis. Further, we perform a Hopf bifurcation
analysis with respect to two crucial parameters: the rate of TNF-driven keratinocyte up-
regulation ((3) and the rate of IL-10 production by stem cells (p7).

The model is also used to test potential therapeutic interventions through numerical

TA substantial portion of this chapter has been submitted for publication in a peer-reviewed inter-
national journal.
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simulations. Two treatment strategies are considered: inhibition of TNF using impulsive
drug administration and infusion of stem cells to restore balance in the skin environment.
The simulations show that while TNF inhibition can temporarily reduce keratinocyte growth
and inflammation, its effect is only short-term. Stem cell infusion, however, has the potential
to stabilize periodic orbits and achieve long-term control over both immune activation and
keratinocyte dynamics. Based on the study within this chapter, we explored that the cytokine
balance plays a central role in the system, which behaves in a stable or unstable manner.

7.1 The Model

7.1.1 Model Incorporating Stem Cells and Cytokines

Initially, we formulated a mathematical model representing the underlying dynamics of pso-
riasis, incorporating two distinct stem cell compartments. Specifically, Sg(t), Sa(t), Ta(t),
D4(t), and Ko (t) denote, respectively, the densities of epidermal stem cells, mature stem
cells, activated T cells, activated dendritic cells, and keratinocytes at time t.

Since stem cells are self-renewing with no external source of replenishment [41], the growth
equation of the epidermal stem cell population Sg(t) in the basal epidermal layer is modeled
using a logistic growth term to limit the population size through a maximal carrying capacity.
This ensures that the system approaches a well-defined steady state. The governing equation
is given by

aSp(t) _ {QS (1 Se(t)

dt Sgax) +7(7TS _ﬂ'D) — HUE SE(t); (711)

where ag is the intrinsic proliferation rate, S%** represents the maximum growth capacity

of the epidermal stem cell population, and mg and mp denote the probabilities of symmetric

self-renewal (division into two identical cells of the same phenotypes) and symmetric differen-

tiation (division into two cells of distinct phenotypes), respectively. The parameter v denotes

a scaling factor for net stem cell division, and g represents the apoptosis rate of Sg(t).
The growth equation of mature stem cells, Sys(¢) in the dermis is given by

dSy(t)
dt

= [’YA(QT"D +ma) |Se(t) — par Su (1), (7.1.2)

where 74 is the probability corresponding to the asymmetric cell division (here stem cell
can be differentiated into one cell of the same phenotype and another cell with different
characteristics) [89]. Thus, mg + mp + m4 = 1. These three possible stem cell differentia-
tion patterns are shown diagrammatically in the schema (Figure 7.1). Here, A denotes the
amplification factor, representing the enhancement in mature stem cell production due to
pro-inflammatory stimulation. In the context of psoriasis, inflammatory cytokines can up-
regulate mature stem cell proliferation and differentiation signals, effectively increasing the
yield of Sp/(t) from symmetric and asymmetric divisions of stem cells. A > 1 implies amplifi-
cation beyond baseline proliferation rates, whereas A = 1 would correspond to no additional
inflammatory stimulation. gy is the apoptosis rate of Sys(t).
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Figure 7.1: A schematic diagram of the interactions between model populations through
cytokine signaling pathways.

It is important to note that the differentiation of undifferentiated epidermal stem cells
into mature stem cells typically occurs through multiple intermediate stages, which are not
explicitly considered in the present formulation. In the subsequent subsection 7.1.2, we
introduce an additional population representing intermediate differentiated stem cells in order
to more explicitly capture the differentiation process. For modeling purposes, we assume that
Sg(t) do not directly regulate keratinocytes or immune cells, whereas Sj/(t) interact with
immune cells and keratinocytes through cytokine-mediated pathways or as direct contact.
That is, Sp(t) and K¢(t) are well-mixed within the dermal-epidermal microenvironment.

To model the growth equations of activated T cells and dendritic cells to characterize
psoriasis dynamics within the cytokine environment, we employed logistic growth expres-
sions to impose an upper limit on proliferation rates, since neither cell population can grow
indefinitely. The parameters ar and ap denote the proliferation rates of activated T cells
and dendritic cells, respectively, while T1'** and D’}** represent their corresponding carrying
capacities. The governing equations are given by

dTgt@) = arTa() (1 - ?g{fjﬁ) + [QTa(®) + Glas(t)] = 8110 (OTA(E) — urTa®), (7.1.3)
A
dDCZ(t) =apDa(t) (1 - %%g) — 02T3(t)Da(t) — ppDa(t), (7.14)

where (; and (o are the activation rates of activated T cells in response to the pro-
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inflammatory cytokines TNF and IL-23, respectively, mediated via activated dendritic cells
[101]. The parameter d; represents the suppression rate of activated T cells due to the anti-
inflammatory cytokine IL-10 [91], while d2 denotes the suppression rate of activated dendritic
cells due to TGF-$ [87]. pur and pup correspond to the apoptosis rates of activated T cells
and dendritic cells, respectively.

The temporal dynamics of the keratinocyte population is described by

dEe(t) _ . GTa(t) + GaTp(t) + G 1ar(t)
dt 1+ wSn(t)

= ag —d3ho(t)Ko(t) — pxKe(t),  (7.1.5)
where a i denotes the baseline production rate of keratinocytes arising from normal homeo-
static regulation. Hyper-proliferation of keratinocytes is driven by the inflammatory cytokines
TNF, TGF-3, and IL-17, with (3, (4, and (5 representing the corresponding activation rates
[101]. Mature stem cells act to inhibit both the release of these inflammatory cytokines and
the associated keratinocyte hyper-proliferation through negative feedback mechanisms [102].
To capture this effect, a saturated incidence form is employed in the cytokine-mediated ac-
tivation term, where the denominator models mature stem cell-mediated inhibition, with w
representing the scaling coefficient for this inhibitory effect. Suppression of keratinocyte over-
growth by the anti-inflammatory cytokine IL-10 is incorporated via the term d3110(t) K¢ (t)
[91]. Finally, pux denotes the apoptosis rate of keratinocytes. It is to be noted that acti-
vation effects on T4(t) and K¢ (t) are modeled in relation to cytokine concentrations, while
inhibitory effects of regulatory cytokines are incorporated as a multiplicative suppression
factor.

7.1.2 Model with Maturation Stages of Stem Cells

Transplantation of healthy stem cells into the affected region can induce their differenti-
ation, ultimately maturing into Sps(¢). These mature stem cells possess immunomodula-
tory properties, enabling them to regulate the over-activation of T cells and suppress the
hyper-proliferation of keratinocytes [103]. In this subsection, we present a comprehensive
mathematical model for psoriasis that incorporates the maturation stages of stem cells. The
differentiation of undifferentiated epidermal stem cells into mature cells typically proceeds
through multiple stages over the course of several weeks. Mathematically, the n-th stage is
considered to represent the mature stage, i.e., Sy(t) = Sa(t). However, in psoriasis, the
precise differentiation pathway ranges from two to five, but the specific types of cells pro-
duced through this process remain unknown and can vary among individuals depending on
the immune system’s requirements. To account for this variability, initially considered stem
cell dynamics involving two compartments: local undifferentiated epidermal stem cells Sg(t)
and matured stem cells Spz(t). Due to the uncertainty in the exact number of differentiation
steps, we assume that stem cells reach maturity after two stages of differentiation [90]. In this
framework, epidermal stem cells Sg(t) differentiate into intermediate transit amplifying cells
S1(t), which ultimately mature into Sys(t). By incorporating these three state variables repre-
senting the stem cell maturation process, along with the growth equations (7.1.3)—(7.1.5), the
mathematical model for psoriasis, incorporating the regulatory effects of five key cytokines,
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can be expressed as

P [os (1= 2282) = [ = (205 = 1)as] 50 r16)

dsét(t) — :2(1 — (ZE)(]E} Se(t) — [M — (2ar — 1)q1} Sr(t), (7.1.6b)

ngt(t) = 201~ ar)ar] S1(t) = parSu(®), (7.1.6¢)

deAt(t) = arTa(t) (1 - ?r‘n(atg) + {ClTa(t) + 421'23@)} — 01 Lo(t)Ta(t) — prTa(t), (7.1.6d)
A

dDCZ(t) _ aDDA(t)(l - g%g) — 89T5(t)Da(t) — ppDa(t), (7.1.6¢)

dKc(t) . [C3Ta(t) + CGTs(t) + G 17 (t)

a 1+ wSy(t) ] — d3010(t) Ko (t) — px Ko (t), (7.1.6f)

subject to the initial conditions

Sg(0) >0, S7(0) >0, Sp(0) >0, T4(0) >0, D4(0) >0, Kc(0) > 0.

