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Dynamics of a PDE viral infection model incorporating cell-to-cell transmission

Jinliang Wang?, Jie Yang?, Toshikazu Kuniya®*

“School of Mathematical Science, Heilongjiang University, Harbin 150080, P.R. China
b Graduate School of System Informatics, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan

Abstract

This paper is concerned with the global dynamics of a PDE viral infection model with cell-to-cell transmission and
spatial heterogeneity. The basic reproduction number R, which is a threshold value that predicts whether the infection
will go to extinction or not, is defined in a variational characterization. In quite a general setting in which every
parameters can be spatially heterogeneous, it is shown that if Ry < 1, then the infection-free steady state is globally
asymptotically stable, while if R > 1, then the system is uniformly persistent and the infection steady state is globally
asymptotically stable. The proof is based on the construction of the Lyapunov functions and usage of the Green’s first
identity. Finally, numerical simulation is performed in order to verify the validity of our theoretical results.

Keywords: HIV-1 model, Cell-to-cell transmission, Spatial heterogeneity, Global asymptotic stability, Lyapunov
functions, Basic reproduction number

1. Introduction

In recent years, the in-host viral infection models incorporating spatial dispersion have been considered. In these
models, it is assumed that only the free virus diffuse while the host cells do not (see e.g. [3, 7, 26] and the references
cited therein). Such hybrid systems of differential equations (that is, systems of two ordinary differential equations
(ODEs) for the cells and one parabolic partial differential equation (PDE) for the virus) account for the spatial disper-
sion of virus due to many factors: i) the interaction between the virus and the immune system is localized according to
the type of tissues and also in a given tissue such as lymph nodes [3]; ii) the hepatocytes can not move under normal
conditions [15, 26, 29] and viruses can move freely and their motion follows a Fickian diffusion [25]. In order to be
more realistic, these models often incorporates: i) time delays, where the delays take into account the time between
infection of a target cell and the emission of viral particles [26]; ii) heterogeneous parameters, where all parameters
are allowed to be location dependent except the diffusion coefficient [25].

Due to the PDEs formulations, the system should be analyzed under suitable spatial domain equipped with suitable
boundary condition. In Wang et al. [26], the densities of uninfected cells, infected cells and free viruses are assumed
to be located at x at time ¢, which are denoted by u; (x,#), ua(x,7), us(x,t), respectively, and the spatial domain is
assumed to be one dimensional, that is, (x,7) € (—e0,00) X (0,00). Brauner et al. [3] extended the works in [26] to a
two-dimensional square domain (0,/) x (0,7) with periodic boundary conditions, and provided that the recruitment rate
to be space dependent. In a recent work, Wang et al. [25] argued that a realistic spatial domain should be bounded but
is typically not a square, under suitable types of boundary conditions. They proposed a zero-flux boundary condition
in a general bounded domain Q C R" with smooth boundary dQ (homogeneous Neumann boundary condition). The
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model studied in [25] takes the following hybrid system of two ODEs and one PDE:

w = A(x) = Bi(x)us (x,1)uz(x,1) — a(x)u; (x,1),
w = B1 (x)u1 (x,0)usz(x,2) —b(x)ua(x,2), (x,1) € Qx (0,00),
W = dAuz(x,1) + k(x)uz (x,1) — m(x)u3(x,1), (1.1)
WZO x€dQ, t>0,
ui(x,0)=ud(x) >0, x€Q, i=123.

Here, for each x € Q, A(x) denotes the number of newly produced uninfected cells, a(x), b(x) and m(x) denote the
death rates of uninfected cells, infected cells and free viruses, respectively. f;(x) is the transmission coefficient for
virus-to-cell infection, k(x) is the rate of virus production due to the lysis of infected cells, d is the diffusion coefficient
and A is Laplacian. By analyzing the model and identifying the basic reproduction number, they only obtained the
global dynamics of the model when all model parameters are constants (the spatially homogeneous case), but the
global dynamics of heterogeneous parameters case was left as an open problem. Recent studies in [29], a hepatitis
B virus infection with delay, diffusion and Holling type-II infection rate was investigated. They proved the global
stability of infection-free steady state by comparison arguments when the basic reproductive number is less than
unity, and obtained sufficient conditions for the global stability of infection steady state when the basic reproductive
number is greater than unity. Chi ef al. [5] provided a detailed analysis of similar model but with standard incidence
function. By means of an iteration technique, sufficient conditions for the global stability of the infection steady state
were obtained. In [15], McCluskey and Yang successfully proved the threshold dynamics of a viral infection model
by constructing Lyapunov functions, which contains time delay and a general incidence function.

Recent studies reveal that the high efficiency of infection by large numbers of virions can be vital to a transfer
of multiple virions to an uninfected target cell [9, 20]. The virus-induced cell-cell fusion observed from experiments
is very likely the result of gp120/gp41 proteins, on the surface of infected cells, interacting with CD4 molecules
on uninfected cells [14, 22]. In this case, viral particles can be transferred from infected target cells to uninfected
ones through virological synapses. These findings left no doubt that direct cell-to-cell contribute to understand the
mechanism(s) of HIV-1 transmission in vivo. We list some extensive literatures for studying the dynamics of cell-to-
cell spread of HIV with and without delays [10, 11, 30].

Motivated by the previous works, to examine the effects of both diffusion and spatial heterogeneity, incorporating
cell-to-cell transmission into system (1.1) leads to the following hybrid system of two ODEs coupled with one PDE
under the homogeneous Neumann boundary condition:

M = A(x) = Bi(x)ur (x, 1 )u3 (x,1) — Bo (x)us (x,)uz (x,1) — alx)ur (x,1),
%:) = By (x)uy (x,2)uz(x,2) + Ba(x)uy (x,0)uz (x,2) — b(x)ua(x,1), (x,2) € Qx (0,0),
(x D) iy (x,) + k() (5, 1) — m(x)us (), (1.2)
8u38( ) =0, x€dQ, >0,
wi(x,0)=ud(x) >0, xeQ, i=1,273.

Here the meaning of each symbol is listed in Table 1.

