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Abstract In this paper, we construct an infection-age model to study the interaction between
viruses and the immune system within the host. In the model, the mortality rate of infected
cells, the rate that cytotoxic T lymphocytes (CTL) kill infected cells, the rate that infected
cells produce new virus, and the CTL proliferate rate may depend on the infection-age. The
basic reproduction number and the threshold for the existence of steady states are obtained.
Local stability of both the infection-free and infection steady states is studied by analyz-
ing the linearized systems. Global stability of the infection-free steady state is obtained by
investigating a renewal integral equation and global stability of the infection steady state
is obtained by constructing a Liapunov functional. Numerical simulations are presented to
verify the theoretical results.

Keywords Age-structured model - Viral dynamics - Integrated solution - Liapunov
functional - Local and global stabilities

1 Introduction

In the last two decades, many mathematical models have been proposed to investigate the
within-host dynamics of viruses and immune cells interactions. A basic model describing the
response of cytotoxic T lymphocytes (CTL) to viral infection was first proposed by Nowak and
Bangham [24]. Since then, various models have been developed to study immune responses
to different viral infections in vivo [3,25,27,33,34,36-39]. Wodarz et al. [37] proposed an
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ordinary differential equation model to study the important role of lytic and nonlytic immune
responses in viral infections. Besides the immune response of CTL, researchers have also
studied the humoral immunity response of B cells (see [38]). The purpose of constructing
and studying these models is to understand how CTL responses work to fight the viral infec-
tions. These modeling studies have demonstrated that such mathematical and computational
approaches are valuable when coupled with experimental work through collaborations [36].

Taking the latent period into account, delay differential equations have been employed to
study the dynamical behavior of viruses and the immune system, in which viruses need times
to infect susceptible cells, or the immune system needs times to make an immune response
[26,29,32]. In these delay differential equations, the time period of delay is supposed to
be a constant. Age-structured models have been used extensively to study the population
dynamics and transmission dynamics of infectious diseases (see [9,21,31]). Most recently,
age-structured models have been employed to describe viral infections based on the fact
that the death rate of infected cells varies over their life span [1,8,12]. In addition, the
production rate of viruses is initially low and increases with the age of the infected cells
[12,40]. Therefore, it is more reasonable to assume that the mortality of infected cells and
the production rate of viruses are functions depending on the age of infected cells. This type
of age-structured models has drawn attention of many researchers (see [1,4,5,12,16,23,28,
40]). Most studies on this topic are based on a coupled ODE-PDE system incorporating
target cells, infected cells, and free viruses as the state variables. As discussed above and
as in references [25,27,33,34,36-39], CTL play a crucial role in host defense against viral
infections. Therefore, an introduction of the immune cells to the model is necessary in order
to better understand virus infections.

In this paper, we propose an infection-age model to study the interactions of the viruses and
immune response of CTL within the host. This model may be used to study the interactions
between pathogens and the immune system in viral infections such as HIV, HBV, HCV and
so on. The model takes the following form:

d);f) = b —dyx(1) — Bx(t)v(1),
(e, (e,
Y (;[ DLW gf D @)y 1) — py( D),
do(t) (™ (.1)
=/ k(t)y(t, v)dt — d3v(t),
dt 0
dz() _ / c(0)y(t. )T — daz(t)
dt 0
with initial and boundary conditions
y(,0) = Bx()v(1), (1.2)

x(0) =x0>0,y0,)=y € LL(R+,R+), v(0) =v9 > 0,z(0) =z0 >0, (1.3)

where x(¢), v(t), z(t) are the numbers of uninfected target cells, free viruses, and CTL at
time ¢, respectively. y(¢, T) is the number of infected cells at time ¢ with an infection-age t,
which is the time since the moment of being infected. Uninfected target cells are assumed to
be produced at a constant rate b and die out with a rate d;. When the susceptible cells meet
free viruses, they become infected with a rate 8. Infected cells at age t die out with a rate
d> (7). Infected cells are killed by CTL with a rate p(t), where p(tr) represents the strength
of the CTL killing the infected cells. The viruses die out with a rate d3, and the mortality
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rate of CTL is dy. Infected cells produce new viruses with a rate k(t). The CTL proliferate
in response to antigenic stimulation with a rate ¢(t). Here, k(7), c¢(7) € L}l_(RJr, Ry).
Let

T(t) :=x(t)+ /oo y(t, )dr, (1.4)
0
C@) = /OO k(D)y(t, t)dr, (1.5)
0
E@t) = /OO c(r)y(t, t)dr. (1.6)
0

Thus, T'(¢) is the total number of organ cells, C(¢) represents the proliferate rate of viruses
at time ¢, and E(t) represents the rate of CTL expansion at time . We assume that all the
parameters in (1.1) are positive.

