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number R, which determines the viral persistence and the basic reproduction
number RS with respect to cell-to-cell transmission which is not strong enough, i.e,,
itis less than 1. If the basic reproduction number is less than 1, then the viral-free
steady state £q is globally asymptotically stable, which is proved by fluctuation lemma
and comparison method; if Ry > 1 is greater than 1, the endemic steady state £* is
globally asymptotically stable, which is proved by constructing the Lyapunov
functional. Antiretoviral therapy is implemented to suppress the viral replication.
Protease inhibitors for cell-to-cell transmission play an important role in controlling
cell-to-cell infection. Under some circumstances, the effects of the cell-to-cell
infection process are more sensitive than those of cell-to-virus transmission.

Keywords: infection age; antiretroviral therapy; cell-to-cell transmission; Lyapunov
functional

1 Introduction

Since the discovery of the first case of acquired immunodeficiency syndrome (AIDS), the
disease has been in a major concern in global health. Nearly 43 million peopled are in-
fected by human immunodeficiency virus (HIV) and about 29 million people died due
to AIDS. Such accumulative cases are still increasing each year. Many infected individ-
uals are receiving highly active antiretroviral therapy (HAART), an effective treatment
that suppresses HIV-1 replication and progression. Even though the treatment does not
lead to permanent cure of HIV infection, it extends the life of HIV-1-infected individuals
and individuals under such treatment survive in asymptomatic chronic stages with low
viral load. In particular, HAART is able to suppress viral replication to undetectable lev-
els (<50 HIV-1 RNA copies/ml) in adherent patients [1, 2]. The process of in-host HIV
infection is as follows. After entering the CD4* T cells, HIV viruses reversely transcribe
from RNA to DNA and integrate viral DNA into the hosts DNA. Then infected CD4* T
cells release viruses through transcription and translation. Because of the comprehensive
infection process for HIV, applying antiretroviral drugs at different infection stages may
have different treatment effects.
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Mathematical models [3—9] have been used to investigate the within-host viral dynamics
to explore the effects of drug treatment. In order to discover the effects of drug treatment
applied to the infectives at different infection stages, Lloyd [3] proposed a within-host
model with multiple infection stages and find that treatment at initial infection stage is

much more sensitive than treatment at other stages. The model is described as follows:

Bl =y — pa(t) — Br(E)V(D),
D~ (t)u(t) — $191(8),

DO = 418191(8) - $:92(0),

(1.1)

dy;t(t) = qn-18n-1Yn-1(t) = 8,Yu(t),

O =3 piy(E) — pv(e).

Here x(t) denotes the number of target cells, y;(¢), i = 1,2,...,n denote the number of
productively infected cells at different infection phases and v(¢) denotes the number of
free virus particles. CD4* T lymphoblasts have birth rate A. Viruses are released from
HIV infected cells at rate pj, and cleared at rate y; §; is the transfer rate from the jth stage
to the j + 1th stage and g; is the chance that a cell leaves the jth stage and enters the j + 1
stage. The model focuses on single target cell-lymphoblasts. Recent investigations show
that macrophages are another type of target cells during the viral attack. Sedaghat et al.
in [4] constructed a mathematical model with two targets and two transmission phases to
investigate the decay dynamics of HIV-1. They focused on the effects of drug treatment
applied to the patient at the last infectious stage. The authors show that drug applied at
the last stage has better effects than that applied at other stages. Such a conclusion is in
good agreement with results from clinical experiment. Then Wang et al. [5] proposed a
mathematical model to study viral decay dynamics with multiple stages and analyze its
long-term dynamical behaviors. The model is given by

% = A — pixi(t) — Bixi(D)v(2),

) 4 20— —5(@)yilt, @),

yi(t, @) = hi(x:(2), v(2)),

DO S pil@)yilt, @) da - cv(t).

(1.2)

All parameters in (1.2) have the same biological meaning as those in (1.1). (Parameters
in system (1.1) and (1.2) may have different subscripts.) Here x;(¢) and y;(¢, ) denote the
amount of target uninfected CD4* cells and infected cells, respectively. %; is the incidence
rate function satisfying some conditions (see assumptions from (H1) to (H4) [5]). The au-
thors showed that if the therapy is 100% effective, then applying the drug at late infectious
stage results in a faster decay of viremia.

Dixit and Perelson [10] studied the decay of viral load of individuals infected with HIV
under monotherapy. They showed that such scenario can exhibit complicated dynami-
cal behaviors depending on the relative magnitudes of the pharmacokinetic, intracellular,
and intrinsic viral dynamic time-scales. The investigation indicated that exponential de-
cay dynamics can be considered as a special case of HAART. Dixit et al. [11] constructed a

mathematical model with increased accuracy to investigate HIV dynamics when the drug
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is not 100% effective. Mathematical models have also been proposed to consider the life
cycle of virus [12-14] and immune effects [15-17]. The authors compared therapeutic
efficacy of medications applied at different infectious stages on the reduction of viremia.
They showed that multiple stages, intracellular delay and different target cells have signif-
icant effects on viral dynamics.

Motivated by these works, we propose a mathematical model incorporating the three
factors mentioned above to investigate the dynamics of life cycle of virus. We assume the
multiple stages don’t satisfy the Markov process. This indicates that their distributions
are not exponential and they satisfy a general distribution. The mathematical model is
proposed as follows:

B0 - 3 — () — B O(E) — xi(D) [ qi@)yi(t, @) da,

9i(6T) | 9yitT) _
) w3

yi(t,0) = Bixi(OV(e) + x:(8) [ qi(a)yi(t, a) da,
% = er’l:l fooopi(T)y,'(t, 7)dt —cv,

with initial condition
xi(0) = x50 > 0, i(0,7) = yio(r) €L}, v(0) =vy >0,

where L! is the set of integrable functions from (0,00) into R, = (0,00). Here y;(¢,7) is
the density of target cells at time ¢ with infection age 7, respectively. The disease-related
death rate §;(7) is a function of the infection age t and all other disease parameters have
the same meaning as those in (1.2).