It is well-known that the homogeneous Neumann boundary condition indicates that the system is self-contained
with zero-flux across the boundary. From the viewpoint of application, it is particularly relevant to study some aspects
of its global dynamics of (1.2). The organization of this paper is as follows. In Section 2, we shall establish the well-
posedness of (1.2). Questions such as the existence of a unique mild solution of (1.2) and uniform boundedness of all
solutions will be addressed. Furthermore, the basic reproduction number R, which serves as a threshold parameter
that predicts whether the infection will go to extinction or persist (see, for instance, Diekmann et al. [6] and van den
Driessche and Watmough [24]), shall be defined in a variational characterization. In Section 3, the global asymptotic
stability of the infection-free steady state for Ry < 1 shall be proven by using a Lyapunov function. Section 4 shall

2



Symbol Meaning

ui(x,t)  the density of uninfected cells at position x at time ¢

up(x,t)  the density of infected cells at position x at time ¢

usz(x,7)  the density of free viruses at position x at time ¢
A(x) the number of newly produced uninfected cells at position x per unit time
Pi(x)  the transmission coefficient for virus-to-cell infection at position x

Bo(x)  the transmission coefficient for cell-to-cell infection at position x
a(x) the death rate of uninfected cells at position x per capita
b(x) the death rate of infected cells at position x per capita

m(x) the death rate of free viruses at position x per capita
k(x) the rate of virus production due to the lysis of infected cells at position x
d the diffusion coefficient

Table 1: Meaning of each symbol in model (1.2).

be devoted to the proof of the uniform persistence of (1.2) and the existence of the infection steady state for Ry > 1.
In Section 5, the global asymptotic stability of the infection steady state for Ry > 1 shall be proven. In Section 6, the
global stability analysis shall be done again for a special case in which all parameters are independent of the space
variable. In Section 7, numerical simulation shall be performed to verify the validity of our theoretical result.

2. Preliminaries

In this section, we begin with showing some basic properties of system (1.2). In what follows, we assume that
d > 0 and all of the other parameters A (x), a(x), Bi(x), B2(x), b(x), k(x) and m(x) of system (1.2) are continuous,
strictly positive and uniformly bounded on Q. The following notations will be used:

A :=supA(x), ¢:=min <infa(x), infb(x)) , k:=supk(x) and m:= inf m(x).

xeQ xeQ xeQ xeQ xeQ

Let us define the functional space for system (1.2) by X := C(Q,R?), which is endowed with the supremum norm
such that

1915 := sup||@ (x)[| = sup \/|¢1 @ +1020)P+[03(0)2, ¢ = (41,02,93)" €X,

XEQ XEQ
where T denotes the transpose of the vector. Let us denote its positive cone by X*.

2.1. Well-posedness of the problem
Let A be a linear operator on C?(Q,R) defined by
- d
Ap(x) :=dA@(x), D(A):= {(p ec? (QR): % =0on 89} .
It is seen from a well-known fact (see, e.g., Webb [_27, Section 3]) that the operator A is the infinitesimal generator of
the strongly continuous semigroup {e’A} in C(Q,R). Then, the operator <7 : X — X defined by

>0
0 ] )
A P(x):= 0 . 0= ¢ | eD):=C(QR*)xDA)CX 2.1
Aps(x) 3
is also the infinitesimal generator of the strongly continuous semigroup {e’” } >0 in X. Furthermore, we define the

nonlinear operator .% : X — X% by

A (x) = B1(x) 81 (x) 93 (x) — B2 (x) 1 (x) 92(x) — a(x) 1 (x) 1
7 (9)(x) := B (x)91(x) 93 (x) + B2 (x) 91 (x)$2(x) — b(x) 92 () , o=| 6 |ex". 22
k(x)92(x) — m(x) @3 (x) ¢3



Then, system (1.2) can be rewritten as the following abstract Cauchy problem in X:

d (1) u
&u(t) =ult)+F(ult)), ult)=/| w@) |, w:=u0)=]| 4 |. (2.3)
143(I) ug

For the existence of a local solution u(#) of (2.3), we have the following proposition:

Proposition 2.1. Let o7 and .F be defined by (2.1) and (2.2), respectively. For each uy € D(«/) C X, there exists a
positive constant Ty > 0 such that the problem (2.3) has the unique local solution

t
u(t) = e uy + / e F(u(s))ds, 1€[0,Tp),
0

where Ty < +oo and limsup,_, 7. ¢ ||lu(t)||xx = +o0 or Ty = +oo.

PROOF. It is easy to see that the operator .% is continuously Fréchet differentiable on X with the derivative .%#'[y] :
X = Xat y = (y1,y2,¥3)" € X given by

= (Bi(x) w3 (x) + B2 (x) y2(x) o (
F'Wlo(x) = | (Bi(x)ys(x)+ Ba(x)ya(x)) 61 (x) + (Ba(x) w1
m
Then, the claim follows from [28, Proposition 4.16]. O
In what follows, we denote the solution « of the system (1.2) with initial condition ug by
u(x,t50) = (1 (x,t3u0), uz(x,t3u0), us(x,t;u0))" .
Next we prove the existence of the global solution u of the system (1.2). We shall use the following two lemmas.
Lemma 2.1. [31, Theorem 2.2.1] Let W (x) be a continuous, strictly positive and uniformly bounded function on Q.

The differential equation

awg,t):l(x)—u(x)w(x,t), xed, 150

has a unique, strictly positive and globally asymptotically stable steady state A(x)/u(x) in C(Q,R).

Lemma 2.2. [12, Lemma 1] Let g(x) and [(x) be continuous, strictly positive and uniformly bounded functions on
Q. The differential equation

w:dAw(XJ)+g(X)—u(x)w(x,t), xeQ, >0,
o(x,t)

=0, x€dQ, t>0
dv

has a unique, strictly positive and globally asymptotically stable steady state ®* (x) in C(Q,R). Moreover, if g(x) =
8, H(x) =, then 0 (x) =g/ .

The positivity of the solution u can be shown as follows.

Lemma 2.3. The solution u(x,t;up) of the system (1.2) is positive on Q x [0, Ty) provided that the initial condition ug
is positive.



