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1 Introduction

Oncolytic virus (OV) therapy is a promising approach for treating cancer, as it selectively
targets and destroys cancer cells while prtecting healthy cells from harm [18]. Specifically,
upon encountering cancer cells, oncolytic viruses enter these cells and commence repli-
cation. As viruses multiply, their numbers increase rapidly within cancer cells, ultimately
leading to cellular rupture and death. Moreover, this process can stimulate the immune
system to recognize cancer cells, triggering immune cells to attack and eliminate both in-
fected and uninfected cancer cells [14]. Nonetheless, as OV therapy is still an evolving
cancer treatment, a comprehensive understanding of the underlying biology and phar-
macology is essential to analyze the interactions between the growing tumor, replicating
virus, and potential immune responses [23, 32].

To gain a comprehensive understanding of the mechanism behind oncolytic virotherapy,
it is imperative to establish a rational mathematical model [33]. During the past decade,
several valuable mathematical models have been proposed that provide crucial informa-
tion on oncolytic virotherapy. These typical mathematical models compartmentalize on-
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colytic virotherapy into uninfected tumor cells (1), infected tumor cells (I), free virus
particles (V), virus-specific immune response (VS), and tumor-specific immune response
(TS), among others. Wodarz [32] comprehensively considered U-I-TS-VS, constructing
four ordinary differential equation models. Through quantitative analysis of the equilib-
ria, insights into the favorable effects of low viral lethality and high replication rates on
tumor treatment were presented, as well as relevant immunological mechanisms. Dingli
et al. [5] and Bajzer et al. [1] proposed the U-I-V model for the measles oncolytic virus,
and using numerical modeling techniques, investigated the validity of the model and pro-
vided interpretations and predictions for experimental data. Furthermore, Wang et al. [27]
and Wang et al. [28], respectively, introduced models with time delays for U-I and U-I-V
based on the viral replication cycle. Wang et al. [30] explored a dynamic model with time
delays for U-I-VS and verified that virus-immune suppressive drugs can effectively en-
hance tumor treatment. In addition, Li and Xiao [17] introduced and analyzed the U-I-TS
oncolytic virus dynamics model, pointing out the significant enhancement of treatment
efficacy by tumor-specific immunity. Recently, Ding et al. [4] derived an oncolytic virus dy-
namic model with nonlocal time delay based on an age-structured model. The numerical
model demonstrated the significant role of the time-delay term in explaining experimental
data.

The aforementioned models presuppose a homogeneous mixing of cells and viruses
within the tumor, disregarding the presence of spatial structure. In reality, tumors often ex-
hibit complex spatial arrangements, which can significantly impact the dynamics of virus
diffusion [7, 8, 36]. Zhao and Tian [36] studied a delayed reaction—diffusion model for
U-I-V, incorporating virus diffusivity, tumor-cell diffusion, and the viral lytic cycle. Based
on the ODE model proposed by Wang et al. [29], Elaiw et al. [7, 8] further investigated
the influence of spatial heterogeneity on tumor treatment. They developed a tumor im-
munity reaction—diffusion model [8] and a delayed reaction—diffusion system with a virus
circulation period [7].

However, the predictability of oncolytic virus therapy through mathematical modeling is
often constrained by specific mathematical terms, which significantly influence the global
dynamics of the model [33]. To overcome the dependence of the model on specific mathe-
matical terms, Natalia and Wodarz proposed a general framework of ordinary differential
equations for oncolytic viruses [15]. The model encompasses uninfected tumor individu-

als U(¢) and infected tumor individuals I(¢), with the specific formulation as follows:

Uw= UFU+D -BIGWU,V),
~——— | —

tumor proliferation  virus infection

I'ty=B8VGU,D-al(t).
—_——— —

virus infection  death

On this basis, Wang et al. [31] derived a general oncolytic virus therapy model with a

nonlocal delay term incorporating an age-structured model. The model is as follows:

U@ =ur(uslf pvegwene="d)-pvgw,

(1.1)
Vi) = ,BQ(U(t _ r)) V(t—1)e —aV(1),
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where 8 is the infection rate, « is the death rate, T represents the duration of the viral-
replication cycle, « is the average number of viruses on every infected tumor cell, F de-
notes the tumor growth function, and G represents the viral-infection function.

This paper investigates the global dynamical behavior of the system (1.1) under spatially
heterogeneous conditions. For ¢ > 0 and x € 2, where Q2 represents a spatially bounded
domain, we consider a system governed by the following equations:

3, L(t, x) =dy AUt %) — g<x, Ut x), V¢, x))

+ U, x)f(x, U(t, %) + I(t, x)),

0,V (t,x) =dy AV (t,x) — a(x)V(t,x)

(1.2)
+ / I'(x,y,71)G (y, Ui-1,y), V(- t,y))dy,
Q
1 T
I(t1 x) =— / / F(x;y; ﬂ)g<y¢ U(t - “:y)¢ V(t - ﬂ,y))dydﬂ,
K Jo Ja
with the following Robin boundary conditions:
au Vv
j+m(x)L[:0, j+n2(x)V:0, Vxe€dR, t>0 (1.3)
an on
and the initial conditions are given as
U(O,x) = Up(0,%), V(0,x) = Vo(0,x), VYxeQ,0¢€[-1,0] (1.4)

In this context, d; and d, represent the diffusion rates of cells and viruses, respec-
tively. The parameter « signifies the average number of viruses inside infected tumor
cells. The function a(x) denotes the virus death rate. All of d3, d,, and « are positive con-
stants. Additionally, a(x) is a positive Holder continuous function over the closure of .
The function I refers to the Green function or the fundamental solution of the operator
dy A — a(x) under the appropriate boundary conditions. Moreover, é denotes the out-
ward normal derivative on 92, and 1;(x), n2(x) € C1**(3Q, R, ) with 11(x), n2(x) > 0, and
Uy(0,x), Vo(0,x) € C([-7,0] x 2,R,).