Define the phase space for system (1.3) as X = (R,)” x (L!)” x R, with the norm given
by

| (i @), 38, ), v®) | = Z(Ixi(t)l + /0 yit,a) da) + ().

i=1

It follows from [18—20] that we can define a solution semi-flow @ : (R,)" x (L1)" xR, — X
of (1.3) for t € R, and (x;0, yi0, Vo) € X as

qD(t’ (xiO,yiO(')r VO)) = (xi(t)ﬁyi(t’ ')r V(t))- (14‘)

Actually, standard existence and uniqueness results follows from a similar process in The-
orem 1.1 in [21].

For the continuability of the semi-flow ®(¢, (x0,yi0(-), Vo)), we assume that the initial
condition satisfies the compatibility condition

¥i0(0) = Bixiovo + xiO/ qi(a)yio(a)da.
0

In order to get some theoretical results, we make the following assumptions.

Assumption 1.1 Forallie N, ={1,2,...,n}
(1) )"ir Mis ;Bz':c > O;
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(2) gi(a),pi(a) € LY, that is, there exist essential upper bounds ¢/ and p] such that

qi =ess. sup qi(a),  p{=ess. sup p(a);

a€[0,00) a€[0,00)

(3) gi(a) is bounded and uniformly continuous from [0, c0) to [0, +00);
(4) there exists §; > 0 such that §;(t) > §, for t € R, and i e N,,.

Under Assumption 1.1, we can obtain the nonnegativity of system (1.3).
Proposition 1.1 Ifx;y > 0, yo(a) € L}r, vo > 0, system (1.3) has nonnegative solution.

Proof Suppose (x;(t),yi(t, ), v(t)) € X is a solution of system (1.3) with nonnegative initial
condition. For convenience, define z;(t) = y;(¢,0). Integrating the second and third equa-
tions of (1.3) with initial condition yields

zi(t-1)mi(r), t>r7,
yi(t,T) = 7i(7) (1.5)
yio(t —t) ey <t
Substituting y;(¢, T) into z;(t), we have
t
zi(t) = Bri(E)v(t) + xi(t)/ gi(@)zi(t — a)mi(a) da
0
w i(a)
calo) [ atayala-o da. (16)
‘ wi(a—1)
Solving the first equation of system (1.3), we obtain
t ¢ t
mmzﬁwwwﬁ%®ﬂ+M/1émmﬂﬂ%®&d& (1.7)
0

By the nonnegativity of the initial condition and Assumption 1.1, x;(£) is nonnegative.
Next, we will show that z;(¢) and v(£) are nonnegative for all £ € R,. To achieve this goal,
we define
s= min{inf{t e R,|zi(t) < 0},inf{t € R, |v(t) <0,for some i € N,,} }
Suppose

s= inf{t e R, |z(t) <0, for some i € Nn}.

It follows from (1.6) that v(s) < 0, which results in a contradiction with v(s) > 0 since s <
inf{t € R, |v(¢) < 0}. Hence, z;(¢) is nonnegative for all £ € R,. Otherwise,

s= inf{t e R, |v(t) < 0}.

This implies that, for all ¢ € (0,s) v(£) > 0, zi(s) > 0, v(s) = 0 and V/(s) < 0. From the last
equation of system (1.3), it follows that

V(s) = Z /oopi(a)zi(s —a)r(a)da > 0.
i=1 Y0
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This implies that s > inf{t € R, |v(¢) < 0}, which is in contradiction to the definition of s.
O

Therefore, v(¢) is also nonnegative for all t € R,.

Let L(t) = Y1 (x:(2) + [, yi(t, @) da). Then

L'(t) = Xn:)\i - Xn:[uixi + /00 8i(a)yi(t, a) da].
i=1 0

i=1

This implies that L(£) < >, %’ = mingen{u;, ;). Then by the last equation of (1.3),

1oy .
" % Therefore, we can define the following set:

V() <3 i o

n

I= {(xi,yi(-),v) eX: i(xi(t) + /ooyi(t, a) da) < Z
i=1 0 i=1

It is easy to verify that I is positively invariant, i.e., ®(¢, (xi0, yio(-), Vo)) € I" for all £ > 0 if
(%i0, ¥io(+), vo) € I'. This also means that ® is point dissipative and hence there is a bounded

A " pi
—, () < —~—1 (1.8

set attracting all solutions in I'.
For convenience, define

n

A e DT
Aémax[Zj,ZpCl—Ml},

i=1 i=1
Qi(t) = /0 qi(a)y;(t,a) da, Pi(t) = /0 pi(a)yi(t, a).

From what has been discussed, we have the following prior estimates.
Lemma 1.2 Let Assumption 1.1 hold. For t > 0 and (x,0,:0(-), vo) € T, the following esti-
mates hold:

(1) x(t) <A, [y yilt,a)da < A, v(E) < A.

(2) Qit) =qf A, Pi(t) <pfA.

(3) zi(t) < BA% Bi=B +q].

Obviously, system (1.3) is an infinite system. Based on Theorem 4.2 of Chapter IV in

[22], we need to show the relative compactness of the orbit {®(z, (xi0, yio(-), vo))|t € R, }
in I". From Proposition 3.13 in [23], ®(, (x;0,¥i0(-), v0)) : R, x ' = I' can be decomposed

into two operators defined by

D(t, (w0, yi0(): v0)) = (0,5:(t, ), 0), (19)
(1, (xi0,i0()s%0)) = (®:(0),3i(t, ), (1), '
where
- _ yi(t,t) forO<rt <y,
yilt,T) = !0 fort<r,
(1.10)

_ zi(t)m(r) for0<t <t{,
o fort<rt,
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R N 0 for0<t <t
yi(t,T) = yi(t, T) - yi(t, T) = i(2) (1.11)
yo(t —t) 7t fort<z.
Then ® = & + ®.

Lemma 1.3 (Proposition 3.13, [23]) Let ®, T, ®, d be defined by (1.4), (1.8) and (1.9),
respectively. Suppose ® and  satisfy the following properties:
(1) For any (xi0,yi0(-),vo) € ', there exists a function 6 : R, x R, — R, such that for any
r>01limg, 00 0(t,r) = 0 with ||(xi0, ¥io (), vo)llr <7, then
@ (&, (xi0, yi0 (), Vo)) I < O(&, 7). )
(2) Fort> 0 and (xi0,yi0(-),vo) € I', ®(t, (xi0,¥i0(:), vo)) maps any bounded set of T" into
compact closure in T.
Then ® has a compact closure in T.

