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1 Introduction

In 1984, researchers discovered the primary causative viral agent of AIDS, called the
human immunodeficiency virus type 1 (HIV-1). HIV-1 belongs to the family of retro-
viruses, whose genetic material is RNA. HIV-1 is transmitted by direct inoculation during
unsafe sexual contact, transfusion of contaminated blood or blood products, sharing of
contaminated needles [2H4].

There are two ways in which viruses move between cells, which are known as cell-free
and cell-to-cell infections. In order to eradicate the virus, antiretroviral drug therapy
(ART) involves the simultaneous administration of two or more antiviral drugs [518].

Recently, some clinical studies conducted in vivo showed that infections originating
from cell-to-free virus decrease strongly in the presence of certain antiretrovirals, whereas
infections involving cell-to-cell spread are markedly less sensitive to the drugs. Different
mathematical models have been used to study the dynamics of HIV infection including
these two transmission pathways [8].

In a previous paper, Kouche et al. [1] proposed the following model:

%f) = A+ pT(t) — aQ(t) — ueQ(1),
%t) = aQ(t) = (1L =T (OVi(t) = pT(1) — prT (1),
0 (1)

: dat (L= T@)Vi(t) — pr-T*(t),
dgt(t) — W T (t) — pyVi(),

which incorporated a class called quiescent cells (), which are a class of CD4™ cells of
the immune system that cannot be infected by the virus. In this model, it was assumed
that the immune system maintains activated the quiescent cells at a rate a and returns
to the quiescent state at a rate p.

In this paper, our aim is to highlight the combined transmission effect of both cell-
free and cell-to-cell virus spreadings through a new model derived from model and
including reverse transcriptase inhibitors (RTI) for both transmission pathways. We
assume that the transmission spreads from infected cells and free virus to only activated
cells through direct contact. Denote by @ the compartment of quiescent cells, T are the
healthy activated cells, T are the infected cells, V; is the free infectious virus and Vi
is the non infectious virus. Then the model we propose is

%@) = A+ 0T (1) — aQ(t) — noQ(t),

dﬂ?) — aQ(t) — (1 = )T Vi(t) — (1 — 1) BT(HT*(t) — pT(t) — prT(t),
dTT’;m = (L= mTO)Vi(t) + (1= ) BT(OT*(t) — p-T*(8), ¥
d‘zt(t) = wpp-mT*(t) — py Vi (1),

%é(t) = (I = wpreaT*(t) — py Vi (1),

where ¢ > 0 is the time. A is the rate at which new quiescent cells are produced.
The death rates of quiescent cells, healthy cells, infected cells and virus are denoted
by pq, pr, -, v, respectively. As in model , we denote by a the activation rate
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of Q cells and by p the rate of reversion to the quiescent state. [ denotes the rate of
transmission of the infection by cell-to-cell mode. 7 is the number of virions produced
per one infected cell.

From a mathematical point of view, the use of RTTs will reduce the force of trans-
mission of infection via cell-free and cell-to-cell channels through the parameters 7; and
12 which represent the drug effectiveness for both cell-free and cell-to-cell infections,
respectively.

In Section 2, we compute the basic reproduction number Ry of model and we
find that Ry is the sum of the basic reproduction number Ry, determined by cell-free
virus infection and that determined by cell-to-cell infection Ry,. Further, the local and
global stability analysis of both free and endemic steady states is given in terms of Rj.
In Section 3, we introduce a delay 7 in model , which represents the incubation period
of the infection. We give the local and global stability analysis of the delay model for
both free and endemic steady states. In Section 4, we give some numerical simulations
and determine the region of eradication of the infection with respect to the effectiveness
of the RTIs drugs. Our simulation results demonstrate that the delay has no effect on
the quiescent cells @ but reduces the peak of the viral load and expands the eradication
region of the infection. Further, we find that the cell-to-cell infection is less sensitive
to RTI drugs than the cell-free one, which allows us to think that cell-to-cell spread
is probably an important factor which leads to therapy failure and contributes to the
persistence of the viral load. Finally, we end the paper by a conclusion.

2 The ODE Model

2.1 Local stability of equilibria

Since the four first equations in system do not depend on the last equation, the system
can be reduced to the following one:

dQ(t) =X+ pT(t) — aQ(t) — uoQ(t),

=00 — (1= mnTOVI() — S T (0 = pTO =T,
) (1 )y TOVI®) + B~ m)TOT*(0) — T 1),

= qu*ﬂT*(t) — /va](t).

