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Abstract: In order to study the effects of reverse transcriptase inhibitors, protease inhibitors and
flavonoids on two target cells infected by HIV in a heterogeneous environment, an HIV mathematical
model at the cellular level was established. Research shows that infected cells can be categorized
into immature infected cells, latent infected cells, and mature infected cells based on the infection
process. The basic reproduction number R, was established, and it is proved that R, serves as a
threshold parameter: When R, < 1, the disease-free steady state is globally asymptotically stable,
and the disease is extinct; when Ry > 1, the solution of the system is uniformly persistent, and the virus
exists. Considering the huge advantages of drug intervention in controlling HIV infection, the optimal
control problem was proposed under the condition that the constant diffusion coefficient is positive, so
as to minimize the total number of HIV-infected cells and the cost of drug treatment. To illustrate our
theoretical results, we performed numerical simulations in which the model parameters were obtained
with reference to some medical studies. The results showed that: (1) as R, increases, the risk of
HIV transmission increases; (2) pharmacological interventions are important in early treatment of HIV
spread and control of viral load in the body; (3) the treatment process must consider the heterogeneity
of medication, otherwise it will not be conducive to suppressing the spread of the virus and will increase
costs.
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1. Introduction

HIV (Human immunodeficiency Virus), the causative agent of AIDS (acquired immune deficiency
syndrome), infects nearly 40 million people worldwide [1] and represents one of the highest overall
global burdens of disease [2]. HIV is a virus that attacks the immune system. Over time, HIV can lead
to a weakened immune systems, making individuals more susceptible to opportunistic infections and
certain cancers [3].

HIV predominantly infects immune system cells, specifically targeting CD4*T cellls (a type of
white blood cell) that play pivotal roles in orchestrating and executing the body’s defense mechanisms
against infections. Once the virus enters immune system cells, the viral RNA is reversely transcribed
into DNA by the enzyme reverse transcriptase. When the host cell becomes activated, it begins to
transcribe and translate the proviral DNA, producing new viral RNA and proteins. These viral
components are assembled into new virus particles. The newly formed virus particles bud from the
host cell’s membrane, acquiring an outer envelope derived from the host cell membrane [4]. After
HIV infects host cells, in addition to immediately starting to replicate and destroy CD4*T
lymphocytes of the immune system, it can also enter the latent state of the cells. This latent state
allows the virus to hide within host cells and avoid detection by the immune system, making HIV
infection a chronic, sustainable disease [5]. Given the intricate nature of HIV transmission within the
human body, experimental study of the entire process poses significant challenges. In contrast, the
development of viral dynamics models stands as a valuable and rigorous approach for investigating
the virus’s transmission processes and pathogenic mechanisms within the host.

Numerous studies based on virus models have been conducted to investigate the interactions
between virus and host [6-8]. With the development of modern medicine and scientific research,
researchers have completed the model from adding the virus, infected cells and susceptible
cells [9, 10], to gradually put more infection patterns processes into consideration [11-14], so that the
model can accurately describe the dynamic process of HIV transmission in the body. The diversity of
these models, as well as the corresponding theories and experiments, have made significant progress.
Perelson et al. [15] proposed an ODE model of cell-free viral spread of human immunodeficiency
virus in a well-mixed compartment. Using this model, they explain the characteristics of virus spread
under different steady states. Miiller et al. [16] also proposed a model incorporating the activation of
latently infected cells. They concluded through model predictions that the residual virus after
long-term suppressive treatment is likely to originate from latently infected cells. Wang et al. [17]
investigated a class of HIV-1 infection models with different infection rates and latently infected cells,
and obtained sufficient conditions for the global stability of both the infection-free and
chronic-infection equilibria of the model.

These investigations are based on a system of ordinary differential equations and intuitively
describe the trend of viral infection. However, the activities of viruses and cells within the human
body are subject to changes over both time and space. Further consideration of spatial factors in
modeling can provide further insight into the viral pathogenesis. Based on the spatial model, Wang et
al. [18] proposed a virus infection model with multiple target cells and discussed the threshold
dynamics through semigroup theory. Wang et al. [19] introduced a mathematical model to simulate
hepatitis B virus infection, incorporating spatial dependence. Considering the free movement of
viruses, they introduce the random mobility for viruses.
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In addition, we note that the virus infection model in [19] is investigated under conditions of a
well-mixed or homogeneous environment. These studies ignore the heterogeneous mobility of
cells [20] and the differences in the diffusion ability of virus particle in different
environments [21-23]. Under the assumption of homogeneity, there is a possibility of either
underestimating or overestimating critical factors in viral pathogenesis. Wu et al. [24] argued that the
use of the spatially averaged parameters may underestimate HIV infection, and explored the effect of
two time delays (latency caused by latently infected cells) on the HIV infection process in a
heterogeneous environment. Based on the research of [19], Wang et al. [25] further considered an
virus dynamics model with spatial heterogeneity under homogeneous boundary conditions. This
extension involved allowing all parameters to exhibit spatial dependence, except for the diffusion
coefficient. We note that few previous models have simultaneously considered spatial heterogeneity
and infection modes of both target cells. There is a lack of theoretical justification for the dynamic
behavior of the model when considering susceptible and infected cell mobility.

The purpose of HIV modeling research is to inhibit the transmission and diffusion of HIV within the
human body, and optimal control strategy is an effective method to explore and simulate the changes
in the transmission of the virus under certain control. This method is often used to explore the optimal
action time of drugs and prevent the spread of diseases. In fact, optimal control theory has been
used to study HIV treatment both at the cellular level [26,27] and at the level of individual patients
[28,29]. However, existing mathematical models have not been used to study the effects of multiple
drug combination treatments and optimal control on HIV infection.