From (2) and (3) of Assumption 1.1 and Lemma 1.2, it follows that x;(¢) and v(¢) have
Lipschitz features with Lipschitz coefficients denoted by L,, and L,. With the assistance of
Proposition 5 in [24] and Proposition 2.3 in [25], Q;(£) and P;(¢) are Lipschitz continuous
with Lipschitz coefficients denoted by Lp, and L,. Combining these Lipschitz characters
with Lemma 3.2.3 in [26], we can show that the semi-flow ® is asymptotically smooth.

Proposition 1.4 Let ®(¢, (xi0,yi0(-), v0)) be defined by (1.4). The solution semi-flow ®
of (1.3) in T is asymptotically smooth.

Proof Let C be any bounded set in I'. For all (x0,%i0(-),v0) € C, ®(¢, (xi0,¥i0(:), v0)) =
(x:(8), yi(¢,-), v(t)) is a solution of system (1.3). Using (1.11), we obtain

|® (5 xios 30, v)) [ - = D 98, )
i=1
=L [ mi(a)
-3 [ eta-0, 70 da
~ nore 4 wi(a+t)
_121: /0 yola)= = da

n 00
=3¢ [ ota)da
i=1 0
n
=Y e lyolh
i=1

n
< Z e || (xi0) Yi0s V0)|

i=1

r’

where § = min;en{8;} and || - | is the standard norm on L'. We note that if || (x:0, yi0, vo)lIr < 7
then || ®(z, (%i0, yio, vo))llr < O0(¢,r) — 0 as ¢ — +o0. This implies that (1) of Lemma 1.3
holds.

Page 6 of 24



Wang et al. Advances in Difference Equations (2018) 2018:36 Page 7 of 24

Next, we need to show that y;(¢, 4) remains in a pre-compact subset of L! that is indepen-
dent of (xjo, yi0(+), vo) € I'. This can be proven by verifying the following four conditions of
Lemma 3.2.3 in [26].

(i) The supremum of [, (¢, a) da is finite;
(if) limy—io0 [ Yila,t) da = 0;
(iii) limy,_ o+ [y;(¢,a + h) — yi(t, a)| da = O;
(iv) limyor [} 5:(t, @) da = 0.
It follows from (3) of Lemma 1.2 that

z(8) = 5i(t,0) < BiA> £ Ly,

Then y;(t,a) = zi(t — a)m;(a) < L,, e~%“, Conditions (i), (ii) and (iv) immediately hold by the
boundedness of y;(t, -) for ¢ € R,. In what follows, we demonstrate that the condition (iii)
is also satisfied. With the help of Proposition 6 in [24], z;(¢) is also a Lipschitz function
with Lipschitz coefficient L,,. For all 1 € (0, 1),

”}E‘(l’,’) —)71'(@‘ + h) ”1

= / ‘ﬁi(t,a) —yi(t,a +h)| da
0

t

t—h
= / |z,»(t —a-hmia+h) -zt - a)n,»(a)‘ da + / z(t — a)m;(a)da
0 t—h

t—h
5/ z,-(t—a—h)|m(a+h)—m(a)|da+Lyih
0

t—h
+/ |z(t—a—h)—z(t—a)|n,»(a)da
0

t—h t—h
§Lyl./0 ’m(a+h) —m(a)’da+Lyih +inh/0 ni(a)da

< (2Ly, + L (t = h))h,

where we use the fact fot_h |wi(a + h) — mi(a)| da < h. By the definitions of L,, and L,
they depend on A, which is dependent on the set C, but not on (x;o, yio(-), Vo). This in-
equality holds for any (xo,yi0(-), vo) € C, and hence condition (iii) holds directly. There-
fore, y;(¢,-) remains in a pre-compact subset C” of L1 (0, +00). It follows that ®(z, C)
[0, A] x € x [0, A] has a compact closure in I'. From what has been discussed, it fol-
lows from Lemma 1.3 that ®(¢, (xi0,¥i0(), Vo)) is asymptotically smooth. This completes
the proof. O

The rest of this paper is organized as follows. In Section 2, we establish the existence
and local stability of the steady states of (1.3). Results on global dynamics of system (1.3)
are presented in Section 3. Section 4 gives the numerical simulations to illustrate the the-
oretical results. Conclusions and discussions are presented in Section 5.

2 Existence and local stability of steady states
Before investigating the dynamics of system (1.3), we present some definitions. The sur-
vival probability of an infected cell at infection age v during the infectious period is given
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by
mi(t) = e Jo Bj(s)ds jeN,.

The total size of the viral particles and the total transmission probability with respect to
the jth target cells are defined by

K/:/ pj(a)mj(a)da, Mj:/ gia)mi(a)da, jeN,.
0 0

In order to estimate the transmission route with respect to cell-to-cell infection, we de-
fine the basic reproduction number as
cc_ M ,
Rio = —Ml', IAS Nn. (2.1)
i
R is used to evaluate the ability of the ith infected cell infecting the target cells during
its infectious period.
In order to obtain the condition for the existence of an endemic steady state, we define
the basic reproduction number as

Btk
Ro=y —H . (2.2)
0 Z C(l — ;\TZMZ)

i=1

From the expression of (2.2), it follows that R = max;ey,{R{5} < 1, which implies that
the transmission ability associated with cell-to-cell is not strong enough. In epidemiology;,
the basic reproduction number R, gives the average number of cases that one typical
free virus generates, if introduced into a susceptible population, over its whole infectious
period.

Theorem 2.1 Let R° < 1 hold. If Ry < 1, then the only steady state is the viral-free steady
state Eo; if Ro > 1, then besides the virus-free steady state Ey, there exists an endemic steady
state E*.

Proof Let (x;,7;(-),V) be a steady state of system (1.3), and then it satisfies the following
equations:

0=x;— wix; — Bixiv —x: [, qi(a)yi(a)da,

DD~ _5i(e)yi(0),

7i(0) = BiX7 + fo@“)m da,
0=Y", [, ri@yia)da - cv.