We can see that system has one free steady state Ey = (Qq,Tp,0,0) given by

Alp+ pr) oA
Qo = , To= :
apr + ppQ + HQHT apr + pp + HQHT

First, we compute the basic reproduction number Ry of model by using the method
of the next-generation matrix [9). Therefore

Ry = Ro1 + Roo,

where Ry, = LZ”WTO and Rgo = /3(1*7;7*2)% are the basic reproduction numbers
corresponding to virus-to-cell infection and cell-to-cell transmission, respectively.
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Clearly, if Ry > 1, then system has one positive endemic equilibrium

E = (Q,T,T*,V;) with

A((1 = m) ywrpr + B(1—n2)puy) + ppy pr-

@:
(a4 pq) (L —m) ywrpr- + B(1 —n2)pv)
T — Hv T
(L= m) ywrpr- + f)’(ll —2)1v) \ ,
_ (8% JE— QAAWTT
TF=— """ (1-=), Vi=—"  (1-—).
pr= (o + pQ) Ry v (a+ o) ( R0>

The characteristic equation of system around (Q,T,T*, V) is given by

P(Q)= ((+a+pug)[(C+ 1 —=m)yVi+ B —n)T* +p+ pr)
x{(¢ = B —=nm2)T + pr=) (¢ + pv) — wrpr= (1 —n1)yT'}
+B(L = n2)T (¢ + pv) (1 =) YV + B(1 —n2)T™) (4)
Fwrpgs (1 —m)yT (1 =) YV + B(1 —n2)T™)]
—ap{(¢—B(L —=n)T + pr-) (C+ pv) — wrpr- (1 —m)yT}.

Theorem 2.1
(i) If Ry < 1, then the free equilibrium Eqy is locally asymptotically stable.
(ii) If Ry > 1, then Ey is unstable.

Proof. The characteristic polynomial P (¢) at Ey = (Qo, T0,0,0) takes the form

P Q) ={C + (a+pg + p+ pr) ¢ + apr + puq + poir}
x {<2+MT* <;‘V +1M>C+uvuw <1Ro>}. )

T+ =

B —n2)To
HT*
two polynomials are positive, and by the Routh-Hurwitz theorem, we conclude that all
roots of have negative real parts. Hence Ej is locally asymptotically stable.

If Ry > 1, since

If Ry < 1, we have (1 - > (1= Rp) > 0. Then all the coefficients of the

P(0) = pvpr- (e + po)pr + pug) (1 — Ro) <0,

further P (¢) — 400 as ( — 400, by continuity, we conclude that P has at least one
positive real root. Thus Ey is unstable. We now turn to prove the local stability of the
endemic equilibrium F.

Theorem 2.2 Assume that
(1 —=m)ywrpr- + B —n2)pyv > Bur-.

Then if Ry > 1, the endemic equilibrium E = (@, T,T*771) 18 locally asymptotically
stable.

Proof. The characteristic polynomial P ({) at E = (@, T, T*,vj) has the form

P(CQ) = ¢+ a1® + ao(® + az( + au,
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where
[ alwr (1 — « +alB(1 —
a; = a+uQ+p+uT+< m (1 —m)yur A( 772)#1/) y
: ) prspy (e + Q)
Il a%
][ )
A ARO (1 ) KT ,U/V)\ﬂ(l(]_ — 371) YWT T = —‘Eﬁ(l — 772)/1“/
adwr (1 — -+« —
az = M) YHr n2) v L— — | tur(a+pg)+ qu}
My = Ry
a4
+ |+ v — B =2 }
( ) (1)\7 7711) YWT T+ + ﬂ(l ; 7]21)/1,‘/
QAAWT — « + —
x |+ g +p+ pr + (1 —m)vpr B( ng)uv>
pre v (@ + pQ)
X

L L)eetiom Ly
(1 RO) - (o + Q) ! Ry)]’
as = [MT* +py — B(1—n2) =l

(1 —m) ywrpr + B(1 = n2)pyv

adwr (1 — « +aAf(1l — 1
y K (L m)ypr- + 0Bl () LN ) +qu]
K1y Ry

+ KO‘AW (1 —=m) ypr~ 4+ aAB(1 — m2)py + a?AB(1 — 1) + aAB(1 — nz)ucz) x

(a+pq)
(o) :

ag = (@dwm (1 —m)ypr- +arB(l —n2)puv) (1 - 1;()) .

We prove that
A; >0, 1=1,2,3,4,

where
2
Ay =a1,Ay = ajaz — a3, Az = a3y — ayas, Ay = a4Az.

Thus, by the Routh-Hurwicz theorem, E is locally asymptotically stable.

2.2 Global dynamics of the model

In this section, we focus our attention on the global stability of both free and endemic
steady states of system . We first prove the existence of a compact absorbing set for
system . Define the set

A AW i+
¢ {(Q’T’T*’Vﬁ ERL: Q+T+T" < 2andV; < WWT}
K Hv

where = min (uq, pr, pir-) -

Proposition 2.1 For any positive solution (Q (t), T (t),T* (t), Vi (t)) of system (3,
we have

)\ A *
(i) limsup F (t) < =, limsup V (t) < AT

, where F (1) =Q (t) +T (t) +T* (t).
o s s (1) = Q1) +T (1) +T* (1
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(i) ltlgl_ﬁglon (t) > my, ltlgn inf T (t) > ma, where

—+oo

A a

(a+ o) ((1 )

a+pg’ AWT g

3 .
++p+,UT)
I

We now turn to prove the global stability of the free steady state Ej.