PROOF. Integrating the first equation in (1.2), we have
ui(x,1) = u?(x)e_-}a(ﬁ‘ (x)u3 (x,5)+Ba(¥)ua (x5) +a(x))ds 4 3 () /t e Js (Bi()uz (x,p)+ B (x)uz (x,p) +a(x))dp 4 ¢ (2.4)
0

and hence, u; is positive. Suppose that there exists a 7y € (0,7p) such that u (x,#) >0 on Q x (0,7y) and u(x,Tp) =0
and duy (x,Tp) /9t < 0 for some x € Q. In this case, from the third equation in (1.2), we have

W > dAusz(x,t) —m(x)usz(x,1), x€Q, t€ (()’ To} ,
2.5)
W:O, x€9Q, 1€(0,T).

Hence, it follows from the strong maximum principle (see, e.g., [21, Theorem 4, p.172]) and the Hopf boundary
lemma (see, e.g., [21, Theorem 3, p.170]) that u3(x,7) > 0 on Q x [0, TO]. Hence, from the second equation in (1.2),
we have duy(x,Ty)/dt > 0, which is a contradiction. Thus, u(x,t) is positive. For the proof of the positivity of u3,
we obtain the differential inequality (2.5) again on Q X [0, 7p] and hence, we can apply the strong maximum principle
and the Hopf boundary lemma to conclude that the claim is true. (]

To show the existence of the global solution « of the system (1.2), we set the state space

A 2 2k _
9= {u = (up,up,u3)" € X2 uy(x,-) < a(()):))’ ur(x,-) +ua(x,-) < - and u3(x,-) < m forall x € Q} (2.6)
and show its positive invariance. We prove the following proposition.
Proposition 2.2. Let & be defined by (2.6). 2 is positively invariant for the system (1.2).
PROOF. Suppose that ug = (), u3, ug)T € 9. The positivity of u follows from Lemma 2.3. From (2.4), we have
_ ro_ _ Ax)\ _ Ax) Ax)
ur(x,1) < ud(x)e @ 4 A (x / e 4Ml=s)qy = (uo x) — > emaWry 220 < T2
l( ) — 1( ) ( ) o l( ) a(x) a(x) — a(x)

Hence, the first inequality in (2.6) holds. By adding the first two equations in (1.2) we have

% (1 (x,1) +up(x,1)) = A(x) —a(x)uy (x,¢) — b(x)uz (x,t) < A —c(uy(x,t) +ua(x,1)).

Integration yields

i)+l < ((80+id) -2 ) e+ 2 <

I | &

Hence, the second inequality in (2.6) holds. From the third equation in (1.2), we have

%Scﬂm(%l‘)ﬁ-l}%—muﬂxat% x€Q, 1>0,
c 2.7)
) o @, 1> 0.
av

From Lemma 2.2 and the comparison principle, we see that limsup,_, , u3(x,t) < Ak/(c-m) for all x € Q. In
particular, if u3(%,7) = Ak/(c-m) for some % € Q and 7 > 0, then du3(%,7)/dt < 0 holds from the first equation in
(2.7) and this implies that u3(x,#) < Ak/(c-m) holds for all x € Q and # > 0 provided u(x) < Ak/(c-m) for all x € Q.
This completes the proof. O

From Propositions 2.1 and 2.2, we see that the system (1.2) has a unique global solution u € & for any initial
condition uy € 9. Therefore, we can define the continuous semiflow {q’t}zzo : Xt — X for the system (1.2) by

D, (up) :=u(-,t;up), t>0.
Proposition 2.2 implies that ®, (ug) € 2 for all t > 0 whenever uy € 2.
5



2.2. Basic reproduction number

In this section, we define the basic reproduction number R for the system (1.2). It is easy to see that the system
(1.2) always has the infection-free steady state Q° = (u}(x),0, 0)" € 9, where uj(x) = A(x)/a(x). Let us define R(x)
by the local basic reproduction number for cell-to-cell infection at position x € Q:

Sh(a) P21

b(x)
= (the transmission coefficient 8, (x) for cell-to-cell infection at position x € Q)

x (the density u}(x) of uninfected cells at position x € Q in the infection-free steady state)

. 1 . . . o
X <the average period —— of infectiousness of infected cells at position x € Q) .

b(x)
In what follows, we assume that the infection can not be endemic only by the cell-to-cell infection, that is,
R(x) < 1 2.8)

for all x € Q. In fact, it is easy to check that if R(x) > 1 for some x, then the infection-free steady state QO becomes
unstable due to the increase of infected cells at the position x.
The system (1.2) can be linearized around the infection-free steady state Q° as follows.

w = Bi ()i (Wus (x, 1) + o ()it} (Dua (x, 1) — b(Xua(x,1), x€Q, 10,
w = dAus(x,t) + k(x)up (x,1) —m(x)usz(x,1), x€Q, t>0, (2.9)
MZO, x€dQ, t>0.

av

Substituting us (x,) = ey, (x) and uz(x,1) = e y3(x) into (2.9) and dividing both sides of the two equations by e,
we arrive at the following eigenvalue problem.

vt = (PR EDAE PO Yy, vea y=( 1 )ec@m).

(2.10)
W o reo0
av
e deine 0+ B Bu(x)ui (o)
o =b(x)+ Ba(x)uj(x 1(x)u (x
7= ( k(x) dA—m(x) 21D
and denote by s (%) the spectral bound of A.
On the other hand, we consider the following eigenvalue problem associated with (2.10):
0.0 =¥ (g [ POHBEEE B0 oy (B ) co@p),
Sy k(x) dA —m(x) Y5 (2.12)
W o redn.
v

We prove the following lemma.

Lemma 2.4. The eigenvalue problem (2.12) has the principal eigenvalue N*, which is the only positive eigenvalue
associated with a strictly positive eigenfunction ¥* = (‘Pﬁ,‘Pg)T eC (Q,Rz).
PROOF. The problem (2.12) can be rewritten as

0= —(b(x) = B2 (x)u (x)) W2 (x) + k(x)¥3(x), x€Q,

0=nPi(x)u] (x)¥2(x) + dA¥3(x) —m(x)P3(x), x€Q,

d¥3(x)
av

=0, xedQ.