Furthermore, the functions F and G represent the cell growth rate and the nonlinear
incidence term, respectively, satisfying Assumption 1.

Assumption 1 F and G are continuous-differentiable functions and satisfy that
(1) There exists Ky > 0 such that F (x,Kg) < 0 and F(x,0) > 0 for all x € Q.
(2) Forany x € Q, F(x,-) is decreasing on R*, and for some xo € 2, F(xo, -) is strictly
decreasing on R*;
G(-,0,-)=G(,-,0) =0;
0y G, 1, U2) > 0, 3, G(x, 41, u3) >0 forall x € Q, uy, uy > 0;
G(x, 11, uz) < 0, G(x, u1,0)uy for all x € Q, uy, uy > 0;
g(x'zll’”Z) is bounded, and 3,, Q(%lxuz) >0forallx € Q, uy,uy > 0.

Remark 1.1 Assumption 1 possesses universal significance, as it is satisfied by many

common growth-rate functions (see Table 1) and nonlinear infection functions (see Ta-
ble 2).
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Table 1 Some examples of F(-,U)

F(,U) Type Ref.
b-du Logistic growth [15,19]
b—-dIn) Gomperzian Growth [6,16]

where b, d are nonnegative constants.

Table 2 Some examples of G(-,U, V)

G(-.uv) Type Ref.
Buv Mass action [7,30]
v Holling Type I 20, 35]

where g, h is a nonnegative constant.

Remark 1.2 Model (1.2)—(1.4) is very versatile as it encompasses various biological scenar-
ios. For example, it can represent a predator—prey model [10, 26] or an infectious-disease
model [11] by appropriately selecting the parameters F, G, and k. Specifically, our model is
equivalent to the one proposed in [10] when spatial factors x are ignored and « approaches
infinity. In this case, d;, d, are both zero, «(x) is constant, and I'(x,y, t) is given by e,
Furthermore, if k is set to infinity and F(x, U) = ‘L‘[((’g —dx),G(x, U, V) = Bx)U(x)V(x),and
n1(x) = n2(x) = 0, the model will transform into an infectious-disease model [11]. Lastly,

when « is set to infinity, the model corresponds to the predator—prey model proposed in
[26].

The remainder of this paper is organized as follows. Section 2 provides a detailed deriva-
tion of the model (1.2). In Sect. 3, we establish the existence and uniqueness of solutions to
the model, as well as the global compact attractor of the solutions. In Sect. 4, we present
the harsh conditions for global stability of the zero steady state and tumor steady state,
as well as the conditions for successful viral invasion of tumor cells and the existence of
a positive steady state. In Sect. 5, we consider specific examples of the model, explain its
practical applications, and provide lower-bound estimates for tumor-cell and viral-particle
populations after viral invasion. Finally, in Sect. 6, we conclude the paper by summarizing
the overall framework and findings.

2 Model development
Inspired by Komarova and Wodarz [15], the uninfected tumor cells U (%, x) satisfy:

UL, %) = dy AUt %) + Ut x)f(x, L(t, ) + (¢, x))
%/_J

Diffusion

Tumor proliferation

- g<x, Ut x), V(t, x)),

Virus therapy

where A is the Laplacian operator, d; is the diffusion coefficient, the function F reflects
cancer growth and death processes, and G is the rate of infection.

To depict the intracellular viral life cycle [3, 28], we introduce the notion of infection age
denoted by the variable a. Let P(¢,a,x) be the density (with respect to infection age a) of
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viruses at location x and time ¢, complying with the standard argument on age-structured
models with spatial diffusion:

0:P(t,a,x) + 0,P(t,a,x) = dy AP(t, a,x) — a(x)P(¢, a, x), (2.2)
A%

— + @)V =0, (2.3)
on

P(5,0,%) = (% U6, ), V(5,%)). (2.4)

Using the method of a characteristic curve, we solve the equations (2.2)—(2.4). For any
constant &, letting ¢t = a + £, we define W;(a,x) := P(§ + a,a,x) = P(t,a,x). Thus,

0. We(a,x) = dy AWe(a,x) — a(x) We(a, x),

W;(0,x) = g(x, U(E, %), V(g,x)).