Theorem 2.3 If Ry < 1, then the free steady state Eqy is globally asymptotically
stable.

Proof. We first prove that the set

B = {(¢71/)7975) GRiifﬁﬁQoﬂl)STo}

is positively invariant for the system (3). Let (Q(t),T(t),T*(t),Vi(t)) be a positive
solution of system . As we have

d
9 A4 T —aQ - 1@,

— < —pT — prT.
di <aQ—p 2y

Define the linear cooperative system

dQ = ~
E = A+ T — aQ — pqQ, ()
dr ~ ~ ~
. =aQ - pT — prT.
o a@ — pT' — pr
By the comparison principle, we have

Q) <Q(t), T)<T() (7)

for all ¢ > 0. Further, since @ is cooperative, it follows that Q (t) < Qp and T(t) <Tp
for all solution (Q,T) of system @ such that Q(0) < Qo and T'(0) < Tp. By inequality
(7), we conclude that

Q) <Qu, T(t)<Tp

for all ¢ > 0 such that Q(0) < Qg and T'(0) < Tj. Define now the function

(1—m)y
122%

w(t)=T"+ ToVr.

Since Ry < 1, the derivative of w along the trajectories of gives

dw wm (1 — .

o (1 =) YTVi 4+ B(1 — ) TT* — pp=T* (t) + ( M7‘7/1) YHT
—(L=m)"To Vi

< /6(1 — ’172)TOT* — UT*T* (t) +

= g (Ry—1)T* <0,

ToT*

wr (1 —m)
124%

BT o e
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w is then a Lyapunov function on B. Define now the following set:

Ez{wwﬁaeBzﬁﬂ¢ma@=@,

and denote by M the largest set in F which is invariant with respect to system .
It is clear that (Qo,7s,0,0) € M, and thus M is not empty. Let (¢,v,0,£) € M and
denote by (Q (t),T (i, T*(t), Vi (t)) the corresponding solution. By the invariance of

d
M, d—f =0, and by GE) T* (t) = 0 for all ¢ > 0. The fourth equation of (3) implies then
that V7 (t) — 0 as t — 400 and hence Q (t) — Qo, T (t) — Ty as t — +o0o0. Now, by
the invariance of M, Q (t) = Qo, T (t) = Tp. Therefore, M = {Ep}. Finally, since Ey
is locally asymptotically stable, the LaSalle invariance principle |10] implies that Ey is

globally asymptotically stable. To prove the global stability of the endemic steady state
E, we use the method of the Lyapunov function. To this end, we define

A = aQ(L> 0, o
= — — aA
B = pTQ - pmgg —amy — puprme + B(1 — )M T + pupT + ———+
my Qo (a+ pq)

+a)\w7r (1—m) 'yTQ
mapy (@ + pQ)

co— _ a\ ou\mr(l—m)fyT <0.

(a+pg)  mapy (a+pqQ)

)

Theorem 2.4 Assume that Ry > 1. Then E = (@, T,T*,v]) is globally asymptoti-
cally stable if

— VB2 —4AC < p < —B+B? _4AC
24 =0 = 24 '

Proof. Define the Lyapunov function as

L= (Q—Q—ng>+<T—T—Tm§>
+<T*—T* T L )+(1_"1)7T<V,—V,—V,1nvf).
134% Vi

It follows from system that

N AN ) TN, Q=) (VI
P a(-g)er (i) ) 01y, (1)
AT —aQ- MQ@( ) (= ) ATVy — B(1 — )T
—pT — prT) ;) + (L =m) TV + B(1 = n2)TT* — pr-T™)
Y

T~ (1—m)v= Vi
1—— )+ ——=2"17 ol — V 1-—=
( T*) wy (w'uTﬂ— Hv I) 1%}

as . .
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N—VVI, and

Sl
|

since F is a steady state of system and pup-T* =
[y por=
(1 = n)ywmpr- + pv B

, we obtain from the precedent equation that

L = w+qu(lgf+aQ(2TT)

T T

(1 —m) ywrpp- ) —

+ 1) T+ (1= TV,
((1 —m) ywrprs + py B(1—n2) liT (L =m)yIVi

(3 TV,T* T*V; T>+ T@ Q (10)

s e N S X _ X
v v, 1) oo

—aQ+aQz — prT + (1 —m)TT" + prT = B(L = ) TT* + pr-T*
21 =)y TVi+ Q=) VTV %.