Hence, under the assumption (2.8), we can obtain

R
RO ACTHE R 13

and

k(x)
0 = dAW¥;3(x) —m(x)¥3(x) + NP (x)u] (x) ———F "~
P b(x) = Bo (x)u (x)
It is a well-known fact that (2.14) with the Neumann boundary condition dW¥3/dv = 0 on dQ has the only positive
principal eigenvalue n* > 0 associated with the strictly positive eigenfunction W5 (see, for instance, [4, Theorem
2.4]). W5 is obtained by substituting W3 = W3 into the right-hand side of (2.13) and it is strictly positive by virtue of
the assumption (2.8). This completes the proof. O

P (x). 2.14)

In this paper, we define the basic reproduction number Ro by 1/n*. That is, the following equality holds for the
strictly positive eigenfunction ¥* = (¥5,%5)" € C (Q,R?):

P ()i (x)

0,0) = wT(x) [ 20 2?2)()“)”7()6) . sno( Nl XEQ, W= < $§ ) € C(Q.R?Y), ors)
w =0, x€dQ
ov ’ ’

From (2.14), we can obtain the following variational characterization of Ry as in [1, Lemma 2.3] and [4, Theorem
2.4]:

Ro—  sup 1 (x)k(x)

Prlx)ui X)2dx b 2.16
oeria) o0 | Jo (d[V0] +m(x)p(x)?) dr o~ Bt 210

For constant parameters, R can be reduced to

Biuik . A
_ _r 2.17
o m(bfﬁzuf)7 “ a ( )

Indeed, this Ry has the same threshold property as that of R}, which shall be defined in the spatially homogeneous
case in Section 6.

In the remainder of this section, we prove the following lemma which shall be used for the proof of the uniform
persistence of the system (1.2) (see the proof of Lemma 4.1 (iii)).

Lemma 2.5. Let % and Ry be defined by (2.11) and (2.16), respectively. If Ry > 1, then s(%) > 0 and it is the
principal eigenvalue of the problem (2.10) associated with a strictly positive eigenfunction.

PROOF. Let By () (2)
. 1(x)ut(x
—b(x)+ Ba(x)ui(x) —=——+
B, = (%) + B2 (x)uf (x) ;
k(x) dA —m(x)
Then, (2.12) and Lemma 2.4 imply that s (939;0) > 0. Since # > Py, for Ry > 1 (here the inequality > between
the matrices implies that > holds for each corresponding entry and these matrices are not equal), we have s (%) >

s (:@9{0) > 0.
LetY:=C (Q, R2) and {@; },-: Y — Y be the semiflow generated by the linearized system (2.9). Then, we have

0, () = LWy N(O)(w), 120, w=( v ) eC(QRY),



L)y = ef(h(-)*ﬁz(-)uT('))tlllz Ny = I ef(b<'>7ﬁ2(')“7('))(’*‘Y)ﬁl(-)u’l‘(-)m (-5 9)ds .
u3 ('vt; l//)

From the assumption (2.8) we see that there exists a positive constant b > 0 such that
b(x) — Ba(x)ui(x) > b > 0 forallxe Q.
Then, the operator norm of L(¢) can be estimated as

L(t
LW,y = sup OV o o

vev Iwly =7 yevllvily

Ily _ n

On the other hand, it follows from the boundedness of {©;},-, and the compactness of the Cy-semigroup associated
with the solution u3 that the operator N(¢) is compact for each ¢ > 0. Consequently, for any bounded subset B in Y,
we have

K(@:B) = k(L(t)B)+ K (N(1)(B)) < |L(t)],,k(B)+0 < e "k(B),

where Kk(-) denotes the Kuratowski measure of noncompactness defined by

kK (B) :=inf{R > 0: B has a finite cover of diameter less than R} .

Thus, {®f}z20 is a k-contraction on Y with the contraction function e . Then, we have
re(@) < e <1 <@ =10,

where r,(+) and r(-) denote the essential spectral radius and the spectral radius of operators, respectively. This inequal-
ity implies that the essential spectral radius is strictly less than the spectral radius and hence, from the generalized
Krein-Rutman Theorem (see [17]), we see that s () is the principal eigenvalue. This completes the proof. O

3. Global asymptotic stability of the infection-free steady state

In this section, for 0 < Ry < 1, we prove the global asymptotic stability of the infection-free steady state Q¥ =
((x),0,0)" € 2. Now, (2.15) can be rewritten as follows.

0= — (b(x) — Ba(x)u () W3 ) + k(D)W (), €,
o B

= T‘P;(x) +dA¥P;(x) —m(x)P3(x), x€Q, 3.1)
oW (x) =0, x€dQ.
av
The first and second equations in (3.1) can be rearranged as follows.
M50 = ()~ B ()W) and PO = —anwi emipit. 62

*

Using this strictly positive function ¥* (x) = (W} (x), ¥5(x))”, we define the following Lyapunov function:

LirE [, u3) (1) == /Q <\y;(x)u2(x,r) +\p§(x)u3(x,t)>dx. (3.3)

Using this function, we prove the following theorem.

Theorem 3.1. Let 2 and Ry be defined by (2.6) and (2.16), respectively. If 0 < Ry < 1, then the infection-free steady
state Q° = (u} (x),O,O)T € 9 is globally asymptotically stable in 9.

8



PROOF. The derivative of the Lyapunov function %jpg [ua,u3] along the trajectory of the system (1.2) is calculated
as follows.

"Z/FE:/Q (‘Pé(x) auza(:’t) +\P§(X) auSB(;Cat))dx

= /Q ‘P’z‘ (x) (/31 (o) uy (e, )z (o, 1) + Bo (x)uag (o, 1 )uan (o, 8) — b(x)uz(x,t)) +W¥3(x) (dAu3 (oe,) + k(x)uz (x,1) — m(x)u3 (x,t))} dx
< /Q ‘I—‘z (x) (,8] (x)uy (x)uz(x,2) + Ba (x)u] (x)up (x,1) — b(x)uz(x,t)) + W3 (x) (dAu3 (oe,1) + k(x)uz (x,1) —m(x)u3 (xJ))} dx

< /Q ‘I’; (x) (%If(x)% (x,2) + B (x)ui (x)up (x, 1) — b(x)ug(x,t)) +P5(x) (dAu3 (o,1) + k(x)uz (x,1) — m(x)u3 (x,t))} dx.