By the second and third equations of (2.3), one obtains
yi(a) = y;(0)mi(a), ie€N,.

It follows from the first equation of (2.3) that

- _Xi—3i(0)

i € Ny,.
Mi
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By the third equation of (2.3), we obtain

i(0) = (B:v + y:(0)M;)x;, (2.4)

indicating that

~(1 - 2EM; + i) & \/(1 — 2 M + By 4 By
i i i i /I.i

7i(0) = o , ieN,.

Hi

It is easy to see that there is only one positive solution to (2.4). Substituting the positive

solution into the last equation of (2.3) yields
g2 30K - cv. (2.5)

Note that g(0) = 0 and g(+00) < 0. Furthermore,

BioLK;

n
_ i _
=> Y c.

dg(v)
dv

v=0 =1 i
Obviously, g(v) = 0 has a unique positive solution if and only if Ry > 1. Then system (1.3)

admits a unique endemic steady state E* = (x;,7;(0)7;(t), V). O

In what follows, we study the local stability of the steady states. The steady state is lo-
cally (asymptotically) stable if all eigenvalues of the corresponding characteristic equations
have negative real parts and it is unstable if at least one eigenvalue has a positive real part
(see [18]).

Theorem 2.2 Suppose R < 1. If Ry < 1, then the virus-free steady state E, is locally
asymptotically stable and if Ry > 1, the unique endemic steady state E* is locally asymp-
totically stable.

Proof Linearizing system (1.3) at virus-free steady state E,, we obtain the associated char-

acteristic equation

0= —(/\ + ui)xi — Bixlv -« [ qi(a)yi(a) da,
DD~ (o + 8:(0))yil2),

7i(0) = Bix; V+x0fo qgi(a)yi(a)da,
0= Zl 1 .[0 pl dﬂ —Cv.

For convenience, denote

o]

K1) = /0 plami@e ™ da,  M;(h) = /0 g@)mj(@)e da, jeN.
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It follows from the second and the third equations of (2.6) that y;(a) = y;(0)7;(a)e™*. By
the first and the last equations of (2.6), we have

L0 Y yOKG)
l A, + Ml ’ c .
Then we substitute them into the third equation to obtain

/\

Pix ?Zz 13’! Ki(2)

7i(0) = + 51(0)xYM; ().

Thus, we have

Bixd 3oL yi(0)K; (?»)

:(0) = (2.7)
o(1 - 2M;(3)
Multiplying m on both sides of (2.7) and summing up from 1 to # yield
- ix(')I?i\()\)
0p) =y LE g 8)

i1 c(1- x?m)

where O(y) = Zleyi(O)m, If ®(y) # 0, then we cancel ®(y) on both sides of (2.7) and
obtain the following characteristic equation:

n

> L@ =1 (2.9)
i1 c(1—x)M;(1))
Since R° < 1 for all i € N, we claim that all roots of (2.9) have negative real parts. Other-
wise, let Ag be a root of (2.9) with Re(Xg) > 0. We notice that the module of the left hand
side of (2.9) is smaller than R. This leads to a contradiction when R < 1. If ©(y) = 0, then
it follows from (2.7) that y;(0) = 0. Substituting it into the first equation of system (2.6), we
obtain A = —u < 0. Therefore, the virus-free steady state E is locally asymptotically stable
when Rg < 1.
Similarly, linearizing system (1.3) at the endemic steady state E* = (5,97 (-), v*(+)) yields

the following characteristic equation:

by —B1x] I—QC(A) e K—"C(A)
—Box C(M by e =yl =0, (2.10)
—Baxt K1C()») Bt KZC(A) o b,

where b; =1 - Bix} Ko) 2O KM (A ( )- Equation (2.10) is equivalent to the following

¢ ¥ ¥ T
equation:
%(0) S 1 ﬂ,x;k](l/()x\)
(1 + % —xM ) [ 1- Z Fo ] =0. (211)
x7(A+ 1 c(l+ A+/L —xiM;(X))
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The characteristic roots of (2.11) are determined by

1(0) ST =
m —lel()\,) =0 (212)
and
— :31 *I( ()\) (2.13)
o e+ s - M)

Next, we show that (2.12) and (2.13) have no eigenvalues with nonnegative real parts. By
way of contradiction, we assume that (2.12) has one eigenvalue 1y with Re(Ao) > 0. Then
it follows from the positivity of the endemic steady state E* that

M1 (Xo)

“(0
‘1+ 71(0) > |1 &My (ho)| > 0. (2.14)

o+ 1)

This implies that (2.9) has no characteristic roots with positive real parts.
On the other hand, the right hand side of (2.13) is

. X" Ki(ho) " Bt Ki(ho) " Btk
,31(7(: <( 0) ﬁle <L(i < Z ﬂlxl *(l _ 1,
T+ P — M) | T - Mi) | | L XM

which leads to a contradiction with (2.13). From what has been discussed, the endemic
steady state E* is locally asymptotically stable if R > 1 and R§° < 1. O

3 Global stability analysis

In this section, we perform the global stability analysis of steady states. Such analysis char-
acterizes the dynamical behaviors of system (1.3) and provides insight into the virus dy-
namics. This is helpful for us to develop reasonable antiviral therapy against the disease.
The global dynamic of system (1.3) is established by employing the fluctuation lemma in
[20] and constructing the Lyapunov functional. First, we will show the attractivity of the
viral-free steady state Ey. For convenience, we denote

limsupf(£) =/, ltigljéloff(t) = foo

t—+00

Theorem 3.1 Suppose RS < 1. If Ro < 1, then the virus-free steady state Ey = (x 0,0) is
globally asymptotically stable.