As
T T TV T* *
, T Ty g TV T T,
T T TV,T* T*V; T
we obtain
. _ 0 @ T T T
L < pT'=—-pT'=—aQ+ aQ= —purT + (1 —n2)TT* + purT
Q Q T ( ) (11)

— — S __T
=B =) TT* + pr- 1% = 2(1 =) yIVi + (1 = m) YT Vi .
Let € > 0 be chosen later. Proposition [2.1| implies that there is T, > 0 such that

mi=m; —e< Q) <Qo+e=Qf,
ms =mg—e<T(t) <Ty+e=Tg, (12)
T*(t) < My +e= M, t>T..

By and , we obtain
_ _ e
Lyt — amf +aQh 2 — prms

1 0 (13)

o _ 1 o
B = m) MT + pr T + pp- T + — (L =) 7T V7.
2

L<pT

T, (=) adwry— 1
Since % = Ry and (1 —m)~yTVr = MT (1 - > , we can derive from

pv (@ + pq) Ro
that
. *Q € @ € € € € e
L < meE—pmg — —amj +aQf Ro+? — prms + (1 —n2) BMT
1 0

_ _ T2
+un T+ a (1 1 )+ adwr (1 —m)~yT (1 1 )

(@+pe) \  Ro)  mspv (a+pq) "~ Ro
< g [aQino (Ro+ 5 ) + (T2 = pms - = ams = prms + (1 = ) BMT
° T m§ Q5

T+ al n adwr (1 — nl)'yTQ) - ad  adwr (1—m)yT?

(a+pe) mspuy (@ + pq) a+ pq) mspv (@ + pe)
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By the hypothesis of Theorem we have AR% + BRy + C < 0. Then we can choose
€ > 0 small enough so that

L<o0
for t > T.. Further, by , L= 0 if and only if @ = QT =T,T*=T* V; =V, the
LaSalle invariance principle [10] implies that E is globally asymptotically stable.

3 The Delay Model

To take into account the incubation period of the infection, we modify, in this section,
the model by introducing a discrete delay 7 by assuming that cells become infected
T times after initial infection. To this end, we propose the following system:

B Aol (1)~ 0@ (1)~ naQ (1),
T 6@~ (L= m)AT (W) Vi (1)~ 60— )T ()T (1)~ T (1) — T (1)
T = emmm (L) (1) Vi =) 4 B0 )T (=) T 1)
_MT*T* (t) )
WO per () — Vi (1)
(14)
with the initial conditions

Vi(0) =¢a(0), 0€l-70],

where ¢; € C ([-7,0],Ry) with ¢; (0) > 0, i = 1,2, 3, 4. It is well known by the theory of
functional differential equations [11] that system — has a unique positive solution
(Q(t), T(t), T*(t), Vi(t)) defined for all ¢ > 0. As in the ODE model, it is easy to see that
system has one free steady state Ey = (Qo, 7o, 0,0),

Alp + pr) A
Qo = , Ty = )
apr + pp + HQHT apr + pp + HQHT

The basic reproduction number is then given by (see [12])

1— —Tm « (1 — —mT
Ry = B0 = m)pve ™ + wrpr- (1= m) e ™ (16)
K= v

If Ry > 1, system has the endemic steady state E = (@7 T, T*, 7[) given by

A(wrpgs (1 —m)ye ™ + B(1 — na)uve™™™) + pur=pv
(o + pq) (wrprs (1 —mi)ve™™™ + B(1 — n2)uve=m)
_ Hr=pv
B W= (1 - 771) yeT T + ﬂ(l — ng)uve_Tm’ (17)

T ale” (1_1>7 V- alwre” (1_1)-
pr (o + pQ) Ry pv (o + pg) Ry

Ql
[

N
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3.1 Local stability of equilibria
3.1.1 Local stability of the free equilibrium
The characteristic equation of system around F = (Q,T,T*,V;) is

PC) = [(C+a+pe)C+ @ —n)yWVr+B(1—n)T" +p+pur) — ap)
X [(¢ =B =n)Te™™e™T + pr-) (C+ pv) —wrpr- (1 —m)yTe e 7]
+(C+ atp) {B(L—n)T (1 —m)yVie ™ e + B(1 —na)T e e ™<7)
(¢ + pv) Hwmprs (L—=m)yT (1= m)yVie ™ "e™7 + B(1 —m2)T e T™e 7) }.
(18)

Theorem 3.1 1. If Ry < 1, the free steady state Ey is locally asymptotically stable
for all T > 0.
2. If Ry > 1, Ey is unstable for all T > 0.

Proof. At Ey = (Qo,T0,0,0), the characteristic equation takes the form

PE) = [+ (a+pg+p+ur)¢+aur + pug + popr] X
(¢ =B —n2)Toe"™™e " + pp+) (¢ + pv) — wrpr- (1 — m)yToe” "me 7]
= 0.