From (3.2) we have
L < | [ AP (0)+ P ()8 1,1)

Then, it follows from the Green’s first identity and the homogeneous Neumann boundary conditions that
Llop <d {—/ uz (x,1) V5 (x) - vdS+/ Vus(x,t) - V3 (x)dx
0 Q

+/(99‘I’§(x,t)Vu3(x)-vdS—./QV‘Pﬁ(x,t)-Vm(x)dx
=d[(Vuz(-,1), V¥3(-)) = (VF3(-), Vus (-, 1))] = 0,

where (-) denotes the L*-inner product. Hence, from the positivity of ¥*(x), it is easy to see that ./, < 0 and the
equality holds if and only if uy = u3 = 0. Then, from the LaSalle’s invariance principle, we can conclude that the
infection-free steady state QU is globally asymptotically stable. (]

4. Uniform persistence and existence of the infection steady state

In this section, we shall prove the uniform persistence of the system (1.2) and the existence of the infection steady
state when the basic reproduction number Ry is greater than one. The definition of the uniform persistence is as
follows.

Definition 4.1. System (1.2) is said to be persistent (in X1) if any solution u (x,t;uy) with initial condition uy € X
is bounded away from zero, i.e., for any uy € X,

liminfu; (x,t;u9) >0, i=1,2,3;
t—oo
and uniformly persistent (in XT) if there exists a constant € > 0 such that for any uy € XT,
htlgglfui (x,t;u0) > &, i=1,2,3.
Let us define
Go:={9 = (01,02.03)" € 7 92() £0 or 93() 20}, .1
09 =2\ % = {0 =(01,62.02) € 7: ¢2() =0 and ¢5(-) =0}

and

My = {¢ = (91,00,03)7 €92 : ®,(9) € P forall 1> o}. 4.2)
Let us denote by @(¢) the omega limit set of the orbit 0" (¢) := {®P,(¢) : r > 0}. We prove the following lemma.

Lemma 4.1. Let Ry, Yy and M be defined by (2.16), (4.1) and (4.2), respectively.
9



1) o(u) = {(u’f(x),O,O)T}for any uy € M.
(i) For any ug € Do, u; (x,t;up) > 0 forallx € Qandt >0 (i=1,2,3).
(iii) If Ro > 1, then the infection-free steady state Q° = (u}(x),0,0) is a uniform weak repeller for %, that is, there
exists a sufficiently small constant € > 0 such that

lim sup HCIDI (up) — (u*f(-),O,O)THX >€

oo
Sfor any ug € 9.
PROOF. (i) For any uy € M}, the system (1.2) is reduced to

) t
% =A(x) —a(x)u;(x,1), wua(x,2) =us(x,t) =0
and hence, u (x,1) — u}(x) as t — +oo for all x € Q. Thus, @ (ug) = {(uT,O,O)T}.

(ii) It obviously follows from (2.4) that u; (x,¢) > 0 for all x € Q and ¢ > 0. If ug (x) #0, then it follows again from
(2.5) and the strong maximum principle together with the Hopf boundary lemma that u3(x,7) > 0 for all x € Q and
t > 0. Then, since we have from the second equation in (1.2) that

duo(x,t

# > Bi(x)uy (x,1)uz (x,1) — b(x)up(x,1), 4.3)
the strict positivity of u; and u3 implies that us(x,#) > 0 for all x € Q and ¢ > 0. On the other hand, suppose that
ug (x) £ 0. From the third equation in (1.2), u3 can be written as

i (50) = T0) (80) 0+ [ 70 =) (a9 (s,

where {T'(r)},-, denotes the Cp-semigroup generated by dA —m(x). Then, from the property of Cp-semigroup gen-
erated by Laplacian and the strict positivity of k(x), we see that u9(x) # 0 implies that u3(x,#) > 0 for all x € Q and
t > 0. Then, it follows again from the inequality (4.3) that u(x,z) > 0 for all x € Q and t > 0.

(iii) From Lemma 2.5, Ry > 1 implies that s (#) > 0. Therefore, there exists a sufficiently small € > 0 such that
the eigenvalue problem

ny(x) = —b(x) +B2]€(ZC)2)(“T (x)—€) B (;)A(ZTY(;()X)_ €) > vix), wx) = ( ‘I’Z(xg > . x€Q,

W) _ o L con
ov ’ '

has the positive principle eigenvalue 7) > 0, which is associated with a positive eigenfunction ¥ (x) = (¥ (x), W3 (x))"
and is the spectral bound for the corresponding linearized system.
Suppose that
limsup [, (uo) = (u(-).0,0)" || <e
t—soo X

for some up € %y and show a contradiction. This implies that there exists a fo > 0 such that u; (x,7) > u}(x) — € for

all x € Q and ¢ > 1y. Hence, it follows from the second and third equations in (1.2) that

@%?Q2&@ﬂﬁw—ﬂmuﬁ+&wﬂﬁ@—@muﬁ—Mﬂm@ﬂ,xe&rgm
w — dAus(x,1) + k(D) (v,1) — m(Duz(x,1), xEQ, 1> 10,
M:O, xX€IQ, t>1y.

v
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Since uy(x,t) > 0 and u3(x,) > 0 for all x € Q and ¢ > 0 (see (ii)), there exists a sufficiently small & > 0 such that
(uz(x,1),u3(x,1))" > EW(x). Recalling that £e—10){(x) is the solution of

"”Z(f D B1(3) 60) — €) s (1) + Bo(0) (50) — ) (10) ~ b(Yn(0), X €@, 12,
&(x ) =dAus(x,t) + k(X)uz(x,t) —m(x)uz(x,1), x€Q, t>1,
3, )_O, x€dQ, t>1,

8v
we can use the comparison principle to obtain
T ~ i -
(2 (x, 1), u3(x,1))" > EeMI0) g (x).
Since 7} > 0, u(x,r) diverges and this is a contradiction. (]

Using Lemma 4.1, the uniform persistence theory, we prove the following theorem.
Theorem 4.1. Let Ry be defined by (2.16). If Ry > 1, then the system (1.2) is uniformly persistent in %y and has at
least one positive infection steady state Q* = (it (x), d2 (x), 43(x))" € %.
PROOF. From Lemma 4.1 (i)-(ii), we see that (u] (x)7O,O)T is isolated in 2 and 2y NW* ((uT(x),O,O)T) = (), where

W* (-) denotes the stable manifold. Since there is no cycle in M, from (u}(x),0, 0)” to itself, we can use [23, Theorem
3] to conclude that there exists a constant & > 0 such that

min [mln inf ¢;(x )} > &

pea(ug) [i=1,23xeQ

for all ug € Zy. This implies that liminf,_, . u; (x,7;u9) > & for i = 1,2,3 and thus, the system (1.2) is uniformly
persistent.