Regarding £ as a parameter, we solve the above equation and obtain:
Wit = [ Teya6(y UEn), V)

Thus,
P(t,a,x) = /Q C(x,y,a)G (y, Uit-a,y),V(t- ﬂd’))@’:

where I' is the fundamental solution of the operator d, A — a(x) associated with bound-
ary condition % + M2(x)We = 0, where na(x) € C(Q,R") is Holder continuous, and g—f
n n

denotes the derivative along the outward normal direction T to 9% [13].
We divide the virus into two parts: the virus within tumor cells E(Z,x) and free viruses
V(¢t,x). Also, E(t) and V(¢) satisfy the following equations:

E(t,x) = /TP(t,a,x)da
0
= f / I'(x,y, a)g(y, Uit-ay), V(- a,y)) dyda,
0o Ja
Vit,x) = /+00 P(t,a,x)da
= / / C(x,y, a)g(y, Uit-a,y), V(- a,y)) dyda,
T Q

where T represents the virus-replication cycle, in other words, for the infection age a < 7,
viruses are all within the infected tumor cells; and after the infection age a > 7, the viruses
lyse the infected tumor cells and become free virus particles.

We postulate that there are « virus particles within each infected tumor cell, leading to
the relationship:

I1(t,%) = E(Z’x). (2.5)

Page 5 of 19
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In addition, one can rewrite V(¢,x) as

t-t
Vit,x) = / < / Pt -G (5 Us) v<s,y>)dy> ds. (2.6)
—00 Q
Differentiating (2.6) with respect to ¢ and using equation (2.2), we have

9, V(t, %) =d2(X) AV (t,%) — (%) V (¢, %)
(2.7)
+ / C'(x,y,7)G (y, Uit-1,y), V(- t,y))dy.
Q

Thus, by equation (2.1), equation (2.5), and equation (2.7) together with the boundary

condition a% - +1)2(x)- = 0, we obtain the full oncolytic virus therapy system (1.2).
n

3 Well-posed and global compact attractor

Let Q be a bounded domain in R” and X = C(2,R?) be the Banach space of continuous
functions with values in the real plane, equipped with the norm | ||y, which is the supre-
mum norm. Assume that €2 has a smooth boundary 9€2, and let Y = C(Q,R). Set 7 >0
and C; = C([-7,0],X) with the norm ||¢|| := maxpe[_r,01 |¢(0)||x. We define u; € C; by

us(0)=u(t+0), VO el-1,0].
Let T1(¢), To(t): Y — Y, t > 0, be the semigroups corresponding to A; := d1 A, Ay :=
dy A — a(x) with the boundary conditions ai_’ +n1(x) and BL_) + 1)2(x), respectively. In other
n n
words, the linear operator A := (41, A;) with domain D(A) = D(A;) x D(A,) is the infinites-

imal generator of Cy semigroups T'(¢) := (T1(2), To(2)).
Define L := (L;, L) as a mapping from C; to C,; with

L1(@1,6)0) = =G (- $100,0,62(0,)) + 910, -)f(-,¢1<o, )
1 T
+= / / F(-,y,a)Q(y,¢1(—a,y),¢z(—a,y))dyda)
KJo Ja
£a(1,0200) = ~a020.9+ [ T, (31,0001, ))dy
Q

for ¢ = (¢1,$,) € C,. Assuming that the semiflow of the solution generated by the system
(1.2)—(1.4) is ®(¢), we can recast the system (1.2)—(1.4) as a semidynamical system u(t) :=
D(t)p, where ¢(-) = (91(-), p2(+)) € C;. Also, u(t) satisfies the following evolution equation:

% =Au + L(uy), t>0,
u(0) = ¢.

(3.1)

Theorem 3.1 Forany function ¢ € C., the system (1.2)—(1.4) admits a unique noncontinu-
able solution u defined on Q X [=T, too), Where to = too(@h) With 0 < ts < 00. Furthermore,
Jor (t,x) € [T, txo) X Q, u(t, x,¢) belongs to R2.
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Proof By Corollary 4 in Martin and Smith [21], it suffices to prove that the operator £
satisfies the subtangential condition and the Lipschitz condition in the invariant set K :=
R2.

It can be easily demonstrated that the operator £ is Lipschitz continuous, as the func-
tions F and G are continuously differentiable, as well as the bounded properties of the
Green function I'.

Now, let us verify the subtangential condition. For every ¢ € C;,x € Q and 4 > 0, then:

(3.2)

$(0,) + hL(P)(-) = <¢1<O’x> +hLiy (¢1,¢2>> ,

$2(0,%) + hLy (¢1,¢2)
where

¢1(01 ) + h‘cl (¢17 ¢2)

~61(,0) [1 -G (410, 4200,)67(0, )
1 T
+ h¢1('7 0)\/_-.(7 d)l(o: ) + % / f F('ryr T)g(% ¢1(_Tx ')r ¢2(_T7 ))dyd“),
0 Q
¢2(0» ) + h[’Z (¢1) ¢2)

:¢2(0» ) [1 - O[()h] + h ‘/;2 r(';y; T)g(yr ¢1(_T: ')7 ¢2(_T: ))d)’~

According to Assumption 1 (6), we can observe that the expression (3.2) is greater than 0
when / is sufficiently small. O

To proceed further, we consider the following equation:

0:2(x,t) = di Az(x, t) + z(x, t)f(x, z (x,t) ), xeQ

3?—3) + Mm@z, x) =0, Vx € 92
n

(3.3)

Itis easy to check that z(x) = 0 is a steady state of system (3.3). Linearizing the above system
at 0, we obtain the following elliptic eigenvalue problem:

oy =AY + Y F(x,0), x€Q,

) (3.4)
%erl/f(x):o, Vx € 9%
n
We define o7 as the principal eigenvalue of the above linear equation (3.4) and &;(x) is the
corresponding strictly positive eigenfunction.

