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Abstract

This research gives a thorough examination of an HIV infection model that
includes quiescent cells and immune response dynamics in the host. The model,
represented by a system of ordinary differential equations, captures the complex
interaction between the host’s immune response and viral infection. The study focuses
on the model’s fundamental aspects, such as equilibrium analysis, computing the
basic reproduction number R, stability analysis, bifurcation phenomena, numerical
simulations, and sensitivity analysis.

The analysis reveals both an infection equilibrium, which indicates the persistence
of the illness, and an infection-free equilibrium, which represents disease control
possibilities. Applying matrix-theoretical approaches, stability analysis proved that
the infection-free equilibrium is both locally and globally stable for Ro < 1. For the
situation of Ro > 1, the infection equilibrium is locally asymptotically stable via the
Routh—Hurwitz criterion. We also studied the uniform persistence of the infection,
demonstrating that the infection remains present above a positive threshold under
certain conditions. The study also found a transcritical forward-type bifurcation
at Ro = 1, indicating a critical threshold that affects the system’s behavior. The
model’s temporal dynamics are studied using numerical simulations, and sensitivity
analysis identifies the most significant variables by assessing the effects of parameter
changes on system behavior. Keywords: Virus dynamics; Quiescent cells; Immune

response; Stability analysis; Lyapunov function, Bifurcation.

1 Introduction

Human immunodeficiency virus (HIV) affects millions of individuals worldwide. The
body’s fight against infections depends heavily on CD4+ T cells, which are the precise
target of this substance. Understanding the intricate dynamics of HIV infection
has been made possible by the use of within-host models [T}, 2, [3]. These models



offer a framework for researching the complex relationships between various immune
system components, viral replication, and the disease’s course in an infected person.
Quiescent cells, or resting cells, are an essential component of within-host models
and play a major role in the latency and persistence of HIV infection [4] [5]. These
cells are essential in determining the long-term course of HIV infection because they
act as reservoirs for the virus even in the midst of antiretroviral therapy. Researchers
can learn more about the dynamics of quiescent cells and how they interact with the
immune system by including them in the models [6]. Additionally, the immunological
response, which involves intricate interactions between immune cells, antibodies,
and cytokines, plays a vital role in combating HIV. The way the infection progresses
depends on the dynamic interaction of the virus, immune system, and quiescent
cells, which affects viral load, reservoir formation, and disease development rates [7].

Moreover, although they have ineffective infection rates, dormant CD4+ T cells
have been identified as possible contributors to the viral reservoir [8]. These cells
are essential to the dynamics of HIV, and the way they interact with the immune
system creates a complicated picture. Prior research indicates that immunological
quiescence, defined as low immune activation [9], may function as a barrier to HIV
infection by reducing the number of target cells available. Nevertheless, substantial
numbers of improperly processed viral ends and abortive circles are involved in the
integration of HIV into quiescent CD4+ T cells [10], impeding the infection process.
Potential targets for treatment development are provided by the identification of
particular biological proteins in quiescent cells that prevent HIV infection[IT].

The influence of viral variety and its consequences on treatment results and disease
progression is another important aspect of HIV infection [12]. HIV’s rapid replication
rate and error-prone replication process result in considerable genomic diversity. Due
to this diversity, an infected human may contain several virus strains, often known
as quasispecies [I3] [14]. The virus can adapt and elude immune responses due to the
constant production of new versions, which makes the development of antiretroviral
treatments and vaccines difficult. Mathematical models that incorporate viral variety
provide useful insights into the evolutionary dynamics of HIV and its repercussions
on the host-virus interaction, various models have been introduced [15] [16], 177, [I8] 19].
With the aid of these models, researchers can investigate methods to reduce the
viral variety and its possible effects on treatment efficacy, as well as the formation
and spread of drug-resistant strains and the influence of immune selection pressure.
To improve therapeutic approaches and patient outcomes in HIV infection, it is
crucial to comprehend the intricate interactions among immune responses, treatment
results, and viral variety.

We present and assess a model that builds on Kouche et al. [22] and Pang et al.
[20)’s advances in the field. Kouche et al. [22] updated Guedj et al. [23]’s model,
taking into account RT inhibitors and quiescent cells. Their findings showed that
increasing the drug’s potency or extending its active period could help eliminate
the infection faster. Pang et al. [20] updated Nowak et al’s model [24] by utilizing
a Holling type 2 function to classify immunological responses. Their contributions
served as a motivation for our research, encouraging a thorough dynamical analysis
of an HIV infection model that includes quiescent cells and the immune response.
We hope that our research will provide useful insight into the complex interaction
between the virus and the host’s defense mechanisms. Given the scarcity of works
on the mathematical analysis of HIV dynamic systems that include the quiescent
cell state.