7.1.3 Cytokine Dynamics and Quasi-Steady-State Approxi-
mation

We now describe the system of ODEs governing the dynamics of the cytokines considered in
our model. To simplify the representation of cytokine kinetics, we assume that each cytokine
is produced at a constant rate by the respective source cells and degraded at a constant rate
over time. Under these assumptions, the cytokine dynamics are given by

di;(;t(t) = p1Ta(t) + paDa(t) — diTa(t), d]gt(t)

dlos(t dl7(t
2() =psDa(t) — ds3las(t), gt( )

= p3Sm(t) + paTa(t) — doTp(t),

= peTa(t) — dal17(t),

dlg (t
dt

~—

=prSum(t) + psTa(t) + poKc(t) — dslio(t).
(7.1.7)
The model parameters are interpreted as follows:

(i) T, (t) denotes the concentration of the pro-inflammatory cytokine TNF, primarily se-
creted by activated T cells and dendritic cells (DCs) at rates p; and po, respectively
[54].

(ii) Tp(t) denotes the concentration of TGF-, produced by mature stem cells and activated
T cells at rates ps and py4, respectively [54].

(iii) I23(t) denotes the concentration of IL-23, predominantly secreted by activated DCs at
a rate ps [101].
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(iv) I17(t) denotes the concentration of IL-17, secreted by activated T cells at a rate pg
[104].

(v) I1p(t) denotes the concentration of the anti-inflammatory cytokine IL-10, secreted by
mature stem cells, activated T cells, and keratinocytes at rates p7, ps, and pg, re-
spectively [104]. This cytokine plays a regulatory role in suppressing excessive T cell
activation and keratinocyte proliferation.

(vi) The parameters d; (i = 1,2,...,5) represent the clearance rates of the respective cy-
tokines.

Biologically, cytokines act on a faster timescale (hours to a few days), while cell growth
and decay occur more slowly (days to weeks). This difference in timescales supports the
use of quasi-steady-state approximation (QSSA) for cytokine dynamics [105]. All rates are
written in day~! units to maintain dimensional accuracy and consistency in simulations.
QSSA reduces the model size and simplifies computations, though in numerical results both
cell and cytokine profiles are shown for clarity. Under this assumption

dTy, (t) dTg(t) d123(t) dIN(t) d[lo(t)

~ ~ ~ ~ ~ 0. 1.
dt 0 dt 0 dt 0 dt 0 dt 0 (7.18)
This gives the following algebraic expressions

To(t) ~ B2 Ta(t) + 22 Da(0), Ty(t) = E2 8w (1) + B2 Ta (),
dy dy da da

Is(t) = 2 Da(1), L) ~ 2oy (1), (7.1.9)
d3 d4

To(t) ~ Z—ZSM(t) + Z—iTA(t) + Z—ch(t).

Substituting the above-mentioned expressions into system (7.1.6) yields the complete
mathematical model

dsit(t) B :0‘5 (1 N i%g) = [ne — (25 - 1)QE]]5E(t)7 (7.1.10a)
dSét(t) — :2(1 - aE)QE} SE(t) — [,u[ — (2ar — l)ql] Sr(t), (7.1.10D)
dsft(t) = 20— ar)ar| S () = s S (®), (7.1.10c)
dT;lqt(t) = arTa(t) (1 - :;‘if? ) + k1 Ta(t) + k2 Da(t) — [glsM(t) + &Ta(t) + &Ko(t) + MT} Tu(t),
A

(7.1.10d)
chz(t) =apDa(t) <1 - l;%g}) - [§4SM(25) +&TA(t) + ,uD}DA(t), (7.1.10e)
deCt(t) =i + [H:sSM(t) 41-14535)(;— H5DA(75)] - [£6SM(t) + &Ta(t) + &Ko (t) + ,UK} Ke(t).

(7.1.10f)
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The coefficients are given by

_ G _(292Q+195>C2>’,{3:19:5Q1 R_<P1C3+p4C4+p6C5>’K5:pQC3.

A T N b T\ e T di
Rz _ psdy _ Pp9d1 _ D302 _ pad2 . prd3 . psds . pols
&= d57§2_ d57£3_ d5a§4_ d27£5_ d27§6_ d57£7_ d57§8_ d5‘
(7.1.11)
The system (7.1.10) is subject to the following positive initial conditions
Sg(0) >0, S7(0) >0, Sp(0) >0, T4(0) >0, D4(0) >0, Kc(0) > 0. (7.1.12)
Variable | Description Unit Initial Value | Reference
Sg(t) Population of epidermal stem cells cells/mm? 50 [41]
Si(t) Population of intermediate stem cells | cells/mm? 25 [41]
Sy (t) | Mature stem cell population cells/mm? 25 assumed
TA(t) Activated T cell population cells/mm? 20 [106]
Dy4(t) | Activated dendritic cell population cells/mm?® 20 [106]
Kc(t) | Keratinocyte population cells/mm? 100 [54]
To(t) Concentration of TNF pg/mm? 5 [106]
Ts(t) Concentration of TGF-/ pg/mm? 3 assumed
Ins(t) Concentration of interleukin-23 (IL-23) | pg/mm? 2 assumed
I7(t) Concentration of interleukin-17 (IL-17) | pg/mm? 1 [106]
I(%) Concentration of interleukin-10 (IL-10) | pg/mm3 1 assumed

Table 7.1: Description of the model variables, their corresponding units, initial values
used in the numerical simulations, and supporting references.

7.2 Mathematical Properties of the Model

To ensure the mathematical model is well-posed and epidemiologically feasible, in this section
we have studied the positivity and boundedness of the complete model populations, the
existence criterion of the interior equilibrium point, and its local stability analysis for the
system (7.1.10).

7.2.1 Positivity of the Invariant Region and Boundedness

In this subsection, we have discussed the positivity of the solutions and boundedness proper-
ties of our proposed system (7.1.10). Now, we prove the following theorem, which guarantees
the positivity of the solutions of system.

Theorem 7.2.1 If the initial condition satisfies (Sg(0), S1(0), Sy (0), Ta(0), Da(0), Kc(0)T €
Int(RY), then all solutions of the system (7.1.10) remain positive for all t > 0.
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Proof. Define the variables as X;(t) = Sg(t), X2(t) = Si(t), X3(t) = Snm(t), Xa(t) = Ta(t),
X5(t) = Dy(t), and Xg(t) = Ke(t). The system (7.1.10) can then be rewritten in vector
form as

dX(t
dt() = T[X(t)], where X(t) = [X1, X2, X3, X4, X5, X¢] ", T' = [[1,T5, T3, Ty, T5,Tg] "
(7.2.1)
Here, I'; (i = 1,...,6) denote the right-hand sides of the corresponding equations in
e

1
system (7.1.10). observe that

This condition means that the vector field I'(X) is either inward or tangent to the bound-
ary of the positive octant Rﬁ whenever any X; = 0. By Nagumo’s theorem [62], the solutions
remain in RS for all ¢ > 0. Thus, if X(0) € Int(RS), then X (¢) € RY for all ¢ > 0, showing
that RS is positively invariant for system (7.1.10).

It is essential to determine the bounds of all model variables in the system (7.1.10) over
time. This ensures that the system remains biologically meaningful and mathematically well-
posed. Before proving the boundedness of the solution of the system, we cite the following
lemma [35].