Proof With the help of the first equation of (1.3), together with the positivity of the solu-
tion of system (1.3), we obtain x;(¢) < x? for ¢ large enough. Borrowing (1.5), together with
the third equation of (1.3), we have

2it) = B Ov(D) +x, / g(@)zi(t - a)(a) da
0

mi(a)
ma—1) "

+x,~/ q.(a)zio(a —t) (3.1)
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Then we take super limitation on both sides of (3.1) to obtain
o0
z>® < ﬂix?(t)voo + x?/ qi(a)mi(a) daz™.
0

It follows from R§° < 1 and (3) of Assumption 1.1 that

A0 00
< % (3.2)

From the last equation of (1.3) and the fluctuation lemma [20], we can take a time sequence

t, such that v(¢,) = v*° and v/'(¢,) — 0 as t, — o0 and obtain

VO < P fooopi(ﬂ)zoom(a)da
N c
n Bixd
D1 fooo pila)m(a)da l_x;Mi N
= v
c

= RQVOO. (33)

Inequality (3.3) implies that v* — 0 as ¢ — co when Ry < 1. It follows from (3.2)
that z;(£) — 0 as ¢ goes to infinity. Using (1.5) again, we have y;(¢,a) — 0, when ¢ is
large enough. By Fluctuate Lemma again, we can choose a time sequence {s,} such that

liminf,,_, oo %;(s,) = ¥ioo and lim,,_, o %(s,) = 0. Then
0> Ai = BikioVoo — Fico | B | Yico — Miise = i = i

This implies that #? < x;0, < 2% < &Y. Therefore, lim,_, « x;(f) = ). From what has been
discussed, E, is a global attractor if Ry < 1 and R§ < 1. O

Second, we will give the persistence of system (1.3). It follows from Proposition 1.4 that
the orbit @ (¢, (xi0,¥io(-), vo)) € T is relative compact. Define p : T' — R, as

p(xi(t)!yi(t’ ')! V(t)) = IBiV + A qi(a)yi(tr ﬂ) dﬂ fOI‘ (xi(t)’yi(tl ')! V(t)) el
Let

Iy = {(xio»yio('),vo) el eR, st ,0(<I>(t0, (xio»yio('),vo))) > 0}'
Obviously, if (xi0, yi0o(+), vo) € I \ Iy, then (x;(£), yi(¢, -), v(t)) — Eo as t — oo.

Definition 3.1 ([27]) For (xio,yi0,v0) € o, if there exists an ¢ > 0, independent of
the initial conditions, such that limsup,_, ., po(®(Z, (xi0,¥io(-),v0))) > &, then (1.3) is
said to be uniformly weakly p-persistent; while if there exists a positive ¢ such that
liminf,, o p(P(t, (xi0,Yi0(-), v0))) > &, then (1.3) is said to be uniformly strongly
p-persistent.
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In order to prove the persistence of system (1.3) (see [27, Theorem 4.2]), we divided
the proof process into two steps: Step 1, we show that system (1.3) is uniformly weakly
p-persistent; Step 2, by the relative compactness of the orbit ® (¢, (x:0,i0(-), Vo)), system
(1.3) is uniformly strongly p-persistent.

Proposition 3.2 Suppose R < 1. If Ro > 1, then system (1.3) is uniformly weakly p-

persistent.

Proof For any gy > 0, define

A

Mit€o

—&o.

Since Ry > 1, there exists an gg > 0 such that

BixiKi OK;

By way of contradiction, there exists (%, yio(-), Vo) € I'o with

™

limsup p (@ (2, (xi0,¥i0(-), v0))) < -,

t—00 2

Thus there exists ty € R, such that
p(® (8, (%i0,¥i0(),v0))) <o for t > to.

Without loss of generality, we can assume that 5 = 0. Then, for ¢ > 0, together with the
definition of p-persistence, we have

[e¢]
g0+ [ atamiea)da < eo (5)
0
In view of the first equation of (1.3), together with (3.5), we have

x,(t) = Ai — (i + €0)xi(2),

which implies that x;o, > 2 Thus, there exists a t; > 0 for all £ > £; such that x;() > x5°.

= witeo ="

It follows from the third equation of (1.3) that for all £ > £

zi(t) = B v(t) + x;° /0 t q4i(@)zi(t — a)mi(a) da. (3.6)
Taking a Laplace transformation on both sides of (3.6), one has

200 = &0 (Bv0n) + Mi(z(v)), (3.7)
which implies

Bix° v(h)

zilh) > —— =
1 —xl-OMi()\.)

(3.8)
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Substituting (1.5) into the last equation of (1.3) yields

ZOEDS /0 p@alt - i) da + > E() - ev(t),
o 1

where F;(t) = ft pi(a)yi(a- t) da i € N, and lim,_, o, Fi(¢) = 0. Therefore, the deriva-

tive of v(¢) is determined by
n t
>3 f pil@)zi(t — a)mi(a) da — cv(2). (3.9)
i=1 70

Taking the Laplace transformation on both sides of (3.9) yields
30 = 9(0) = Ki(R)z(h) - e2(3). (3.10)

Equation (3.10), together with (3.8) implies that

n

— ﬁix?"v/(\k)
A — 3.11
= Zl (h + O)[1 - 2 M; ()] .-

This inequality holds for any given &5 > 0 and A > 0. This leads to a contradiction with
(3.4). Hence the proof is complete. O

Combining Propositions 1.4 and Proposition 3.2 with Theorems 4.2 in [27] and Theo-
rem 3.2 in [28], we immediately have the following theorem.

Theorem 3.3 System (1.3) is uniformly strongly p-persistent if Ro > 1 and R < 1.

Theorem 3.3 indicates that system (1.3) has a global attractor A. A total trajectory of
@ is a function X : R — R, x L! x R, such that ®(s, X(£)) = X(¢ + 5) for all £ € R and all
seR,. Asin [29], for all s € R, the total trajectory of system (1.3) is defined as

LD — 5 — pi(s) - Bixi(s)V(s) — xi(s) [ qil@)yilt, a) da,
@yz;;ﬂ + 280 _ s (a)yi(s, T),
i(5,0) = Bixi(s)v(s) + x:(5) [ qi(@)yi(t, a) da,

dV(S =2i 1fo pi(a)yi(s,a) da — cv(s).

(3.12)

Proposition 3.4 For a total trajectory X(-) in T, x;(t) is strictly positive and either Q;(t)
and v(t) are identically zero or Q;(t) and v(t) are strictly positive.

Proof By the definition of the total trajectory, for any s € R the function X,(¢) = X(s + £) is
a semi-trajectory of system (1.3) with initial condition X;(0) = X(s) € T

If x;(s) = 0 for some s, then the first equation of system (3.12) implies that dx’ 2 >0.From
the continuity of the solution, for sufficiently small ¢ > 0, we have x;(s — €) < 0, which is a
contradiction with X(-) € I'.

