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1 Introduction
Human immunodeficiency virus (HIV) is a simple form of virus that affects the human
body, and it primarily targets CD4* T-cells. Viruses, in general, are the infectious crea-
tures that have no reproductive ability by themselves. They depend on a host for replica-
tion to begin. HIV viruses carry a copy of their RNA that needs to first be duplicated into
DNA [1]. Furthermore, once the DNA virus has been copied into these host cells, new
virus particles must also be assembled at the host cell surface [2]. The maturing for these
new particles might occur gradually without impacting that host cell, or it quickly erupts
and destroys the host cell [3, 4]. Antiretroviral therapy (ART) would intend to inhibit that
activity for different HIV viral proteins and consequently hinder the viral replication cycle
[5, 6].The drug based on the inhibitor of reverse transcriptase (RTI) is an obstacle to the
reverse transcription of viral DNA and prevents a productive infection of the host cell.
Protease inhibitor (PI) drugs aim to suppress protease activity and prevent the develop-
ment of mature viruses. The combination of reverse transcriptase inhibitor and protease
inhibitor is more effective to treat HIV patients.

Mathematical modeling can contribute to the study of antiviral infection treatment and

increase knowledge about the virus transmission rate [7, 8]. Numerous models of viral
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infections are discussed in the literature for HIV dynamics [9]. The immune system CTL
plays a vital role in protecting against HIV and this ability prevents the reproduction of
HIV [10]. Hence many mathematical models examine viral infection in conjunction with
CTL responses [11-13]. To resist viral infection, both CTL immune response and strong
antibody neutralizing are necessary for an effective vaccine [14, 15].

In [16] Wodarz suggested a model depicting the relationship between CTL and antibody
immune responses. The global analysis for this model was provided by Yousfi et al. [17].
Yan and Wang included the intracellular delay in the cell infected model and analyzed the
global dynamics effect of the delay [18].

The mathematical study is needed for an integrated view of the dynamics of viruses for
delayed models [19-21]. Several models have been suggested with a time lag in triggering
the immune reaction when the body is infected with the virus, which is called immuno-
logical delay [22-24].

In [25] Dubey et al. described the dynamics of infection by HIV involving available drug
therapies, reverse transcriptase inhibitor (RTI), and protease inhibitor (PI) that includes
uninfected CD4" T-cells x(t), infected cells y(¢), free virus v(¢), and CTL immune response
C(t), and antibody A(t). The non-linear differential equations of the first order are as fol-

lows:

. X
X=A+ rx<1 - —) = Xox — B(1—ny)xv,
X

¥ =B -n)xv— 8oy — w1Cy,
;/:NSO(I—np)y—Slv—szv, @
C=a1y+ u1Cy— oG,

A = VA — oA,

@190 + 1%
H1o ’ Hio
Here, A is the production level for uninfected CD4* T-cells, Ag is an uninfected CD4*

where 8 = 8} + o =af
T-cells mortality rate, r is the maximum rate of proliferation, g is the infection rate of un-
infected cells by the virus, x,, = xm,x is their carrying capacity, 7, is the rate of inhibitor
reverse transcriptase therapy to destroy infected cells, and 7, is the rate at which the pro-
tease inhibitor therapy blocks the infection, 8} is the infected cell mortality rate, N is the
number of particles of virus produced by the cell infected, §; is the rate of virus removed
from the body by natural factors, «y is the rate of produced CTL immune response, (L9
is the deplete rate of CTL. oz% is the stimulated rate of CTL, u; is the rate at which CTL
interact with the infected cells, w; is the level of CTL interaction removed from infected
cells. w, is the rate at which antibody gets stimulated, 1o is the deplete rate of antibody
due to increase in virus particles. w; is the reduced rate of virus with antibody interaction.

In this study, we implement a time delay to illustrate the CTL response model. The gen-
eration of CTL due to antigenic stimulation requires a period of time 7 and the response
to CTL in time t that depends on an antigen population in the previous time ¢ — 7 for a

time lag T > 0. The model suggested by incorporating immune response delay in CTL is
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as follows:

. x
xX=\+ rx<1 - —) = dox — B(1—n,)xv,
x

m

¥ =B -n)xv - 8oy — 01Cy,

1./=N80(1 —1p)y — 81V — o Av, 2
C=a1y+mCt—1)y(t - 1) — n10C,

A = [aVA — uA.