Our paper is organized as follows: in the next section, we present our proposed



model, which incorporates the dynamics of HIV infection, quiescent cells, and the
immune response. We thoroughly examine the mathematical well-posedness of
the model in Section 3. Section 4 is dedicated to the study of equilibria, where
we analyze the Infection-free equilibrium and calculate the reproduction number.
Subsequently, in the following section, we delve into the stability analysis of both the
Infection-free and infection equilibria, shedding light on the long-term behavior of
the system. Furthermore, we investigate the existence of transcritical bifurcation, in
the subsequent section. In Section 6, we present our numerical analysis to validate
our theoretical findings. Finally, we conclude the paper with a concise discussion,
summarizing our key findings, highlighting the implications of our research, and
identifying potential avenues for future exploration.

2 Model derivation

The model is determined by the following system of equations:
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This is a within-host model represented by a system of ordinary differential equations,
where the state variables represent different components of the host immune response
to a viral infection. The variables and their corresponding meanings are as follows:

Q: quiescent cells, representing a dormant or inactive population of cells;

T: healthy activated cells, representing cells that have become activated in response
to the viral infection;

I: infected cells, representing cells that have been infected by the virus;
V: free virus, representing the number of virus particles circulating in the host;

Z: CTL (cytotoxic T-lymphocyte) cells, representing the number of immune cells
that specifically target and kill infected cells.

We denote by A the rate of influx of quiescent cells, g stands for the rate of transition
of healthy activated cells back to quiescent cells, and o for the rate of transition
of quiescent cells to healthy activated cells. We introduce the notations w1, pe,
and ps3 for the natural death rates of quiescent cells, healthy activated cells, and
infected cells, respectively. The notation (8 represents the rate of infection of healthy
activated cells by free virus. The rate of killing of infected cells by CTL cells is
denoted by p, while £ denotes the rate of production of free virus from infected cells.
We introduce p4 for the rate of clearance of free virus and ps for the natural death
rate of CTL cells. For the immune response equation, b is the parameter representing
the rate of production of CTL cells, and ¢ denotes the rate at which the CTLs are
stimulated and activated in response to the presence of infected cells. To model the



activation and proliferation of CTL cells, we use the function ;ﬂ_zl, where k is the

virus load required for half-maximal CTL cell stimulation [21I]. This function reflects
both antigenic stimulation and the export of specific precursor CTL cells from the
thymus, providing a more accurate representation of immune dynamics. Unlike the
traditional bilinear term used in earlier models [20], this saturating function better
captures the immune system’s behavior by considering non-cytolytic mechanisms,
where CTL cells control the infection without directly killing infected cells. The
parameter x plays a crucial role in balancing the immune response, reflecting how
CTL stimulation adjusts according to the viral load [21].

Table 1: Parameters of model .

Parameter Definition

A Rate of influx of quiescent cells
0 Rate of transition of healthy activated cells back to quiescent cells
o Rate of transition of quiescent cells to healthy activated cells
1 Natural death rate of quiescent cells
Ié] Rate of infection of healthy activated cells by free virus
2 Natural death rate of healthy activated cells
13 Rate of death of infected cells
D Rate of killing of infected cells by CTL cells
£ Rate of production of free virus from infected cells
L Rate of clearance of free virus
b Rate of production of CTL cells
Rate at which the CTLs are stimulated and activated
¢ in response to the presence of infected cells
K Represents the virus load for half-maximal CTL cell stimulation.
15 Natural death rate of CTL cells

The parameters of the model and their definitions are summarized in Table [T} while
the flow chart depicting the within-host dynamics of the model is shown in Figure [T}

3 Positivity and boundedness of the solutions

We begin our analysis of system by examining some fundamental properties of the
model. Firstly, we will show that any solution of , initiated from a non-negative
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Figure 1: Flow chart of the model

initial condition in RY, will remain non-negative. Specifically, we can see that

Q1 AL or >0 foral T >0,
dt |g=o
ATl 50 >0 forall >0,
dt |r=o
AN 81V >0 forall T,V >0,
dt l1=o
VI 750 forall I>0,
dt lv=o
dz
el )
i, =b>0

This proves that RY. is positively invariant with respect to system , meaning that
any solution of will remain in RS for all times.

We aim to show that the solutions of the system are bounded, under the
assumption ps > c. Let W(t) = Q(t) + T'(t) + I(t) + 52V (t) + Z(t), the derivative
of which can be computed as

W=0Q+T+i+5v+2
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where we define m = min {ul, pa, B, pa, ps — c} and £ = A +b. In particular, the
inequality uses the fact that p, s, Z(t) and I(t) are all nonnegative.

We can rewrite the inequality as W + mW < &, which is a linear ordinary
differential inequality with a negative coefficient for W. Hence, by applying the



integrating factor €™, we get:

W) < e (W(o) - 5) + &
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This implies that 0 < W (¢) < M1, where M1 = £, and thus 0 < Q(t), T'(t), I(t), Z(t) <
My and 0 < V(t) < M> for all t > 0, provided that the initial conditions satisfy
Q(0) +T(0) +1(0) + 52V(0) + Z(0) < M. Here, we have defined Mz = %.Thus,
we have demonstrated that the solutions are bounded. Consequently, we can assert
that the set

D={(QT,1,V,Z) €R% |Q+T+1+Z<3M, V< M}

is positively invariant.