Lemma 7.2.1 Let P(t) be a differentiable function satisfying the inequality

dP(t)

< R-Qp)P(), (7.2.3)

where R is a positive constant and Q(p) is a positive function that is independent of P and
t. Then, if P(0) < R/Q(cp), it follows that

P(t) <

Q(p)

The following theorem demonstrates the invariant region A where the solutions of system
(7.1.10) are bounded. We have used the above-mentioned lemma (7.2.1), to prove this theo-
rem.

for allt > 0. (7.2.4)

Theorem 7.2.2 All solutions of the system (7.1.10) enter into the region A C ]Ri and are
ultimately bounded within that region. Specifically,

0 < Sum(t)

0< Sg(t) <Hp, 0<S1(t) < Hy, < Hs,
A= (SEaSIaSMaTAaDA7KC)TER§-: E()_ ' I() 2 ’ ;
0 < Ta(t) < Ha, 0 < Da(t) < Hs, 0 < Ko(t) < Hg

where the upper bounds H; (i =1,...,6) are defined as

(g S vl S aslply S
Hl = y = y 3= s
dmg dmpemr dmpmrpn
« TaX 4 ovpko DX ap D « k3Hs + vy Hy + ks H.
w, — crinTi pr2DA™ p _ apDAT o Rl 44min55}
dpp(pr — K1) 4pp [LK prc (1 + wSH™)

132



7.2 Mathematical Properties of the Model

The solutions retain their biological significance for all t > 0.

Proof. From equation (7.1.10a), the logistic growth term attains a maximum value at Sgp =

—~&—, giving an upper bound

dSp(t) _ asSp™
a = 4

—mpSp(t), where mp =pup — (2ag —1)qg > 0.

Solving the above inequality for large ¢, we obtain

Smax
. limsup Sp(t) < 2E . j,. (7.2.5)

t—00 dmpg

Using the bound of Sg(t), from the equation (7.1.10b), we get

dSy (t) < OzleSEaX

& S dme —mySi(t), wherelp =2(1—ag)qe >0, m; = ur — (2a; — 1)qr > 0.

aglpSmax

o limsup Sy(t) <
t—00 dmpmy

—: Hy. (7.2.6)

Similarly, from the equation (7.1.10c)

dSM (t) < Oélel[SgaX
dt — 4dmpgmg

— MMSM(t); where [; = 2(1 — aj)qf > 0,

l l Smax
o limsup Sy () < ASBUOE Hs. (7.2.7)
t—00 dmpmrpny

From the equation (7.1.10e), neglecting second-order negative terms

dDa(t) _ apDye™

—upDa(?).
T
DmaX
oo limsup Da(t) < 4pZa Hs. (7.2.8)
t—o0 4MD

Substituting this into the equation (7.1.10d) gives

dTA(t) < OéTTglaX + OJDHQDﬁlaX
dt — 4 4up

— (pr — £1)Ta(t), with ur > k1,

arpupT{™ 4+ apro DY

s limsup Ty(t) <

=: Hy. 7.2.9
t—r00 dpp(pr — K1) ! ( )

For the equation (7.1.10f), applying bounds Hs, H4, Hs, and using the minimal value
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Smin > 0, we get

dKc(t) k3Hs + kaHy + k5Hs
<ok + -
dt 1+ wSy™

- IU’KKC(t)a

oo limsup Ke(t) <
t—o0 KUK

aK {H?,Hg + kaHy + k5 Hy

: =: Hg. 7.2.10
etk o L (r210

Thus, all variables are bounded by constants H;, and the region A is positively invariant.
Moreover, the following conditions in (7.2.11) confirm that trajectories re-enter and remain
in the interior of A for all ¢ > 0. Hence, A is a positive invariant and absorbing set for
system (7.1.10).

as as as

7E <0, 71 < 0’ 7M < 07

dr dD dK, o
oA < 0, oA < 0, e < 0.

7.2.2 Existence and Local Stability of Interior Equilibrium

We analyze the local stability of the interior equilibrium point E*(S%, ST, S, T4, DY, K&).

From the equations (7.1.10a)—(7.1.10c), we can easily determine the values of the first three
populations.
—(2a5 —1
SE — Sglax |:1 _HE ( ap )QE] _ glax |:1 _ @}, (7.2.12&)
as as
2 1 —a l Smax
S — (1~ ap)ew LSy = 22K [1—@}, (7.2.12b)
pr — (2ar — 1)gr my as
2 1 —a l l SmaX
St = 2(1 —ar)ar L Sp = BB [1 _ @] (7.2.12¢)
Ham mrpm ag

The necessary condition for the feasibility of S}, ST, and S}, is given by ag > mpg. From
equations (7.1.10d) and (7.1.10e), we can determine the values of D% and K in terms of T'}.

. Dy .
DY = [pp — &T4], (7.2.13a)
ap
1 D ar
Kf = — A) T 2.13b
°=g [”T”Q(Tz) <T;;m+§2> A}’ (7.2.13b)

where pp = ap — up — 45}, and pr = ar + k1 — pur — §15},
Substituting these values given by the system of equations (7.2.12) and (7.2.13) in the
equation (7.1.10f), we arrive at a polynomial equation in 77} of degree four.

1T + 09T5 + 03T3 + 04Th + 05 = 0. (7.2.14)
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The coefficients are given by

(Tmax + £2> |:£8 <Tmax + £2> - £3£7j| 5

g1 =
K5§3§5D2ax D™ ka&s
— _053%07A _9 _ A Pha2ss
o2 an(l+wS5) + [§387 — 2&s TmaX + &2 pT -
6 €Sh ) (o ) — S
3 (&65h + 1K Tmax 2 T+ wsy,’
DmaX/{ N DmaX/{
o3 = &8 <PT — ﬁ) + &3 (8650 + 1K) <pT — AaD2£5>

T [5357 — 28 (Tma" + 52” - PK§§7

DmaX DmaXH
oy = P7A 2 [53 (§6Shs + i) + 288 <pT - 255)] ;
ap ap

D_DITI&XK;2
o (P2

ap

If the conditions £3&7 > 2&g (Tmax + §2> and pp > DmaXK2§5/aD are satisfied, then it

follows that o1 < 0, o4 > 0, and o5 > 0. Consequently, by Descartes’ rule of signs, the
existence of a positive root of the polynomial (7.2.14) depends solely on the signs of o2 and
o3. Four cases can thus be distinguished

(a) If o2 > 0 and o3 > 0, then one positive real root exists.
(b) If o2 < 0 and 03 < 0, then a positive real root also exists.
(¢) If o9 > 0 and o3 < 0, then either one or three positive real roots may occur.

(d) If 02 < 0 and o3 > 0, then exactly one positive real root exists.

Thus, polynomial (7.2.14) always possesses at least one positive root. Therefore, for the
existence of the interior equilibrium point £*, we state the following lemma.

Lemma 7.2.2 The system (7.1.10) possesses an interior equilibrium point if the following
conditions are satisfied

. g . h k285
(1) as > mpg, (i) pp > &1y, (#i3) pp > EE—

(i’t}) 5357 > 2§8 <Tmax + 52) (U) PT + K2 <?;:4> > <T;1nax + §2>

We now analyze the stability of the interior equilibrium point E*. The Jacobian matrix
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V evaluated at E* can be decomposed into block matrices

agS%
*Wag 0 0
V1= lg —mr 0 )
0 Il —pm
T3 oy * *
— <(;11T21f;,? + HZTZA +§2TA> K/QD* —&17%
Vo = —&D% — o 0
Dmax
IR e S (g8, + &+ 26KE + i)
T+wSy, c T+wSy, 600 TSTEA 8B o T MK

The block matrix V; admits three negative eigenvalues

*
max ’
SE

—my, and — ppg.

The characteristic equation of the other block matrix Vs is given by
V(o) = 0® +C10° + Ca0+C3 = 0, (7.2.15)

where the coeflicients are

arTh apDy koD%

C = + (&2 +&7) Th + 65y + 26 K5 + ik,

TXIaX DIIZIHX TZ
arT% apD? koD N N " "
Cy = ( Tmaf Dma’? + T*A + §2TA> (§6Shy + &7TA + 263 K¢ + k)
A A A
. K4 . apDy (arT) | keDj . .
. . . apDY (arT% koD% . N
C3 = (§6Shy + §rTA + 268 K¢ + k) [ Dmaf ( Tma;? T*A + §2TA> + H2§5DA]
A A A
« | apD%y K4 « k5&5 D%
T — &K — 4 |
+és A[Dggax <1+w534 & C) 1+ wSi,

The local stability of the interior equilibrium E* is determined by the eigenvalues of the
Jacobian matrix V evaluated at E*. Stability requires all eigenvalues to be negative or to have
negative real parts. Since the eigenvalues of V] are negative, the stability of E* depends solely
on the eigenvalues of V3, i.e., on the roots of the characteristic equation (7.2.15). According
to the Routh—Hurwitz criterion [63], the equation (7.2.15) has three roots with negative real
parts if C; > 0, C3 > 0, and C1C2 — C3 > 0. Computing (C1Co — C3) and express the stability
condition through the following lemma.