Lemma 3.1 (Proposition 3.3 in [9] or Proposition 3.3.1 and Proposition 3.3.2 in [2]) System
(3.3) has a unique positive steady state z,(x) < Ko, where Ky is defined by Assumption 1 (1).
Also, for every initial data ¢ € C,, we have lim,_,  z(x, t, ) = z"(x) uniformly for x € Q if
o1 > 0; whereas, all nonnegative solutions of (3.3) decay exponentially to zero as o1 <O0.

Theorem 3.2 For any ¢ € C,, system (1.2) admits a unique classical solution u(t,x, ) on
(t,x) € [0,+00) x Q. Furthermore, the semiflow solution ®(t) : C, — C, has a compact
global attractor A.



Wang Advances in Continuous and Discrete Models (2024) 2024:59

Proof By the Theorem 3.1, one obtains that system (1.2)—(1.4) admits a unique classical
solution in [0, £»,) with U, V > 0. Then, by the first equation of system (1.2):

3,L(t,x) < dy AUt ) + ULt x)f(x, U, x)).

By Lemma 3.1 and the comparison theorem, there is a positive constant B such that
U(t,x) < B for any initial function ¢ € C as ¢ > £(¢).

Making use of the boundedness of U(%, x) and Assumption 1(5) in the second equation
of (1.2), one obtains:

3, V(t,x) <dy AV(t,x) —a(x)V(t,x) + cV(E - 1), (3.5)

for some positive constant ¢, where V(¢) = fQ V(t,x)dx. To show the boundness of V(¢),
integrating the first equation of (1.2):

3,T(t) = / dy AUt x)dx — / g<x, U(t, %), V(t,x))dx
Q Q
+ / L[(t,x)]-"(x, L[(t,x)+1(t,x))dx
Q

<- f g(x, U(t, x), V(t,x))dx+ / U(t,x)f(x, Ll(t,x)+1(t,x)>dx,
Q Q

where U(t) = Jo U(t,x)dx, and the inequality is based on the divergence theorem and
boundary condition. Thus,

/ g(x, U(t,x), V(t, x))dx < / u, x)f(x, U(t,x) + I(t, x))dx — 8,10 (3.6)
Q Q

Similarly, integrating the second equation of (1.2) with respect to x € €, and using (3.6),
then there exist two positive numbers ki, k; such that:

V() < / / F(x,y,r)g(y, Ut—1,y), V(t—f,y))dydx— / a(X)V (¢, x)dx
QJIQ Q

<-aVO+ky [ O3 U= VE-1)dy
< —aoV(t) - k3, U - T)

vy fg Ut - ‘L’,y)]:(x, Ut —1,9) + 1(t - r,y))dy
<—aoV(t) + ky — k1 3:U(t - 1),

where

oo = max o(x),
xe€Q

k= max I'(x,y,v)mes(2),
(x%,9)eQXQ

ky = kymes(2) max  yF(x,y)

(%,y)€2x[0,B]

and mes(S2) denotes the Lebesgue measure of €2.

Page 8 of 19
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Hence,

dUu(t - 1)

d —
E(V(t)e"‘“t) < kqe®0f — et 7

Integrating by parts the above inequality over ¢ € [£1(¢), t], we can find a positive number
ks, independent of ¢, and a positive number k4 = k4(¢p) dependent on ¢ such that:

V(@) <k(@)e ™ +ks,  t> ).

This confirms the boundedness of V(¢). Combining this with (3.5), there exists a positive
number Bj, independent of ¢, such that V(¢,x) < By if £ > £,(¢). Also, the solution semi-
flow ®(¢) is point dissipative. Moreover, by Theorem 2.1.8 in [34] and Theorem 3.4.8 in
[12], ®(¢) has a compact global attractor A. O

4 Global extinction and persistence

It is evident that the system (1.2) has a steady state at Ey = (0,0). Additionally, Lemma 3.1
can be utilized to infer that if o; > 0, there exists another steady state E; = (U;(x),0), where
U1 (x) is equivalent to z,(x) as defined in Lemma 3.1. We now proceed to examine the
global asymptotic behavior of system (3.4).

Theorem 4.1 If o1 <0, then E, is globally attractive for the model (1.2)—(1.4). In other
words, for any ¢ = (¢1,92) € C,, the solution u(t, p) of model (1.2) satisfies:

tEI}loo u(t, ¢)(x) = (0,0)

uniformly for x € Q.

Proof By the first equation of system (1.2), it is obvious that:
3, U(t,x) < dy AUt %) + U(t, x)f(x, uit, x)). (4.1)

By Lemma 3.1 and the standard comparison theorem, one obtains that lim;_, .o, U(¢,%) =
0 uniformly for x € Qifo; <0.

