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Abstract

A modified mathematical model of the Human Immunodefi-
ciency Virus (HIV) pathogenesis with cytotoxric T lymphocytes
(CTL) is introduced in this paper. This model includes a sat-
urated rate function describing the viral infection. It is shown
that the disease free steady state is globally asymptotically sta-
ble when the virus basic reproduction number is less than one.
The existence of two other infection equilibria is established
when the virus basic reproduction number is greater than one.
The global stability of these endemic equilibria depends on the
basic reproduction number and a CTL immune response re-
production indicator. Numerical simulations are performed
to illustrate the behavior of solutions and the effectiveness of
CTL cells. Moreover, a comparison of the model fitting with
some clinical data sets and its implications are also presented.
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1 Introduction

The human immunodeficiency virus (HIV) is a virus that gradually weakens the
immune system. It is considered as the main cause for several deadly diseases
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after the resulting acquired immunodeficiency syndrome (AIDS) is reached.
After that the immune system fails to play its life-sustaining role [1,2].

Indeed, it is well known that the cellular immune response, also called the
cytotoxic T-lymphocyte (CTL) response, play an indispensable role during the
HIV viral infection, the effect of the CTL which attacks and kills the infected
cells [3,4].

The basic viral infection model with CTL cells was first studied in [5] and its
global stability was studied in [6,7]. Noting that CTL cells are responsible for
the abrupt decrease HIV virus load after a sharp increase during the primary
infection phase [8-11]. In [12], the authors consider the interaction between
CTL, viruses and macrophages and study the global stability in a model with
mass action infection term. With saturated infection term, the same mathe-
matical question was tackled in [13] with a model consisting of four ordinary
differential equations with Beddington-DeAngelis infection term.

More recently the model describing the interaction between the HIV viruses,
CD4™" T cells, infected cells with a standard incidence rate function describing
saturated viral infection is formulated and studied in [14]. The authors study
the local and global stability of the endemic states and illustrate that their
model can fit well with some clinical HIV infection data sets. In this paper,
we extend their work by incorporating the cytotoxic T lymphocytes (CTL)
immune response. The dynamics of HIV infection with CTL response that we
consider is given by the following nonlinear system of differential equations:

(. oy B kll'(t)v(t)
o kwx(t)u(t)
y(t) = m — dyy(t) — py(t)z(t) (1)

0(t) = ay(t) — dsv(t),
L2(t) = cy(t)z(t) — bz(t).

With the initial conditions x(0) = x¢, y(0) = yo, v(0) = vy and 2z(0) = z.

In this model, x, y, v and z denote the concentration of uninfected cells,
infected cells, free virus and CTL cells, respectively. A is the rate of production
of the susceptible host cells CD41 T cells , and d; is atural mortality of healthy
cells, k; is the average of infection, dy is the death rate of infected CD4+ T
cells, not by CTL killing, p is the clearance rate of infection, a is the rate of
production the virus by infected CD4+ T cells , d3 is the death rate of virus,
c is the activation rate CTL cells and b is the death rate of CTL cells.

The paper is organized as follows. The next section is dedicated to present-
ing the mathematical model. In section 3 we calculate the steady state of our
model, followed, in section 4, by the global stability of the model. In section
5, we compare our model with clinical data. We conclude in the last section.
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2 Mathematical model

The theoretical analysis to epidemic models and dynamical systems [15-18]
shown that time delays play a crucial role to the dynamical properties of the
HIV infection models. In order to study the influence of time delay on the
spread of HIV, we have illustrated the following model:

(1) = A — dya(t) — %

i) = S DIEET) )~ pa)s(0) )
0(t) = ay(t — m) — dsv(t),

L2(t) = cy(t)2(t) — bz(1).

where 77 represents the delay in the production of productively infected cells

and 7, represents the delay in the production of virus. Note that this model
kizv

as in

(2), employs the more realistic standard incidence rate function

[14,19,20] which better describes the rate of viral infection.

With the initial conditions of model (2) are given by z(0) > 0, y(0) > 0,
v(f) > 0 and 2(0) > 0 for 6 € [—p,0], where p = maz(m,72). It can be
shown that the solution of model (2) with positive initial conditions will remain
positive. In order to prove the boundedness of the solutions of the model (2),
let us the function:

x4+ v

d
T(t) = x(t) +y(t + 1) + ﬁv(t S T) ]E?z(t ).

Then using the equation of (2), we get

dr

d dod pb
()= A= dix(t) - gy(t +7) — %v(t +74 ) =t + )

d
where o = min(dy, ?2, ds, b). Therefore, we have

A
limsup T'(t) < —.
0

t—+o0

Hence, all solutions of the model (2) are bounded for sufficiently large t.