The paper is organized as follows. In Sect. 2 we discuss the existence and uniqueness of
solutions to the model. The existence of (both infection-free and infection) steady states is
considered in Sect. 3. Section 4 deals with the local and global stabilities of the infection-free
steady state. We then establish the uniform persistence of the model system in Sect. 5. Sec-
tion 6 is devoted to the local and global stabilities of the infection steady state. Some numerical
simulations are given in Sect. 7. The paper ends in Sect. 8 with some brief discussions.

2 Existence and Uniqueness of Solutions
In this section, we study the fundamental properties of model (1.1) including the existence
and uniqueness of solutions.

In order to study the existence of solutions for system (1.1), we denote

X=RxL'R;,R) x RxR xR,
Xo={0} x L'(Ry,R) x R x R x R,
X4 =Ry x LL(R4, R) x Ry x Ry x Ry,

and
Xo+ = X4+ N Xop.

Define an operator A : D(A) C X — X by

0] ()
@ —¢' —da(D)p

Al o1 = —d1 ¢ 2.1)
(%)) —dzp
®3 —dap3

with D(A) = {0} x Wh1(0,00) x R x R x R. If + € C with Re(A) > —d (here d =
0 min {d>(7)}), then A € p(A) (p(A) is the resolvent set of A), and the resolvent of A is
<T<00

given by the following formula:
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ar-n"' v =] @ 22)
) ©2
Y3 @3
¢ e o d@)doy 4 Iy e T = [T (@) y ()
Yi(x)
1 _ A+d;
& (r) = Ya(1)
V2 Ai;
3 Y3t
Atdy
2.3)

Now we rewrite system (1.1) as the following abstract Cauchy problem:

dzgt) — Au(t) + Fu(r), >0, o
u(0) = ug € D(A),
where
0 Bx(@)v(1)
(y(t, ~)> (—p(t)y(t, t)z(t)>
u(t) = x(1) . Fu@)(r) = b — Bx(H)v(r) . (2.5)
v(t) Jo k(@ vydt
z(1) Jo~ ey, )dt

F is a nonlinear map defined from D(A) to X. One can see that it is Lipschitz continuous
on bounded sets. Based on this fact, we have the following theorem by applying the results
given in [6,10,15,17,19].

Theorem 2.1 There exists a uniquely determined semiflow {U (t)};>0 on Xo+, such that for
each ¢ € Xoy, there exists a unique continuous map U € C([0, +00), Xo4) which is an
integrated solution of the abstract Cauchy problem (2.4); that is,

t
/ U(s)¢tds € D(A), Vt>0 (2.6)
0

and , .
U =¢+ A/ U(s)ds +/ FU(s)¢)ds, Yt > 0. 2.7)
0 0
Moreover, the semiflow {U (t)};>0 is asymptotically smooth and bounded dissipative.

Let _
b kb ch
2= {(0.9).%.v.2) € Xo4 | T(1) =~ 0(0) = PREOE E]’ 2.8)

where r = min(d;, db), d» = inf do (1), k = supk(t), ¢ = sup c(r). We have the following
- — =0 >0 >0
theorem.

Theorem 2.2 2 is a positively invariant set under semiflow {U (t)};>0, that is U ()2 C .
Moreover, 2 attracts all positive solutions of (2.4).
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Proof Letd, = supdz(r) p= sup p(r) a= max(dl,d2+ ) Forany ((0, y), x,v,z) €
Qandr > 0, we have

dT (1)

fb—dlx(t)—@/ y(t,t)dt <b—rT(t). 2.9)
0

It follows that b b
Tt = -+ (T0) - 7)67”. (2.10)
r r

Therefore, T (t) < ? if ((0, yo), x0, vo, o) € S2. Moreover,

-b
—d3v(t) < L kf y(t, t)dt — d3v(t) < k— — d3v(t). (2.11)
r
Thus, . .
kb kb
7d3t e - 7d3t
we M < v < T (vo rd3)e . 2.12)
Similarly, we have B )
—dat 2 _ ﬁ —dyt 2.13
20€ Sz(t)frd4+(zo rd4)e . (2.13)
In addition,
dT(t) 0
Fra b—dix() - A (da(r) + p(0)2(1)) y(t, T)dT = —aT (1), (2.14)
hence,
T(t) > T(0)e . (2.15)

Therefore, U(¢)2 C 2 and 2 is a positively invariant set. Moreover, it is easy to see that
attracts all positive solutions of (2.4) by (2.10), (2.12) and (2.13). O