Now, we regard the V(t,x) as a solution of the following nonautonomous reaction—
diffusion equation:

0;V(t,x) =dry AV (t,x) — a(x) V(t,%)
+ [, T, r)g(y, Ut—1), V(t- r,y))dy, xeQt>0 (4.2)

PB4 )V (8,%) = 0. x€dQt>0.
n

Since it is known that lim,_, ,o, U(t,x) = O uniformly for x € , and V(t,x) remains
bounded, it can be inferred that the system (4.2) is asymptotic to the following linear au-
tonomous reaction—diffusion equation:

V(%) =dy AV(t,x) —a(@)V(t,x) x€Qt>0

: - (4.3)
%mz(x)\/(t,x):o. x€dQ,t>0.
n
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By Theorem 2.2.1 in [2], all nonnegative solutions of system (4.3) will decay to 0. By a
generalized Marku theorem for asymptotically autonomous semiflows (Theorem 4.1 in
[25]), one obtains that lim,_, . V (¢, %) = 0. d

To understand the asymptotic stability on steady state E;, we consider the nonlocal el-
liptic eigenvalue problem with forcing function U (x):

M =AY —a@)Y + [o Ty, DG (31 Lh(),0) b (dye ™, xeQ

) (4.4)
% +02(x)Y =0, xe€dQ.

Lemma 4.1 (Theorem 2.2 of [26]) Model (4.4) possesses a principle eigenvalue A1(U;(x))
associated with a strictly positive eigenfunction ;.

Theorem 4.2 Ifo; > 0 and ,1(U1(x)) <0, then E is global attractive in C..

Proof By the first equation of system (1.2), U(¢, x) satisfies inequality (4.1). Thus, for any
€ > 0 there exists a #; = t(¢) depending on initial data ¢ such that U(¢,x) < Ui (x) + € for
t > t;. Taking this result into the second equation of system (1.2), one obtains:

3V (t,%)
< AV (%) - a@) V(L) + /Q r(,y, t)Q(y, Uy(x) + €, V(E - f,y))dy
< dAV(E %) — a@)V(E, %)

4 /w r(x,7, r)ng<y1, Uy(x) + e, 0) Vit - T,9)dy.

The first inequality is due to Assumption 1 (4) and the second inequality comes from
Assumption 1 (5). On the other hand, the model:

3,V (t,x) =dry AV (¢, %) — a(x) V(L,x)

+ / C(x,y, 7)vG(y, Ui (x) + €,0) V(¢ - T,y)dy
Q

possesses a principle eigenvalue 1;(U;(x) + €) associated with a strictly positive eigen-
vector ¢,(x) by Lemma 4.1. Also, A1(U;(x)) < 0 indicates that A;(U1(x) + €) < 0 for small
€. Thus, by the standard comparison theorem, 0 < lim;_, ;o0 V(£,%) < lim;_, ;o0 Vit,x) <
lim,_, o ce* 1@+, (x) = 0, where ¢ is a positive constant. Regarding V(¢,x) as a fixed
function with lim;_, ., V(£,x) = 0 for all x € €2, one obtains that:

8, U(t,x) = di(x) AUt x) + U (t, ) F(x, Ut x)), x€Qt>0
% + m@ U x) =0, x€dQt>0

is the asymptotically autonomous system of (1.2). Since o1 > 0, then lim;—, ;o0 U(t,x) =
Ui (x) for all x € Q2. Moreover, Lemma 3.1 in [22] ensures that U(¢,x) will not tend to
0 as t - +0o. Thus, by Theorem 4.1 in [25], we obtain lim;_, ,c U(Z,%) = U;(x) for all
x € Q. 0
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Theorem 4.3 Assume 11 (U;(x)) >0, o1 > 0, then the semiflow ®(t) is ecologically perma-
nent. In other words, there exists € > 0 such that

liminfU(t,x) > €, ltiminf V(t,x) > €.

t—+00 — +00

Moreover, system (1.2)—(1.4) admits at least the virus therapy equilibrium solution E; =
(Uz(x), Va(x)) such that Uy(x) > 0, Va(x) > 0, and Us(x) < Ur(x) for all x € Q.

Proof Let Yo := {(¢1, ) € Cp 1 i 2 0,i = 1,2}, 3y := C; \ Yo, and S := {¢ € 3, : D(H)p €
dYy,t > 0}. Lemma 3.1 indicates that w(S) = {Ep, E1} and w(S) is acyclic. To obtain the
persistence of @, by Theorem 4.4.3 in [2], it is sufficient to prove that Ey, E; are isolated
invariant subsets for ® in Y, and that:

WS(E) N Y, =0,

WS(EDN Y, =0,

where W5(E;) denotes the stable manifold of equilibrium E; for i = 0, 1. Suppose WS(Eq) N
Yo # 0. Then, for any € > 0, there is a positive number ¢; = £(¢) depending on initial data
¢ such that ¢ > t; implies that U(¢,x), V(£,x) < €. Choose 0 < €; < o7. Then, there exists
fo > 0and 8y > 0 such that for all £ > £y, x € 2, and U < 8y, V < 8, the following inequality
holds:

U )F (3 U0 +10,%) - G (UG, VE0) = UGDIF0 -
By substituting this inequality into the first equation of system (1.2), we obtain:
0 U(t,x) > di AU(t,x) + U(t, x)[F (x,0) — €1].
Considering the following system:

Ut x) = di AUt x)] + UL, 0)[F(x,0)—€1], t>t,x€,
% +m@)U(tx) =0, £> to,x € 92

Then, by comparing theorem, one obtains that:
U(t, %) > U(t,x) = ce™ V' (x),

which indicates that U(¢,x) will not converges to 0. It contracts with the assumption
WS(Ep) N Yy # . Furthermore, using a similar method, we also can prove WS(E;)NY, = @
thanks to A1 (U1(x)) > 0. Using the acyclicity test for permanence (Theorem 4.4.3 in Refer-
ence [2]), the semiflow ®(¢) is ecologically permanent (defined by Sect. 4.2.1 in Reference
(2]).