Lemma 7.2.3 The interior equilibrium E* is locally asymptotically stable if

e
1+ wSy,

K585 D
ap(l+wsS3,)
Remark 7.2.1 The stability analysis highlights the role of specific system parameters in
determining the long-term dynamics of psoriasis. In particular, the stability condition of our

> &K+ (7.2.16)
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system reveals that parameters associated with TNF' inhibition and stem cell-secreted cytokine
effects exert a critical influence on system stability. Mathematically, variations in these
parameters can shift the eigenvalue spectrum of the Jacobian, thereby altering the equilibrium
behavior. Biologically, this reflects how therapeutic modulation of cytokine pathways can
determine whether the disease dynamics remain stable or progress toward instability. In the
following section, we analyze the Hopf bifurcation corresponding to these parameters.

7.2.3 Hopf bifurcation Analysis of the Interior Equilibrium

Hopf bifurcation describes a critical transition in system dynamics, identifying the shift from
a stable interior equilibrium to sustained periodic oscillations or vice versa. It occurs in
a system at the equilibrium if the characteristic equation has two purely imaginary roots
at that state, while all other roots are either negative real or have negative real parts. In
this study, the system (7.1.10) exhibits Hopf bifurcation at the interior equilibrium E* if the
third-degree equation (7.2.15) possesses two purely imaginary roots. Here we have considered
A € R as the bifurcation parameter of the system (7.1.10).
Let U : (0,00) — R be the continuously differentiable function defined as

T(N) = C1(A)C2(N) — C3(N). (7.2.17)

The system (7.1.10) undergoes the Hopf bifurcation, if there exist \* € (0,00) within
the spectrum C(A\) = {0 : Y(p) = 0} of the characteristic equation (7.2.15), where a pair of
complex eigenvalues o(A*) and p(A*) comply with the following conditions

Re[o(A*)] =0, Im[o(A\*)] > 0. (7.2.18)
Moreover, the following transversality conditions must be satisfied

dRe(0i(}))

f =1,2. 2.1
N . #0 for i=1, (7.2.19)

Theorem 7.2.3 The interior equilibrium E* of system (7.1.10) undergoes Hopf bifurcation
at A = X* if and only if the following conditions hold

(i) C1(A*) > 0,C3(A*) >0, (ii) W(A*) =0, (iii) C5(A*) = C;(A)Ca(A*) — CL(A*)Cy(A*) # 0.

Proof. Let a critical value A* of the bifurcation parameter A\ exist so that the conditions
(1)-(ii) hold. Using the conditions (ii), the third-degree equation (7.2.15) can be written in
the following form

[o(X*) + CL(A")] [0*(A*) + C2(A")] = 0. (7.2.20)

The roots of the equation (7.2.20) are, p1(\*) = —C1(\*), 02(\*) = i\/C2(A*) and
03(A*) = —iy/Ca(N*). According to the first condition (i), o1(A*) is negative real root and
another two roots ga(A\*), p3(A\*) are purely imaginary roots. Now we verify the transver-
sality condition (7.2.19) for the existence of Hopf bifurcation at A = A*. Substituting

137



7.2 Mathematical Properties of the Model

0i(A) = 91(N\) £ 92(A) in the equation (7.2.15) and differentiating, we obtained

KM W1(A) + 92(N) + L)
M) @1 (V) = F5(N) + N (V)

0, (7.2.21a)
0, (7.2.21b)

where the values of L(A), £(\), M(X) and N () are as follows

K(A) = 3(01 + 92)2 + 2C1 (91 + U2) + Ca,  L(N) = (1 + 92)2Cy + (91 + U2)C,

) | (7.2.22)
M) =391 — 92)% + 201 (9 — D2) + Ca, N(N) = (91 — 092)2C) + (91 — 92)Ch.

Now, solving equations (7.2.21a) and (7.2.21b) for the value of 9] (\), we obtained

dRe(0i(}))

)\ = ?91()\)

A=)* A=)*
_ KON A) + LAIMA)
_ C() =G () (N — Cl()\*)C;(A*)_

2[CE(A\*) + C3(\*)]

Since, 2[CF(A\*) + C3(A*)] > 0 always, therefore from the equation (7.2.23), we can say
that

dRe(0i(A))

N 40 holds, if Cy(A\*) = CL(A)Ca(N*) = CL(A)Cy(A*) £ 0. (7.2.24)

A=A*

Thus, Hopf bifurcation occurs in the system (7.1.10) at the critical value A = A\* around
the interior equilibrium E*.

Remark 7.2.2 Hopf bifurcation (HB) analysis characterizes the transition between a sta-
ble equilibrium and periodic oscillations of the interior equilibrium E*. After applying the
QSSA, the cell compartments exhibit several negative quadratic terms that capture the feed-
back from anti-inflammatory responses. This feedback mechanism provides a mathematical
explanation for the emergence of oscillatory behavior in the system. When the strength of
this negative feedback is reduced, the stabilizing effect is lost, leading to destabilization of the
equilibrium. Moreover, from the stability condition, we observed that the system’s stability
depends on key biological parameters. To capture this dependence, we performed HB with
respect to a general bifurcating parameter A\, without considering any fived parameter. We
have numerically demonstrated the HB for two biologically relevant parameters: (3 (the TNF-
driven up-regulatory effect on keratinocytes) and pr (anti-inflammatory cytokine production
from mature stem cells), highlighting their importance in the context of therapeutic controls.
The bifurcation with respect to (3 demonstrates that increasing its value, the system transi-
tions into oscillatory behavior, indicating the emergence of TNF inhibition. In contrast, the
bifurcation with respect to p7 shows that higher values stabilize the system, corresponding to
low inflammation and emphasizing the therapeutic potential of stem cell-mediated cytokine
modulation. Collectively, these findings demonstrate how bifurcation analysis can inform the

138



7.3 The Model with Biologic Inhibitor

identification of therapeutic targets and guide the design of effective control strategies for
PSOTLASIS.

7.3 The Model with Biologic Inhibitor

In light of the bifurcation with respect to (3, we observed that increasing its value, the system
transitions into oscillatory behavior. This reflects the destabilizing effect of TNF-mediated
keratinocyte up-regulation and indicates the emergence of TNF inhibition. Thus here in
this section, we investigate the effects of biologic therapy, specifically the TNF inhibitor, on
the key system populations T'4(¢) and K¢(t) within an impulsive control framework. We
explicitly note the equations where the effects of TNF are incorporated and subsequently
modified under inhibition. Only these equations are restated here, since they directly involve
TNF or its inhibitory effect. The remaining cellular compartments in system (7.1.6) and the
cytokine dynamics described by system (7.1.7) remain unaltered and are indirectly coupled
through the QSSA relations (7.1.8) and (7.1.9). Furthermore, we numerically demonstrate
the consequences of TNF inhibition on the downstream cytokine profiles, thereby highlighting
the therapeutic impact.

dT;?t(t) — aTTA(t)<1 - ?’;jﬁ) + |:C1 (M)Ta(t) + Colos(t)| — 01110(8)Ta(t) — prTa(t),
G (7l ) Ta() + GTp(t) + Cslin(t)
deCt(t) = ap + 3(F +F( )) = WSM4(t)B 5117  Sun () Kol®) — g Kolt)

(7.3.1)

Here, we introduce a hill-type inhibition function, Fsg/ (F50 +F (t)), to modify the param-
eters (7 and (3, which represent the TNF-mediated up-regulation of T cells and keratinocytes,
respectively. Incorporation of these inhibition terms reflects the suppressive effects of biologic
agents on the respective immune pathways, according to experimental observations [95]. The
parameter F5y denotes the concentrations of TNF inhibitor required to achieve a reduction
of 50% in the up-regulation effects. The temporal dynamics of drug concentrations, F(t), are
governed by the following equations

dF(t
di) =—rF(t), when ¢ # ty, (7.3.2a)
F(t;) =F(t,)+F., when t=1; (k=1,2,---,n). (7.3.2b)

The clearance rate of the TNF inhibitor is represented by r. The concentration F(t,)
denotes the levels of these inhibitors immediately before the administration of the k-th dose,
while F (t;) represents the concentrations immediately after dosing. F. corresponds to the
fixed doses of TNF inhibitor administered at each impulsive time point ¢ = t;, for k =
1,2, ,m.