If y;(s,-) and v(s) are both equal to zero for some s € R and any ¢ < s, we have 0 =
yi(s,s — £) = y:i(2,0)7;(s — £) = x;(£)(Biv(t) + Qi(t))mi(s — £). By the Assumption 1.1, m;(s — £)
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remains positive for ¢ € R, i € N,,. Thus, v(¢) and Q;(t) are identically zero for all ¢ < s. For
t > s, it follows from (3.1) and Gronwall inequality that v(¢) and Q,(¢) are both equal to
zero.

Now we assume that y;(s, -) is non-zero for each s € R. Since X(-) € T, there exists a
sequence {s,} such that y;(s,, -) is non-zero for each . For each #, there exists a sequence
{a,} such that 0 # y;(s,, a,) = yi(s, — @y, 0)7r;(a). This implies that y;(s, —a,,0) # 0 as s, goes
to —oo. Solving the last equation of system (3.12), we obtain v(s) # 0 for all s € R. O

The alpha limit set of a total trajectory f(¢) passing through £(0) = fj is
Ao = AN (TC\Ty).

The omega limit set of a total trajectory f(¢) is A; = ANT. Let C C A be the set consist-
ing of (%0, yi0(+), vo) € A such that a total trajectory X(-) approaching Ay as t - —oo and
approaching A4; as t — +00.

Corollary 3.5 Suppose Ry > 1 and R < 1. Let (x:(s),y(s, ), v(s)) be a total trajectory in
Ai. Then there exists an &y > 0 such that x,(s), v(s) > g0 and y;(s, T) > eomi(1), for all s € R.

Proof Note that Biv(s) + [, qi(@)yi(t,a)da < M + B*x) = M for all s € R. By the first

equation of (3.12), we have

dx;(s)
ds

1
= i — i — M xi,

which implies that x;(s) > )‘;’V[ £ g for all s € R. It follows from Theorem 3.3 and the

wiM;F
basic reproduction number Ry > 1 that B;v(s) + fooo qi(@)yi(t,a)da > &,. In view of the

second and fourth equations, we have
yi(s,T) = e1607i(1) £ £37i(T).
Then define
&0 = min{eq, &7, £3}
and hence the proof is complete. d

In order to get the global stability of system (1.3), we recall an energy function ¢ :
(0,00) > R as

¢px)=x—-1-Inx.

@ attains a global minimum only at 1 with ¢(1) = 0 and ¢(x) > O for x # 1. Next, we base
on ¢ and construct a class of Lyapunov functionals to finish our goal, which implies that
the endemic steady state £ is a global attractor. Now we are in the position to prove the
following result.

The following lemma is used to cancel some terms in the proof of Theorem 3.7.
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Lemma 3.6 Suppose R§° < 1. If Ry > 1, the following equalities hold:

x(ehilt.a) |

_xj‘ﬂi - o0 ‘ xi()v(t) < *
yi<t,0)-7;/o pay @™ 2 da+x,./0 (e
0 -2P 010570

Z/ i x5 vy(t, 0) da

o [T e %)yt a)yi (0)
e [ adayi@ A da

Proof By the fact that

* _ 00 ; * d
o =3 | piayi@da
and
21(6,0) = B OV(8) + x,0) /0 gi(@)yi(t, @) da,

we obtain

XBivn [ XV °° xi(2)yi(t, a)
A i * d * ; a) —————"d,
L e | a0 d

_ B WD) + x(0) / ai(@)i(t,a) da
0
= yi(t, 0)

Similarly,

e BN [T X))
7= [ pani@ R da

[ X8yt a)y; 0)
”"’fo ) om0

ﬂz xl(t)V(t)yl (0)
= C V*yl t 0 Z/ l(ﬂ yl

xi(t))’i (0) ‘ ‘
yi(t,0) q‘(“)yz(t»ﬂ) da

[ﬁlxl(t)"(t)”z(t) / aia)yi(t, a)da:| (t(og)

=;(0).

Page 16 of 24

a, (3.13)

(3.14)

(3.15)

(3.16)
g

Employing Lemma 3.6 and Lyapunov functional methods, we obtain the global stability

of the endemic steady state E*.
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Theorem 3.7 Suppose R < 1. If Ry > 1, then the endemic steady state E* is globally
asymptotically stable in Ty.

Proof By Theorem 2.2 and Proposition 1.4, it suffices to show A; = {E*}. Let X(¢) =
(x:(£),y:(8, ), v(£)) be a total trajectory in A. By Corollary 3.5, there exists gy > 0 for any
() yilbr) oo q VO

teRand v € R, such that 0 < p(m) < & for m =

xF 7 yi(@)? VR
Let
00 n
ai(d)=f [x? (ﬂin;(S)+qi(3))}y§‘(S)ds, ieN,.
a ]=1
Then

da;(a) - x </3i pr(s) + qi(s))yj(a), ieN,.

da =
Define
Vi(t) = Vi, () + V), (0) + Vu(2), €N,
where Vi, (t) = x:0(22), V,,(t) = x¢ [ ay(@)p(242) da, and V() = P27 o(*9), Thus

x ¥j (@)
V(¢) is bounded.
In what follows, we show that the derivative V;(¢) along the solution of system (1.3) is

non-positive. By the definition of V,,(t), we have

av,. * o0
d;(” _ (1 - xx—(t)> [xi — pie) = B Ov(D) — fo (@it a) da]

< X xi(t) ) [ xi(Ov() v(t)}
= —iX; +— =2 )+ Bx;v|1— -+ —

x(t)  «f XV x; v

© « yi(t,a) x; x5yt a)
+/0 4@ (“)[1‘ @ x +xi(t>y7(a>]d“

xF xi(t)
=—pax | s =2 -2
H (xm % )

S [ ] S ]

XV x;(t) v

o0 . yi(t,a) xf x5yt a)
+/0 4@ (“)[1‘ yi@)  x(0) +xt(t)y7(a)]da'