Based on the considerations mentioned above, we established an HIV model incorporating spatial
heterogeneity and conducted optimization control studies. In the next section (Section 2), we will
propose a spatially heterogeneous model and explain the parameters in the model. Given that the
dynamical behavior of the model is crucial for investigating optimal control, we first conducted a viral
dynamics analysis of the proposed model in Section 3. We discuss the threshold dynamics of the
basic reproduction number R, and demonstrate the uniform persistence of the solution in Section 4. In
Section 5, We further understand the impact of pharmacological interventions on the dynamics of HIV
infection and investigate key strategies for controlling infection. In the final section (Section 6), we
obtained the optimal solution of the control system through numerical simulations and presented the
spatiotemporal variations of the control. Some conclusions and discussions are presented.

2. Model formulation

Mathematical models are useful to interpret the different profiles, providing quantitative information
about the kinetics of virus replication. In a recent survey, Hill et al. [30] summarized the contributions
that viral dynamic models have made to understand the pathophysiology of HIV infection and to design
effective therapies and proposing basic viral dynamics model:

dT

d_if) = 1= purT() - BT(OV(0),

% =BTV (1) — ul(1), &b
av() _

— = kI(t) — cV (1),
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which tracks levels of the virus V and the CD4*T cells that it infects. Uninfected target cells 7 are
assumed to enter the system at a constant rate A, and die with rate constant uy (equivalent to an average
lifespan of 1/ur). Infected cells 7 are produced with a rate proportion to levels of both virus and target
cells and the infectivity parameter . Infected cells produce free virus at a rate k and die with rate ;.
Free virus is cleared at rate c.

With further research on the pathogenesis of HIV, more complicated facets of infection can be
inferred from looking at viral load decay curves under different types of treatments. This decay can
be explained using mathematical models, and in general the multiple phases are believed to reflect
distinct populations of infected cells [31,32]. Cardozo et al. [33] modeled proviral integration in short-
and long-lived infected cells, which suggests that “HIV infects two different cell subsets, one of which
has a fast rate and the other a slow fusion rate”. Based on the work of Hill [30] and Cardozo [33],
Wang [10] considered the more general situation when the infectivity parameters of two target cells
are different and then proposed the following equations to describe an HIV infection model containing
two different cell subsets:

‘H;th(f) = A = pr Th(0) = BTV (@),

dlcf) =BiTiOV(t) = py, 1 (1) — m (D),

dizzr(t) = Ay = up, To(1) = BTV (D),

dl;ft) =B T(OV(0) — u, L(1) — mab(0), (2.2)
% = frabo(t) = al(t) = pu L(1),

d]Zr( D < @)+ (1 Praba(t) — MO + aLi),

% =kM(t) — cV(0),

Two separate populations of target cells are hypothesized to exist, with the second type T», I, being
longer lived and proceeding to integrate virus more slowly. Infected cells of either type can be divided
up into those who have not yet completed the phase of the viral lifecycle where integration occurs I;
, and those mature infected cells M, which allows investigation of different dynamics in the presence
and absence of integrase inhibitor drugs.

Despite our meticulous consideration in the modeling process, the speed of virus propagation within
the human body varies significantly depending on its environment. Concurrently, studies have revealed
that the virus spreads at different rates within the body, and the spatial movement plays a crucial role
in the dissemination of the pathogenic agent. In light of these considerations, we incorporate spatial
reactivity diffusion into the model to simulate the diverse spread rates of the virus among different
tissues. This enhancement renders the model more practical and provides greater reference value for
guiding realistic treatment plans. In addition, since what we really care about is the effect of HIV virus
on the sum of two target cell concentrations, we build the model based on the following considerations:

(1) The infection process of T can be regarded as a special form of the infection process of 7.
When f = 0, the cell subsets with a slow fusion rate will not enter the latency period, and we can
regard them as the cell subsets with a fast fusion rate.
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(2) From a virological perspective, when the sum of the concentrations of two types of target cells is
considered, the variables and parameters of each compartment in the model can be considered together,
which is beneficial to simplifying the proof of the properties of the model.

(3) If target cells are not considered together, there will be two susceptible compartments, making
it challenging to analyze the global existence of a system solution.

(4) The amalgamation of two cell types has simplified the objective function for optimum control,
resulting in a reduction of computational workload for numerical simulations.

Table 1. Interpretation of variables in the model.

Variables Description

T(x,1) Concentrations of susceptible CD4*T cells
I(x,1) Concentrations of immature infected cells
L(x,1) Concentrations of latently infected cells
M(x, 1) Concentrations of mature infected cells
V(x, 1) Concentrations of free virus particles

Table 2. Descriptions of parameters in model.

Para. Biological significance

A The production rate of CD4*T cells

B Virus infection rate

n The proportion of immature infected cells transformed

f The proportion of immature infected cells that transform into latently infected cells
a The proportion of latently infected cells that transform into mature infected cells

k Virus production rate
c Death rate of virions

ur Natural death rate of CD4*T cells

Uy Natural death rate of immature infected cells
ur Natural death rate of latently infected cells
Uy Natural death rate mature infected cells

6o Diffusion rate of T'(x, t)

6, Diffusion rate of I(x, t)

6, Diffusion rate of L(x, 1)