The use of impulsive differential equations to model drug adherence introduces pertur-
bations to the internal steady state of the system, leading to periodic solutions that exhibit
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discontinuities at discrete time points. Notably, equations (7.3.1) and (7.3.2) indicate that
these discontinuities occur exclusively in the drug concentration profiles, while the other
system variables remain continuous. In the absence of treatment, that is, when F(t) = 0
the system reduces to its original form as described in system (7.1.6). We assume that the
drugs are administered at uniform time intervals, with ¥ = t;y1 — t; denoting the fixed
dosing period. For time ¢ in the interval ¢, < t < tp41, the system evolves according to:
F(t) = F(t})e "(t=*%). Using recursion relations at the moment of impulses, we derived the
left and right ends of the impulsive periodic orbits and we obtained

_ F.e™ N F.

Pt ) = 1o F(t ) = P (as k — oo) (7.3.3)
Here, we do not present the detailed analytical derivation of the periodic orbit’s stability.
Instead, we focus on numerically illustrating the impact of impulsive drug administration on
the dynamics of the system populations. Figure 7.7 illustrates the behavior of the system
variables and associated cytokine profiles both before and after treatment under the influence
of impulsive control with TNF inhibition. A detailed explanation of the figure is provided in

the Numerical Simulation section.

7.4 Impulsive Cell-Replacement Strategy

Stem cell-based therapies are widely utilized for the prevention and treatment of various
diseases, often requiring multiple infusions of stem cells. Clinicians assess therapeutic effects
after each administration, with the number of infusions determined by the severity of the dis-
ease and the factors of each patient [91]. These repeated infusions introduce time-dependent
discontinuities in the system that can be analytically modeled using an impulsive approach.

In the case of psoriasis, dysregulation of local epidermal stem cells leads to their infiltration
into the keratinocyte pool, resulting in a decrease in the concentration of Sg(t) as well as in
mature stem cell Sys(t) concentration. Moreover, the differentiation potential of these local
stem cells and their immunomodulatory functions deteriorate over time. When biologic drug
fail to achieve complete disease eradication, exhibit significant side effects, or cause frequent
relapse after discontinuation of treatment, stem cell replacement therapy may serve as a
viable alternative. In particular, umbilical cord-derived stem cells are increasingly favored
due to their regenerative potential and their ability to restore immune homeostasis without
long-term adverse effects [22].

7.4.1 Dynamics of the Impulsive Model

The following model investigates the periodic infusions of epidermal stem cells, which sup-
plement or replace the dysregulated local epidermal stem cell population, denoted as Sg(t),
through mathematical analysis. Furthermore, the impact of the impulsive stem cell replace-
ment strategy on the remaining cell populations is examined numerically (see the Numerical
Simulation section). The dynamics of this replacement process are described using impul-
sive differential equations, which provide a framework for analyzing the effects of periodic
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stem cell administration.

dSCZ(t) = asSE(t) (1 - g%(atz) — mESp(t), t#ty
dsét( D~ tpSip(t) —misi(o)
dsyt(t = 1St — S (1),
dT. gt(t) — arTa(t)(1 - %‘n(tj ) + mTa() + s2Da(t)
~ [618(0) + &Ta(t) + &Ko) + pr | Tatt), (7.4.1)
chz(t) = apDa(t) (1 — ]]_))%1@ > — [§4SM(t) + &5Tult) + MD} D),

dKc(t) — ax+ [IigSM(t) + kaTa(t) + K5DA(t):|
a K 1+ wSy(t)

— (6650 (8) + &Ta(®) + &K (t) + | Ko (t),
Seth) = Se(ty)+d, t=1t

where mg = up — (2ag — 1)qgg, mr = pr — (2ar — 1)qr, lg = 2(1 — ag)qeg and I =
2(1 — ar)qr. Sg(t;) and Sgp(t]) represent the concentration of epidermal stem cell (Sg)
population just before and after t = t;. d represents the average doses of health epidermal
stem cells administered in the system at a fixed time interval 7 = t; 1 —tx, where k = 1,2, ---.

Let us assume that the initial number of epidermal stem cells present before the first
impulse is S%. Before the first dose of stem cells, it can be written as Sg(t;) = S%. Consider
the first equation of the system (7.4.1) and we get

Se(t)
Sgax

dSg(t)
dt

Smax
) — mESE(t) < as 4E — mESE(t). (7.4.2)

= agSp(t) (1 -

Using the inequality as an equation to find the density of Sg(t) after each administration

I} Sma:p o Smax
Sp(t) = imEE +<SE(tZ)—‘jm’;> e mElt—t), (7.4.3)

Therefore, we obtain

Sp(ty) = Sg,
Spt)=Set])+d
= S% +d,
N assg,a:c +y aSS7Enax —mpg(ta—t1)
Selt) = “0E 4 (Sp(e) - “5E - )

_ agSmar N <SO B aSSZme> e—me(ta—t) +de—mE(t2—t1)
4mE ’
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Se(ty) = Sp(ty) +d
— assgbaa: + S% assgta:c e—mE(tz—tl) +d (1 + e—mE(t2—tl))
4mE 4mE ’
SE(t;) _ aiiglax N (S% - aii’?dw) e~ MmET | (1 4 e MET 4 672mET + .. _’_ef(nfl)mET) e MET
E E
asernax 0 QSSVEnaz B - 1 — e~ "MET
— S _ nmgT d mgeT - -
dmpg G dmpg ¢ +de 1 —emeT )’
Se(th) = Se(t,)+d
_asSEY (oo 0SSR pmpr (Lo HUmET
= Tamp 56— amp ) © M S
(7.4.4)
As n — oo, we have
i _ agSE* de~™mET . " agSH d
A Se(tn) = = =+ T ey 0 lim Seltn) = =0 4 T (T49)
Therefore, the impulsive periodic orbit epidermal stem cell (Sg) is given by
max —mpgT max
asSy de <S8k < asSy d . (7.4.6)
dmpg 1 — e mET dmpg 1 — e mET

For the impulsive periodic orbit epidermal stem cell (Sg), the impulsive system (7.4.1)
has a solution denoted by E*, which we refer to as the equilibrium-like periodic orbit. In the
subsequent section, we perform a stability analysis of this equilibrium-like periodic orbit.

7.4.2 Stability of the Equilibrium-Like Periodic Orbit

Assessing the periodic stability of the system under impulsive effects is crucial for under-
standing its long-term population dynamics. In this study, Floquet’s theory [36] is employed
to predict the system’s long-term periodic behavior by analyzing the stability of equilibrium-
like periodic orbits (£*). Examining the Floquet multipliers of the monodromy matrix, it is
possible to determine whether E* is stable or not. From a biological perspective, the stability
of E* indicates that stem cell therapy effectively regulates psoriasis. Conversely, instability
suggests the need to adjust the dose amount and dosing intervals of stem cell replacement
therapy for achieving effective disease control.

The impulsive system (7.4.1) possesses an equilibrium-like periodic orbit, denoted by
E* = (S5, S1,S3 T4, Dy, KE). To analyze the stability of the periodic solution E*, we
introduce perturbation in each component of the periodic orbit.

Sp(t) = Sp+al(t), Si(t) =57 +e(t), Su(t) =Sy +es(t),
Ta(t) = T +ealt), Dalt) =D +es(t), Ke(t) = K+ es(t), (7.47)
where ¢ << 1, i=1,2,---,6.