4 Equilibria, reproduction number

4.1 Infection-free equilibrium point
To find the equilibria of , one has to solve the algebraic system of equations
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The unique infection-free equilibrium of can be calculated as

Apz + 0) Ao b
50 - 5 ) 07 07 I
pa(pz +0) + p2o’ pa(pz + 0) + pzo s

4.2 Basic reproduction number (Rg)

To determine the basic reproduction number (Rg), we use the next-generation matrix
method (see e.g. [25]). The transmission matrix f and the transition matrix v are

given by
| BTV | —usI —pIZ
f= [ 0 and v = €1 — iV .

The basic reproduction number is obtained from the spectral radius (dominant
eigenvalue) of F Vl_l, where F' and V1 are the Jacobian matrices of f and v evaluated
at the infection-free equilibrium point.

The matrices F' and V; for the model are given by

0 BAc
F = p1(p2+o)+puzo
0

__bptusps 0
Vi= ©s ,
3 — M4

and



hence,

_ BApsog _ BAc
FVv—!= na(bptusus)(p1(p2+e)+h20) pipa(pate)trapas |
0 0

and the spectral radius of this matrix can be calculated as
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4.3 Infection equilibrium

By solving the system of algebraic equations to find infection equilibria of 7 one
obtains
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If we replace these expressions into the second equation of , we get

Al + BI" +C =0, (4)

where
A= —B¢(u + o) (bp 4 p3(us — c)),
B = — B&(brp(p1 + o) + Ao(c — ps) + kpsps (1 + o))

+ pa(pa(pz + o) + p20)(ps(c — ps) — bp),

= pa(Ro — 1)(bp + paps) (1 (p2 + 0) + p2o) — BE(K(p1 + o) (bp + pspis) + cAo)
+ cpspa(pa(p2 + o) + p20),

C = BrApus0€ — kipa(bp + paps)(pa (p2 + o) + p20)
= rpa(bp + paps)(p1(p2 + 0) + p20)(Ro — 1).

We assume that ps > ¢ and Ry > 1, which implies that B? —4AC > 0. Under these
conditions, the equation has two real roots given by

;- ~B+VB?—4AC
- 24 ’
« —B — /B2 — 4AC

I+ = 2A .

s : * x _ kpa(1—Ro)(bptusps)(p1(pateo)tuzo) :
Additionally, since I} x IZ = 5E (a1 1) bpus s —0) < 0, it follows

that I} and I* have opposite signs, and It is clear that I7 > 0. Hence the system
has a unique positive equilibrium

E=(Q", T, I",V*,Z").
Alternatively, if ps < ¢ < % + pus and Ro > 1 , additional conditions are re-

quired to ensure equilibrium positivity. Under this condition, we enforce I} <

I = c“f:s. This guarantees the existence of a unique positive equilibrium & =
(Q*,T*,I*,V*,Z*) in system (]




5 Stability analysis
5.1 Local stability

In this subsection, we will examine the local stability of the equilibria identified
in the previous analysis. Our focus will be on the stability of the infection-free
equilibrium &y. The Jacobian matrix of system evaluated at the infection-free
equilibrium is given by

—p1 — 0o o 0 0 0
g —H2— 0 bpo - M(Mgi‘%:;*-uzl’ 0
J= 0 0 —@ =M Wmtetee 0
0 0 13 — s 0
0 0 e 0 — s

The eigenvalues of the Jacobian matrix can be calculated as
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A =g V20 (1 —pz+0) + (—i + p2 + 0> + 0% — 1 —p2 — o — 0} ,
4BAp2oE+ +o)+uz0)(bp+ _ 2
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5= —
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It is noted that these eigenvalues hold significant information about the stability of
the system, with negative eigenvalues indicating stability at the equilibrium.
Based on the expressions

2
(b +p2+o+0)7° - (\/20(u1—u2+9)+(—u1 +u2+9)2+02)
= 4(p1(p2 + 0) + p20o) > 0

and

/ABAZoE+ (1 (n2+ o)+ 120) (b5 (3 —12)) )2
Vi1 (pa+e)+uzo

= Apaps(1 = Ro)(bp + paps),

it is evident that all the eigenvalues are negative if the basic reproduction number Rq
is less than 1. This observation implies that the infection-free equilibrium solution
is asymptotically stable if Ry < 1.

We now analyze the stability of the infection equilibrium. The Jacobian matrix
of system at this equilibrium is given by

(bp + ps (pa + pa))”® — (

—p1 — 0O o 0 0 0
o —p2 —o— BV* 0 —BT* 0
Ji = 0 1% -pZ* —ps  PT” —pl”
0 0 3 —fta 0
cZ*k cI*
0 0 [CoH 0 FF—m



To simplify our analysis, we employ symbolic computation by reducing the number
of parameters. At the equilibrium point &1, the relation ps + pZ* = % holds.