63 Diffusion rate of M(x, 1)

04 Diffusion rate of V(x, 1)

Finally, we establish the following spatially heterogeneous reaction-diffusion model of HIV in
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human body:
8T§f’ ) V(Oo()VT(x, 1)) + A(x) — ur()T(x, 1) = BT (x, HV(x, 1),
015;;, H_ V(1(x0)VI(x, 1) + BT (x, )V (x, 1) — () (x, 1) = n(x)I(x, 1),
GL((;;, nH_ V(02(x)VL(x, 1)) + fF()n()I(x, 1) — a(x)L(x, ) — ur(x)L(x, ), (2.3)
aMg()f’ D - VO3)VMCx. 1)) + (1 = FEDCICE 1) — g (DM(x. 1) + a()Lx, 1),
avgtc, D GOV (. 1) + kOM(x. 1) — c(0)V(x. 1)

with (x,7) € Qr = Q X (0,T'). Moreover, as a complement to the system (2.3), we introduce the no-flux

condition:
oT(x,t) _0l(x,t) OL(x,1) 0M(x,t) 0V(x,1) _

ov ov ov ov ov
with the positive initial conditions:

0 2.4)

T(x,0) = To(x), I(x,0) = Iy(x), L(x,0) = Lo(x), M(x,0) = My(x), V(x,0) = Vp(x), x€Q, (2.5

The outward normal vector to 9Q2 is denoted by dv. Given the complexity of describing the architecture,
composition of target tissues, and the diversity of the human internal environment, the domain Q is
considered as the target tissues. The interpretation of the variables are listed in Table 1. Moreover, all
parameters and their respective meanings can be found in Table 2, where 6;(i = 0, 1,2, 3,4) represents
the diffusion rate of each compartment, indicating that the local diffusion rate vary across different
compartments. Under the condition of x € Q, we suppose that position-dependent parameters are
functions that are continuous, strictly positive, and uniformly bounded.

3. Some basic properties for system
In this section, we encompasse an exploration of the well-posedness of the solutions as well as an

analysis of dynamic behavior of the model. Similar to Zhao’s method [34] in the article, we consider
the following scalar reaction-diffusion equation:

('()9_v: = V (6y(x)Vw(x, 1)) + A(x) — ur(x)w(x, 1), x € Q, t > 0,

(3.1
ﬁ_w =0, x € 0Q.
ov

According to the method of Lemma 1 in [34], similarly, we have the following lemma:

Lemma 3.1. System (3.1) admits a unique positive steady state w*(x), which is globally asymptotically
stable in the function space C (Q, R). Furthermore, w* = Mir if A and ur are positive constants.

LetD = C (Q, RS) equip with the uniform norm denoted by || - ||p, D* = C (Q, Ri) Then we will
obtain an Banach space which is denoted as (D, D*). We set a mapping relation .Z;(f) : C(Q,R) —

Electronic Research Archive Volume 32, Issue 6, 4129-4163.



4135

CQ,R)i=1,2,3,4,5to0 represent the C semigroups. Cy semigroups is associated with V (6;(x)V) —
m;(-), where mo(-) = pr(-), mi(-) = w(-) + n(-), mo(-) = pr(-) + a(-), ms(-) = pp(-), ma(-) = (). Thus, it
comes that:

(080 = [ G530y 0 € C(QE). 1> 0

The function ¥.(¢, x,y) denotes the Green function corresponding to the operator V (6;,(x)V) — m;(-)
under the Neumann boundary conditions. Building upon the theorem presented in Smith’s work (1995,
Corollary 7.2.3) [35], the operator J;(¢) (i = 1,2,3,4,5) is compact and strictly positive for all ¢ > 0.
Obviously, we can find a positive constant M > 0 that when «; < 0 and ¢ > 0 satisfies ||T;(?)|| < Me*".
Here, a; represents the main eigenvalue of V (6;(x)V)—m;(-). Define operator F = (F\, F», F3, F4, F5)" :
D* — D by

Fi(y)(x) =A(x) = By 1 (x)yrs(x),

Fr(Y)(x) =By (x)s(x),

F3()(x) =f()n(x)(x),

Fy()(x) =(1 = f(x))n(x)a(x) + a(x)g3(x),

Fs()(x) =k(x)a(x),
where W = (Y1, Y2, Y3, U, 0s)T € DT. Subsequently, we rewrite the system (2.3):

E(t) = E*(t)y + f E*(t — s)F(E(s))ds, (3.2)
0

Where E(t) = (T(t)a I(t)’ L(t)7 M(t)’ V(t))T’ E*(t) = dlag(Tl (t), TZ(I)’ T3(t)’ T4(t)’ Tﬁ(t))
According to the conclusion of Martin and Smith (1990, Corollary 4) [36], the subtangential
conditions are satisfied, and then, the following lemma is applicable:

Lemma 3.2. For system (2.3)—(2.5) with initial condition € D*, when the maximum interval
[0, Tw), Teo < +00 is provided, the solution u(t,) € D" is mild and also unique. Furthermore, this
solution to the system (2.3) is classical.

Next we give proofs for the dynamical behavior and the existence of the global attractor.

Theorem 3.3. There exist unique and mild solution u(x, t,y) € D* on [0, o) to the system (2.3)—(2.5),
when it fits the initial condition € D*. In addition, we can find the solution semiflow Y(t) = u(t, -, ) :
D* — D*, t > 0 exist a global compact attractor.