Substituting these into the system (7.4.1), we have the corresponding linear system of
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equations
declzt(t) = —(as +mp)a(t), (7.4.8)
deit(t) = lper(t) —myea(t), (7.4.8b)
defzf = lrea(t) = pres(t), (7.4.8¢)
defzt(t) = —&Taes(t) — Avea(t) + raes(t) — E3Taes(t), (7.4.8d)
deflt(t) = —&Djes(t) — &Dhelt) — Azes(t), (7.4.8¢)
decﬁlit) = —Ase3(t) + Asea(t) + Ases(t) — Ases(t), (7.4.8f)

where the coefficients are

*

T * £ *
Ay = ar (2545 = 1) — k1 + €085y + 2677 + &KE + ur,
A

*

D
As = ap (258 = 1) + &Siy + & T + o,

DECLZ‘
o w(k3Sy + KT + ksDE) — K3
A3:§6]CC+ 1—|—w8}\k4 5
K4 K5
Ag=— " ek, A=
Tl wsy, srke, s 1+ wSs,

Ag = &KG + &6Shr + & TA + &D) + pk,

Rewrite the system (7.4.8) in matrix notation to solve it

El(t) —(Oés —|—mE) 0 0 0 0 0 El(t)
€9 (t) lE —my 0 0 0 0 €2 (t)
i es(t) _ 0 Iy KM 0 0 0 €s(t) (7.4 9)
dt | ea(t) 0 0 &7y A ke —&TH ea(t) o
65(7f) 0 0 *542)2 *552)2 *AQ 0 €5 (t)
€6 (t) 0 0 —As Ay Asg —Ag €6 (t)

The corresponding monodromy matrix is given by considering the eigenvectors of the
above fundamental matrix and taking the initial conditions of each column vectors of the
identity matrix of order six (Is). As a result, the monodromy matrix takes the form

Jii1 0 0 0 0 0
Joi Jo O 0 0 O
0 J3ga Jsz3 O 0 0

M:
0 Juz Jauu Jus Jus

0
0 0 Jsg3 Jsu Js5 O
0 0 Js3s Jea Jo5 Jos
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The coefficient of the monodromy matrix are given by

J11 = exp (/OT—(ag—l—mE)dt), Jo1 = exp (/OT lEdt), Joo :exp( ; —m[dt>,
J3o = exp (/OT l[dt), J33 = exp (/OT —,uMdt), Jy3 = exp ( OT —fﬂ’jdt),
Jys = exp ( OT —Aldt>, Jus = exp </0T @dt), Jug = exp ( OT —§3’7jj{dt>,
Js3 = exp( OT —§4DAdt>, Js4 = exp ( OT —§5D2dt), Jss = exp ( OT —Azdt),
Jez = exp (/OT —Agdt), Jea = exp </OT A4dt), Jgs = exp (/OT A5dt),

Jeg = exp (/OT —A6dt).

Decompose the monodromy matrix into four different block-matrices and we have

J11 0 0 0 0 Jus Jua Ji5 Jue 0 0 O
Mi=1Jog Joo 0 | , Ma=10 0 Jsg| , Mz=1|Jss J55 0 |, O=10 0 0
0 J3o Js3 0 0 Jss Joa  Jos  Jee 000

Floquet’s theory states that, the periodic orbit E* is asymptotically stable if the absolute
value of all the eigenvalues of monodromy matrix M are less than unity. Since eigenvalues of
the matrix M are |J11| < 1, |Ja2| < 1, and |J33| < 1, therefore the stability of E* depends
on the eigenvalues of matrix M3. The characteristic equation corresponding to the matrix
M3 as follows

23 4 Aa? + Mgz + A3 =0, (7.4.10)

where the coefficients are given by

A =—(Jaa+ JIs5 + Jes), Ao = Juadss — JusJsa + Js5J66 + Jaades — JasJ6a,
Az = —JuuJss5Je6 + JasIsades — Jus(Jsades — J55J64).

The equilibrium-like periodic orbit E* = (8%, S3, Sk, T4, DY, K¢) is asymptotically sta-
ble if all the roots of the characteristic equation (7.4.10) have absolute values less than one.
According to the Jury’s condition [107], this stability is ensured if the following condition
holds.

A1 4+ Az] <14+ As, |Az] <1, and |Ay — AjAz] < |1 — A3 (7.4.11)

Remark 7.4.1 The conditions outlined above provide the mathematical criteria for assessing
the stability of impulse-driven periodic orbits in the system. The associated Floquet multipliers
determine whether perturbations around the periodic solution decay or grow. This reflects
whether stem cell regulation sustains homeostasis or drives disease oscillations.

144



7.5 Numerical Simulations

Parameter | Biological description Value Unit Source
as Proliferation rate of epidermal stem cells 0.8 day™ [41]
Sp Carrying capacity of epidermal stem cells 1000 cells/mm? [41]
ag Self renewal percentage of epidermal stem cells 0.55 dimensionless 98]
qE Division rate of epidermal stem cells 0.3 day~! [93]
g Apoptosis rate of epidermal stem cells 0.125 day ! [90]
ar Self renewal percentage of intermediate differenti- | 0.35 dimensionless [90]

ated cells

qr Division rate of intermediate differentiated cells 0.6 day™! [108]
I Apoptosis rate of intermediate differentiated cells | 0.053 day~? [93]
J1Y; Apoptosis rate of mature stem cells 0.9 day~! [100]
ar Proliferation rate of activated T cells 0.12 day ™ [52]
Trpex Carrying capacity of activated T cells 1000 cells/mm? [109]
G TNF activation effect on activated T cells 0.06 | cells/(pg-day) [106]
G IL-23 activation effect on activated T cells 0.07 | cells/(pg-day) [106]
0 Inhibition rate of activated T cells by IL-10 0.003 | mm?/(pg-day) [110]
pr Apoptosis rate of activated T cells 0.02 day ! [106]
ap Proliferation rate of activated dendritic cells 0.12 day ™ [42]
Dy Carrying capacity of activated dendritic cells 1000 cells/mm? [106]
) Inhibition rate of dendritic cells by TGF-f 0.004 | mm?/(pg-day) [54]
LD Apoptosis rate of activated dendritic cells 0.02 day! [106]
g Basal production rate of keratinocytes 0.6 | cells/(mm? -day) [54]
(3 Up-regulatory effect on keratinocytes by TNF 0.2 cells/(pg-day) [106]
G Up-regulatory effect on keratinocytes by TGF-f 0.2 cells/(pg-day) [52]

G5 Up-regulatory effect on keratinocytes by 1L-17 0.2 cells/(pg-day) | assumed

w Inhibition scaling coefficient of MSC-mediated | 0.01 mm? /cell assumed

suppression of keratinocyte up-regulation

d3 Inhibition rate of keratinocytes by IL-10 0.001 | mm?®/(pg-day) [54]
UK Apoptosis rate of keratinocytes 0.02 day ! [52]

Table 7.2: The list of parameters associated with the main model, along with their bio-
logical descriptions, units, and their assigned values used in the numerical simulations
is provided. To ensure biological feasibility, some parameters were inferred from various
literature sources, while the remaining parameters were assumed to support the model’s
behavior.

7.5 Numerical Simulations

To validate and substantiate the analytical findings, it is crucial to exhibit numerical exper-
iments. In this section, we illustrate the dynamics of the proposed model through a series of
numerical simulations that highlight baseline disease progression, the emergence of oscillatory
behavior, the effects of biologic therapies, and the impact of impulsive stem-cell infusions.
Parameter values are taken from Tables 7.2 and 7.3, with initial conditions specified in Ta-
ble 7.1. The following descriptions summarize the principal observations from each figure
and outline the numerical setup used for each simulation.
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Parameter | Description Value Unit Source
D1 TNF secretion by T cells 0.08 | pg/(cell-day) [111]
Do TNF secretion by dendritic cells 0.08 | pg/(cell-day) [54]
D3 TGF-f secretion by mature stem cells | 0.03 | pg/(cell-day) | assumed
P4 TGF-f secretion by T cells 0.04 | pg/(cell-day) [54]
D5 I1.-23 secretion by dendritic cells 0.08 | pg/(cell-day) [106]
De IL-17 secretion by T cells 0.06 | pg/(cell-day) [106]
pr IL-10 secretion by mature stem cells 0.005 | pg/(cell-day) | assumed
Ds IL-10 secretion by T cells 0.003 | pg/(cell-day) [110]
Do IL-10 secretion by keratinocytes 0.003 | pg/(cell-day) [54]
dy TNF clearance rate 0.1 day~! [111]
dy TGF-p clearance rate 0.2 day~! [112]
ds IL-23 clearance rate 0.08 day™! [106]
dy IL-17 clearance rate 0.07 day™! [106]
ds IL-10 clearance rate 0.04 day™! [110]

Table 7.3: Parameter description of the
tions, units, and assigned values used in

the numerical

cytokine equations, along with their descrip-
simulations, are provided.
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Figure 7.2: During disease progression, epidermal, intermediate, and mature stem cells
decline, losing immunomodulatory control, while immune cells and cytokines remain
elevated with initial oscillations before stabilizing at E*. Parameters from Tables 7.2—
7.5 and initial conditions from Table 7.1 generate the time-series of system (7.1.10),
capturing psoriatic dynamics across compartments.
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PRCC Value
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Figure 7.3: Global sensitivity analysis using Latin Hypercube Sampling and PRCCs
highlights key parameters influencing keratinocyte dynamaics. Parameters p7, ps, P9, Cs,
03, and w exhibit strong negative correlations with the keratinocyte population, whereas
D1, P2, P3, Pa, Pe, Co, (3, and (4 show positive correlations. These results identify
biologically relevant parameters that serve as potential therapeutic targets.