3 Steady states

A
The system (2) has an infection-free equilibrium £y = (d—7 0,0,0), correspond-
1

ing to the maximal level of healthy CD41 T-cells. Based on its biological defi-
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nition, the basic reproduction number Ry is the product of a virus’ maximum
average lifetime infection production I times the average lifetime virus pro-
duction V of an infected CD41 T-cell. Tt is easy to see that I = ky/ds, while
V' = a/dy. Therefore

ak1
Ry=1V = —. 3
0 0ods (3)
Mathematically, system (2) may have three equilibria in addition to the disease

free equilibrium. The first endemic steady state is £y = (21, y1,v1, 21), where

)\RO d3
N = = (Ry—1 — 0,
ki(Ro— 1) +di Ry’ =gty m (Ro — D)z, =

T

The second endemic steady state is Ey = (22, Yo, U2, 22), where

A — (dl + kl)vg + \/()\ — k1U2)2 -+ dﬂ)g(dlvg + 2\ -+ 2/4111}2)

Ty = 2d1 ;
b a
= - Vo = —
Y2 o’ 2 d3y2
)
12(—216‘1 - d2) — davo
_ Yo
Z9 =

p(xs + v2)

The third endemic steady state is F3 = (x3, y3, v3, 23), where

/\ — (dl —f- k)l)vg — \/()\ — kﬂ)g)z —|— d1U3<d1U3 + 2)\ + 2]{311}3)

I3 = 2d1 )
b a
= — Vg = —
Ys o’ 3 d3y3
v
$3(—3k1 - dz) — davs
_ Ys
zZ3 =
p(z3 + v3)

Since z3 < 0, this last point has no biological meaning and hence it will not
be studied below.

In what follows, we will make use of the following CTL immune response
reproduction number Rery to classify the model system dynamics.

1
cu )\Cngo(l - ﬁo)
RCTL = T = 1 .
ab(d1 + ]{31(1 — —))
Ry

Observe that the second endemic state 5 exists when Ropp, > 1. This endemic
state is also called an interior equilibrium.
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We explain the existence of this endemic equilibrium as follow. We recall
first, that in this state both the free viruses and CTL cells are present. As-
sume that Ry > 1, in the absence of CTL immune response, the infected cell

Ad3Ro(Rg — 1)
akl(Ro — 1) + CLleO.
(2), CTL cells reproduced due to infected cells stimulating per unit time is

AdsRo(Ry — 1
" klc( Rz _0(1> (—]l- " d1> e = cy;. The CTL load during the lifespan of a CTL cell
. C)\ngo(Rg — 1)
is

abk:l (RQ — 1) + abd1R0
the endemic equilibrium FEj.

load per unit time is Via the fourth equation of model

= Ropp. If Rerr, > 1, then we have the existence of

4 Global stability results

In this section, we study the global asymptotic stability of the steady states us-
ing the method of Lyapunov function construction. For this reason we consider
the function

F(z) =2 —1—In(z),Yx > 0.

Note that F(x) > 0,Vz > 0 and that F(z) = 0 if and only if x = 1. We
consider the positive real numbers x1, o, ..., x,, then

l—z;4+Inx;,=—F(x;) <0, Vi=1,..,n

By summing for ¢ = 1, ..., n, we get:

n—ixi—klnﬁxi <0,
i=1 i=1

if we take z; = Zﬁ, we will have
n—zzﬁ—klnH&SO, (4)
— q; i
=1 =1

when [T, pi = [T72, @i (TT2, By ), we will have
qi

n—i]ﬁgo.

im1 i

First, we will study the global stability of the disease-free equilibrium.

Theorem 4.1 If Ry < 1, then the disease-free equilibrium Ey is globally
asymptotically stable, for any delay 7 > 0, 5 > 0.
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proof We would like to show lim; . (y,v,z) = (0,0,0). To this end, we
consider the following Let the following Lyapunov functional:

d t
Li(z,y,v,2)=y+ 2o+ /ﬁ/
a for T

The time derivative is given by:

. d
Li(z,y,v,2) :g)+—21')+k1 (
a x

I
+dp (y(t) —y(t —m2)) +
_ kx(t)u(t)  dods
T z(t)+o(t) a

< aelt) - 2u(r)
< 2% (B, 1) u(t

If Ry < 1; then ﬁf < 0 Moreover, L’f < 0 when v = 0. The largest compact
invariant.
E ={(z,y,v,2) € Rf|v =0}

According to LaSalle’s invariance principle, lim;_, . o, v(t) = 0, the limit system
of equations is:

T=\— dll'

y = —doy — pyz

z=cyz — bz

We define :

1 T
;Cf(ZL‘,y,Z) :517_0 (x_mo_l'olnm—o) +y+§2’

Since g = d—/\l, then

: r b
‘Cf(xayaz) :dl (2_ - = _0) _d2y_ p_za
To T c
Since the arithmetic mean is greater than or equal to the geometric mean, it
follows

T X
2-——-2<0
Zo T

Therefore £ ¢ < 0 and the equality holds if z = xy, y = 0 and 2z = 0, which
complete the proof.
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Theorem 4.2 If Ry > 1 and Rerp, < 1; then the endemic point Ey is globally
asymptotically stable.

proof Let the following Lyapunov functional:

T datn Y
L y Y9 Uy =4 = - d +y— - In =
1(z,y,0,2) =0 — 1y /ﬂc1 Teruvn UTY—Y1—Y Ilyl
U+ vq
ds v P
+—(v—v—vln—)+ =2
a U1 c
TV t z(&)v T+ v
+k1 11 / F (5) (5) 1 1 )df
1+ v Jio, rivy x(§) +v(&)
t
[ P e
t—7o n
The time derivative of this functional is given by
: d1U1
Li(z,y,v,2) = —————(x —21)?
0. 2) = (e )
v v xrtv r+v
+d2y1(—1——+— - 4 )
v, v T+ T+ v
T, T+ z(t—m)o(t—T T+ v
+d2y1(4——1 1 U ( 1)( 1) 1 1
xr T+ v Y 101 x(t_Tl) +U(t_7—1>
Yt -—m)u oz tv +ln(x(t—71)+v(t—71) r+v y(t—Tg))
Y1v T+ v v z(t—m)+v(t—m) y
b
+p2(y1—g),

this fact, implies that

d
£1($7yvvaz) = - 1o

COET

— (dy + ko)1 (UIJE:J;)?;){; v))

L (4_ﬂx+vl it —m)u(t —7)
2 T T+ v Y

T+ 0

Yyt —m)u ztw

nv T+ U

b
+ pz(y1 — 5)

11

z(t—1)+v(t—1)
N ln(a:(t —1)v(t — 1)

T +v

v

x(t—m)+o(t—m)

y(t — 7_2) ))

Y
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Taking p1 = @1(z +v1), p2 = y1(z(t —7)v(t— 7)), p3s = y(I — 2)v1, pa = T+,
¢ = x(z1 +v1), ¢ = y(x10v1), g3 = Y1V, g4 = x + v; and using the inequality
(4) for n = 4 | we obtain

goTrtu yia(t —7)o(t —7) T+ v oyt —m)u
T T +v Yy 101 x(t—11) vt —m) Y1v
_:c+v+ln(x(t—71)+v(t—71) T+ v y(t_T2>)§O

T+ vy T z(t—7)+o(t—7) Y

b .
Also when Rerpr < 1, we will have y; — — < 0; which means that £; < 0,
c

and the equality holds when x = z1, y = y1, sv = v; and z = z;. By the
LaSalle invariance principle, the endemic point FE; is asymptotically stable
when Ro > 1 and RCTL < 1.

Theorem 4.3 If Ry > 1 and Rerp > 1, then the endemic point Es is globally
asymptotically stable for any delay 7 > 0, 75 > 0.

proof Let the following Lyapunov functional:

T daya + py2zo

EQ(%y,v,Z):w—:rz—/ du+y—yz—yzln£

2 kyuvy Y2
U + vy
d
+ M(v — Uy —vzlnﬁ)
a (%
+ 1—9(2— 29 — 221113)
C zZ2
¢
T1Vg z(§v(€) o+ vy
b / F d
ot o T e 2@ 0@
¢
+ (days —H?yzzz)/ F(ﬁ)dé
t—To Y2