All the coefficients of the polynomial

CC+ (a4 pg + p+ pr) ¢+ apr + pug + pour =0 (19)

are positive, then by the Routh-Hurwitz theorem, we conclude that the equation
has two roots with negative real parts. The other roots are determined by the solutions
of the quadratic polynomial

1- Toe™ ™
C2 4 (Mv 11— BQA —m2)puvTh o—CT

) ¢+ prepy (1— Roe™<7) = 0. (20)
M K+ v

Substituting 7 = 0 into equation , we obtain

1- T,
2+ e (/w+1_6( n2) v To

>C+MT*MV(1—RO) = 0. (21)
i+ fir- fiv

If Ry < 1, all the coefficients of equation are positive. Then equation has two
roots with negative real parts.
In the case 7 > 0, assume that the equation has two purely imaginary roots
¢ =iz (1) (x> 0). Separating real and imaginary parts yields
2B(1 — no)Toe ™ sin (x (7) 7) + pr=-py Ro cos (z (1) ) = pypr- — 22,
xB(1 —n2)Toe” " cos (x (7)) — pr=pv Rosin (z (7) 7) = (v + pr=) T

Squaring and adding the two equations give

2 1— The~Tm 2
$4+M2T* (52\/ +1— <ﬁ( n2) v Toe ) )$2+(MVMT*)2 (1—R8) —0. (22)

T* Ky P
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Tm

If Ry <1, then 1 — <W+{Oe_)2 > (1 — Rg) > (, so equation cannot have
positive roots and equation cannot have a purely imaginary root. By the general
theory of delay differential equations, all roots of have negative real parts provided
that Ry < 1 and Ej is locally asymptotically stable for 7 > 0.

It Ry > 1, let f(O) = ¢ + (uv+pr —B1—m)Toe e )¢ +
pr+pv (1= Roe™¢T) . Since f(0) = pp-py (1 — Rg) < 0 and f({) — +oo as ( — +oo,
by continuity, we conclude that f (¢) = 0 has at least one positive real root. Thus Ejy is
unstable.

3.1.2 Local stability of the endemic equilibrium

We now turn to prove the local stability of the endemic steady state E. At E, the
characteristic equation of system is reduced to the following form:

P(O)+Q(Qe " =0, (23)
where
P(Q)=¢ +a3C®+ax®+arC+ap, Q) =bsC® +b2(®*+b1C+bo  (24)
with
a3 = Qg+ ptpr + e + py + St e (7 L)
ap = eMenlomr Bomile ™ (4 LY 4 (a+ )i + piiq + - v
+ (ot pg + p+ pp + MemUmbir 00 )T (1 L) (i + ),
ar = (@MemlomhuesBiommle 70 (1 - 1) 4 (a+ pdur + piig ) (ur- + pv)

a(wr(1— * — e T™M
+ (@ + g + p+ pr) e p + STz S )y) (1 - R%) :

ag = aX(wr (1 —m)ypur- + B —n2)pv)e™ ™ (1 - 4

+ ((a + po)pr + puq) pr- v,

b = — BA=n2)pr=pyv
3 WTf(l—nl)’Y/t(T*_i_-i-ﬁ(j_—iﬂM)VB’(l )
— _ _ \arpQrprTHT —N2)HT* LV
by = pr=pv wr(I—m)ypr=+B(1—n2)pv
(25)
_ ((atng)pr+popg)B(L—n2)pr=p
bi = —(a+pug+p+ur)pr-py — wﬂg_:;),w;i _;,_[3(1_372);‘, -, (26)

bo= —((a+pQ)ur + puq) kr-pv.

From Theorem we know that if Ry > 1 and 7 = 0, E is locally asymptotically stable.
To investigate the stability of equation , we will apply the following version of the
main theorem of Cooke and Van den Driessche [13].

Proposition 3.1 Assume that P and Q are analytic functions in the right half-plane
Re(¢) > 0 and satisfy the following conditions:

1. P(¢) and Q (¢) have no common imaginary roots;

2. P(—iy) = P (iy), Q(—iy) = Q (iy) for ally € R;
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3. P(0)+Q(0) £ 0;
4o dmswp (QQ/POD < 1

[¢|—>00, Re(¢)>0
5. F(y) = |P (iy)|* — |Q (iy)|? for the real y has at most a finite number of real roots.

Then the following statements are true:

1. If the equation F (¢) = 0 has no positive roots, then if is stable at T = 0, it
remains stable for all T > 0, whereas if it is unstable at T = 0, it remains unstable
for all T > 0.

2. If the equation F (¢) = 0 has at least one positive root and each root is simple,
i this case, as T increases, stability switches may occur. There exists a positive
number T such that s unstable for all T > 7*. As 7 varies from 0 to 7%, at
most a finite number of stability switches may occur.

Theorem 3.2 Under the hypothesis of Theorem[2.3, if Ry > 1, the endemic steady
state E is locally asymptotically stable for all 7 > 0.