Proof. For the sake of later discussion, we first set g = min,.qg(-) and g = max,g(-), where g(-) =
A(), B(), n(), f()

,a(+), k(-), c(-), ur (), pr () . (+), ttas(+). According to the theory of Lemma 3.2, we can easily find the
solution to the system (2.3) exists and is also unique and positive. Next, we can obtain the following
conclusion: |u(x,t,y¥)|| — +oo for 7, < +oo refer to Martin and Smith (1990, Theorem 2) [36]. It
follows from the system (2.3) that

T (x,1)
ot

By the comparison principle and Lemma 3.1, we obtain that there admits M; > 0 such that

< V(Oo(x)VT(x,0) + A — /._lTT(x, 1), x€Q, te0,7). (3.3)

T(x,t) < My, x€Q, t €[0, 7).
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Then, a series of equations can be established:

51(6);, ) < V(01(x)VI(x, 1) + BMV(x,1) — (u, + WI(x, 1), x€Q, 1€[0,7),
aLg;, 1) <V (6:(0)VL(x, 1) + fAl(x,1) - (1, + @L(x,1), x€Q, te€0,71.),
87?”)<vwmeMu¢»+a—jmK&D—gM+&M%0a-XEQJG[Q“J
GV((;IC, ) < V(04(x)VV(x, 1) + kM(x,1) — cV(x,1), x€Q, t€[0,7).
Consider the following problem:
% :V(@l(x)Vv1)+BM1V—(/;zI+Q)I, xeQ, >0,
% =V (6,(x)Vv,) + fal — (/iL +a)L, xeQ, t>0,
%?:V@QWW+O—DM—&HﬁL xeQ, >0, (3.4)
% =V (04(x)Vvy) + kM — ¢V, x€Q, >0,
le(;))/c, 1) _ 8vz6(;c, 1) _ 8v36(;c, 1) _ c')vﬁ:/c, 1) _0. xed.

We can find that the strictly positive eigenfunction ¢ = (¢1, @2, d3,¢4) correspond to A which is
principal eigenvalue to the system (3.4) based on the standard Krein-Rutman theorem. Hence, if
t > 0, systems 3.4) has a solution oeMp(x), where
op = (vi(x,0),v2(x,0),v3(x,0),v4(x,0) > (I(x,0), L(x,0), M(x,0),V(x,0)) for x € Q. Then we will
get by referring the comparison principle:

(I(x, 1), L(x, 1), M(x, 1), V(x, 1) < 0e’'p(x), x € Q, 1 €[0,700),
Then, there exists M, > 0 that satisfies the following inequality:
I(x,1) < Ma, L(x,1) < My, M(x,t) < My, V(x,1) < M>, x € Q, t € [0, 7o),

When the 7., < 40 is given, we find that it contradicts the previous conclusion (||u(x,t,¢)|| — +oo
when 7, < +00). Therefore, we have proved the solution is globally existed. Furthermore, we can
prove that the semiflow of solution is dissipative. Refer to the comparison principle and Lemma 3.1,
there exist N; > 0 and #; > O satisfies

T(x,1) <Ny, x€Q, t € [0, To).

Denote S (¥) = fQ(T(x, H+1(x,t)+ L(x,t) + M(x,t) + “k”z—fc’)‘)V(x, 1))dx, then we have that

Hy(xX)c(x)

) V(x, t))dx

dS
i fg (Ax) = ur ()T (x, 1) = p(OI(x, 1) = pr(X)L(x, 1) —
< f ﬂ(X)dx—mén {ur (%), pr(x), (%), c(0)} S.
Q
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Thus there exist N, > 0 and 7, > 0 such that S (r) < N, forall ¢ > 1,.

It follows from Guenther and Lee [37] that G,(t, x, ) = 3,51 €™ @.(X)¢,(y), where ¢,(x) means the
eigenfunction and the eigenvalue of V - (6,(x)V) — w;(x) — n(x) is 7;. Moreover, 7; satisfies 71 > 7, >
T32---2T, 2 --. Then

G,(t, x,y) < wy Z e"t>0

n>1

for some w; > 0 since ¢, is uniformly bounded. Let v,(n = 1,2...) be the eigenvalue of V - (6,V) —
u(x) —n(x) and satisfy vy = =y, —n>v, > v3 > --- 2 v, > ---. According to the Theorem 2.4.7 in
Wang [38], we can obtain that v; > ; for any i € N,. Considering the trend of v, is similar to —n?, we
can obtain that

Gy(t,x,y) < wy Z e < we''! = we W

n>1

for ¢t > 0 some w > 0.

Here we set t; = max{t;,t,}. If t > t3, we can also have refer to the comparison principle:

I(x, 1) = Tr®I(x, 1) + f T(t = s)B(x)T(x, s)V(x, s)ds

5]

!
< Me ™ [I(x, )] + f f Galt = 5, %, YBOIT(, $)V(y, s)dyds
13 Q

!
< Me™ | I(x, 13)|] + f we ™ EE) f BN\ V(y, s)dyds
Q

3

5%

< Me™"™)||I(x, 13)]] + wN| N, - Bk f e W= g
Ky i

wN\N; -B -k

< Me™"||I(x, 13)|| + :
AT

Thus, lim sup, . [I(x, t)l| < NN, - B+ k/py(u; + n). Moreover, follow the same method, there admits
N3 > O such that lim sup,_,  [|IL(x, 1)|| < N;. Therefore, we can show that the system is point dissipative.
Furthermore, in the condition of ¢ > 0, the solution semiflow ¥(#) is compact and also globally attracted
based on Wu (Theorem 2.2.6) [39] and Hale (Theorem 3.4.8) [40]. O

4. Threshold dynamics behavior

In this section, we delve into the fundamental concept of the reproduction number. Based on
Lemma 3.1, it can be concluded that system (2.3) amdits a unique infection-free equilibrium state
Ey = (T°(x),0,0,0,0), where T° = w*(x). At the infection-free equilibrium state E,, we can derive a
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set of linearized equations:

8P28(tx, n_ V (01(x)VP,) + B(x)T°Ps — u;(x)P5 + n(x)P,, xeQ, >0,
P

0 38(: D_y (B2(x)VP3) + f(xX)n(x)Py — a(x)P3 — up(x)P3, xeQ, t>0,
P

0 48(;6, ) =V (6:(x)VPy) + (1 — f)n(x)Py — upy(x)Py + a(x)P3, x€Q, t>0,
P

% = V (04(x)VPs) + k(x)P4 — c(x)Ps, x€Q, >0,
dy  dv v Ov =0, x€0Q, t>0.