Furthermore, Theorem 4.4.6 in [2] (or Theorem 6.3 in [24]) ensures that system (1.2)
admits at least one equilibrium solution (U, (x), V5(x)) such that Us(x) > 0, Va(x) > 0 for
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all x € Q. Returning to the original equations (1.2)—(1.4), U(x) is a positive equilibrium
solution of the following equation:

3 lhy(t, %) = dy AlL(x) + L () F (x, izzoc)), xeQ

% +m ) y(x) = 0, x €99,

where Fyo(x,u) = F (x, u + I(x, u)) -ig (x, u, Vz(x)> and

1 T
L(x)=— / / I'(x,9,a)G (y, u(y), Vz()/)) dyda > 0.
KJo Ja

In addition, U () is a positive equilibrium solution of the system (3.3). By using Assump-
tion 1 (1), (2), and (6), it can be concluded that F and F; are strictly decreasing functions
of u for u > 0, and F(x,u) > Fa(x, u) for u > 0. Therefore, by applying Proposition 3.3.3 in
[2], we have U;(x) > Uy (x). O

Remark 4.1 Indeed, “ecologically permanent” in Theorem 4.3 is equivalent to uniform
p-persistence in the literature [24], where:

p(U(x), V(x)) = min{sup U(x), sup V(x)}.
x€Q x€Q
It is obvious to derive uniform p-persistence from the definition of “ecologically perma-
nent” Conversely, we can also use the method from [24] to derive ecological persistence:
Theorem 8.17 in the aforementioned work establishes that acyclicity implies uniform weak
persistence; when combined with Theorem 4.2 from [24], we can deduce that the semiflow
®(t) is uniformly p-persistent. Furthermore, define

o(x) = min{rxréigrzl Ux), Igslzl V(x)}.

From Corollary 4.22 in [24], we can conclude that ®(¢) is uniformly p-persistent, which
corresponds to “ecologically permanent”.

5 A simple example of the correlation between logistics growth and Holling
typell

In this section, we investigate the specific form of model (1.2), assuming «(x) = «,

F,U)=b-dU, Gx,U, V)= %, n1(x) = na(x) =0, and Q2 = (0, ), where «, 8,d, h are

positive constants, and b is a nonnegative constant.

Then, the model equations (1.2) tend to the following forms:

UL %) =dy AUt x) — BUCHVED | L[(t,x)[b — dU(t,%)

1+hV(tx)
B [t rm U(t-ay)V(t-a,y)
L 5 ] Ty @ YY) dyda) (5.1)
QV(t,x) =dryAV(t,x)—aV(t,x) + B [ Txy, r)%ﬁ’jﬁ;”@,

with the following homogeneous Neumann boundary conditions:

3Ut,0) = .Ut ) = :V(t,0) = 9, V(E,7)=0,  t>0 (5.2)
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and initial conditions given by:
U(0,x) = Up(x), V(0,x) = Vo (), x€[0,7]. (5.3)
The function I'(x, y,4) in model (5.1) is the Green’s function of the following equation:

3. W(a,x)=dy AW —aW, xe(0,7),t>0,
W(0,x) = Wy(x) x €(0,m), (5.4)
9, W(t,0)=3,W(t,m)=0, ¢t>0.

By using the method of separation of variables, we know that the solution of equation
(5.4) is:

Wi(a,x) = % Z [/: Wo(y)cos nydy] cos(nx)e_(”2d2+°‘)“
n=1

2 T —(n2d2+a)a (5 5)
== Z [e COS 11y COS nx] Wo(y)dy :
T Jo n=1
= / L', y,a)Wo(y)dy,
0
where I'(x, y,a) = % Yoo (P drva)a cog nycos nx is the Green function of system (5.4).

In addition, in the special case when W;(y) = 1, we know that the solution of equation
(5.4) is W(a,x) = e **. Therefore, by utilizing the uniqueness of the solution and equation
(5.5), we can deduce that foﬂ I'(x,y,a)dy = e"*“. By performing a simple computation, we

can thus obtain the following conclusions.

Theorem 5.1 The constant equilibria of the system (5.1)—(5.3) can be described as follows:
1. When b <0, the model has a unique steady state Eq = (0, 0);
2. Whenb>0and -22- <1, the system (5.1)—(5.3) has an original steady state

ade®T

Ey =(0,0) and an untreated steady state E; = (g, O);
3. Whenb>0and -2L_ > 1, in addition to the original steady state Ey = (0,0) and the

ade®T

untreated steady state E; = (g, 0), the system (5.1)—(5.3) also has a unique positive

treated steady state Es = (U3, V), where Us and V3 are both positive.

Proof To study the constant steady state, we consider the following system:

i—fgx+u[b—dU—€(1—e”) ur]=o,

1+hV
—at UV _
—aV+ e 5 =0.