3 Existence of Steady States

System (1.1) always has an infection-free steady state E0 = (x 0,0, 0), where x* = dﬁ.
There may exist an infection steady state E* = (x*, y*(t), v*, z*) satisfying the following
equations

b—dix* — Bx*v* =0,

d *
yd S —(da2(7) + p(0)Z")y* (1),
T
/ k(r)y*(t)dt — d3v* =0, 3.1)
0

o
/ c(t)y*(v)dt —dyz" =0,
0
y*(0) = Bx*v*
Calculating the first equation of (3.1) yields

b (3.2)
d| + Bv*
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Solving the second equation of (3.1), we have

y*(r) = y*(0) exp i—/o (da(T) + p(f)z*)dr}
= Bx* VT ()2(7, 2%), (3.3)

where 'y (1) := exp{— [ d2(0)do}.Ta2(z, f) :=exp{— [y p(o) fdo}, f(-) € LL(R4, R).
Next, substituting (3.3) into the third equation of (3.1), it follows that
_ pxv*

d3

U*

/ k()T (0)Ta(z, z5)dr. 3.4)
0

When v* # 0, it is equivalent to

ﬂx* o N
1= / k()T ()Mo (r, z%)dr. 3.5)
ds Jo
This leads to G did
v*=,3 (%) — 13 (3.6)

Bds

where G(z*) = fooo k(0)T1(r)Ta (7, z*)dt. Similarly, substituting (3.3) into the fourth equa-
tion of (3.1), we have

Bx*v*

dy
Substituting (3.2) and (3.6) into (3.7) yields

Z*

/ e (t)Ma(z, 27%)dr. (3.7)
0

«_ id3G1(T") (BLG(ZF)
© T BdsG(z*) ( dids 1)’ 3.8)
where G1(z*) = [;° ()T (0)a(t, 2%)d.
Let
o _ Did3G1(2Y) (BOG(ZH)
@) =e ( . ) -z (3.9)
Then, d1d3G1(0) 7 BHG(0)
_ d1d3Gy B
*O= BdsG(0) ( dyds ) (-10)
The basic reproduction number of system (1.1) is defined as
00 — [y d2(0)do
Ro = BbG(0) _ ﬂbfo k(z)e o dr. G.11)

d\d; d\d;

Remark 3.1 The basic reproduction number Ry is the average number of newly infected
cells produced by a single infected cell during its lifetime, assuming all other cells are
susceptible [2,36].In (3.11), B is the effective infection rate; 1 /d3 denotes the average lifespan
of the virus; e~ Jo 2)do g he probability that an infected cell survives to age t, hence
fooo k(t)e™ Jo d2(0)do g represents the number of viruses that an infected cell reproduces
in its lifetime; b/d; is the number of susceptible cells at the infection-free steady state.
Therefore, the basic reproduction number has the same biological interpretation as in the
non-age-structured epidemic models.
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On accountof G(z*) > 0, G1(z*) > 0and G(z*) < G(0), we have ®(z*) <0if Ry < 1,
and ®(z*) = 0 holds if and only if z* = 0. Therefore, there is no infection steady state if
Ro < 1.

Equation (3.8) has at least one positive root 13 if Rp > 1 since ®(0) > 0 and

*EToo ®(z*) = —o0; that is, system (1.1) has at least one infection steady state if Rg > 1.
%urthermore,

P'(*) = 1. (3.12)

d\d3G(z*) ( BbG(z*) d1d3G(z")G'(z")
BdsG(z*) ( did; ) BdsG?(z*)

By the expressions of G(z*) and G| (z*), we know that G(z*) > 0, G1(z*) > 0, G'(z*) <0
and G| (z*) < 0.Inthe neighborhood of the positive root z§, it is easy to see that 4 Z%:) -1 >
0, hence, ®'(z*) < 0, which means that there is no more than one positive root for (3.8).

Hence, the following threshold property holds.

Theorem 3.2 For system (1.1), there is no infection steady state if Ro < 1, and there is a
unique infection steady state if Ro > 1.

4 Stability of the Infection-Free Steady State

In this section, we discuss the local and global stabilities of the infection-free steady state
E° = (x°,0,0,0).