Proof. From Theorem we know that if Ry > 1, the infected equilibrium FE is
locally asymptotically stable for 7 = 0. To show the stability of the equilibrium FE, we
need to analyze the existence of positive roots of the following equation:

F(Q) =4+ Ay’ + Agy* + Asy® + Ay, (27)
where
Al = a§ — 2a9 — b%, Ay = ag + 2a9 — 2aza1 — b§ + 2b3bq,
Az = a? — 2as9a0 + 2bsbg — b%, Ay = a% - b%.

Clearly, equation has no positive real roots if Ay, As, A3 and Ay are all positive. The
coefficients of F' (¢) are non-negative. Thus equation has no positive real roots. By
Theorem and Proposition the endemic steady state E is locally asymptotically
stable for all 7 > 0.

3.2 Global stability

3.2.1 Global stability of the free equilibrium

In this section, we focus our attention on the global stability of both free and endemic
steady states of system . Define the set

e~ T by Lo~ Tm
G:{(Q’T’T*’VI)GRi:Q+T+T*< c W}

and Vi <
12720

where g = min(ug, pr, pr-). Arguing as in Proposition (2.1)), we can prove the following
result.

Proposition 3.2 For any positive solution (Q(t),T(t),T*(t),Vi(t)) of system ,
we have the following two assertions:

1. limsup,_, . F(t) < My, limsup,_, ;o Vi(t) < Ma,
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2. iminf Q(t) > mq, iminf T'(t) > mo, where

t——+oo t——+oo

e~ mT

F(t) = Q(t) + T(t) + e™ T*(t +7), My = 2=, (28)
_ Adwmppxe” ™7 A _
My = S50 ™ = 5T g ™2 = BT Mat i

We have the following stability result about Ej.

Theorem 3.3 If Ry < 1, then the free steady state Fy of system 18 globally
asymptotically stable for all T > 0.

Proof. Define the set

S ={(¢1,¢2,03,04) € C ([-7,0],R}) : ¢1 < Qo, ¢2 < T},

and let (Q(t),T(t),T*(t), Vi(t)) be a positive solution of system (14)). By the comparison
principle,

Q(t) < Qo, T(t) <Tp
for all ¢ > 0 such that Q(0) < Qg and T'(0) < Ty. Thus S is a positively invariant set for
system . Define the following Lyapunov function:
Ut) = T7(t)+ e ™0 Tov,( )
+(1—m)y ””ft L T(s)Vi(s)ds + B(1 —n2)e _””ft L T(s)T*(s)ds.

The derivatives of U(t) along the trajectories of give, since Ry < 1,

4 (1

i — s T* (t) 4 £TU=mDree TUR T (8) — (1= ) ye ™™ TV (t)

(
(L= )re T () Vi (t) + A1 - n2)e” " ()T (t) (29)
< B —m)e M TTTH (1) USRS ST (1) — T (1)
= pup-(Ro—1)T* (t) <O.

U is then a Lyapunov function. Define now the set

p={@vo.9es: G ov0.0-ol.

and denote by M the largest set in E, which is invariant with respect to system .
It is clear that (Qo,70,0,0) € M, M is not empty. Let (¢,%,0,£) € M and de-
note by (Q( ), T(t), T*(t), Vi(t)) the corresponding solution. By the invariance of M,
(Q(t), T(t), T*(t), VI()GMforallt>O thus 22 = 0 and, by (29), 7*(t) = 0 for all
t > 0. The last equation of (14]) implies then that V;(t) — 0 as ¢ — +oo and hence
Q(t) — Qo and T(t) — Ty as t — +oo. Now, by the invariance of M, Q(t) = Qo,
T(t) =Ty for all t > 0. Therefore

M ={Eo = (Qo,10,0,0)}.

Finally, since Ej is locally asymptotically stable, by the LaSalle invariance principle, Ey
is globally asymptotically stable.
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3.2.2 Global stability of the endemic equilibrium

The following theorem assures the global stability of the endemic steady state E.

Theorem 3.4 Assume that Ry > 1 and let

A= aQ(L> 0, -
B= pT % —pmsGe —am§ — urms + B(1 —12) M{T
+MTT+ al + a)\wﬂ’(l—nl)’yef"mfz + arf(1—m2)e”"™T

2

atp miﬂv(gjucﬂ mEMT:ga+#Q) ’
C= — al adwn(l—n1)ye " T _ alB(l—n2)e™™™T <0
- atpg mspy (atuqg) mspr= (atpg) )

Then if

—B+ VB2 —4AC cp < —B++VB2—4AC
24 =70 = 24 ’

the endemic steady state E of system 1s globally asymptotically stable for all 7 > 0.