Letting (P,, P3, Py, Ps) = e (Y (1), ¥3(1), wa(2), ¥5(2)), the above system can be rewritten as:

Ay =V (01(0) Vi) + BT s — i (x)Wa + n(x, x€Q, >0,

Az = V(6,(x)VY3) + f(On(x), — a3 — ur (03, x€Q, >0,

Ay = V(03(0)Vry) + (1 = fOOIn(Wr — up(XWs + a(x)ys,  x€Q, 1> 0, 4.1
Ays = V (04(x)Vrs) + k(s — c(xX)s, xeQ, t>0,

Oy O3 Oy OYs

61/_(91/_01/_81/_0’ Y€ o0, 1>0.

From the above equations we know the system is cooperative. According to the Krein-Rutman theorem,
we find the strictly positive eigenfunction (¢,(x), ¢3(x), @4(x), ¢s(x)) and its unique principal eigenvalue
Ao(T?). Suppose the solution semigroup ®(r) : C(Q,R*) — C(Q, R*) associated with the following
system:

P
9 26(; D -V @V - Hi(X)P; + n(x)P, xeQ, >0,
P
0 36(-::’ t) =V (QZ(X)VP3) + f(X)n(X)P2 - a(_x)P3 _,UL(X)P3, xeQ, t>0,
OP,(x,
45? D Z G @0VP) + (1 = FMWPs — w(OPy + a)Ps, x€Q, 150,
OPs(x,t
sa(;c ) =V (0,)VPs) + K)Ps — c(x)Ps, reQ. 150,
(9P2 ap3 8P4 (9P5
= = — — Q .
ov ov ov ov 0, x€eo, t>0
We set that:
00 0 BXT°
000 0
FO=16 00 0
000 0

We define the distribution of the infected with starting conditions ¥ = (2, 3, ¥4, ¥s). With time goes
by, the distribution of infection is denoted by ®(¢)y,. Then, the total number of cells infected and the
number of viruses is:

ZW)(x) = fo F(x)@(t)ydr.
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According to the method in next generation matrix theory, we get the basic reproduction number:
R() = K(g )

where we use x(_Z) to denote the spectral radius of .Z.
According to the proof of Theorem 3.1 in Wang and Zhao [41], we use a similar method to establish
the following lemma:

Lemma 4.1. Ry — 1 and Ay have the same sign. When Ry < 1, the state E, is asymptoticallyis stable,
or not when Ry > 1.

The basic reproduction number serves as a critical threshold, determining whether the virus can
persist or not.

Theorem 4.2. When Ry < 1, E exhibits further globally asymptotic stability.
Proof. There admits a § > 0 such that Ay(T° + §) < 0. Consider the first equation in the system (2.3):

oT
o < V(@) (x)VT) + A(x) — ur(x)T(x, 1), t > 0,x € Q,
Refer to the principle of the comparison, given ¢, is positive, we know that T'(x, ) < T°+ 5 when t > 1,

and x € Q. Then,

a_j S V@)V +B)NT° +6)V — (wi(x) + n(x)I, xeQ, t>1,
08—1; <V (62(x)VL) + f(n(x)I — (ur(x) + a(x))L, xeQ, 1>,
%/[ < V(G:(x)VM) + (1 = f)In(x)] — uy(x) + a(x)L, x€Q, t>1,
%—‘; < V(0(X)VV) + k()M — c(x)V, xeQ, t>1.

Suppose that a(¢»(x), §3(x), da(x), ds(x)) > (I(x,1), L(x, 1), M(x, 1), V(x,1)). Ag(T°+6) is negative and is
the principal eigenvalue of the eigenfunction (¢ (x), #3(x), p4(x), 5(x)). Thenthe comparison principle
implies that:

(I(.X, t)’ L(X, t)7 M(.X, t)’ V(.X, t)) < a,((ﬁZ(-x)’ ¢_3(X), (54()6), 65()6))’ tz 1.

Therefore, lim,_,.,(I(x, 1), L(x,t), M(x,1),V(x,t)) = 0. According to the theory in (Corollary 4.3 in
Thieme [42]), we know that lim,_,., T(x, f) = T°. These findings are all available by Lemma 4.1. O

Theorem 4.3. When R is greater than 1, there admits a positive number n such that any solution
(T(x,t),I(x,1), L(x,1),
M(x, 1), V(x,t)) with T(x,0) # 0, 1(x,0) £ 0, L(x,0) £ 0, M(x,0) £ 0 and V(x,0) £ 0 satisfies

liminf T'(x,t) > n, liminf I(x,7) > n, liminf L(x,t) > n, liminf M(x,t) > n, liminf V(x,¢) > n
1—00 t—00 t—00 t—00 t—00

uniformly for all x € Q. Moreover; it is obvious that there at least exists one stable state which is also
positive.
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Proof. Set Dy ={¢ = (T,I,L,M,V) e D* : I(-) £ 0, L(-) £ 0, M(-) # 0, V(-) # 0}. Obviously,
0Dy ={(T,I,L,M,V)eD" : I(:)=0 or L(-)=0 or M(-)=0 or V(-)=0}.

D, is fixed and positive for the semiflow of solution ¥(#) based on the theory of Hopf boundary and
the maximum eigenvalue. We suppose the set of forward orbit y*(¢) = {¥(#)(¢) : t > 0} where its limit
set is denoted by w(¢), and set Ny = {¢ € D, : Y(t) € dDy}.

Claim 1. |Jyey, w(¢) = Eo.