4.1 Local Stability of the Infection-Free Steady State

Let x1(t) = x(¢) — x°, yi(t, T) = y(t, 1), v1i(t) = v(1), z1(¢) = z(r). We can derive the
linearized equations at E© as follows:

d b
90— i - %vl(t),
I8 ED i),
ot ot
dvi(t) (™ @1
2/ k(t)yi(t, t)dt — d3v (1),
dt 0
d oo
i}(” - / c(0)y1(t, YT — dyz1 (1)
t 0
with boundary and initial conditions
b
¥11,0) = %vl(z), (42)
x1(0) = x10, y1(0, ) = y10, v1(0) = v19, 21(0) = z10. 4.3)
Let
Bb
B(t) = ?vl(f)v 4.4)
1
Ci(t) :/0 k(t)yi(t, v)dr, 4.5)
E (1) :/0 c(t)y1(t, t)dr. 4.6)
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Then, by formal integration of (4.1), we have

x1(t) = x10e” M — (I * B)(1), 4.7)
V(1) = vige B + (I3 % C1) (1), (4.8)
21(t) = z10e™ M + (Iy % E1)(1), (4.9)

where /(1) := e i ( j = 1,3,4). The asterisk denotes the convolution operation defined
by

t
(Fr00= [ 0= (4.10)
Next by integrating the second equation of (4.1) along the characteristic lines, one has

Bt — o)l (r), t >,
ne. ) = { yio(t =1 (@), t < 7. (@.11)

Then,
Ci(1) = /0 k(t)y1(t, T)dt
t o0
- f KBy — DT ()d7 + / k(D)y10(t — DTy (DT
0 t
= (k"1 * B))(1) + Fio(), 4.12)
where o
Fio(r) :/ k(t)yio(r — )I'1(r)dt. (4.13)
t
Therefore,
b
Bi(t) = %(vloe_d” + (3% C1)(@))
b
= %(moeﬂw + (I3 % F10)(1) + ((I3 % kI'p) * Bl)(t))
1
t
— G (1) +/ Wo (1) B (1 — 7)dx, (4.14)
0
where
G20) = 22 (vape ™ + 13 ¢ Fio)0) (*.15)
i : '
b
Wo(7) = ’2—1(13 % kT1)(T). (4.16)

Then, lim G;(t) = 0. In fact,
t——+00

o0
[Fio(t)] = / k(t)y1o(t — )T (v)dr
t
_ o0
< Ryl / ey @.17)
t
= LRyl e
d B
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when d; # d3,
t
(3 % Fi0)(1)] < / e BT R (7)|dT
0
! 1 1 7 d
5/0 d—ze“3”")k||ylo||ue‘—”df (4.18)
_ B —d3t __ e—@t
= kllyiollp —————,
NN ") (dy — )
and if dy = ds,
1 _
|03 % Fio)0)] < Kllyiollpite di, (4.19)

It follows that , liT G,(t) = 0. By the Paley—Wiener Theorem [13,14], we know that
—+00
lim Bj(t) = 0if and only if
t—+00

/°° Yo (t)dt = ,32 /00(13 * k) (T)dt
0 dy Jo

< ,32 /00(13 *x k') (v)dt
dy Jo

dyds
=Rp < 1.

= ﬁL/ook(r)Fl(r)dT
0

Therefore, lim y;(t,7) = 0 for any t € (0, +00), lim x(t) = di, lim vi(t) =0,
t—+00 t—>+00 17 t—+4o00
and lim z;(t) =0ifandonly if Rg < 1.
t—>+400

By the principle of linearized stability for the evolution equation as system (1.1) (see [7],
Proposition 5.2 in [14], Appendix in [20], Corollary in [30] or Theorem 4.13 in [35]), we
have the following theorem.

Theorem 4.1 The infection-free steady state EV is locally stable if Ro < 1 and unstable if
Ro > 1.

4.2 Global Stability of the Infection-Free Steady State

Let
B(t) = Bx(t)v(t).

Then, by formal integration of (1.1), one obtains

_b _ b\ i
X0 =t <x0 i ) e~ _ (1, % BY(1), (4.20)
v(1) = voe~ B + (I3 % C) (1), (4.21)
2(t) = zoe M+ (ly % E)(1), (4.22)

where C(¢) and E(t) are defined in (1.5) and (1.6) respectively. Next by integrating the
second equation of (1.1) along the characteristic lines, we have

T — { B(t — O)T1(1)Ta(z, 2(t + 0)), t > T, )
yo(t — )1 (@Ot z(r +0)), t <.
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Therefore,

T(t) =x()+ /00 y(t, t)dt
0
t
=x(t) +/ B(t — )" (0)a(z, z(t + 0))dT (4.24)
0

+/ yo(rt =)' (0)T2(t, z(t + 0))dr.
t

Thus for any fixed 79 > 0, we can define operators X (f), T(f), V(f) and Z(f) for f(-) €
C([0, 50]; Ry) as
X0 =+ (xo - d%) e Uy )0,
T(f)(1) = X(£)0) + Fot) + Fi(0), (4.25)
V(f)(@) == voe ™" + (I3 = f)(0),
Z(N)@) = z0e™ % + (lax [)(0),

where
t
Fo(r) = / Bt — )" (t)2(z, 2(t + 0))d,
0
Fi(1) = / yo(r — 1 ()2 (t, z(z + 0))dr.
t
Hence,
B(t) = BX(B)(1)V(C)(1),
C(t) = (kI" % B)(t) + F3(1), (4.26)
E(1) = (cT % B)(1) + Fa(2),
where

['(z) =T1(0)2(z, Z(E)( + 0)),

F3(1) :/ k(t)yo(r — )1 ()l2(7, Z(E)(t + 0))dr,
t

F4(t) = / c(t)yo(t —)I'1(v)2(r, Z(E)(t + 0))dr.
t

We have the following theorem on the global stability of the infection-free steady state.