When V =0, it is easy to obtain conclusion 1 and conclusion 2. When V # 0, we have

oT

U= “‘; (1 + hV), where V satisfies the quadratic equation:

AV?2+BV +C=0, (5.6)
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Figure 1 The quadratic curves for all fixed A < 0 and

) ena o B=0
C < 0. We use dashed lines to represent the case of B< 0, KA B>0
dotted lines to represent the case of B> 0, and solid lines K exs B<O

to represent the quadratic curves with B=0 .
,C)

(0,0)

where
2,01
A =_da2(ear)2h2_ /30( € h(ear _1),
B=qwe"" |:—,B2 + Bbh — 2doe” h — h (e*F - 1)] ,
K

C=a(Bb—-dae®").

asfn > 1), equation

(5.6) possesses a single positive solution, which can be obtained using Vieta’s formula.

It is easy to check that A < 0. Hence, in the case where C > 0 (i.e., when

Please refer to Fig. 1 for a visual representation of this scenario.

Conversely, when afﬁu <1, it implies that B < 0 and C < 0. Applying Vieta’s formula
once more, it can be readily deduced that equation (5.6) lacks a positive solution. g

In addition, when V(¢,x) = 0, it follows that U/(¢,x) satisfies:

,U(t, %) = dyU(t, %) + U(t, %) [b —du, x)], xe(0,1),¢>0,
3,L(t,0) = 3Lt ) = 0. £>0.

(5.7)

Linearizing the above system (5.7) at 0, we obtain the elliptic eigenvalue problem:

oy =diAYy +by, x€(0,7)
0x¥(0) = 9, ¥ () = 0.

It is easy to check that the principle eigenvalue o7 = b and the corresponding eigenfunction
¥ = 1. By Lemma 3.1, we have the following Lemma.

Lemma 5.1 Ifb > 0, then the system (5.7) possesses a unique positive steady state U (x) =
g, such that for every ¢ € C, limy, ;oo U(x, £, ) = s uniformly for x € [0,1], whereas
limy—, 00 U(x, t, ¢) = O uniformly for x € [0,7] as b < 0.

Now, we consider the following nonlocal elliptic eigenvalue problem:

s =do Ay —ay + e L [Ty, DY ()dy,  x € (0,7)

(5.8)
3 (0) = 05 (1) = 0.
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Bb

de®T *

Lemma 5.2 The principle eigenvalue of system (5.8) has the same sign as Ay = —« +

Proof According to Theorem 2.2 in [26] (or Lemma 2.4 in [11]), system (5.8) possesses a
principal eigenvalue s; along with a strictly positive eigenfunction ;. Moreover, the prin-
cipal eigenvalue s; shares the same sign as A1, where A; represents the principal eigenvalue

of the following systems:

M =dyAY — o + 2 [Ty, DY dy, x€(0,7) 5)
0x(0) = 3x (1) = 0. '
To estimate 11, we integrate the first equation of system (5.9), then:
o o bﬂ T b4
A= —a + —f / L,y )Y (n)dydx
d 0 0
_ bﬂ /g /g
——ay+ L / [ / T'(x,y, t)dx]w(y)dy (5.10)
d 0 0
-V 0,

where ¥ := foﬂ ¥ (x)dx. The second equals sign in equality (5.10) arises from exchanging
the integrals, and the third equals sign in equality (5.10) stems from the symmetry of the
Green's function and [, I'(x,y,a)dy = ™.

Due to the fact that the principal characteristic vector y; of system (5.9) is strictly posi-
tive, it follows that ¥, # 0. Hence, equation (5.10) implies that the principal eigenvalue A,
of system (5.9) is given by A1 = —a + d’j%. O
Theorem 5.2 The global dynamic behavior of the model (5.1)—(5.3) is described as follows:

1. Ifb <0, original steady state E, is globally stable;

2. Ifb>0and L2 <1, then tumor steady state E is global attractive in C;

ade®®

3. Ifb>0and % > 1, the solution semigroup ®(t) generated by system (5.1)—(5.3) is
uniformly persistent. Furthermore, when h > %, we can provide a lower-bound

estimate:

ak(b*h — Bb + ade™)
akbdh + (1 —e27)(Bb — ade*™) g
lim V(t,x) > (Bb — ade*™)(hbk — Bk —e™*" + 1)
=0 he*® [oucbdh +(1—e7)(Bb- otde‘“)]

lim U(t,x) >
t—00

’

> 0.

Proof Conclusion 1 arises from Theorem 4.1 and Lemma 5.1; Conclusion 2 stems from
Theorem 4.2, Lemma 5.1, and Lemma 5.2. By combining Theorem 4.3, Lemma 5.1, and
Lemma 5.2, we can derive the first part of Conclusion 3.