Using this, we define the transformations oy = ﬁzé, a2 =0+ p2+ BV*, as = pl*,

z* I* .
Qq = (’L_T”)Q, s = s — #, and ag = BV* to obtain

—p1 — 0o ] 0 0 0
o —an 0 —al% 0

J2 = 0 (673} —Q1 (11% —Q3
0 0 3 — 4 0

0 0 (e %) 0 —Q5

The characteristic equation of Js is given by
N HaMN + 6N+ 6N+ &N+ & =0,
where

§1=a5+pa+ o+ a2+ o+ pa,
& =a1a + aras + a1 + @10 + asas + o + aops + ez + aspin
+ aspia + @50 4 pipia 4 pao + o (a2 — o),
& = a1oas + aroep + araspl + naso + ool + aeaso + cas i
+ o fia + Qopipra + azapin + Q3Qafpia + @340 + Qs b1 e + Qs a0
+o (a1 +as+aq) (a2 — o),
&4 = aroeasul + arosasiia + onoe il fd + Q10e a0 + Qa3 gt + Q23O flg
+ azos i1 fla + azoupinpra + asaupac + o (a1as + asas + paas) (a2 — o),
&5 = a1asas il fia + s a0 + Qo3 il fla + T3 f4 (Oéz - Q) .

Since ag — p > 0, it follows that &2, &3,&4,&5 > 0.
Algebraic calculations show that

&€& — &3 =P1 +o(az+ p1 +0)(a2 — 0) + aapa(ce — ag).

Furthermore,
£ — & (& — &éq)
&3 -6 &

1
Dy + araq (a2 — ag) + 0 (a2 + p1 +0) (a2 — 0)

X (3 + (a2 — ag) (aTazaspa + afaopipa + of i s

+20f aspipia + 207 aspao + Al aeps + of pips + @4

+ 0 (a2 — o) (ABaz + ol + o + alas + afasas + 3aiasps + 20 0

+ oz%ozwua + oe?oga + af/ﬁ + 305%;;1/14 + 204?;“0 + Saf;ma + ®5)).
Detailed but lengthy calculations (see Appendix) confirm the positivity of ®1, @2,
®3, ¢4 and P5. Although the expressions are extensive, we have thoroughly verified

that they are positive. Moreover, since as — ag = 0 + p2 > 0, we conclude that

€16 — & > 0 and & — &&f18) 5 ¢

Applying the Routh-Hurwitz criterion [27], which asserts that the number of roots



of the characteristic polynomial with positive real parts (right half-plane roots)
corresponds to the number of sign changes in the first column of the Routh array,
we find that the first column of the complete Routh scheme is entirely positive. This
indicates that all roots of the characteristic polynomial have negative real parts.
Consequently, the infection equilibrium point &; is locally asymptotically stable.

5.1.1 Global stability of the infection-free equilibrium

In order to analyze the global stability of the infection-free equilibrium, we will
use a matrix-theoretic method defined in a previous study by Shuai et al. [26]. To
apply this method, we need to calculate the matrices ' and Vi, which are given in
Section 4. Using these matrices, we can compute the following matrix:

1 bL 0
it = ( i ) :
buap+pzpaps  Ha
We will follow the notation introduced in Theorem 2.1 of [26]. This notation involves
defining x = (I, V) and y = (Q, T, Z) for the model we have

teayi= (102~ )4V (i 7))

By adopting this notation, we proceed by applying Theorem 2.1, which states that
if f(2,y) > 0 in a subset D C R%., along with the conditions F > 0, V;"* > 0, and
Ro < 1, then the function Q@ = wTV ™1z can be used as a Lyapunov function for the
model. In our case, we apply the theorem by defining Q = w” V" 'z, choosing w” as
the left eigenvector of the matrix Vle that corresponds to the basic reproduction
number Ry, and differentiating @) along solutions of to obtain

Q ="V =TV F - V) — 0TV f(x,y)
= (Ro—Dw'z—w' Vi f(z,y).
As seen above, the conditions F' > 0 and Vfl > ( are always true, but the condition

f(z,y) > 0 does not always hold. It is easy to see that the first coordinate is positive
if the conditions

Z(t) > o and T(t) < N
I pa(pz + 0) + p2o
hold. For the first condition, we have

dZ
— >b—usZ.
e =7
A simple comparison principle shows that Z(t) > Tbs for t large enough.

For the second condition, we consider the infection-free subsystem

dT
E:A+QT—UQ—M1Q7
d

d—?:UQ—QT—uQT.