Theorem 4.2 The infection-free steady state E° is globally asymptotically stable if Ry < 1.

Proof Define
b
W, (7) 1= ﬂ(d—l +e0) (3 #KD)(@), e € Ry
Under the assumption Rg < 1, there exists g9 > 0 small enough, such that fooo W (r) < 1.

For the above &g, there exists a 7 > 0, such that (xo — dﬁl)e_d"
for any t > T, we have

< go forany ¢ > T. Thus,
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B() = BX(BYOV(C)(®)
b b
=B+ 00~ d—])e*dl’ — (% BYD) (v0e ™ + (5 x O))

< B(; + o= e ) (we 4 @3+ )

b
= ﬂ(— + (xo — —)e dlt)vo€7d3t + ,3( + (x0 — *)6 dlt)(l’j * C) (1) 4.27)
+20) 3+ O)(0)

(
_ (ﬂ n 80)voe—dst I 5((% + go)((z3 s (KT % B)) (1) + (5 % F3)(t))

= G3(1) + ﬂ( + 80) (3 % kT) * B) (1),

where
G3(1) —ﬂ( +c0) (voe ™8 + (s x (). (4.28)

Similar to the proof of lim G () = 0, we can prove that lim G3(t) = 0.
t—+400 t—+400

Let B(t) be the solution of the following renewal integral equation:
t
B(t) = G3(t) + / W, (7)B(t — 1)dr, (4.29)
0

Thus B(t) < B(t). Since . liI—P G3(t) = 0 and fooo W (t)dt < 1if Ry < 1, by the
— 400
Paley—Wiener Theorem [13,14], we have lim B(f) = 0 which implies lim B(t) = 0.
t——+00 t—>—+00
Therefore, if Rg < 1, by (4.11), . lir+n y(t, ) = 0 for any 7 € (0, +00). By (4.20), (4.21)
— 100
and (4.22), t_l)u_‘l_loox(t) =i t_l)lllloo v(t) =0, and t_l)lrllooz(t) 0. O

5 Uniform Persistence

From Theorem 4.1, one can see that E? is unstable when Ro > 1. In this section, we will
show that system (1.1) is uniformly persistent and hence the viruses will not go extinct when
Ro > 1. Define

Mo ={((0,y),x,v,2) € Q: v+/ y(t)dt > 0}
0

and 3M0 = Q\Mo.

Lemma 5.1 The subsets My and d My are both positively invariant under the semiflow
{U(®)}i=0; that is, U(t)Mo C Mo and U(t)0My C 0My. Moreover, for each { € 9My,
Uiy — eV ast — +oo, where
Or
<0L' )
0

e = X
0
0
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is the infection-free steady state of {U (t)};>0.
Proof Let
o0
J(t) =v() —i—f y(t, t)dr. (5.1)
0

For any ((0, y), x, v, z) € Mo, we have

diit) = /0 k(t)y(t, t)dt — d3v(t) 4+ Bx(t)v(t) — /0 (da(t) + p(D)z(1)) y(t, T)dT,
> —dsv(t) — (dr + %)/(; y(t, t)dt,
> —a1J (@), (5.2)

where a; = max{d3, d» + pCb} Then, J(¢) > J(0)e~%" > 0. It follows that U (1) Mo C My.
In addition, for any ((0, y), x,v,2) € Mo, we have

o0 t
/ y(t, t)dt = ﬂ/ x(t — vt — o)l (o) (r, z(t + 0))dT
0 0

+ / yo(©)T1(x)T2(t, z(x + 0))dT = 0.
t

We also have

—dzv(t) < L < k/ y(t, t)dt — d3v(t) = —dzv(t),
0

which follows that v(¢) = 0 if vg € 9 M. Hence, U (t)d0 My C d M. Furthermore, v(t) = 0
means that B(t) = Bx(t)v(t) = 0. Using the same argument as in the proof of Theorem 4.2,
we can see that for each ¢ € dMo, U(1)¢ — €° ast — +o00. O

By applying the results in [11,18], we obtain the following theorem.

Theorem 5.2 If Ro > 1, the semiflow {U (t)};>0 is uniformly persistent with respect to the

pair (Mg, My); that is, there exists € > 0 such that tlim inf d(U(t);‘, 8Mo) > ¢ for any
—00

¢ € M.