From [13, Theorem 3.7], ®; : Yy — %, admits a global attractor o that attracts every point in X Then, from
[13, Theorem 4.7], ®; has a steady state Q* = () (x), @2 (x), 43(x))" € Z, whose positivity is guaranteed by Lemma
4.1. O

5. Global asymptotic stability of the infection steady state

In this section, we prove the global asymptotic stability of the infection steady state Q* = (i (x), 2 (x),@3(x))” €
D for Ry > 1. We construct the following Lyapunov function:

L unsuz,5) (1) = [ 60O fur, ] (r,1) (5.1)

where £(x) is a strictly positive function to be defined later and

=
—~
=
N
=

N
=[S =
2 =
2L 5
=

g
W [ur,uz,uz) (x,1) = (i1 (x), @2 (x), d3(x)) g

)

iy (x)it3
(X)ﬁz )

:>
<3
—

e (555)

where g(I) :=1—1—1In/, [ > 0. The partial derivative of # [u;,u2,u3] with respect to ¢ satisfies

o |aen) e (i) s M (i) )

Using this function, we shall prove the following theorem.
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Theorem 5.1. Let Rg and Py be defined by (2.16) and (4.1), respectively. If Ro > 1, then the infection steady state
0* = (i (x), 42 (x),83(x))" € Do is globally asymptotically stable in %y.

PROOF. To ease of notations, we will use the following notations in the proof,
uj = ui(x)v Ui = ui(xvt)a i= 152a3'

The derivative of the Lyapunov function .Zjg [u;,u2,u3] along the trajectory of the system (1.2) is calculated as fol-
lows:

Zie = [ 000 (1-21) (209~ B s~ ot — o ) + (1= 22) (B wyvis + Baohne by

Bi(x)d i3 i
+W (1 - %) (dAu3 + k(x)up —m(x)z@)} dx. (5.2)
Since Q* = (i1 (x), @2 (x),d3(x))" is the steady state of the system (1.2), the following equations hold.
A(x) = Bi(x)dits + o (x) ity + alx)iy,
b(x)ita = P (x)it i3 +ﬁ2( )iy, (5.3)
m(x)i3 = dAds + k(x)i
Then, we first rearrange (5.2) as follows.
i = [ 000] (122 (300) - Br s — By ~ o |
+ (1 - % (B1 (x)uyu3 +[}Z(x)u1u2> + (1 - %)b(x)az
ﬁl Bi(x)i i3 i3 u .
A {(1 — £> <dAu3 +k(x)u2) + <1 - £>m(x)u3} }dx (54)
Putting (5.3) into (5.4) yields
L = /Qf(x){ )iy (2* i %) + <1 - %) (ﬁl ()i iz + Bo (x)iy iy — By (x)uguz *ﬁz(x)”l"iz)

(x
+(1-2) (B + oty ) + (1= 22 ) (B + B )
ﬁl(x)u1u3 {(1 — i)dAl@ + ( — f)dAu3} + Bi(x)a i3 (1172 - 1,12143 - *) }dx
k(x)ip u3 uz - uu3 u3
Using the arithmetic-geometric mean, we have the following inequality.

i< [ 1] s (3- L a2

uj ujuszuy urus

+ﬁ2(x)ﬁ1ﬁz(2—% ul) Bl())l K ;3)dAu3+( uS)dAu3”dx
u3

S/Qé(x)% Kl - Z—j)dm@ + ( " ) AM3:| (5.5)
Now we define .
K(X) - ﬁkl(éz)ulfjl

12



Then, using the Green’s first identity and the homogeneous Neumann boundary condition, we have
5ﬁ§d/ﬁ3K1—@>Am+(l—?>A@}M
Q u3 i3
:dU,@(I—E)V%wWS—/V<@(1—i))Vmw
o0Q u3 us
+/ O——)wtvw / (30—?))V@@
i3
8u3 1 8143 2()143 8143 u 8u3 au3 8143
d[/&)Z(BXj u3 (21431438 u33x] ijdXJr/Q; ijiij (9xjdx
—d/z (aug) 214381433143 (8143) dx——d/ (E%_%) dx < 0.
ox; u3 0x; 0x; ox; u3 dx;  Ox;
It is easy to see from (5.5) that the equality holds if and only if (u; (x,7),uz(x,1),u3(x,1))" = (i1 (x), 42 (x),d3(x))".

Thus, the LaSalle’s invariance principle implies the global asymptotic stability of the infection steady state Q* =

(@1 (x), 12 (x). 13 (x))" O

6. The spatially homogeneous case

In this section, we are concerned with a case study, where all coefficients in (1.2) are independent of the variable
x. The model to be studied takes the following form:

W = A —auy(x,t) — Brug (x,0)uz(x,t) — Bouy (x,1)uz (x,1),
W = Bruy (x,1)u3(x,1) + Bouy (x,1)uz (x,1) — bus (x,1),
w = dAus(x,t) +kuy (x,t) — muz(x,t), 6.1)
w =0,x€dQ, >0,
ui(x,0) = u)(x) >0, x € Q, i=1,2,3.

Clearly, system (6.1) has an infection-free steady-state solution Q(()M) = (#,0,0)7, where ii; = A /a. The constant
positive steady-state solution is uniquely given by

bm cmd%é—l)ak@%——U)T

* — (171 11~ i1 T:
Qlon) = (1,12, 13) (&k+&M’&k+&m’ﬁﬁ+&m

where

_ Bk L B2 ﬁzfl

abm ab’

R} = (62)

The existence of QZ‘M) is guaranteed if and only if 9{(1) > 1. In fact, ?K(l) > 1 is equivalent to

LI)Lk-i-@>b ﬁ1u1k>b Bty & Prink

— >
am a m m (b — Briiy) -

for b — B,it; > 0. The last expression is Ry > 1 as mentioned in (2.17) and hence, EK(I) and R, may have the same
threshold property. In the following, we are concerned with the global asymptotic stability of the steady states of (6.1)
by using the technique of Lyapunov functions.