We will show that all solutions of this subsystem tend to the equilibrium (Q*,T),

where A A
Q= _ Mpzto) and TF =20
pa(p2 + o) + pao pa(p2 +0) + poo

10



To do so, we use the Dulac—Bendixson criterion. This criterion states that if the
divergence of a continuously differentiable vector field on a simply connected region
does not change sign and is nonzero, then the system cannot admit periodic orbits
within that region. In our case, we introduce the positive function ¢g(Q,T) = %
defined in the region 7' > 0 and @ > 0. We compute the divergence of the vector

field multiplied by g as

. - Qo +T(p1 + o)

le(g . F) = —T

This expression is negative for all (Q,7T) in the phase space. Therefore, by the
Dulac—Bendixson criterion, there are no closed orbits and all positive solutions tend
to the unique equilibrium (Q*,T*). Again, using a simple comparison argument, we
obtain that T < T for t large enough.

5.2 Uniform persistence

In this section, we will show that the infection related compartments — the infected
cells I(t) and the virus particles V' (t) — will persist if Ro > 1. In order to state our
main result on uniform persistence of I(t) and V(¢), we will recall some theory from
[29].

Definition 1. Let X be a nonempty set and p: X — Ry. A semiflow ®: Ry x X —

X is called uniformly weakly p-persistent, if there exists some € > 0 such that

limsup p(®(¢t,z)) > € Ve € X, p(z) > 0.

t—o0

® is called uniformly (strongly) p-persistent if there exists some € > 0 such that

liminf p(® (¢, x)) > € Vo € X, p(z) > 0.
t—o0

A set M C X is called weakly p-repelling if there is no x € X such that p(z) > 0
and ®(t,x) > M ast — oo.

System generates a continuous flow on the state space
X :={(QT,I1,V,Z) €R}} CRY.

To keep our notations simple, we will aplly the notation = = (Q,T,1,V,Z) € X for
the state of the system. As usual, the w-limit set of a point € X is defined as

w(z) ={y € X : I{tn}n>1 such that t, = 0o, P(tn,x) = y as n — oo}.
Theorem 2. I(t) and V(t) are uniformly persistent if Ro > 1.

Proof. Suppose Ro > 1 and choose p(z) = I + £&V. Define the infection-free
subspace
Xo={z € X :p(x) =0} ={(Q,T,0,0,2) € R} }.

It is clear that Xy is invariant and that Q = Uzex, = {Eo}. Following [29]
Chapter 8], we first prove weak p-persistence. Define M; = {Ep}, then clearly
M, C €, it is isolated, compact, invariant and acyclic. To complete the proof of
weak p-persistence, applying [29, Theorem 8.17], we need to show that M; is weakly
p-repelling. Suppose the contrary, then there exists solution with its w-limit set

11



being Mj, such that I + kV > 0 with a constant k to be determined later. From
this convergence, we have that for ¢ large enough,

Ao

TE) > ———
®) p1(p2 + 0) + pao

b
—¢ and Z(t)< —+¢
Us

hold. Then, for ¢ large enough, we can estimate (I(t) + kV (t))" as

(I(t) + V(1) = BTV (t) — pal(t) — pI()Z(t) + k (§I(t) — paV (1))

BAo b
> <M1(M2+Q)+M20 - /85> V(t) - (FLS —|—p; —|—p€> I(t)

+ k(EI(t) — paV (1))
=K(I(t)+kV(t)) (5)
for appropriately chosen positive constants K and k. From the above calculations

we obtain that finding such positive constants K and k, enables us to estimate the
solution from below by the solution of the equation

(I#)+kV () = K(I®) +kV (),

which would contradict (I(t) + kV (t)) — 0.
Finding such constants K and k is equivalent to finding a positive eigenvalue K
with positive corresponding eigenvector of the matrix

bp BAc _
(_M?’ T s P WGmtotaec Ba) .
13 —Ha

As e can be chosen arbitrarily small, by continuity, it is enough to find a positive
eigenvalue with corresponding positive eigenvector of the matrix

BAo

e b2 BAc
M = ( M3 = s m(u2+9)+u20> .
3 — 4

As the off-diagonal elements of M are nonnegative, M is a Metzler matrix, so we
can apply [30, Theorem 11], which states that for any Metzler matrix A € R"*™, the
spectral abscissa n(A) of A (i.e., the maximum of the real parts of the eigenvalues
of A) is an eigenvalue of A and there exists a nonnegative eigenvector > 0,  # 0
such that Az = n(A)z. Hence, we only need to show that n(M) is positive if Ro > 1.
The characteristic polynomial of M takes the form

b b A
/\2+)\(f+u3+u4)+ PP 4 paga — PALo

I pi(pz + p) + p2o’

The first and second coefficients of the characteristic polynomial are positive, while
the constant term is negative if and only if Ry > 1. This is demonstrated by the
following proof:

BApso <1
pa(bp + paps)(pa (pe + o) + p20)
BAcE pabp + pspaps
>
(1 (p2 + 0) + p20) s
BAcE
(11(p2 + o) + p20)