The primary objective is to analyze the impact of immune reaction delay in the dynamics
of (2) together with reverse transcriptase inhibitor and protease inhibitor and show the
impact on the stability of the delay in the immune response.

We start with some notes that are used in the sequel to our study.

Let C = C([-7,0], R%) be the Banach space of continuous functions mapping the interval
[-7,0] in to R, where R® = (x,y,v,C, A).

The initial conditions are given as follows:

x(0)=¢1(0)=0,  y(0)=2(0) =0,  v(0)=¢3(0) =0,

C(@) = ¢4(9) = 0, A(Q) = ¢5(9) > 0! 0e [—T,O],

where ¢;(6) € ¢! are smooth functions for all i = 1,2, 3,4, 5.

The solution (x(£), ¥(¢), v(£), C(¢), A(2)) is easy to recognize from the basic theory of dif-
ferential functions of (2) with the initial conditions as mentioned above which exist for
all £ > 0 and are unique [26—28]. It can be shown that this solution exists for all £ > 0 and
stays nonnegative. In fact, if x(0) > 0, then x(¢) > 0 for all £ > 0. The same argument is true
for y,v,C, and A components. Hence, the interior Ri is invariant for system (2).

The basic reproduction ratio Ry of model (2) is defined by

_ IBN(]‘ - ch)x

R
0 5

0
where . =1-(1-7,)(1- 7719)-

2 Stability of viral free steady state (/o)
Theorem 2.1 If Ry < 1 then the viral free steady state 1y is locally asymptotically stable.

Proof The viral free steady state of system (2) is Iy(xo,0,0,0,0), where

arn
X0 = @[(r_xon (r = o) + L}
2r X

m
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The characteristic equation of I, is given by

-h-¢ 0 -Brxo 0 0
0 -8 — & Bixo 0 0
0 Nisy —6,-¢ 0 0 =0
0 0 0 —p10—§ 0
0 0 0 0 20 — &
where
2 4r
h:<ﬁ_(,ﬂ_k0)>:\/m>0, N1y =N(1-np)
X Cm
and
(& + h)(& + o) + Mlo)[82 + (80 + 61)& + (801 — ﬁ1N180x0)] =0. @)

From (3) we get & = —h < 0,& = —pugp < 0,& = —uyo < 0; if Ry < 1 then 881 —
B1N160x0 > 0.

Thus, the eigenvalues of (3) have negative real parts. Hence the viral free steady state of
(2) is locally asymptotically stable. d

3 Stability analysis of infected steady state (/*) and existence of Hopf
bifurcation
Theorem 3.1 If Ry > 1 then (i) the infected steady state I'* of system (2) is locally asymp-
totically stable for v = 0;
(ii) Time delay T crosses the critical value 1o, then system (2) undergoes Hopf bifurcation
at the infected steady state I*.

Proof The infected steady state I*(x*, y*, v*, C*, A*) of (2) is given by

oo e n1oC* _ Ni8opay™ — 8120

= M g
2 ap + uC* W20@2
cr 2 Bt + s
20 ’
X 4ri
Xt = 2—':|:f+ [f2+ x—:|,
m
where
B
f=r—»Xx - Lucty hy = pliopawi,
“2

hy = Bipaoprx™ — 8o 1o, hs = Biuoarx”.

The uninfected CD4* T cells (x*) can achieve a steady state value by resolving the equa-

tion

r
—x*? (—r+A0 + ,31@>x* -1=0.
Xm w2
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The immune response (C*) can obtain a steady state value by solving the following equa-
tion:

2
01C* propts + C* (Soptrotta — 1 (1 = n,)x* fa20) = B(L = n,)x" ooy = 0.