Proof By Lemma 5.1 and Theorem 2.1, the conditions (i)—(iii) in Theorem 4.1 in [11] are

satisfied. Applying Theorem 4.1 in [11], {U (¢)}>0 is uniformly persistent if and only if

WS (") N My = 0, (5.3)
where
WS ({e)) = {; €Q: lim Une = eol . (5.4)

Assume by contradiction that there exists { € W* ({eo}) N My, then there exists g > 0 such
that v(19) + [y~ y(to, T)dt > 0. Since U(1)My C Mo, we have v(t) + [;° y(t, )dT > 0
for any t > tg. Let

E(t,t) = / k(o) exp{—/ (da2(s) + p(s)z(t))ds}do. (5.5)
Then &0 = —k(1) + (da(7) + p(1)2(1))é(2, T) ace. T > 0. Define

Ji(t) =v() +/ E(t, T)y(t, v)dr. (5.6)
0
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0

Since ¢ € W*({e°}), we have lim x(t) = x%, lim z(f) =0, and hence lim &(z,0) =
t—+00 t—+400 t——+00

G(0). When R > 1, taking &g > Oand ¢; > 0 small enough such that 0 < W <

Ro — 1. For the above &g and €1, there exists #; > 0 such that x(r) > x? — o and £(¢, 0) >
G(0) — gq for all t > ;. Then, for t > t;, we have

‘”;f” > (BE( 0)x(1) — d3)u(t)
> (B = £0)(G(0) — &) — d3)v(t)
B B(xe1 + G(0)eo) . Peoer
- d3<R0 —1- u + 5 )v(t)
> 0, (5.7)

which implies that J; (¢) is a non-decreasing function for ¢ > ¢;. Therefore, J;(¢) > Ji(t2) >
0 for all t > 1, with o = max{#, t1}, which prevents (y(t, ), v(t)) converging to (01, 0)
as t — +o00. A contradiction with £ € W*({e°}). O

6 Stability of the Infection Steady State

Next, we study the stability of the infection steady state E* = (x*, y*(t), v*, z*) when
Ro > 1.

6.1 Local Stability of the Infection Steady State

We first discuss the local stability of the infection steady state and have the following result.

Theorem 6.1 The infection steady state E* is locally stable if Ry > 1.

Proof Letxy(t) = x(t)—x*, y2(t, 7) = y(t, T) = y* (1), v2(t) = v() —v*, 22(t) = z(t) — 2"
Then we obtain the linearized equation at E* as follows:

d";t(’) = —dyxa(t) — Br*xa(t) — Bx*ua (D),

v (t, v (2,
yzgtt 2 yza(zt D —(d2(v) + p(D)ZH)¥2(t, T) — p(T)y* (D)22(2),

00 6.1)
d”;(’) - / k(D) (t. T)dT — d3va (D),
t 0
20 _ f (Ol T — daza(0)
t 0
with the boundary condition
¥2(t.0) = Br*xa(t) + Bx v (0). 6.2)
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We assume that x5 (¢) = x2¢@!, y2(t, ) = y2(1)e®!, v2(t) = v2e@!, and z2(t) = z2e“",
then
(@ +di+pvIxn

V) =
Bx*
d
y;z(.t) = —(dz(f) + p(‘[)z* + ?D')yz(‘[) _ p(T)y*(T)Z2,
(@ +d3)va = /‘00 k(t)y2(t)dr, (6.3)
0

(o +d)zs = fo c(0)y2(2)dr,

2(0) = B(v*x2 + x7v2).

Solving the second equation of (6.3), one has

L op(s)y*(s)e™”

QU
©
SN——"

y2(7) = T (7)o (r, Z*)fm(ﬂ(v*xz +x*v) — Zz/

o Ti(s)la(s, z%) (6.4)
= F5(1) — Fe(7),
where
Fs5(t) = I'(0)Ta(7, 2B x2 + x v2)e™ 77, (6.5)
T
Fe(r) = 2 / PEY T (T =)ot — 5, 7%)e 7 ds. (6.6)
0
From the third and fourth equations of (6.3), we have
o= B(x* vy + v*x3) 4 ©6.7)

o +ds+ G3
where

G3 = / /T k() p(s)y* ()T (x — )Ta(x — s, 25)e " T Ddsdr,
0 0

G4:/ ¢ (0)a(z, 25)e 7 dr.
0

Substituting (6.4), (6.7) and the first equation of (6.3) into the third equation of (6.3), and