Given that ¢ belongs to Ny, it implies that either I(x,t,¢) = 0, L(x,t,¢) = 0, M(x,t,¢) = 0 or
V(x,t,¢) = 0. Assuming V(x,t, ¢) = 0, from the fifth equation in (2.3), we deduce that M(x, ¢, ¢) = 0.
Moreover, the fourth equation implies I(x,t,¢) = 0 and L(x,t,¢) = 0. Hence, as t — oo, T(x,t,¢)
converges to T°. If there exists a t, > 0 that satisfies V(x, ty, ¢) # 0, then we can prove that V(x, t,¢) > 0
for all + > #; using the Hopf bifurcation theory and the maximum principle. Thus, we know that
M(x,t,¢) =0, L(x,t,¢) = 0, I(x,t,¢) = 0 for all £ > ty. From the fifth equation of (2.3), as t — oo, it
can be inferred that V(x, y, ¢) converges to 0. Consequently, Then 7'(x, ¢, ¢) asymptotically approaches
the solution given by Eq (3.1). Utilizing the Corollary 4.3 in [42], it follows that 7T'(x, #) converges to
T° uniformly for x € Q as t — co. Given that Ry > 1, there exists a ¢ > 0 such that Ay(T° — ¢) > 0.

Claim 2. E, is a uniform weak repeller in the sense that limsup,_, . |[Y(£)(¢) — Eol| > ¢ where ¢ € D,.

While, there comes a contradiction, there exist a ¢ € Dy such that lim sup,_,, [['¥(£)(¢) — Eoll < s.
Then, for #; > 0:
T(x,t,¢0) > T —¢,Vt > 1.

Therefore, we can deduce that:

a—j > V(6,VI) + Bx)T° = )V — ()] — n(x)1, t>t,x€Q,
(Z—f > V(O,VL) + f(x)n(x)] — a(x)L — uy(x)L, t>t,x €Q,
%4 > V(6:YM) + (1 — f))n(0)I — ()M + a(x)L, t>1;,x € Q,
65_‘;/ > V(0,VV) + k(x)M — c(x)V, t>1,x€Q.

The eigenfunction is supposed to be (¢ (x), P3(x), ds(x), ds(x)) and the principal eigenvalue is
Ao(T® — ¢) > 0. Assume that « > 0 and fulfills the condition a(dr(x), @3(x), @4(x),
Q;S(.X)) < (I(X, t)’ L(x’ t)’ M(x9 t)9 V(X, t)) Thena

(I(-x’ t)’ L(x7 t)? M(x, l)a V(-x’ t)) > a’(¢_2(X), (53()(), ¢_4(x)a ¢_5(x))€AO(T0_g)(t_tl)7 tz tl 5

This is contradictory to lim,_,.(I(x, 1), L(x, 1), M(x,1), V(x,1)) = (+09, +00, +00, +00).
Given a function K : D* — [0, +o0]:

K(¢) = min {mi_n¢2(x), ming3(x), ming,(x), mi_r1¢5(x)}, ¢ € D"
xeQ xeQ xeQ xeQ
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It is evident that K~'(0, c0) € D,. Moreover, we obtain K(¥(f)¢) > 0 when K satisfies the condition:
K(¢) = 0and ¢ € Dy or K(¢) > 0. Therefore, we obtain the function K to the semiflow ¥(¢7) : D* — D*
(Smith and Zhao 2001) [43]. So it comes a conclusion that any forward orbit of () in M,y converges
to Ey. The intersection of the stable subset W*(E,) with D, is empty. Moreover, E is an isolated
invariant set in D and the set of dD, only contains the disease-free equilibrium E,. According to
Smith and Zhao (Theorem 3), it follows that there exist a ¢; > 0 satisfies: min {p(¥) : ¥ € w(P)} > ¢
for any ¢ € Dy. This implies that

liminf I(x,t,¢) > ¢, liminf L(x,t,¢) > ¢, liminf M(x,t,$) > ¢, liminf V(x,t,¢) > ¢, V¢ € D,.
t—00 t—oo t—oo t—00

According to the method in the Theorem 3.3, it can be established that there exist M > O and #, > 0
satisfies the following inequality:

I(x,t,¢) < M, L(x,t,¢) < M, M(x,t,¢) < M, V(x,t,0) <M, t > t,, forall x € Q.

For T'(x, t):
T (x,1)

ot

Thus, we can get liminf,_,., T(x,,¢) > ¢, := A/(fir + fM). Then, set g3 := min {g, s»}. we know that
the uniform persistence.

According to Magal and Zhao [44], it follows that system (2.3) has at least one equilibrium in D.
Now, we demonstrate that these equilibrium are positive. Let (.4, Y3, Y4, s) be a equilibrium in D.
Then ¢, # 0,¢3 # 0,44 £ 0,45 £ 0, implying ¢, > 0,43 > 0,44 > 0,¢s > 0. Through the maximum
principle we can gety; > O or ¢y = 0. Suppose ¢; = 0. Then ¢, = 0, contradicting the second equation
of the steady state system (2.3) and the maximum principle. We final know that(y; .Y, Y3, Y4, ¥s) is a
positive equilibrium. O

> V- (@o(x)VT) + A — (fir + BM)T,t > t, x € Q.

5. Optimal control of model

In addition to analyzing the global nature of the equation of HIV kinematics with spatial
heterogeneity, we would like to further understand how the dynamic process of HIV transmission in
the human body is affected by the action of antiviral drugs. Next, when the mathematical modeling of
AIDS dynamic behavior has been completed, the role of optimal disease control can be fully
exploited. Combined with optimal control theory, the help of viral infection modeling enables one to
find key strategies and methods for controlling infection or enhancing prevention.