Ro>1<

b
@ﬂ+ﬂ3ﬂ4_ <0'
U5

12



Therefore, if this condition holds, then, according to the Routh—-Hurwith theorem,
there exists an eigenvalue with positive real part. This implies the positivity of the
spectral abscissa n(M) and the corresponding eigenvector, hence, for ¢ sufficiently
small (i.e., for ¢ sufficiently large) we can find positive constants K and k such that
the equality holds, which implies the weak persistence of I(¢) + kV (¢) in the case
Ro > 1. Applying [29, Theorem 4.5], the uniform persistence of I(t) + kV (¢) follows.
Simple calculations yield the uniform persistence of I(t) and V (¢). O

5.3 Transcritical bifurcation at Ry =1

In the following, we use the centre manifold theory [28] to explore the possibility of
transcritical bifurcation in . To do so, a bifurcation parameter 8* is chosen, by
solving for 8 from Ro = 1, giving

5 = pa(bp + paps)(pa (p2 + o) + p20)
B A
ps0&

The matrix J1(€o, ) (which is equal to J1 at & with 8 = 8*) has one simple zero
eigenvalue and four negative eigenvalues.
To calculate the following formulas we introduce the notation z = (Q,T,1,V, Z),

5 9
a = Z Ukwiwj@?{):’;(&)’ﬂ*)’
k,ij=1 R
5
82fk *
= Z Ukwim(&)ﬁ )s

k,i=1

where w, v are the right and left eigenvectors of J corresponding to the zero eigenvalue
defined as follow:

be(pn(p2 + 0) + p20)” be(u(p2 + 0) + p2o) 7 be  beps

v=doo,—¢ 4ol
bp + psps

As v1 = v2 = v5 = 0 the derivatives of f1, f2 and fs are not needed. All second
order derivatives of f3 and f1 are zero, except for

w:{ rpso(bp + psps)  kps(pn + o) (bp + psps) kpE KpEE 1}

Pfs . Pfs
81‘28.’[4 o /B ’ 85E38$5 =P
82f2 AO’

9z40B  pi(p2 + o) + p2o’

Therefore, the quantities a and b are given by

oo o o) | pudts
(be)?Ao be(bp + pspis)

Kp3E? Ao
(bp + paps)bepa pa(pe + o) + poo
Based on these results, we can derive the following theorem.
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Theorem 3. A transcritical bifurcation of forward-type occurs at Ro = 1

To further illustrate the bifurcation dynamics, we present two figures. The first
figure [2| demonstrates how the viral load, V*, changes as the transmission rate, (3,
increases. The second figure [3] shows the behavior of the infected cell population,
I*, as a function of 3, incorporating two scenarios: one where the natural death
rate of CTL cells, us, exceeds the critical value ¢, and another where ps is below
c. These plots highlight how I varies with increasing (3, clearly demonstrating the
occurrence of a transcritical bifurcation at the threshold.

Plot of V* with respect to 8

—— Stable

—— Unstable
0.5

Bifurcation point

o. : 8

-1.0
0.0 0.5 1.0 1.5 2.0

Figure 2: Viral load V* as a function of the transmission rate 3, illustrating the system’s
behavior near the bifurcation point. The plot demonstrates how the viral load increases as (8
crosses the critical threshold.

Plot of I" with respect to g Plot of I" with respect to g

—— Stable —— Stable
0.8
—— Unstable —— Unstable
0.5

0.6,
Bifurcation point,

0.4 A

Bifurcation point
02 A

0.0 0.5 1.0 15 20 0.0 0.5 1.0 15 2.0

Figure 3: Infected cell population I as a function of the transmission rate 8. The figure shows
two cases: one where the natural death rate of CTL cells us exceeds the critical value ¢, and
another where us is below c. The transcritical bifurcation is visible as 8 increases.
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6 Numerical simulation

6.1 Time series analysis

In this section, we present time series analyses for two scenarios: Ro < 1 and Ro > 1.
The following plots show the time series of for these two scenarios.

Table 2: Model parameters and their values in Figures |4] and

Parameter Value for Fig. Value for Fig.

A 100 0.1
0 0.1 0.1
o 0.2 0.2
41 0.01 0.01
B 0.3 0.3
142 0.01 0.01
113 0.1 0.1
P 0.05 0.05
£ 10 0.01
[bg 0.1 0.1
b 1 1

c 0.1 0.1
K 50 50
145 0.05 0.05
Q(0) 10 10
T(0) 1 1

I(0) 10 10
V(0) 0 0

Z(0) 10 10

According to Figures E| and [5, when the basic reproductive number, Ro, is less
than 1, and when R is greater than 1. In the scenario where Ry is less than
1, we observed a distinct pattern in the time series analysis. The quiescent cells
exhibit a decreasing trend, eventually converging to a stable value. Simultaneously,
the number of healthy activated cells, representing cells that respond to the viral
infection, increases and converges to a steady state. The infected cells gradually
decrease and eventually diminish to zero, while the free virus particles initially
increase, reach a peak, and then decrease, eventually stabilizing. Additionally, the
immune response, represented by the CTL (cytotoxic T-lymphocyte) cells, shows an
increasing trend throughout the observation period.