: * __ d3
recalling that fx* = RN O E e we have

- (d + @)G4G3
d DA+ —
it o+ Pt o d + Gy + & + o)

o2 k(T (DT (2, 29 7 dr
Jo~ k(T (DM (e, 24)dt

It is easy to see that the modulus of left hand side of (6.8) is greater than that of the right

hand side for all complex roots zr with non-negative real parts. Therefore, all roots of (6.3)

have negative real parts. By the principle of linearized stability for the evolution equation as
system (1.1), it follows that the infection steady state E* is locally stable if Ry > 1. O

(6.8)

= (di + @)

6.2 Global Stability of the Infection Steady State

Now, we discuss the global stability of the infection steady state by constructing a Liapunov
functional.
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Define a positive function

a(t) = /Iook(a)exp{_ /;U(dz(s) + p(s)2)ds)do. ©9)
Denote

N= /Oook(U)CXp{ _/OU(dQ(S) + PP )do
Notice that «(0) = N, & '(t) = —k(t) + (d2(v) + p(t)z")a(7), and a(7) is bounded.

Theorem 6.2 The infection steady state E* is globally asymptotically stable if Ro > 1 and
c(t) = ep(r)a(r) for any constant € > 0.

Proof Define a function
gx)y=x—1—Inx, x € (0,00). (6.10)

Then g is nonnegative and has a unique minimum at 1 satisfying g(1) = 0.
Next, we define a Liapunov functional

H(t) = H(t) + Hy(t) + Hy(t) + H. (1), (6.11)
where,
Ho(t) = x*g(%),
1 [ ,
Hy(1) = N/o a(r)y*(r)g(yy(:(;))dfv
Hv([) — lv*g(v(t)),

N v*

1 *\2
H,(t) = ﬁ(z(t) —z)°.

Recall that Eq. (3.1) holds at the infection steady state E*. Calculating the time derivatives
of Hy(t), Hy(t), Hy(t) and H,(t) along (1.1), we have

d[f;;(’) (1— (t))“’ dix(t) — Bx(D)v(D))
=(1- xx(*))(dlx* T BVt — dyx(t) — Bx(D)v(t))
= —@(x(n x*)? 4 Bx*v* — Bx(tv(t) — Bx*v (*) + Bx (1),
PO g [T am(i- 2 T)))(ay 0 b a0 + v 00 )
B2
+v f - yy(t( )) (1. D) (~k() + p(0)T*a(r))dT

yiao 1 °°(1_y*(r)

_7/ @@y @I S = ¥, 1)

)o@ p@y(, Dzde
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oo - oo
_% 000 p(r)oc(‘r)(y(t, T) — y*(f))(z(t) —z")dr

_ —%a(r)y*(r)();(:;)) - yy(:;)))’,:oo + Bx(Dv(t) — px*v*
—Bx*v*In xgil'jff) —~ % OOO k(r)y*(f)g(yy(jg)))df
_% OOO p(‘L’)oz(‘L')(y(t, T) — y*(r))(z(t) —z")dr

dfiut(t) _ %(1 _ %)(/Ooo k(D)y(t, T)dt — dsv(t))

1 o U* o0
= N/() k(t)y(t, t)dt — No @) /0 k(t)y(t, v)dt

U(t) o * 1 o0 *
“Nor ), k(t)y (r)dr—i—ﬁfo k()y*(r)dr,
and
dH, 1 " o
dt(l) _ J(z(t) —z )(/0 c(t)y(t, r)dt — d4z(t))

B 5&0) - Z*)</0 c(@@, 1) = y*(0)dr — da(z(t) — Z*))
= %\/0 P(T)Oé(l')(y(l‘, ‘[) — y*(T))(Z(t) _ Z*)d‘[ _ d4$(z([) _ Z*)z.

By (3.3), it follows that
1 o0
—/ k(t)y*(t)dt = Bx*v*.
N Jo

In addition,
! x(®)v(r) yir) o x() v(t)y*(z)
n + In

x*p* y(t, 1) N x* v*y(t, T)

holds. Subsequently,

*

dH@®) Ay Lo
i = a0 = =)
1 o N v¥y(t, 1) B RS 2
| ROY @ ([ 2 ) - d e -2 <0,

the equality holds if and only if

vty(t,T)

=1 6.12
v()y*(z) 12

x(r) =x*, z(t) =7,
x(t) = x* implies that % = 0. Hence,
0=0b—dx*— Bx*v(r)
= Bx*(v* —v(1)).
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Since x* # 0, it is obvious to obtain v(¢) = v*. Thus, y(#, T) = y*(t). Therefore, the largest
invariant set that (6.12) holds includes only the infection steady state. This completes the
proof. O

7 Numerical Simulations

In this section, we perform some numerical simulations to illustrate the theoretical results
obtained above. It was shown that the solutions of system (1.1) tend to the infection-free steady
state when the basic reproduction number Rp < 1 and tend to the infection steady state when
Ro > L. The stability of the steady states are also confirmed by numerical simulations. In
addition, simulation results of the age-structured model and the non-age-structured model
are compared.