The investigation conducted by Kirschner et al. [45] delved into optimal chemotherapy strategies
for a specific category of HIV models, employing methodologies rooted in optimal control theories. To
reduce the number of infected people and minimize the cost of pharmacological interventions, Zhou et
al. [46] considered an optimal control problem of partial differential equations based on the SIR model.
Combining the above research and the purpose of this paper to establish optimal control, we want to
investigate the optimal effect of drug administration while minimizing the cost and side effects of drug
administration. Therefore, we introduce wy, w,, w; in the following system. The w;(x,t) represents
the role of reverse transcriptase inhibitors, which are used to prevent HIV particles from transcribing
RNA through susceptible cells, which means that susceptible cells will be less likely to transform into
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infected cells. The w,(x, ) denotes the action of a protease inhibitor that primarily disables the process
involved in the integration of proteins within the virus. This allows a portion of the free virus to be
removed from the matured infected cells. The ws(x, r) represents the role of Flavonoid Compounds,
which can inhibit HIV activation in latently infected cells. Then, the controlled system is as follows.

‘9Tg;a - GoAT (x, 1) + A = ur ()T (x, 1) = )T (x, YV (x, 1),

61(3);’ D = 0,M1Ce 1) + BT, OV (6, 1) — (06, 1) — n() (1 = wi (D6, ),

aLg, D = 6L 1)+ fr(] = (e D). 1) — a(l = wae, D)LCx. 1) — (LR ), 5.1)
8M6(;c, D _ 0;AM(x, ) + (1 — FHn(l = wy (x, DI (x, 1) — ()M (x, ) + a(1 — ws(x, ) L(x, 1),

3V((;t€, D O4AV(x, 1) + k(1 — wa(x, ))M(x, 1) — c(x)V(x, 1),

The system (5.1) exists only under the condition (x,t)e Qr = Q x (0,I'). Moreover, as a complement to
the system, we introduce the no-flux condition and initial conditions:

oT(x,1) _ 0l(x,t)  OL(x,t) OM(x,t) 9V(x,1)

ov ov ov ov ov
T(x,0) = To(x), 1(x,0) = Iy(x), L(x,0) = Lo(x), M(x,0) = My(x), V(x,0) = Vo(x). x € Q,

=0, (x,1) € Qr =Qx(0,1),

The control variable can be obtained:
W = {w = (wi,we, ws) € (L(Qr)’,0 < w; < Lace. on Qr,i = 1,2,3). (5.2)

The aim of the system with control is to reduce the HIV virus concentration and the cost of taking
medication as much as possible. To achieve this goal, the cost function was set by us to:

C(T,1,L, M, V,u) =f

Qr

“,

where the weight functions are denoted by p;(x,f) € L*(Qr) and &;(x) € L*(Qr),i = 1,2,3,4,5;
I, € L*(Qr) and p; € L™ (Qr), k = 1,2, 3 represent the cost of pharmacological interventions. To solve
the optimal control problem, we are supposed to determine an optimal control u* € %/ that minimizes
the control cost function (5.3).

3
o1 DTG 4+ 4 05Ce DV ) + ) i, D)
k=1
(5.3)

3
e ()T, I+ - +e5(x)V(x,T") + Z Pr(xX)wi(x, F)]dx,
k=1

C(T,I,L,M,V,w") = inf€(T,I,L, M,V,w). (5.4)
wew

In this part of this article, we establish the uniqueness and existence of the solution. Additionally,
we prove that the optimal control problem can be established under the system (5.1) and give the
first-order necessary conditions.
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5.1. Preliminaries and basic assumptions

We use the 57 = (L*(Q))* as Hilbert space and set a linear operator . : D(«/) C S — 7 where
o is:
GoA 0O 0 0 0
0 6,A O 0 0
=] 0 0 6A O 01,
0 0 0 A O
0 0 0 0  O:A
with

D(e) = {(T,I, LM V) ey, oL Z 00 _OL _ oM _ oV _ 0}.

v v v dv

Denote by Q = (T, Ia L, M, V)’ ®(t’ Q) = (®1 (ta Q)7 ®2(l’ Q)a ®3(t? Q)’ ®4(t7 Q)7 ®5(l’ Q)) Wlth

01, Q) = A — pur()T(x,1) = BOT (x,HV(x, 1),

0,(t, Q) = BT (x, DV (x, 1) — py () (x, 1) — n(x)(1 — wi(x, ))I(x, 1),

05(t, Q) = fn(l —wi(x,D))I(x,1) — a(l — ws(x, ))L(x, 1) — ur(x)L(x, 1), (5.5)

041, Q) = (1 = HHin(l = wi(x, NI(x, 1) = ()M (x, 1) + a(l = wa(x, 1)) L(x, 1),
Os(1, @) = k(1 = wo(x, DM (x, 1) — c(x)V(x, 1),

where Q = (T,1I,L,M,V) € D(Q) = {Q € 5 : O(t,Q) € 5,¥t € [0,T']}. Then systems (5.1) with
(5.2) can be reformulated as:

ot (5.6)

{ 90 _ A Q+0(t,0), te0,I],
0(0) = Qo.

To give the proof of the uniqueness and the existence of the solutions to the system, we present some
conclusions next.

Theorem 5.1. We define the infinitesimal generator of Cy-semigroup as </ : D(</) C B — B, where
B represent the Banach space. Consequently, it can be deduced the uniqueness of the solution Q €
C([0,T'T; B) when Qg € B of Cauchy problem (5.5):

Q) =T(®)Qo + f T(t - 5)0O(s, Q(s))ds,t € [0,T].
0

Furthermore, if of is dissipative on the Hilbert space ¢ and also self-adjoint, then the mild solution
meet the conditions Q € W'2(0,T; B) N L*(0,T; D(<7)).