The characteristic equation of I* is given by

r_%—)to—ﬁllﬁ—é 0 —Br1x* 0 0
Biv* ~(80 +@1C*) - £ Bix* —w1y* 0
0 Ni8o —(81 + wA¥) - £ 0 —wV*
0 i C*e 87 + oy 0 wiy et —pio—§ 0
0 0 Mo A* 0 MaV* = oo — &
-0,
where
2rx*
b1 =r—- - )\0 - ﬂlv*’ b2 = _,le*’ b3 = ﬂlv*; b4 = _(80 + w1C*)’

m

bs = —w1y", be = N13, by = —(81 + wA”), bg = —wyv, by =, C%,

bio = o, b1 = 1y, b1y = —p10, b1z = A", b1 = pav* — pao.
This is equivalent to the following equation:

£+ kiE* + koE? + ka8 + kak + ks + e T (LEY + & + [E> + LE +15) =0, (4)
ki =-b1—by—b; — b1y — b1a,
ky = b1b12 + babig + b7b1g + b12b1a + b1by + bi1b7 + b1b1g + baby + bybrs
+b7b14 — bgbi3 + bybe — bsbio,
k3 = =b1bab1 — b1b7b12 — b1b12b14 — babrbry — babrabry — byb1abiy
= b1byb7 — b1byb1s — bib7bra — babrbiy
+b1bgbis + bgb1ab13 — b1babg — babeb1a — babsbiz + bibsbig + bsbrbig
+ bsbiobia — babsbe + babgbss,
ks = b1bab7b1s + b1bab13b14 + b1b7b12b14 + bab7b12b14 + b1bab7b14 — b1babgbys
— b1b12bsb13 — babgbi2b13 + b1bybebiy
+ b1bybeb1y + babebiabis — b1bsb7big — b1bsbiobia — bsb7b1obia
+ bsbgb1ob13 + bybsbebia + babsbebny,
ks = —=b1bab7b13b14 + b1bsbgb12b13 — b1b2beb12b1a + b1b5b7b10b14
= b1bsbgbiobis — babsbebiabia,
L ==bu,
ly = b1b11 + bab11 + b7b1y + biibis — bsb,
I3 = =b1bab11 — b1b7b11 = b1b11b14 — babrb1y — bab11b1s — b7b11b1a

Page 5 of 15
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+ bgb11b13 — bybebr1 + b1bsby + bsb;bg + bsbgba,
ly = b1b4b7b11 + b1bab11b14 + b1b7D11b14 + bab7b11b14 — b1bgb11b13
—babgb11b13 + b1bobebr1 + bybeb11b14 — bi1bsb,bg
= b1bsbob1s — bsbrbobiy + bsbsbobis + babsbebis,
ls = —b1bab7b11b14 + b1b4bgb11b13 — b1bybeb11b14 + b1bsbrbobiy
= b1bsbsbobis — byb3beby1b1s.

Case (i). If Ry>1and 7 = 0.
If 7 = 0 then equation (4) becomes

E5 4 Y + o83 + usE? + gk +us = 0. (5)

Here, u1 = ki + [, uy = ko + by, u3 = k3 + I3, 14 = ky + Iy, s = ks + Is.

According to the Routh—Hurwitz condition (i) u; > 0,i = 1,2,3,4,5; (ii) u1uous > u3 +
wing; (iii) (1 ua — us) Uyt us — u3 — uiug) > us(uruz — us)? + uyu?; hence all the roots of (5)
have negative real parts, and therefore the infected steady state I* is locally asymptotically
stable.

Case (ii). If T #0.

If T # 0 then the bifurcation parameter for the delay in immune response when analyzing
the existence of Hopf bifurcations starting from infected steady state I*.

For 7 > 0and & = ip(p > 0), substituting it in to (4) and separating the real and imaginary
parts, we get

(Iip* — l3p? + I5) cos pt + (=lyp® + Iyp) sinpt = (ki p* + kap? — ks)

(=Lp? + Lup) cos pt — (Lip* — 3p? + I5) sinpt = (—p° + kop® — kup) (©)

It follows from (6) that

PO+ cip® + cop® + cap* + cap® +¢5 =0, (7)

where

a=ki-2k -8,  cy=ki+2ky—2kiks + 20105~ 13,

c3 = k3 + 2kyks — 2koky + 2Lply — 2115 — 12,

Cy = kZ — 2ksks + 2l3ls — 12, C5 = kg - lg.
Let m = p?, then equation (7) becomes

m® + cym® + com® + cam® + cam + ¢5 = 0. (8)

Let v (m) = m® + cym®* + com® + cam® + cam + ¢35, since lim,,_, o0 ¥ (1) = +00, we conclude

that if ¢s < 0, then equation (8) has at least one positive root. Suppose that (8) has five
positive roots. We have

p1=/my, P2 = /My, P3 = /M3, Pa = /My, Ps5 =/ Ms.