On the other hand, when R is greater than 1, the time series analysis reveals
a different behavior. Quiescent cells exhibit an increasing trend, suggesting a larger
pool of inactive cells. In contrast, the number of healthy activated cells, representing
the target cells for viral infection, experiences a decreasing trend. The infected cells
initially increase, reach a peak, and then gradually converge to a stable value. Simi-
larly, the free virus particles display an increasing trend, reaching a peak value, and
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Figure 4: Time series plot for Ro < 1 scenario.
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Figure 5: Time series plot for Ro > 1 scenario.

16



subsequently stabilizing. Notably, the immune response, characterized by the CTL
cells, exhibits a consistent increase throughout the observation period, indicating an
intensified effort to combat the infection and control the spread of the virus.

6.2 Analysis of the reproduction number’s sensitivity

In this subsection, we carry out a sensitivity analysis to explore how different param-
eters impact the basic reproduction number, Ro. Using Partial Rank Correlation
Coefficients (PRCC) analysis, we can evaluate the influence of each parameter
on Ro. Parameters with positive PRCC values show a direct relationship, where
increasing them raises R, while those with negative PRCC values are inversely
related, meaning that an increase in their values lowers the reproduction number.
According to our results, displayed in Figure [ the natural death rate of CTL cells
(us) exerts the strongest positive effect on Ro, followed by the transition rate of
healthy activated cells to quiescent cells (¢). Meanwhile, the infection rate of healthy
activated cells by free virus () and the production rate of CTL cells (b) were found
to most effectively reduce Ro.

) ) [7] The rate of infection of healthy activated cells by free virus (8)
[— M The rate of influx of quiescent cells (A)
- | [[] The natural death rate of CTL cells (u5)
‘ Bl The rate of transition of quiescent cells to healthy activated cells (o)
[ W The rate of production of free virus from infected cells (5)

; [l The rate of clearance of free virus (u4)

S — [0 The rate of production of CTL cells (b)
| [0 The rate of killing of infected cells by CTL cells (p)
[ M The rate of death of infected cells (u3)

=. [[] The natural death rate of quiescent cells (u1)
»12.4 4".2 F\ nfz ”'4 “'( B The natural death rate of healthy activated cells (12)
I The rate of transition of healthy activated cells back to quiescent cells (o)

Figure 6: Partial rank correlation coefficients of parameters of model .

7 Discussion and conclusion

In this paper, we presented a comprehensive analysis of an HIV infection model that
incorporates quiescent cells and the host immune response. Our model, based on a
system of ordinary differential equations, captures the complex dynamics of viral
infection within the host, offering insights into the equilibrium states, stability, and
bifurcation phenomena. Through rigorous mathematical analysis, we explored both
the infection-free and infection equilibria, providing a detailed understanding of how
these equilibria govern the long-term behavior of the system.

The infection-free equilibrium represents the scenario where the virus is eradicated,
and our results demonstrated that this equilibrium is both locally and globally stable
when the basic reproduction number Ry is less than one. This implies that under
appropriate conditions, the virus cannot persist in the host population. Conversely,
when R¢ exceeds one, the system tends toward the infection equilibrium, which we
found to be locally asymptotically stable. This indicates that in cases where the virus
establishes itself, the infection will persist over time unless effective interventions
are implemented.
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Moreover, we identified a transcritical bifurcation at the critical threshold Ry = 1.
This bifurcation signifies a qualitative change in the system’s dynamics, where the
stability of the infection-free equilibrium is lost, and the infection equilibrium
becomes stable. This critical point plays a crucial role in determining the system’s
response to changes in parameters, highlighting the importance of maintaining
control over the reproduction number to prevent disease outbreaks.

In addition to the equilibrium and stability analysis, we performed a sensitivity
analysis, showed that ps and g increase R, while 5 and b decrease it.

Overall, our model provides valuable insights into the interactions between HIV,
quiescent cells, and the immune system, shedding light on the factors that influence
the persistence or eradication of the virus. The identification of the bifurcation point
and the sensitivity analysis provide useful information for designing interventions
aimed at controlling the infection.

In conclusion, this research has broadened our understanding of HIV infection
dynamics by incorporating quiescent cells and immune response mechanisms into
the model. Our findings reveal critical thresholds and parameter sensitivities that
can guide the development of more effective treatment strategies.
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Appendix

&

& (& — &)
&3 —&1-&

<((a5 + 1+ 0)as + ((os + pa)* + 20(0s + pa) + 02 + aspa — po) oz

+ (p1 + o) (03 + (11 + 0)as — po))ai + ((os + p1 + 0)ad

+ (205 + 4pnas + Bpaos + 2u7 + 207 + asoa + aspta + 3papa + (das + 4 + 3pa — p)o) o
+ (a8 + 4p03 + 3paos + 4pTas — aspacs + 6papacs + pf + 0° + 20647