Proof. Define the Lyapunov function L as follows:

" (T*(t) T Th T;@) R (vmt) V- Vil VI(“)

o e L)Vi(s)
[T(S)V] () =TV —TVrln TVI] ds

TT~
Then
dL(t) . 0
— ¢ A+ T —aQ - uoQ) (1 - Q)
+e " (aQ — (L =m)VTVi = B(1 = m)TT* — pT — prT) (1 - ;)

+ (L =m)ye ™ Tt —7)Vit—7)+ B —m)e ™T ({t—7)T* (t —7) — pr-T%)

T T (1 — — Vi
X (1 - T") + MT (w,uT*ﬂ'T* - /,va]) (1 - I)

2h% v,
+(1—m)ye ™" {TVI—T@—T)VI(t—THTv,m T“—TIZVI“—T)}
Vr
+A(1 —mp)e”™ [TT* ~T(t—7)T"(t—7) +WIHT(7§—TT)§: (t —T)} .

Now)\:(a—l—,uQ)@—pTand2—;—%§O.

Let € > 0 be chosen later. By Proposition [3.2] there is T. > 0 such that for all ¢ > T,
and from the hypotheses of the theorem, AR% + BRo+ C' < 0. We can then choose € > 0



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 25 (2) (2025) 201

small enough so that

—mT

Ry

. 5 _
|:O¢Q8RQ <Ro + T> + <pT?§6 - ,omgg€ —am§ — prm§ + B(1 —ne)M;T
1 0

—2 —2
— a\ alwr(l — e~ ™M T alb(1l —mng)e™™T
T+ L odwm(l—m)y B —m) ) !

o+ pQ mspy (o + pQ) msprs (o + pQ)
a adwm(l — nl)”ye*TmT2 aAs(1 — ng)e’TmT2
a+ pg mypy (@ + (1q) mypr- (@ + (1Q)

for t > T.. Further, %](f) =0ifandonlyif Q = Q, T =T, T* = T*, V; = V7, then by

the LaSalle invariance principle, E is globally asymptotically stable.

4 Numerical Simulations

In this section, we perform some numerical simulations to illustrate our stability results
and to examine the effect of time delay and the efficacy of RTI treatments on the viral
load. The parameters of the model are given in Table [1] [1}[14/15]. We begin first with

Parameters Meaning Values

! Activation rate of Q cells (day~1) 0.042

A Rate of Q cells production (ml—1) 10%

U Death rate of T* cells (day~—!) 0.67

T Number of virions per T* cell 104

wr Death rate of T cells (day~!) 0.12

7,2 Efficiency of treatment [0,1]

vy Infection rate of cells per virion (mm3day~1) 0.05 x 1073
B Infection rate by cell-to-cell transmission 2 x 107° (cell day)~!
Jte) Death rate of Q cells (day™1) 0.00014

wy Clearance of free virion (day~!) 30

p Rate of reversion to the quiescent state (day~!) 0.017

w Proportion of non-infectious virions 0.2

T Incubation period of the infection 0.2 — 2 days
m Fractional of cells surviving incubation period 0.05 days

Table 1: Parameters and values of model (19)

the non delay case 7 = 0. In Figure |1} we have plotted the solutions of system in the
case of absence of the treatment, i.e., n; = 12 = 0, which corresponds to the value of the
basic reproduction number Ry = 5.39 > 1. Since gy > pr«, the condition of Theorem
[2:2) is satisfied and the endemic equilibrium E* is locally asymptotically stable. Under
RTI treatment if we increase both the efficacy of the RTT inhibiting the virus-to-cell and
cell-to-cell infections to the values 71 = 0.8, 72 = 0.84 which correspond to the value of
the basic reproduction number Ry = 0.97 < 1, then by Theorem the free steady
state Ey is locally asymptotically stable and the infection is cleared (see Figure . In
Figure |3] we have plotted the region (in red) for which Ry < 1, which corresponds to
the eradication of the infection. We can observe that the infection is cleared when the
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efficacy of the RTI corresponding to the virus-to-cell and cell-to-cell channels is greater
than 0.66 and 0.6, respectively.

In the delay case, we consider a different level of therapy intervention with different
values of the delay. Since the incubation time of the infection is between 0.5 to 2 days |15],
we run our simulations with the following values: 7 = 0.4, 0.8, 1.3, 1.8.

Case 1: In the first case, we assume that the effect of drugs efficiency is n; = 172 = 0.45.
In Figure [4, we have plotted solutions of system with the following values of the
delay: =02, 7=0.8, 7=1.3, 7=1.8.