The time derivative of this Lyapunov functional is given by
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. ) T+ vy, . .
£2(x7y7vaz) =T — (d2y2 +Py222) 2 QI‘HJ— %y
1LV
doy + pzo . .
a v
b 22 .
+ C(z Zz)
C ToUg F(x(t—ﬁ)v(t—ﬁ) Ty + Uy )
o + Vg ToUs z(t—1)+o(t—7)
TV T9 + Vg Yy
- F + (days + pyazo) | F (=
(xQUQ T+ )) ( 2Y2 T PY2 2)( <y2)
y(t — 1
)
Y2
Then,
. dqv9 v VXy+vy T+
Ly=————(x—x9)>+ ((do + k)i + poz2) | =1 — — + — +
2 a:(:z:2—|—1)2)< 2)" + ((d 2)y> + Py2) Vg Vg T4 T+ vy
To T + Vg Y2 l’(t—T1>U(t—7'1) To + Ug
+ ((da + ko)yo + pyazo) | 4 — — - =
(( 2 2)92 PY2 2)( T Ty + Uy y Tty x(t—ﬁ)—l—v(t—ﬁ)
Yt =T T 4w +ln(x(t—7'1)+v(t—7'1) T4 y(t—T2))
YoV T+ vy v z(t—m7)+o(t—m7) y '
Hence
. divs x(v — v7)?
Lo=————(1—29)* + (day2 + pyz (—
2 .ZU(.ZE2+U2)< 2) (d2y2 + py222) vo(x 4 o) (z + )
To T+ Vg ygx(t—ﬁ)v(t—ﬁ) To + U9
4 (doys + pyoze) (4 — 2212 2
(doy> + pyo 2)( T To+vy Y TV x(t—m)+ov(t—m)
Yt —m)vs  wtw +ln(x(t—7'1)—|—v(t—ﬁ) r+v y(t—Tg))
YoV T+ Vg v z(t—7)+v(t—1) Yy ’

Taking py = z1(z +v1), po = yi(@(t —1)v(t —71)), p3 = y(t —T2)v1, P2 = T+,
¢ = x(z1 +v1), @2 = y(x101), g3 = Y1V, @4 = x + v1 and using the inequality
(4) for n = 4 | we obtain

g B2t prlt-—njult-n) T2 + V2 Yt —7)v
T X2tV Y ToV2 z(t—7) +o(t—m) YU
_x+v+ln(x(t—71)+v(t—71) T+v y(t—72)>§0

T + Vg v z(t—m)+o(t—m) vy

which means that ﬁQ < 0, and the equality hods when x = x5, ¥y = 39, v = v
and z = z5. By the LaSalle invariance principle, the endemic point Fs is
asymptotically stable when Ropp > 1 and Ry > 1.
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5 I
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Figure 1: Behavior of the infection for the first patient during the first 120
days for A = 11.537, d; = 0.08, k; = 0.022, dy = 0.3, d3 = 0.25, a = 5000,
p =0.04, c =0.25 and b = 0.002.

5 A clinical data based application

Define the following objective function

T = 3" (Gog(u(t) ~ log(@(t)))*,

i=1

where v(t;) represents the virus concentration at time ¢; using the mathematical
model and 0(t;) represents the virus concentration clinical data at time ¢;.

The numerical simulations are performed and compared to three first pa-
tient data [21]. The authors took data for patients 1 and 2 from the University
of Washington study [11].

Figure 1 shows the evolution of the infection during the first 120 days for
the first patient when Ry = 1.48 x 10> > 1 and Reprr = 1.23 > 1. We
remark that the viral replication fit better the clinical data. Indeed the error
is approximately J =~ 2.23 x 1072,

Figure 2 shows the evolution of the infection during the first 150 days for
the first patient when Ry = 1.22 x 10> > 1 and Rorr, = 1.07 > 1. We
remark that the viral replication fit better the clinical data. Indeed the error
is approximately J ~ 5.91 x 107!,
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Figure 2: Behavior of the infection for the second patient during the first 150
days for A = 11.537, d; = 0.07, k; = 0.08, dy = 0.1, d3 = 0.2, a = 800,
p = 0.0024, ¢ = 0.0035 and b = 0.02.

6 Conclusion

In this paper, we have studied the model of the Human Immunodeficiency
Virus (HIV) dynamics in the presence of the immune response which is rep-
resented by the cytotoxic T lymphocytes (CTL) cells. The model includes a
saturated infection rate in order to better describe the viral infection. The
positiveness and the boundedness of solutions are proved; which is consistent
with biological studies. Also, we have studied the stability of both disease-free
and endemic steady states. The disease free steady state is globally asymptot-
ically stable when the basic reproduction number is less than unity (Ry < 1).
The existence of two other infection steady states when Ry > 1 is established.
The global stability of these infection steady states depend on the basic repro-
duction number Ry, the CTL immune response reproduction number Rcopy,.
Numerical simulations are performed in order to show the behavior of infection
during the days of observation. It was shown that the model can fit the clinical
data.

7 Open problems

There are some open problems that can be considered as future directions of
this present work. For example, one can consider a logistic growth for the
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uninfected cells and study the stability of each steady state and to perform
the numerical simulations. Also, one can consider the same problems with
spatial diffusion of the free viruses. This latter can be studied by some suitable
Lyapunov functional and the numerical study can also be interesting.
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