By [19, Lemma 9.4], differentiating V/, () with respect to ¢ yields

dvy®) [ 4 . ¥i(t,0) yi(t, a)
dr ‘/o g (’3 ,Z’” ’(“)””(“)>”(”)[*”(y;f<0>)"”(y;‘(a) )]d“

R o [0 yilta) it a)yj‘(O)]
= i \ Pi i i i - 1 d
/0 x] (ﬂ ;P (@) +q (ﬂ))yl (a)[ 0 r@ + ny;f‘(a)yi(t, 0 a
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The derivative of V,(£) can be further calculated as

- v(t)) (Z/ pi(a)yi(t, a) da - cv(t))

)(Zf P e m)

_ ’le;k . OO . * yi(t¢a) _ v* yi(t,a)) B N
== |:Z/o pi(a)y; (a)<y§‘(a) O @ cv(t)+cv:|

i=1

— [ (oA yi(t, a) B v yi(t,a)) ~ v(t)
: /0 pia)y; (“)(y;‘(a) ORAC) o +1}.

Summing up dv;’t(t), dvj’t( ,and d ylelds
d‘/l(t) _ 'x* x;k xl(t) -2
dt X0
Bix; x vilta)  xv(e)  it,0)
2_ _
Z/ plai(@(2 75 - O TR
In M) da
yi (a)yi(t,0)

Y & x@yita)  2i(0) - yi(£a)y;(0)
+ X /0 qi(a)y; (a)|:1 - 0 + P + 37 0) +1In Jr@yi0) ]da

o x x() 9
T (xi(t)+ x )

Bixi [ v*yi(t, a) x; x;vy;(0)
| paniia ["’(v(t)y?(a)) * ‘”(x) ' ‘”<xf(t>v*<t>yi<t, o>>] aa

A N x; xi()y; (0)yi(t, a)
- /o 4@y (“)[*"(xi(t)) ' g"( <60 (@ )} aa

<0.

Therefore, V;(t) is nonincreasing with respect to time ¢. Since V;(¢) is bounded on X(-),
the w-limit set of X ( ) must be contained in M, the largest invariant subset of {dv(t =0}.
It follows from 24% = 0 that x;(¢) = x} and v(£)y7(0) = v*y;(¢,0). Thus dxl -~ 0in M. This

implies that

0=2x; — ux; —yi(t,0)

for t € R, which yields y/(0) = y;(¢,0) for all £ € R. This, together with the expression of
¥i(¢, T) implies that y;(¢, T) = y7(r) and v(¢) = v* for all ¢. Therefore, M = {E*}.

The above analysis indicates that the w-limit set of X(-) consists of just the endemic
steady state £* and hence V(X(¢)) > V(E*) for all ¢ € R. Thus A; = {E*}. O
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4 Numerical simulations

In this section, we present numerical simulations to illustrate the effects of different treat-
ment strategies on the evolution of HIV infection. Our simulations also serve the purpose
of verifying our theoretical results obtained in the previous sections. We perform the nu-
merical analysis using Matlab. Here, we are particularly interested in two types of target
cells, the CD4* lymphoblasts and macrophages. The maximum infectious period is as-
sumed to be amax = 15 days. The cells-to-cells transmission rate is g;(a) = 0.00065 in [12]

and the death rate for lymphoblasts is defined as

50; 0§ﬂ§d17
81(&1) = —O(a-ay)
So+81(1-e V), a>a.

The viral production kernel is defined as

( ) Or 0 <a=ay,
a) =
pl plmax(l - e—y(a—al)), a>a,

where y is the saturation rate and a; is the viral reproduction delay. The other parameters
are obtained from the literature and are listed in Table 1.

We choose production rates of CD4* lymphoblasts and macrophages as A; = 1 ml/day,
i = 1,2, respectively and the viral production rate for macrophage as p;(a) = 0.1 exp(-3 x
0.000284) in [5]. The basic reproduction number is obtained, R = 0.4417 < 1, which im-
plies that the virus-free steady state E; is globally asymptotically stable by Theorem 2.2
and Theorem 3.1 (see Figure 1). For increased the production rates for the two target cells
A; = 10 ml/day, i = 1,2, the basic reproduction number Ry = 4.4173 > 1. It follows from
Theorem 2.1 and Theorem 3.7 that the endemic steady state E* is globally asymptotically
stable (see Figure 2).

4.1 Effects of drug inhibitors

The drugs play an important role in inhibiting the replication of virus. Two types
of inhibitors are commonly used clinically in HAART regimens, including reverse-
transcriptase inhibitors (RT), and protease inhibitors (PI). RT inhibitors restrain RT’s en-
zymatic function and interdict viral replication from HIV-1 RNA to DNA. Such process
can be modeled by reducing viral infection rate 8; with mathematical factor 1 — eX". Pro-
tease inhibitors (PI) can effectively restrain HIV protease by cleaving the HIV polyproteins

Table 1 List of parameters

Parameters  Biological meaning Values Source
B Transmission rate from virus-to-cell 46x 100  [5]
a1 Transmission rate from cell-to-cell 8 x 107 [30]
8o Background death rate 0.05 [12]
Sm Extra death rate 0.35 [5]
c Clearance rate of virus 23 [5]
w1 Death rate for lymphoblasts 0.01 [31]
7% Death rate for macrophages 0.024 [31]
a Age at which reverse transcription is completed  0.25 12
az Window in viral reproduction 0.5 [12]
Dimax Maximum production rate for lymphoblasts 850 [12]
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Figure 1 All the parameters are listed in Table 1 except A; =1, i = 1, 2. Stability of equilibria of (1.3). The
virus-free equilibrium is globally asymptotically stable when R < 1 and R§® < 1. The graph trajectories of
yj(t.a),j=1,2 versus time t and age a are illustrated in (a) and (b). The graph trajectories of ¥j(t),j= 1,2 versus
time t are illustrated in (c) and (d).

into functional sub-units resulting in producing immature noninfectious virus particles.
This can be described as reducing cell-to-cell transmission rate and viral protease rate
with factors 1 — &/ and 1 - almp , respectively. In order to reveal the antiretroviral therapy

effects of RT inhibitors and PI inhibitors, we propose the following model:

B0 = o — () — (1 - &R Bxi(O)w(e)

—xi(t) [ (1 - el)qi(a)yi(t,a) da,
QD) D - (a7 (4.1)
yi(t,0) = (1 — eX0) B (E)(D) + x:(t) [3° (1 = eP)gqi(@)yi(t, @) da,

dl’i(tf) =y, - sflp)p,»(r)yi(t, 7)dt —cv.