Case 2: In this case, we keep the value of 71 = 0.45 fixed and we increase the value of
12 = 0.8. The corresponding solutions with different values of the delay are plotted in
Figure [

Case 3: Here we fix the value of 773 = 0.45 and we increase 71 = 0.8. The corresponding
solutions are plotted in Figure [6]

Case 4: In the last case, we increase the efficiency of RTI treatment for both virus-to-cell
and cell-to-cell infections to the values 177 = 12 = 0.8. The solutions are plotted in Figure
[

Numerical simulations show that the increase of the delay time will decrease the peak
of viral load and increase the number of activated T-cells. Further, the delay seems to
have no effect on the number of quiescent cells. Since the basic reproduction number of
the delay model is multiplied by a factor equal to e™™" with respect to that of the non
delayed model, we conclude that the region of eradication of the infection is more large
than that without delay. Figures[f] and [6] show that the increase of efficiency of the RTI
treatments for either virus-to-cell or cell-to-cell transmission mode will reduce the viral
load and the number of infected cells T but is not sufficient to eradicate the infection.
In Figure [7] where we have increased the efficiency of treatments for both virus-to-cell
and cell-to-cell routes, we observe that the infection is cleared.

In order to quantify infection sensitivity to drugs, we use the transmission index T,
which is defined as the fraction of cells infected in the presence of drugs 7} (¢) divided
by the fraction of cells infected in the absence of drugs T*(¢). Thus T, = ZI:Z Eg

T, has two important limiting regimes: 7T, ~ 0, which means that few viruses infect
each cell, the infection is sensitive to the effect of the drugs, whereas in the case T, ~ 1,
many viruses infect each cell and the infection is insensitive. At the quasi-steady-state

assumption (as t — +00), we can simplify T, as T, ~ T::]"
where TT;‘ and T* are, respectively, the steady states of infection cells in the presence

and in the absence of drugs. By , we have

o )
:

- (w)

with
1— —Tm (1= —mT
Ro(n) = (1 —mn2)Bpve + wrprs (1 —m) e T,
K= v (30)
B —m2)pve ™™ + wrpr-ye” ™"
Ry = To.

K=y
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In Figure |8, we have plotted on the right the transmission index T, with respect to 7, for
different values of n; and on the left, we have plotted T, with respect to n; for different
values of 172. We observe that infections originating from cell-free virus decrease strongly
in the presence of drugs, whereas the other plot shows that infections involving cell-to-cell
spread are markedly less sensitive to the drugs. The simulations in Figure [§| suggested
that cell-to-cell infection permits viral replication even under the anti-retroviral therapy.
As pointed out in other clinical studies , cell-to-cell spread leads to therapy failure
and potentially contributes to viral persistence and hence is a barrier to curing HIV
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Figure 1: Simulation of solutions of model
(3) in the absence of drugs m1 = 12 = 0:
in this case, Ry = 5.36 > 1, by Theorem
the endemic steady state E* is globally
stable.
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0 02 0.4 06 0.8 1

. .
Figure 3: The case without delay: in red
is the region of eradication of the infection.
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Figure 2: Simulation of solutions of model
(3) without delay, where we have taken
m 0.8 and 72 = 0.84: in this case,
Ry = 0.97 < 1, by Theorem the free
steady state Fy is globally stable and the
infection is cleared.
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Figure 4: Solutions of system [14] for n; =
0.45, 2 = 0.45, 7 = 0.4 in solid line (-);
7 = 0.8 in dashed line (-); 7 = 1.3 in dash-
dotted line (-.); 7 = 1.8 in dotted line (:).
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Figure 5: m = 0.45, 2 = 0.8, o o
7 = 0.4 in solid line (-); 7 = 0.8 in
dashed line (-); 7 = 1.3 in dash-
dotted line (-.); 7 = 1.8 in dotted
line (:).
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Figure 6: 11 = 0.8, 72 = 0.45, 7 = 0.4 in
solid line (-); 7 = 0.8 in dashed line (-);
7 = 1.3 in dash-dotted line (-.); 7 = 1.8 in
dotted line (:).
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T.: on the right with respect to 72 and on
the left with respect to 71, here we have
taken 7 = 2.

5 Conclusion

This study presents a model incorporating quiescent cells to describe HIV-1 transmission,
with an intracellular time delay to account for the role of the non-activated immune
system. It demonstrates that the basic reproduction number Ry is the sum of virus-to-
cell and cell-to-cell transmission contributions. The analysis shows that when Ry < 1, the
infection is cleared, while for Ry > 1, the endemic steady state is globally asymptotically
stable .

Numerical simulations indicate that increasing intracellular delay reduces viral load
and enhances activated T cells without significantly affecting quiescent cells. Antiretrovi-
ral drugs (RTIs) effectively decrease cell-free virus infections but are less effective against
cell-to-cell transmission, which can transfer multiple virions simultaneously.

The simulations reveal that improving RTI efficiency to block cell-free infections has
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only a limited impact on overall HIV infection. Thus, targeting both transmission path-
ways, virus-to-cell and cell-to-cell, is crucial. The study suggests that cell-to-cell trans-
mission plays a key role in viral spread and should be a primary focus in future vaccination
strategies for better effectiveness.
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