Page 6 of 15
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From (6) we have

N | apd + aopl + asp* + awp? +a
r,f’) =— {arccos( 1198/( 2p6k 312( 4172,( > ) + 27T]'}» 9)
Pk APy + a7py + aspy + agpy + djo

k=1,2,3,4,5,j=0,1,2,...;
where

a; 212—/(111, a =k3[1 +k113—k212—l4,
as = k4lz + /(2[4 - k511 - kglg - /(1[5, a4 = kglg + kgl5 - k4l4,
as = —k515, ag = l%, a; = l% — 2[1[3, ag = lg + 2[1[5 — 21214,

ag = ZZ — 2[3[5, alp = lé

7o is chosen as 79 = min(r,’(‘).\X/e need to prove that [%]Z_rg) Z0.
Tk

By differentiating equation (4) with respect to 7, we get

dg £ T(LE + hE® + 13E2 + 4& + I5)
(i)

3 -1 ~ SE* 4 4k E3 + 3koE2 + 2k3E + kg
(dl') - 56_§T(11§4+12€3+13§2+l4§+15)
+ 4[1%‘3 + 3[2&'2 + 213§' + l4 _ E (10)
ELEY+ hE3 + E2 + L +15) &
[d(Reé)]_l R [(554 + 4k E% + 3koE? + 2ksk + ky)efT }
dt 0| ELE T b+ e+ hE+ls) .0

'L'='L’k

41153 + 3[252 + 2[35 + l4, (11)
-

* Re[s(hs‘* ThE + 8 + LE +15)

Substituting & = ip to be the root of (4), we obtain

1
= { [(5192 - 3k2p,2( + k4) cos(prti) — sin(pktk)] (lgpﬁ - l;;pi)
+ [(5]9% —3kopi + k4) sin(pgti) + (—4k1p,3; + 2k3pk) cos(pkrk)] (llp,i —bLp; + l5pk)

+ (—BIzpi + 14) (lgpﬁ - L;pi) + (—4llp,3( + 213pk) (llp,f - lgpi + l5pk) },

where,

A= (bpt-Lp?)’ + (Lp} - bp} +15pY)
1
= {(5p% - 3kapi + ka)pic((Lpi = lapi + Is) cos(pitic) — (Lipy — lsp + Is) sin(pii))

+ (—4k1p2 + 2k3pk)pk((llp2 - lgp,z( + 15) cos(pxtk) — (lzpi - l4pk))

+ (=3Lp; + L) (bp} - lap}) + (—40p} + 2Lspi) (hpy - lapi + Ispr) }

1
= Z { (5]9% - 3/(2[712( + /(4)]0/((—192 + kzp/% - k4pk)

- 5E% 4+ 4k E3 + 3koE2 + 2ksE + ky + €57 [(401E3 + 31082 + 2z +1y) — T(1EY + LES + [3E2 + Lk +15)]

Page 7 of 15
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+ (—4kyp} + 2kspi) i (—kp + kspy — ks)
+ (=3bp; + ) (bpy - py) + (-4hp; + 2L3pi) (Lipy - l3p} + lspi) }
1
= Z{5pll<0 + 4([(% - 2k2 — l%)Pl% + 3(/(% + 2/(4 - 2k1k3 + 2[1[3 — l%)pg
+2(K2 + 2k ks — 2koky + 2oly — 20115 — B)pk + (k2 — 2ksks + 2315 — 12)p? )

1
- Z{519,1(0 +4c1p + 3copt + 2e3p7 + C4p,2(}

= % {5m + deym, + Beymy + 2c3my + ca )

=k

=V mo),

g AREE] o [AReDTT L TYIma]
8 Tar L0 T L0 g A '
K K

Since my, A >0 and ! (mg) # 0.
This completes the theorem. d

4 Estimation of length of delay to preserve stability

Lemma 4.1 (Nyquist criteria) IfL is the arc length of a curve encircling the right half-plane,
the curve P;(L) will encircle the origin the number of times equal to the difference between
the number of poles and the number of zeros of Pj(L) in the right half-plane.

In this section we shall try to estimate the length of delay to preserve the stability using
Nyquist criteria [29-31].