Theorem 6.1. Let ¥, %y and EK}) be defined by (2.6), (4.1) and (6.2), respectively. Then the following statements
hold:
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(i) If ‘.K(]) < 1, then the infection-free steady state Q(()m) = (ﬁl,O,O)T € 9 is globally asymptotically stable in 9;
(ii) If 91(1) > 1, then the infection steady state Q?@.l) = (ﬁl,ﬁz,ﬁ3)T € Dy is globally asymptotically stable in 9.
PROOF. Proof of (i). For an arbitrary positive solution (u; (x,t),us(x,1),u3(x,1))" of (6.1), we define

ZorE (1, u2,u3) (t) IZ/Q?/z[Ml,MLMﬂ (x,1)dx,

) g(”'”))

where

L~

=

% [M],MQ,LQ] ()CJ) = (ﬁlaMZ(-xat)7u3(x7t

>~
mi—‘

1
am

Recalling that ii = A /a, we obtain the following inequality by direct computation:

9%2 o 8%2% 8%2@ 3%2%
ot Jdu; ot dupy ot duz ot

i A
— (1 — u:) (aﬁl —auy —[31u1u3 — ﬁzuluz) + ([31u1u3 —l—ﬁzuluz —buz) + Tf;(kuz —mu3)

ABik A
—aﬁl(z>+[31u1u3+,32u1u2bu2+ B ,ﬁ%
up up a
Ak A
iy (2= T gy, (PR P2
uyp i abm ab
—ai(2- M l—1)<o.
au( 7 u1)+bM2(<ﬁo )<0

Hence, ZprE is the Lyapunov function for the system (6.1). It is easy to see that {(ul U2, u3)T eXt: Lhrp= 0} —

{Q(()6.1) = (i 7O,O)T}_ Therefore, LaSalle’s invariance principle (see, e.g., [8, Theorem 1.1]) implies that the system

(6.1) admits a connected global attractor on X™ and

lim (ul(-,t),u2(~,t),u3(-,t))T = (ﬁl,O,O)T,

t—roo

that is, Q?m) = (ii1,0,0)” is globally asymptotically stable for (6.1).
Proof of (ii). Suppose u(x,z,¢) is the solution of system (6.1) with u(-,¢,¢) = ¢ € RT. We define

D%EE [u17u2au3] (t) = L%l [ulau27u3] (x,t)dx,

where
up(x,t)
g\ =%
Uy [uy,uz,u3) (x,0) := (idy, 12, i13) ¢ leg)zc.t)
By it z(x,t)>
kit u3

The partial derivative of % [u1,uz,u3] with respect to 7 satisfies

% . 1 U 8u1(x7t) (1- 1753 auz(x,l‘) n Briyis 1 us 8u3(x,t)
ar uy (x,t) ot us(x,1) ot kit» us(x,t) ot ’
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Note that the steady state of the system (6.1) satisfy the following equations:
A = Btz + oy ity + aiy,
bity = Byt it3 + Bait 2, (6.3)

mitz = kiip.

Directly computing the derivative of Zgg gives

-ZEE = / { <1 - ) </1 Bruruz — Bouius au1> <1 - ) <l31bl1u3 +ﬁ2uluz) + <1 — l?)bﬁz
Q u u i
4 Buinniis [(1 - ) (dAu; +ku2> (1 - L?)m@] }dx. (6.4)
kitr us u3
Putting (6.3) into (6.4) yields
j[é‘E = /;2 { (2— I/Tl - Z:) + (1 — Ml) <ﬁ1u1u3 +ﬁ2u1u2 —ﬁlulug —ﬁzuluz)
(1—) (/31'41143 +ﬁzu1u2) (1—> (ﬁlums-i—ﬁzuluz)
up uz

ﬁlﬁ1li3(

kit

Uy U3

1>dAu3+ﬁ1u1u3< +1'f3)}dx.
us M2 M2M3 us

Using the arithmetic-geometric mean, we have the following inequality.

féE < / {ﬂll/_lllzfi <3— oo 7?”_[3142 — u2u3> + Bty ity (2— —— Ml) + Blu_]u3 (1 — )a’Aug}dx
Q ui uruzuy urus up up ku2 us
_ _ _ o \2
1 1
< [ B <l—u3>dAu3dx _ P @) / (—) Aud.
Q

+

Q ku2 us ku2 us us

Hence, using the Green’s first identity, we have

i \Y%
kuz o U

Therefore, ZxE is a Lyapunov function for the system (6.1). Similar to the proof of (i), it can be easily verified that
{(ur,uz,u3)" € X*: Llp =0} = {Q(*6_1) = (i1, ip,113)" } and we can use LaSalle’s invariance principle to show that
the system (6.1) admits a connected global attractor on X and

IILIE, (u1(-7t),u2(-,t)7u3(~7t))T = (ﬁ17ﬁ27ﬁ3)T .

That is, Q?o.l) = (dy, iy, ﬁ3)T is globally asymptotically stable for (6.1). This completes the proof. O

7. Numerical simulation

In this section, we perform numerical simulation in order to verify the validity of our theoretical result.

7.1. For artificial parameters

First, we consider the spatially homogeneous case (6.1) in Section 6. Let d = 0.01 and fix

A=035 a=1, b=1, Bp=2, k=2, m=1,

1
W(x) =099, wWd(x)=0, wd(x)=e5"x1073, xcQ=[0,10/CR @1
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Figure 1: Time variation of the density of free virus u3(x,#) in model (6.1) with parameters (7.1) and d = 0.01.
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Parameter  Value (unit) Reference

L 10 Assumed
Ax) 0.5 x 10°/L (cells/day ml) ~ Nakaoka et al. [16]
Bi(x) Bx1078 Varied
Ba(x) 1.0 x 10710 Assumed
a(x) 0.01 (ml/cells day) Boer and Perelson [2]
b(x) 0.7 (ml/cells day) Perelson et al. [19]
m(x) 30 (ml/viruses day) Perelson et al. [18]
k(x) 1.0 x 10° (ml viruses/cells) ~Nakaoka et al. [16]

d 1.0x 1073 Assumed

Table 2: Parameters for numerical simulation in Section 7.2.

and vary f. In this case, b — Bou} = 0.3360 > 0 and hence, the assumption (2.8) holds. For ; = 0.47, we have R} =
0.9761 < 1 and hence, it follows from Theorem 6.1 (i) that the infection-free steady state Q” is globally asymptotically
stable. In fact, in Figure 1 (a) and (b), the density of free virus u3(x,#) converges to zero. On the other hand, for
PB1 = 0.55, we have EK(I) =1.0292 > 1 and hence, it follows from Theorem 6.1 (ii) that the infection steady state Q* is
globally asymptotically stable. In fact, in Figure 1 (c) and (d), the density of free virus u3(x,) converges to a spatially
homogeneous positive distribution.