In order to compare different antiretroviral therapy effects, we perform simulation using
g/l: =0.11, and 81; =0.21,i=1,2,j=Plc, Plp,RT. From Figure 3, it is easy to say that Pro-
tease inhibitors are more effective on decreasing the load of particle virion than reverse-
transcriptase inhibitors. Furthermore, protease inhibitors have significant influences on
cell-to-cell transmission by preventing viral replication. Protease inhibitors decrease the
peak magnitude of the disease and postpone the arrival of such peak. Investigating the

cell-to-cell transmission is essential to developing optimal disease control strategies. Nu-
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for reverse-transcriptase inhibitors (RT) and protease inhibitors (PI).

Time t (Days)

600 700 80 900 1000

Figure 2 All the parameters are listed in Table 1 except A; = 10, i = 1, 2. The antiretroviral therapy effects
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Figure 3 The effects of the different antiretroviral therapies with respect to time t. (a) sf“ =011,

merical simulation indicates that decreasing the cell-to-cell transmission is more effective

in disease control than the other two treatments.

When investigating the effects of multi-target cells on the evolution of virus, we as-

sume the antiretroviral therapy for macrophages is more sensitive than the therapy for
0.6. As shown in
Figure 4, the evolutions of virion for multi-target cells and single cell has some common
properties. They increase as fast as possible and then reach the peak level, followed by a

decay. However, the viruses for single target cell have slower decay rate than that for two

lymphoblasts. This implies that ¢y =1and efl =04, P =02, eflp =
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Figure 4 The virion evolves with respect to time. (a) Evolution of the virion for multi-target cell.
(b) Evolution of the virion for single target cell.

target cells, indicating that multi-target cells contribute to slowing down the accumulation
of virion and increase the difficulties of treatment.

4.2 Decay dynamics of the system

From initial HAART treatment, viremia decays and becomes undetectable (<50 HIV-1

RNA copies/ml) in adherent patients. During the first antiretroviral therapy period, the

evolution of viremia strongly depends on the distributions of the infected target cells.
Now, we assume that reverse-transcriptase inhibitors totally suppress reverse-

transcriptase’s enzymatic function and prevent the synthesis of viral DNA from HIV-1

RNA. This means 8" = 1. For convenience, we assume that &/ = 1 since the mecha-
nism for cell-to-cell transmission is obscure. It follows from equation (1.3) that y;(¢,t) =
yio(T —t)m;(¢). Since the plasma viruses decay faster (lasting only 1/c &~ 1 h) [4, 32, 33] than
uninfected target cells and infected target cells. The time scale of decay rate for infected
target cell is much lower than that for viremia. Therefore viremia reaches the quasisteady

state relative to infected target cells and uninfected target cells. Then

v(t) =

Cc

2 o0 2 00
Jo pi@yit,a)da [y pi@)yiola - t)ri(t) da

i=1

If we choose the initially infected target cells to be y19 = e* then

2 oo —m(a—t) 2 0
We) = Z fo pila)e w(t)da _ Zﬂi(t)emtf pil@)e™ dalc.
i=1 0

c -
i=1

The trend of the disease depends on the relations between the survival rate 7; and the
decay rate of the initial target cells ms;. If 7r;_ is greater than m then it decreases. Otherwise
it increases.

Second, if protease inhibitors completely block the production of infected virion, i.e.
g}’lp =100%, we then have v(t) = vope™. The decay of viremia is at the clearance rate.

5 Conclusion and discussion
As popular antireviral therapies, reverse-transcriptase (RT) inhibitor and protease in-
hibitor (PI) suppress the reproduction of virion particles. Recent investigations showed
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that the persistence of latent viral reservoirs is responsible for viral rebound. Such a reser-
voir is insensitive to HAART and able to self-re-establish. It is necessary to evaluate the ef-
fects that the cell-to-cell infection has on viral dynamics. HIV viruses weaken and damage
human immune systems, and invade many target cells. In this article, we propose a math-
ematical model with infection age to investigate the viral dynamics of HIV with different
therapies. Cell-to-cell and multi-target-cell infections are both integrated into the model
to consider their effects on the evolution of the virus under treatments. We obtain the basic
reproduction number of the model, which determines the persistence of the disease. We
show that when the basic reproduction number is less than one, the virus-free equilibrium
is globally stable. On the other hand, if it is greater than one, then the endemic equilibrium
is globally asymptotically stable. It follows from the expression of the basic reproduction
number that multi-target-cell and cell-to-cell infections contribute positively to the value
of the basic reproduction number. Such type of infections was underestimated. Revealing
the consequences of multi-target-cell and cell-to-cell infections provides insights into the
development of optimal therapy to control the disease.

We consider the decay dynamics of our model and analyze the effects of the reverse-
transcriptase inhibitors and protease inhibitors. If the protease inhibitor is effective
enough [4], the decay rate of the virus only depends on the clearance rate of the virion
particles. On the other hand, if the reverse-transcriptase inhibitors are effective enough,
the decay rate of the virus depends on the distribution of initially infected cells. Through
the comparison with the two kinds of inhibitors, it is easy to show that protease inhibitors
play a more effective role in controlling cell-to-cell transmission than other therapies.

In order to investigate global behaviors of our model with multi-target-cell and cell-to-
cell transmissions, we simplified the input rate of uninfected target cells as a constant. In
the literature, logistic growth [34] and mixed growth forms [35] have been used in mod-
eling such input rate. We thus change the input mechanism in our model and the model
may display complex dynamical behaviors. The drift phenomenon for free virus often hap-
pens in the virion disperse process. Fickian diffusion term models biologically meaning-
ful scenario in virus dynamics and as such incorporating the diffusion into HIV model is
necessary [36]. Therefore, we will incorporate such growth rates and diffusions into HIV
disease model to investigate viral dynamics under various antiretroviral treatments.
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