Now, we will prove the second part of Conclusion 3. Based on Theorem 3.2, it is known
that the solution semigroup ®(t) generated by system (5.1)—(5.3) is bounded. Therefore,
we can choose ¢ > 0 such that ¢l — UV + U[b - dU — 0%(1 — e *")UV] is monotone

increasing in U for all values taken by the solution. Utilizing the Green’s function I'y (x, , )
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associated with d; A and the Neumann boundary condition, we have:

t
U(t,x) =e’“/ Fl(x,y,t)l,[o(x)dy+/ e’“/ Fl(x,y,s){cL[(t—s,y)
Q 0 Q

BUE-s,y)V(E-5,9)
S i-sy) +L[(t—s,y)[b—du(t—s,y) (5.11)

/3/7/” Ut-s—a,z)V(t-s—a,z)
—— I'(y,z, dzda | t dyds.
K Jo Jo 0»2,4) 1+hV(t—s—a,z) “ d] yas

Let

U™ (x) := limsup U(¢, %), Uy (x) := 1tim inf U(t, %),
—+00

t—+00

V> (x) := limsup V (¢, x), Voo(x) := lim sup V (¢, x).

t—>+00 t—>+00

As the solution semigroup ®(%) is uniformly persistent, for all x € Q, there exists a € > 0
such that

U (x) = Uss (%) > €, V(x) = Vo) > €.

By applying Fatou’s Lemma to equation (5.11), we obtain

- ¥ - BUC() Voo ()
u (x)f/o e /QFl(x,y,s){cU @)—71_”1‘/000/)

0 0 UOO(Z)Voo(Z)
U (y)[b—dL[ ) - / / ) d]}dyds

(5.12)

Let
U*:= sup UP(x), V®:= sup V¥(x),
x€[0,7] x€[0,7]

Uy := inf L[oo(x), Voo := inf Vi (x).

xel0, x€[0,]

In addition, due to the validity of

/ Iy, a)dy =1, / L(x,y,a)dy = e
0 0

the inequality (5.12) can be rewritten as

BU* Vo

1
0 00 _
_c{dU 1+hVy

Cb-dU® - — (1 -e* 5.13
[ ouc( ¢ )1+hVoo (5.13)

B UV ] }
The simplified form of (5.13) yields:

BV [1+( —e
1+hVs —

YU L(b - dU™). (5.14)

Page 16 of 19
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Similarly, by Fatou’s Lemma of the lower limit, we can obtain

00 1—e@t
B
o

-1y,
o Waol (b — dUo). (5.15)

K

By employing the Green’s function I" for dy A — ¢, we obtain

Ut-s-t,nVviEt-s-r1,y)
1+hV(t-s-1,)

T t T
V(t,x) = / L', ) Vo(y)dy+ B / / L', y,s+71) dyds.
0 o Jo

Again, by Fatou’s Lemma together with the fundamental properties of the Green’s function

I", one can obtain the following results:

pU>
1<— 5.16
= aeT(1 + hV>) ( )
and
PUx (5.17)

1>——
T ae?T(1+hVy)

In addition, by the comparison theorem together with the first equation of system (5.1),

it is easy to obtain that lim,_, o u(t,x) < g, which indicates that:

b
U* < —. 5.18
<2 (5.18)
Taking inequality (5.18) into (5.16), we can obtain:
1 pBb
V¥ <= -1). 5.19
< G- (5.19)
Again, taking (5.19) into (5.15), we yield:
b*h— Bb + ade®™
s kW pbrade™) (5.20)
akbdh + (1 —e %) (Bb— ade*™)
Lastly, taking (5.20) into (5.17), we yield:
V> (Bb — ade*™)(hbk — Bk —e*" +1) S0,
heot [a/cbdh +(1—eo)(Bb— ade‘“)]
By the definition of Uy, and V,, We have completed the proof for this part. d

6 Conclusion

In this paper, we derive a therapeutic model for oncolytic virus treatment based on an age-
structured model with nonlocal time delays and nonlocal infection spreading. It is worth
mentioning that to overcome the limitation of mathematical models in explaining uncer-
tain biological phenomena using specific functional expressions, we use general continu-

ous differentiable functions F and G to characterize tumor growth and virus infection.

Page 17 of 19
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Theorem 3.2 ensures the existence and uniqueness of the model’s solution, as well as the
existence of a global compact attractor. Additionally, the principle eigenvalue o; defined
by system (3.4) determines the sustained proliferation of tumor cells:

(1) Theorem 4.1 indicates that tumor growth is not sustainable when o; < 0. (2)
Lemma 3.1 shows that tumor growth reaches a saturation state when o; > 0.

Furthermore, in the case of sustained tumor growth (i.e., o7 > 0), the principle eigen-
value A; defined by system (4.4) determines the success of oncolytic virus treatment: (1)
Theorem 4.2 reveals that the viral treatment fails when A; < 0 (i.e., lim;_, .o, V(£,%) = 0).
(2) Theorem 4.3 demonstrates that the viral treatment is successful when A; > 0 (i.e., there
exists € > 0 such that lim;_, .o, V(£,%) > €).

Then, we assume that the tumor follows logistic growth (with growth rate 7 = b — dU)
ff%) under
Neumann boundary conditions. Model (1.2)—(1.4) is transformed into model (5.1)—(5.3).

We calculate the tumor-threshold parameter as o; = b and the viral treatment-threshold

b
deot

solution under tumor-treatment conditions.

and a Holling Type-II functional response (viral infection function G(U, V) =

parameter as A] = —« + Furthermore, we provide a lower-bound estimate for the

We believe that our model is highly versatile as it incorporates different tumor-growth
processes and viral-infection processes. The dynamic results of this study provide theo-
retical foundations for further data fitting and predictions of the model.
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