Next we consider the spatially heterogeneous case. As in the argument in [1, Theorem 2 (a)], we can obtain the
following approximation of the basic reproduction number Ry:

max { () ?ILETC;LLT([;?ECX(; u (x)) } , for sufficiently small d,
! " Bi@ui(k(x)
Jam(@)dx Ja b(x) = B2(x)u(x)

In what follows, we fix the parameters as in (7.1) and vary d and fB; (x) with the following form:

R ~ (1.2)

for sufficiently large d.

Bi(x)=p <1 +o.1sin917g“) ,

where fB is a positive parameter. Let d = 1.0 x 10>, In this case, the approximate value of Ry can be calculated as
the first expression in (7.2). For B = 0.45, we have Ry ~ 0.9782 < 1. Hence, it follows from Theorem 3.1 that the
infection-free steady state Q° is globally asymptotically stable. In fact, in Figure 2 (a) and (b), the density of free
virus u3(x,t) converges to zero. On the other hand, for B = 0.5, we have Ry ~ 1.0869 > 1. Hence, it follows from
Theorem 5.1 that the infection steady state Q* is globally asymptotically stable. In fact, in Figure 2 (c¢) and (d), the
density of free virus u3(x,) converges to a positive distribution.

Let d = 1.0 x 10°. In this case, the approximate value of Ry can be calculated as the second expression in (7.2).
For B = 0.48, we have Ry ~ 0.9553 < 1. Hence, from Theorem 3.1, we see that the infection-free steady state Q0 is
globally asymptotically stable. In fact, in Figure 3 (a) and (b), the density of free virus u3(x,#) converges to zero. On
the other hand, for BN =0.53, we have Rg ~ 1.0548 > 1. Hence, it follows from Theorem 5.1 that the infection steady
state Q* is globally asymptotically stable. In fact, in Figure 3 (c) and (d), the density of free virus u3(x,#) converges
to a positive distribution.

7.2. For biologically justified parameters

For the HIV infection models, some parameter values have been estimated in previous studies (see, for instance,
[2, 16, 18, 19]). Using biologically justified parameter values as in Table 2, we observe the stability change with
different transmission coefficient B (x) = B x 1078, For B = 0.40, we have Ry ~ 0.9531 < 1. From Theorem 3.1,
we see that the infection-free steady state Q° is globally asymptotically stable. In fact, we obtain Figure 4 (a) and
(b) which exhibit the density of free virus us(x,#) converging to zero. On the other hand, for B = 0.45, we have
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Figure 2: Time variation of the density of free virus u3(x,7) in model (1.2) with parameters (7.1) and d = 1.0 x 1073,



Ug (x, t)

o

9
8
7
;‘_,t 6
% = 5
s 4
3
2
i
0

0 800 1600 2400 3200 4000
t
(2) Ro ~0.9553 < 1 (B = 0.48) (b) Ko ~0.9553 < 1 (B = 0.48)

U, (x, t) "
10
9
8
7
;3- 6
% = 5
s 4
3
2
i
0

0 1600 3200 4800 6400 8000
t
(© Ro ~ 1.0548 > 1 (B - 0.53) (d) Ro ~1.0548 > 1 (E = 0.53)

Figure 3: Time variation of the density of free virus u3(x,#) in model (1.2) with parameters (7.1) and d = 1.0 x 10°.
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Figure 4: Time variation of the density of free virus u3(x,) in model (1.2) with parameters (7.1) and d = 1075.
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Ro ~ 1.0722 > 1. Hence, from Theorem 5.1, we see that the endemic steady state Q* is globally asymptotically
stable. In fact, in Figure 4 (c) and (d), the density of free virus us(x,#) converges to a positive distribution.

8. Discussion

In this paper, we have investigated the in-host viral infection model (1.2) incorporating the cell-to-cell infection
and spatial heterogeneity. We have obtained the basic reproduction number R in a variational characterization (see
(2.16)). For Ry < 1, the Lyapunov function .-Zrr was constructed as in (3.3) and %/r; < 0 was shown by using
the Green’s first identity. Thus, using the LaSalle’s invariance principle, we have obtained that the infection-free
steady state Q0 = (u*[(x),O,O)T € 2 is globally asymptotically stable (see Theorem 3.1). On the other hand, for
Ro > 1, it was shown that the spectral bound s (%) corresponding to the linearized system (2.9) is positive and hence,
from Lemma 2.5, it is the principal eigenvalue associated with a strictly positive eigenfunction. Using this fact,
the uniform persistence of the system (1.2) was shown and it results in the existence of the infection steady state
0 = (41 (x),82(x), 03 (x))T € 9 (see Theorem 5.1). Then, constructing the Lyapunov function .%7g as in (5.1) and
using the Green’s first identity and the LaSalle’s invariance principle again, we have proved the global asymptotic
stability of the infection steady state Q*. For the case of constant parameters, it was shown that the basic reproduction
number Ry has a similar threshold property as that of R} = B11k/ (abm) + B2/ (ab) (see Section 6). The numerical
simulation was performed to verify the validity of these theoretical results (see Section 7).

Our construction method of Lyapunov functions may be applicable to other epidemic models including a single
PDE with a diffusion term. However, if they include two or more PDEs with diffusion terms, our method may not
be applicable. The global asymptotic stability of the infection equilibrium has been an open problem even for some
spatially heterogeneous ODE epidemic models with patch structure, in which every patches are strongly connected.
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