We consider system (2) and the space of all real-valued continuous functions defined on
[-7,00). satisfying the initial conditions on [-7,0].

Let X(t) = x(t) —x*, Y () = y(£) — y*, V(£) = v(t) —v*, W(¢) = C(¢) — C*, Z(t) = A(t) — A*.

Linearizing (3) about its steady state /*, we obtain

(o) - [—xo o ﬁlv*}X(t) ~ B VD),

Y() = B X(®) - (80 + 01 C*) Y(0) + Brx* V() — wny* W (8),
V(t) = Nubo Y () — (81 + wpA*) V(£) — anv* Z(8), (12)
W(t) = an Y(t) = iaoW(0) + i C*Y (¢ - 1) + y* Wt - 1),

Z(6) = 1AV () + (uav* — o) Z().

Let P, = (—)\o +7— et _ ﬁlv*)’PZ = _ﬁlx*’

Em
Qi = V", Q2 =—(80 + @1 CY), Qs = fix", Q4= -1y,
Ry = N1do, Ry = —(31 + 60214*), R3 = —wyv",
T =0y, T> = — 10, T3 =, C*, Ty =p1y"

Uy = A, Uy = (uav* = 1120).
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Equation (12) becomes

X(£) = PLX(0) + P,V(2),
Y(t) = QuX(8) + QY (8) + Qs V(1) + QW (),
V(E) = Ry Y (£) + Ry V(D) + R Z(8), (13)
W) = Ty Y(®) + ToW (@) + TsY(t - 1) + TaW (- 1),
Z(t) = Lh V() + Up Z(8).

Taking the Laplace transform on both sides of (13), we obtain
sL[X ()] - X(0) = PLL[X(8)] + P,L[ V(2)],
LIY@®)]-Y(0) = QL[X(0)] + QL[Y ()] + QsL[V(®)] + QL[ W ()],
sL[V(D)] - V(0) = RiL[Y(8)] + RoL[ V(8)] + RsL[ Z(2)],
sL{W@®)] - W(0) = T1L[Y(8)] + ToL[W(2)] + T3¢ L[ Y (¢)] + T3¢ Ki(s)

+ T4e L[ W(2)] + Tae " K(s),
sL[Z()] - Z(0) = UL L[V (®)] + ULL[Z(2)],
where Ki(s) = [°. et Y () dt, Ka(s) = [ e W/(£) dt.
The local asymptotic stability of the infected steady state I* according to the Nyquist

criterion is given by

Im H(ipo) > O, (14)

Re H(ipo) =0, (15)
where py is the smallest positive root of (15) and
H(s) = s° + kys* + kos® + kgs® + kys + ks + €7F (1134 418 + 1387 + lys + 15).
From (14) and (15) we have

kipg — kspg + ks = —(lipg = I3pg + Is) cos(poT) — (=L2p5 + lapo) sin(poT), (16)

g —kapg +kapo > (lipg = I35 + Is) sin(pot) = (~lapy + Lapo) cos(poT). (17)
Conditions (16) and (17) are the smallest conditions to ensure stability. We will use these
to obtain an estimate of the length of delay. Our goal is to find an upper bound p, on py,
independent of 7, and we estimate 7 equation (17) holds for all values of pg, 0 < pg < py4.

Maximizing the R.H.S of (16)
Subject to | cos(ppt)| <1 and |sin(pe7)| < 1, we obtain

kipg < kspg — ks + il pg + 113105 + 15| + 1121 03 + 14l po- (18)

It is clear that py < p,, where p, is the least positive root of (18).

Page 9 of 15
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From (17) we have

sin(po7)

Lo

,03 > kng —ky + 11/03 sin(poT) — 3,00 Sin(poT) + I
+ 1103 cos(pot) — Iy cos(poT).
Substituting (16) into (19) yields
(klll,og —kily + llpgL - 13,03 + 15) (cos(por) — 1)

kil .
+ <k111p§ —kilspo + ;—5 ~bhLpg + l4po> sin(po)
0

< (—ll)ﬂg + (ks —kiko — kily + 13),03 + (kiky — ks — I5 + kil4).