Epidermal, intermediate, and mature stem cell densities decline markedly during un-
treated disease progression, accompanied by sustained elevation of activated immune cells and
pro-inflammatory cytokines; transient oscillations are observed before the system reaches to
an interior equilibrium E* (see Figure 7.2). These time series solutions capture the psoriatic
dynamics across all modeled cell and cytokine populations. According to our consideration
of the psoriasis state, a persistent elevation of keratinocyte density (K¢ (t) > KC), together
with sustained increases in key pro-inflammatory cytokines (TNF, I1-23, etc.) and activated
immune cell populations T4 (t) and D 4(t) beyond their homeostatic levels. Throughout the
numerical simulations, we mark only the keratinocyte threshold KC, with densities below
it representing the non-psoriatic state and densities above it indicating the psoriatic state.
It should be noted that this represents a hypothetical example of the use of the model,
considered primarily for the purpose of treatment optimization.

The sensitivity analysis revealed that keratinocyte dynamics are strongly modulated by
both pro-inflammatory and anti-inflammatory pathways. Specifically, parameters such as p7
(anti-inflammatory cytokine production from mature stem cells) and w (stem cell inhibition
scaling coefficient) demonstrated the strongest negative correlations, suggesting their impor-
tance in counteracting excessive keratinocyte proliferation. In contrast, parameters like (3
(TNF-driven keratinocyte up-regulation) and p;—p4 (cytokine production from activated im-
mune cells) showed positive correlations, highlighting their role in amplifying inflammation.
These insights not only identify sensitive nodes in the psoriatic network but also point toward
effective therapeutic targets (see Figure 7.3). To further explore the impact of these sensitive
parameters, Hopf bifurcation analyses with respect to py and (3 are presented in Figures 7.5
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Figure 7.4: An increase in the IL-10 secretion by mature stem cells (p7) reduces the
amplitude of oscillations in activated immune cells, keratinocytes, and cytokine profiles,
stabilizing the system toward equilibrium. Time-series plots for two values of p; (0.002
and 0.004) illustrate the reduction in oscillatory amplitude, with corresponding limit
cycles in the 3D phase space (activated T cells, activated dendritic cells, keratinocytes)
shown in distinct colors.

and 7.6.

The model exhibits sustained oscillations when the negative feedback mediated by the
anti-inflammatory cytokine IL-10 is weakened. This feedback arises from IL-10 secretion
by mature stem cells. Varying the secretion parameter p; reveals that decreasing p; below
a critical threshold destabilizes the steady state and induces a limit cycle: lower values of
pr yield larger amplitude oscillations, whereas higher values damp oscillations and restore
equilibrium. For illustration, we present simulations at two representative values of py (0.002
and 0.004), and the corresponding limit cycles are shown to illustrate this behavior in the
3D phase space with respect to activated T cells, dendritic cells, and keratinocytes (see
Figure 7.4).

Sensitivity analysis with respect to keratinocyte population identified the strongest nega-
tive correlation for parameter p7, representing anti-inflammatory cytokine (IL-10) production
from mature stem cells. This motivated the choice of p7 as a bifurcation parameter. A su-
percritical Hopf bifurcation occurs as py crosses a numerically determined threshold: higher
values of py stabilize the equilibrium, while lower values induce sustained oscillations in ac-
tivated T cells, dendritic cells, keratinocytes, and cytokines. This transition highlights the
stabilizing influence of IL-10 feedback on disease dynamics, suggesting that enhanced IL-10
production corresponds to a low-inflammation state (Figure 7.5).
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Figure 7.5: Increasing p; stabilizes the system, while decreasing it beyond a threshold
induces sustained oscillations in immune cells and cytokines.
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Figure 7.7: Impulsive TNF inhibition starting at day 300 with 14 doses (5 days
apart) gives only partial and temporary reduction in keratinocytes and cytokines. Red
curves show the untreated baseline, while cyan curves show TNF inhibition from equa-
tions (7.3.1) and (7.1.7). Keratinocytes drop below the healthy threshold Ko but re-
bound, and TNF rises again during drug-free intervals.

From the sensitivity, (3 (TNF-driven keratinocyte up-regulation) emerged as one of the
most positively correlated parameters, highlighting its role in amplifying the inflammation.
Which allowed us to choose (3 as a bifurcating parameter. As the value of (3 increases, the
system transitions from a stable equilibrium to sustained oscillations, biologically reflecting
inflammatory flares in psoriasis. The bifurcation computed for (3 € [0.1,0.7] identifies the
threshold of this transition and underscores the emergence of TNF inhibition as a therapeutic
mechanism (see Figure 7.6).

To investigate therapeutic intervention, we simulated the impulsive administration of
TNF inhibitors beginning at day 300. The regimen consists of 14 impulses with Fo = 0.05,
administered every 5 days, covering a total duration of 70 days. We perform this simulation
considering the system (7.3.1) through the impulsive differential equations (7.3.2). The simu-
lations reveal that while keratinocyte and TNF concentrations initially decline, the reduction
is incomplete and transient. Keratinocytes temporarily fall below the normal threshold before
recovering, and TNF levels resume rising during drug-free intervals (Figure 7.7). This desta-
bilizing trend is mirrored in activated T cell dynamics, whereas activated dendritic cells and
IL-23 concentrations remain largely unaffected or even increase following treatment. These
results are consistent with the clinical observation that inflammation often re-emerges after
treatment discontinuation, particularly in severe cases [113].

To assess the therapeutic potential of stem cell transplantation, we modeled the im-
pulsive infusion of healthy stem cells from an external source beginning at day 340. The
intervention consistently reduced activated immune cell, keratinocyte, and pro-inflammatory
cytokine levels, while simultaneously increasing stem cell densities and slightly elevating anti-
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Figure 7.8: Impulsive infusion of healthy stem cells from day 340 lowers activated
immune cells, keratinocytes, and pro-inflammatory cytokines, while increasing stem
cells and anti-inflammatory cytokines. Simulations with 4, 6, and 10 infusions (spaced
15, 10, and 6 days apart) show that more frequent dosing causes stronger keratinocyte
reduction (even below Ke ) and greater suppression of inflammation.

inflammatory cytokines such as IL-10 and TGF-3. Three regimens were compared: 4, 6, and
10 infusions spaced 15, 10, and 6 days apart, respectively, keeping the total simulation du-
ration fixed at 60 days and the dose constant at 6 cells/mm? per infusion (Figure 7.8). The
results indicate that shorter dosing intervals with more frequent infusions yield the strongest
therapeutic impact. In particular, keratinocyte density dropped below the healthy threshold
under the 10-impulse regimen, accompanied by marked reductions in activated T cells, den-
dritic cells, TNF, 1L-23, and IL-17. These findings suggest that distributing the treatment
into multiple smaller infusions is more effective than delivering the same total dose in fewer,
widely spaced administrations.