First of all, we fix the values of some parameters based on the estimated values from the
references about hepatitis B virus (HBV) [22,25,27] as follows: b = 252666, d; = 0.00379,
B =0.00018, d3 = 0.67, ds = 0.05. We compare two different cases in Figs. 1, 2 and 3.

Case 1: We consider the model in a constant environment. This indicates that the values for
the death rate of infected cells, the rate that CTL kill infected cells, the rate that infected cells
produce new virus and the CTL proliferate rate are all constants: d>(t)=0.01, p(r) = 0.01,
k() = 0.001 and c¢(r) = 0.001.

Case 2: The parameters d»(7), p(t), k(7) and c¢(7) are infection-age dependent with the
following forms:

e s ST
= {01 2
k(r) = 8:001 + 0.01 sin %, ; i 18(0), 713)
(1) = 8;001 + 0.01 sin %, z i igg, (7.4)

It is noticed that the number of infected cells in Fig. 1a is larger than that in Fig. 1b, and it
approaches the steady state faster. Similar conclusion can be observed in Fig. 2, which shows
the number of infected cells at different ages. It implies that the number of infected cells
reduces as the infection-age increases. The viral load in Fig. 3a is larger than that in Fig. 3b
at the same time. That means that the infection-age would significantly affect the viral load
in the host.

In Fig. 4, we perform the numerical simulations to show the global stability of steady
states. Figure 4a illustrates the global stability of the infection-free steady state when Ry =
0.8646 < 1. Meanwhile, Fig. 4b presents the global stability of the infection steady state
when Rg = 162.8189 > 1.

We are more interested in the stability of infection-free steady state when the virus infection
dynamics are concerned. In Theorems 4.1 and 4.2, we obtained that the infection-free steady
state is global stability when Ro < 1 and unstable when Ry > 1. Figure 5a depicts the age
distribution of infected cells when Rg = 0.8646 < 1, and Fig. 5b depicts the viral load when
Ro < 1.
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Fig. 2 a Time series of infected cells in Case 1; b time series of infected cells in Case 2. Red dotted lines
represent the number of the new infected cells, that is the infected sells with 0 age. The thin green lines and
thick black lines represent older infected cells, respectively (Color figure online)
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Fig. 3 a Viral load as time changes in Case 1; b viral load as time changes in Case 2
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(a) (b)

Fig. 4 a The global stability of the infection-free steady state when Rg = 0.8646 < 1; b the global stability
of the infection steady state when Ry = 162.8189 > 1
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Fig.5 a The age distribution of infected cells when Ry = 0.8646 < 1; b viral load when Ry = 0.8646 < 1

8 Discussion

The interaction between pathogens and the immune system is a very broad and diverse topic
[36]. The CTL response against viral infections has been investigated intensively through
mathematical models and numerical approaches.

In this paper, we have considered an infection-age dependent model of viral infections
with immune system. The basic reproduction number R and the threshold for the existence
of the steady states are obtained. Local stability of the steady states was established by
linearizing the system. Furthermore, we obtained global stability of the infection-free steady
state by investigating a renewal integral equation under the assumption Ry < 1. Meanwhile,
sufficient conditions for the global stability of the infection steady state were obtained by
constructing a Liapunov functional.

The age distribution of the infected cells and the viral load in a constant environment
and an infection-age dependent environment were compared by numerical simulations. The
simulation results show that although the incorporation of infection-age may not change the
dynamics of the model, the distribution of the infected cells and the viral load have a lot of
varieties. The number of infected cells would decrease with age, and the viral load would

@ Springer



812 J Dyn Diff Equat (2019) 31:793-813

also decrease as da(t), p(t), k(t) and c(tr) depend on infection-age. Therefore, it is more
realistic to incorporate the age of infection in the virus dynamics for better understanding of
the interactions between viruses and the immune system.

Many results about immune system dynamics were obtained to understand the importance
of CTL responses (we refer to [36-39]). In these studies, the CTL response can be described
under various assumptions. Some of researchers assumed that the rate of CTL expansion
saturates as the number of CTL grows to relatively high numbers [39]. Some assumed that the
rate of CTL expansion is simply proportional to the amount of antigen, but not to the number
of CTL [37]. Moreover, modeling lytic and nonlytic CTL responses ([37]) or modeling
competition between CTL and antibody responses ([38]) is also important and interesting.
It remains challenging to study age-structured models between the viruses and the immune
system when the above assumptions are taken into consideration.
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