By using the bounds
(i) (kilpg = kila+ bpg = I35 + I5) (cos(poT) — 1)

) T
- (klllpg —kily+lipy — 305 + l5)2 sz(%)

2
T
< 2(/(111/03 — k114 + llpg - lspg + [5) <p%)

1
< E(llpg +(kili = I3)pg + (Is — kila) pd) T°.

kil .
(ii) (hhpg —kil3po + % —bhpy + 14,00) sin(ooT)
0

kil
< (hhpg —kil3po + % —bpy+ 14,00),007
0
< ((kly - L) pg + (la — kil3) g + kils)T.
In (20) we obtain B;t2 + B, T < B3, where

1
B, = 5(11,08 + (kih = I3)pg + (Is = kL) pg)

By = (kily — b)pg + (la — kals) pg + kals,
Bg = —11,03 + (k3 - k1k2 - klll + 13);03 + (k1k4 - /(5 - 15 + kll4).

. —Bo+/B2+4B1B e s
Hence if 7, = 20V 5P then the stability is preserved for 0 < 7 < 7,. Therefore, we

2By
get Theorem 4.1.

Theorem 4.1 If there exists a delay in 0 < T < T, such that Byt? + Byt < Bs, then t, is
locally asymptotically stable, the delay length for the infected steady state I*.

5 Results and discussion

We exhibit some numerical assumptions with respect to our hypothetical investigation
which are done in MATLAB. Using the following parameter values

A =10, Ao = 0.055, 63 =0.24, 81 =3, B =0.002,

(19)

(20)

Page 10 of 15
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Oll1 = 001, MHi10 = 0755, MU20 = 0.1, MH1 = 003, Mo = 001, Ny = 057,

np =0.38, wp = 0.05, wy =0.5, N =100, %, = 1500, r=0.3,

we get the infected steady state I*(x*,y*,v*,C*,A*) = (1222.89,21.8376,10,4.4869,
63.6732). From (8) and (9) we obtain 79 = 1.102 and Ry = 21.7348 > 1. In case that the
delay moderately increases from zero, at that point the infected steady state I* is locally
asymptotically stable for v € [0, 7p) (by Theorem 3.1) which is outlined in Fig. 1. In any
case, the delay crosses the critical value 7y = 1.102,the infected steady state I* loses stabil-
ity and undergoes Hopf bifurcation, which is illustrated in Fig. 2. The proposed demon-

stration suggests that as the response of antibody often evolves as possible in free virus
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Figure 1 The phase diagrams of system (2) being asymptotically stable when T =0.9
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Figure 3 The phase diagram shows that the neutralizing antibody converges to a certain extent after the
regulation of free viruses and infected cells

response, then the level of non-infected CD4* T-cells increases with a time delay as shown
in Figs. 3 and 4.In the meantime, the level of infected CD4* T-cells and free virus decreases
as shown in Figs. 5 and 6.
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6 Conclusion

In this study, the dynamics of an HIV infection model were analyzed and described by
comprising the CTL response delay according to mathematical analysis. We have shown
that the reproduction ratio Ry plays a crucial role for inferring this model dynamics. The
calculation of Ry in an infectious disease transmitted by blood or sex is more complicated.
Several mathematical models have been proposed to explain the rate of spread of the in-
fection. An account should be taken of the window period and HIV pathophysiology. Bet-
ter integration of modeling into the decision-making process is desirable to improve the
effectiveness of interventions and the knowledge of health professionals [32].

Both the viral free steady state and the infected steady state of the HIV model are ascer-
tained. If Ry < 1 then the viral free steady state is locally asymptotically stable, and if Ry > 1
then infected steady state is locally asymptotically stable in absence of delay. Based on the
model of differential delay, we evaluate Hopf bifurcation requirements using time delay as
the bifurcation parameter. This shows that a positive steady state is locally asymptotically
stable when the time delay is relatively small, whereas a Hopf bifurcation may cause a loss
of stability as the delay increases. Using the Nyquist test, we also get that the maximum
delay value to the infected steady State I* will remain asymptomatically stable. Finally, it
can be concluded that an antibody immune reaction and the combination of drug efficacy
are important to reduce the potential for HIV infections through numerical simulations.
Maintaining stability may be the goal to prolonging patient survival, but exposes them to
transmission risk. It is interesting to know the duration of the asymptotic period for sub-
sequent consequent clinical evaluations. Dynamic HIV transmission models can provide
evidence-based guidance on optimal combination implementation strategies to treat and
prevent HIV/AIDS [33].
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