To investigate the dose-response of stem cell infusion therapy, we simulated six impulsive
infusions administered at 10-day intervals, beginning at day 340 and continuing for a total
of 60 days. Three per-infusion doses were compared: 2, 4, and 6 cells/mm? (see Figure 7.9).
All regimens produced declining trends in keratinocyte density, activated immune cells, and
pro-inflammatory cytokines. However, only the highest dose of 6 cells/mm? successfully
reduced keratinocyte density below the healthy threshold, indicating remission-like behavior
in the model. Based on the considered model and from the simulation, lower doses (2 and
4 cells/mm3) were insufficient to achieve full suppression and allowed residual inflammation
to persist. These findings highlight the importance of both sufficient total stem cell input
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Figure 7.9: Dose-response effect of impulsive stem cell infusion on psoriasis dynamics.
Simulations from day 340 with siz infusions (10-day intervals over 60 days) show that
only the highest dose (6 cells/mm?) reduces keratinocytes below Kb, while lower doses
(2 and 4 cells/mm?) give partial reductions. Pro-inflammatory cytokines decline in
parallel, highlighting the importance of both dose and schedule for therapeutic efficacy.

and appropriate dosing schedules in achieving robust and sustained therapeutic outcomes.

Collectively, the simulations highlight three main insights. First, enhanced TNF-driven
keratinocyte growth and reduced anti-inflammatory feedback (low p7) can trigger oscillations
via a Hopf bifurcation, amplifying inflammation. Second, transient TNF inhibitor therapy
provides only partial and temporary relief, with disease activity rebounding after discontinua-
tion. Third, impulsive infusion of healthy stem cells ensures sustained suppression of immune
activation and keratinocyte proliferation when dose and schedule are optimized. These re-
sults emphasize the potential of stem cell therapy to modulate immune dysregulation in severe
psoriasis and restore cytokine balance.

7.6 Discussion and Conclusion

In this chapter, we formulated a mathematical model of psoriasis that includes stem-cell
differentiation (Sg — S;r — Sir), immune cells (activated T cells and dendritic cells), ker-
atinocytes, and important cytokines (TNF, TGF-3, IL-23, IL-17, IL-10). To make the model
simple, we used the quasi-steady-state approximation (QSSA) for cytokines and studied the
interactions between cells and cytokines. With suitable initial values and parameters, we ana-
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7.6 Discussion and Conclusion

lyzed the system for disease dynamics, oscillations, and treatments. We proved that the model
gives bounded solutions and studied stability of the equilibrium using the Routh-Hurwitz
condition. Sensitivity and bifurcation studies showed that more TNF activity ({3) or less
IL-10 production from stem cells (p7) can produce flare-like oscillations, while stronger IL-10
feedback makes the system stable. Numerical tests of treatments showed that TNF inhibitor
reduces TNF and keratinocytes only for a short time, but stem-cell infusion can give long-
term control if the dose and timing are proper. We also found that giving stem cells at shorter
intervals and in higher doses increases I1L-10 and TGF-j, helping to reach a healthy state.
The mathematical results, proved using Floquet theory, showed when the periodic behavior
from impulsive stem-cell therapy remains stable. Overall, these results show that psoriasis
dynamics depend on the balance between pro- and anti-inflammatory signals, and suggest
that stem cell therapy may provide better long-term control of severe psoriasis.

In the final chapter of this thesis, we outline future research directions and introduce
a mathematical model for psoriasis. The model captures the inflammatory role of psoriatic
stem cells and their differentiated progeny, which interact with major immune cell populations
through cytokine-mediated signaling.
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Chapter 8

Future Direction

The present thesis explores stem cell therapy as an alternative to existing biologic treatments
for psoriasis through mathematical modeling. The study highlights how stem cells may help
control abnormal immune responses and reduce the effects of inflammatory cytokines. The
proposed models show the interactions between stem cells, immune cells, and cytokines, and
how these regulate long-term immune responses. While the models provide a simplified view
of the biological system, psoriasis remains a multifactorial disease with several interacting
cells and signaling molecules. In particular, the influence of local inflammatory stem cells
within psoriatic lesions is not fully addressed. Since these cells play a key role in disease
initiation and progression, new models have been proposed for future research.

In this final Chapter, we discuss the directions for future research. Future studies may
focus on developing more robust models by incorporating additional immune cell types, dif-
ferent stages of stem cell differentiation, and broader cytokine networks. With modern math-
ematical and computational tools, one can extend the current work to gain deeper and more
refined results. For instance, incorporating psoriatic stem cell activity into the model can
provide better insights into disease progression. A clear distinction between healthy stem cells
and psoriatic stem cells, along with their immune modulation pathways, may help explain
psoriasis dynamics more accurately.

8.0.1 Mathematical Model

For future research, we develop a mathematical model that incorporates two major immune
cells, three skin cells, and four key cytokines as populations, each of which plays a significant
role in maintaining the chronic inflammatory environment observed in psoriatic lesions. A
detailed description of the model parameters is presented in Table 8.1. The concentrations
of the model variables at any given time t are denoted as follows:

Psc(t) : Stem Cells, Pr(t) : Transit Amplifying Cells, Ppc(t) : Activated T Cells,
Ppc(t) : Activated Dendritic Cells, Prg(t) : Keratinocytes, Ty (t) : TNF-a,
I>3(t) : Interleukin-23 (IL-23), I17(¢) : Interleukin-17 (IL-17), I;o(¢) : Interleukin-10 (IL-10).
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] Parameter \ Definition of parameter

asc SC self-proliferation rate constant
Py SC growth capacity
Ns Symmetric SC division rate constant
n Asymmetric SC division rate constant
aTa TA cell accumulation rate constant
are T cell accumulation rate constant
apco Dendritic cell accumulation rate constant
aKG Keratinocyte self-proliferation rate constant
51 T cell activation rate constant via cytokine I1.-23
Ba Dendritic cell activation rate constant via cytokine IL-17
53 Keratinocyte growth activation rate constant through TNF-«
B4 Keratinocyte growth activation rate constant through IL-17
Y T cell deactivation rate constant through cytokine I1L-10
Yo Keratinocyte growth deactivation rate constant through cytokine 1L-10
& Keratinocyte growth production rate constant by SC
& Keratinocyte growth production rate constant by TA cell
) Infiltration rate constant by inflammatory T cell and DC interactions
Asc Basal apoptosis rate constant of SC
ATa Basal apoptosis rate constant of TA cells
Are Sum of inherent mortality and apoptosis rate constant of T cell
Apc Sum of natural mortality and apoptosis rate constant of DC
AkG Sum of natural mortality and degradation rate constant of KG
G TNF-a production rate constant by T cells
Co IL-23 production rate constant by dendritic cells
(3 IL-17 production rate constant by T cells
(4 IL-10 production rate constant by T cells
(s IL-10 production rate constant by Keratinocytes
1 TNF-« degradation rate constant
Lo IL-23 degradation rate constant
3 IL-17 degradation rate constant
1y IL-10 degradation rate constant

Table 8.1: Descriptions of the model parameters along with their corresponding biolog-
tcal interpretations.

The governing equations are:

dP, P

Zi(t) - [a50<1 _ ;;é?) —1s — Asc | Psc(t),

dPTC’l?(t) =ara+ (na+2ns)Psc(t) — AraPra(t),

dP:;(;(ﬂ = arc + [Bil23(t) — T (t)] Pre(t) — ArcPro(t), (8.0.1)
dpj?jf(t) = apc + P2N17(t) Ppe(t) — Apc Poo(t),

dPIc(ltG(t) = akg + [83Ta(t) + Bali7(t) — v2@0(t)] [£1Pso(t) + EaPra(t)]

+6Pro(t)Ppo(t) — AkdPha(t),



8.1 Objectives for Future Work

with cytokine dynamics:

dTgt(t) = Q1 Prc(t) — mTa(), djizgt(t) = 2Ppo(t) = ualas(?), (8.0.2)
dlgt(t = 3Prc(t) — pshiz(t), dligg(t) = GPrc(t) + G Pra(t) — palio?).

8.1 Objectives for Future Work

The key objectives for future are:

1.

2.

To perform parameter estimation for better model validation.

To use individualized patient data (weekly PASI scores before and after UV treatment)
for model fitting and study how stochasticity influences system behavior.

To introduce stochastic noise into key parameters that regulate psoriatic inflammation
and analyze its role using stochastic approaches.

To investigate therapeutic interventions (e.g., biologics or stem cell therapy) under
modified impulsive control strategies.
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