+ (das + 3(p1 + pa) — 2p)0” + 3t s — oo pa + (403 + 8pras + 6pacs + 3pi — ospa

+ 6papta — (o5 + 21 + 3pa)p) o + 2asua(as + p1 + 0) )z + aspd + (a5 — p)o” + 20347

— agui + (203 + 3(p1 + pa)os — pas — 2pp — palas + 3p)) o’ + oz + Basptps

— aepipa — adaepa + 30 ps — 2050601 fia + (a§ + 4dp1ad + 3paai + 3pias

— 2061405 + 60 pracis — 2060 fra + aspap — (a5 + pa + 3pa)p) o + asou ((pa + 0)? + o g
+ as5(2u1 + pa +20)) ) of + ((asas + (as + p1 + o) (s + p1 + 2 + 0))as

+ (a‘;’ +4(pr + pa + 0)ad + (4/ﬁ + 8(pa + o)1 + 3pi + 40” + Spao — 2pa)a5

+pt 4 0° 4 aepd + Bpapd + (B + dpa — 2p)0” + dpfpa + (3p3 + Spapn + 3pi—

2 + p1a)p) o + o (205 + pn + pra 4 0) ) oz + (2(p1 + pa + 0)as + (4p7 + 8(pa + o)

+ 302 + 40% — agpa + 8pao — pa) ai + (2#? + (8pua + 60) 13 + (6,ui — 2ap 4 + 160144
+60°% — 4p0)p1 — agpa(pa +20) + 20(3;& — pa + 4o + o* — 2pa))a5 + 2(pa — p)o
+adoi + (p* — 4 + pa)p — apta + 3pa(2p + pa) )0 + pua (13 (201 + 3psa)

— a6 (pi + paps — p3)) — (= 6papalpn + pa) + (201 + dpaps + 3ud)p

+ acpa(2p + pa + p)) o + asoa (203 + dpnas + Bpacs + pf + 0 — aspa + 2 s

+ 2(2a5 + p1 + pa + p)a))ag + (ag + 2as + p° — s — 2(as + u4)p)03

+ (@3 + (Bpa + 4pa — p)ad + pa(—as + 61 + 3pa)as — 2(2p1 + pa) pas — aspra (31 + pa + p)

3

+p( =303 — dpapa + p1p) ) o® + (s + ) (47 + 2041 — aspa) a3

+ pa (203 + Bpraps — aepia) s — aspapea(pn + pa)) + (2(p1 + pa)os

+ (3uf + 8papn — ppn + 3p3 — aspia) of — 2(cs — g ) palpa + pa)as

+ (aspa — 21 (1 + pa))pas — pra (pa (21 + 3pa)p + o6 (3t + 2papn + ppa — pap)))o
+a5ad(p + pa + o) + asas (0 + (Bp1 + pa + 2p)0” — aspac + pa (3 + 2(pa + p))o
+ (1 + pa) (pf — cepia) + 03 (21 + pa + 20) + as (21 + (3pa + 40)p1 + 207

+ pa(oe +2p4) + 3#40)))061 + (asaaas + (as + pa)(as — p) (e — P))03

+ (asouas(as + 3p + pa + 2p) + (o5 + pa) (p1p” — (a5 + 2p105 + pa(2p1 + p1a) ) p

+ aspa(as + 31 + pta)) )o” + as(aso + pa(as + p1)) (i + pa) (asoa + pa(os + pa))
+ (as(asou + palos + pa)) (s + o5 (2 + pua) + 1 (3p1 + 2p4)) — pa (o5 + pa) (03
+ pros + pa(pn + p1a)) — 2030a05) p) o + as(sauas + (o5 + pa)(as + p1 + o) (p1 + pa + o))
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+ aj (asouas(as + i + pa + ) + (as + pa) (0 + (2as + 3p + 2pa — 2p)0”

+ (a5 + 4pnas + 3pacs + 3uT + pd + dpapis — (o5 + 201 + pa)p)o

+ (s + p1) (g1 + pa) (s + pa + pa)) ) + a2 (a3as0d + asas (0 + 2(as + i + pa + p)o

+ (p1 + pa)(2as + pa + u4))oz4 + (as + u4)((a5 + pa — 2p)0” + (a§ + 3u1as + 3paas + pi

+ 0%+ Bpapa — 2(as + 2p + pa)p)o? + (201 + pa) — p)od + (3uT + Gpapn — 2pp1 + 2ui) as
+ papia(3pa + 2pa) — (207 + 2papn + p2) p) o + (s + pa) (pin + pra) (pa pia

+as(p + u4))))> / ((az +as 4+ 0)ai + (03 + 2(as + g1 + pa + o)z + af + asas

— aspta + 205 (p1 + pa +0) + (p1 + o) (p1 + 2p4 + U))oq + aspi + aspd + g
+ (a5 + pa — p)o” + azaaas + aipun + Qb + pipa + 205 pa + (as 4+ pa)(as + 2p1 + pa)o

— p1po + as(as + pr + pa + o) + az((as, + p1 + pa)? 4 20 (s + pn + pa) + 0% — pa)>
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