Assumption S5.1. Assume that the functionsTy(x),ly(x), Lo(x), My(x), Vo(x) € Q)

To(x) > 0,To(x) > O0,I)x) > O0,Le(x) > O, Myx) > 0,Vox) > 0 and
OMon) _ ol _ L) _ Mo _ % _ () » e §O)
v v v v v ’ :

We can deduce the uniqueness of the solution in the system (5.1) based on the similar arguments
provided in Zhou et al. [46].
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Theorem 5.2. In R*,k < 5, we first set a bounded domain which is denoted as Q. Meanwhile, class
C**¢ € > 0 is the boundary of Q. It is assumed that Assumption 5.1 holds, and for a optimal control
pairs w = (Wi, wa, w3) € #/, we can obtain that the solution Q of the system (5.1) is globally positive
and unique with Q = (T, 1,L, M, V) € W0, T; 7).

T(x,1) € L™(Qr) N L*(0,T; *(Q)) N L0, T; 7 (Q)),
I(x,1) € L™(Qr) N L*(0,T; 7%(Q) N L0, T; #1(Q)),
L(x,1) € L¥(Qr) N L*(0,T; 74(Q) N L0, T; #1(Q)),
M(x, 1) € L¥(Qr) N L*0,T; 7*(Q) N L0, T; #1(Q)),
V(x,t) € L™(Qr) N L*(0,T; 5*(Q)) N L0, T; 7 (Q)).

Furthermore, there exists a C > 0 such that:

oT
0t 2 * ”T”Lz(o,r;jf%gz» + ||T||L°°(Qr) <G,
ol
E’ L2Qr) * ”IHU(O,F;%?(Q)) + ||I||L°°(Qr) <G
oTr
ot 12@r) + ||L||L2(O,F;%2(Q)) + ||L||L°°(Qr) <G, (5.7
o Ml * Ml <
ot L2(Qr) 0.;7272() L>(Qr)
oT
E L2(Qp) + ||V||L2(O,F;f7fz(9)) + ||V||L°°(Qr) <C,
and
171100 < G Loy < Gy < oM 10 < G VI < V2 € 10T (5.8)

5.2. The existence of optimal solution

Theorem 5.3. If Assumption 5.1 is valid, in that case, system (5.1) exists an optimal control
(T, I, L, M*, V", wy, wi, wy).

Proof. Set
3
g(Ta I’ La Ma ‘/’ W)(xa t) = 01 (-xa t)T(-xa t) +oeeet QS(X’ t)V(x, t) + Z lk(xa Z)Wk(.x, t)a
k=1

3
H (T, I, LM, V,w)(x,T") = £;(x)T(x,T) +--- + &5(x)V(x,T) + Z pr(Xwi(x, ).
k=1

Then

r
%(T,I,L,M,V,w):f fg(T,I,L,M,V,w)(x,t)dxdtwLfji/(T,I,L,M,V,w)(x,F)dx.
0 Jo Q
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It can be referred from (5.7) that € (T, 1,L, M, V,w) is proved to be bounded. Thus, there exist a

minimizing sequence {w’f, wl, w’;} . and a positive constant n = inf ¢ (T, 1, L, M, V,w) such that
m= weW

n=limeT",I1",L", M", V" w") = inf€¢(T,I,L,M,V,w),

m—0oo wey

Here, (T, I, L™, M™, V", w™) represents the solution of the system given by

—aTn;(; L OoAT"(x,1) + A — ur()T"(x, 1) = BT (x, HV"(x, 1),
D 2 A1)+ BT (6 OV 05 = 0051 = (L= W DD, ),
aLma(tx, )] = 6,AL"(x,t) + fn(l — W’l"(x, NI (x,1) —a(l — Wgn(x, L™ (x, 1) — 1y (X)L"(x, 1),
aMr;EX, t) — 03AMm(x’ t) + (1 - f)n(l - MT(X, t))Im(x, t) - ,UM(X)Mm(x’ l‘) + a(l — W’3"(x’ l))Lm(x, t),
_av";(: D _ O,AV™(x, 1) + k(1 — wh'(x, £))M™ (x, ) — c(x)V"(x, 1),
OT"(x,t) _ OI"(x,H) _OL"(x,t) _OM"(x,t) _OV"(x,1) _ .
ov a oy N ov - v - v - Y%
T"(x,0) = T'(x), I"(x,0) = I (x), L"(x, 0) = L§'(x), M"(x,0) = My'(x), V"(x,0) = V{'(x).

5.9
Utilizing the results of Theorem 5.2, we can verify that 77, I, L™, M™, V" € W'2(0,T; ), which
implies that 7™, 1", L", M™, V" € C([0,T]; L*(©)). Furthermore, from (5.7)~(5.8), the uniformly
boundedness of 7™, I",L", M", V™ follows; T™ I",L", M",V™ are both proved to be uniformly
bounded. Then given C > 0 and is not dependent on m satisfies that:

< CVrel0,I,
L(Qr)

<CVte0,I7,
L2(Qr)

171+ 177 ey + 17

oT
”,yﬂ (o)) L=(Qr) rzorz2o) T ot

[y + 17

orr
”Im”yfl(g) L=(Qr) zore) HE

<G, Vre[0,I7, (5.10)

oL™
”Lm”,;f'(sz) + “Lm”Lw(Qr) + ”Lm”Lz(OI;%”z(Q» " HF 2@Qr)

oM
T L N - IR
ov"
1V s 177 o + IVl * | 3|, < € ¥ € T

From the above Eq (5.8), we know that {(T™(¢),I"(t), L"(t), M™(¢), V"(¢))} is the family of
equicontinuous functions.  Considering 5#!(Q) is compactly embedded into L*(Q), we get
{(T™(@), I"(1), L™ (2), M™ (1), V"™ (1))} 1 is relatively compact in (L*(Q)) and
T2 < G I < GIIL"l2g < GIM"lrg < GIV're < GVt € [0,]. From
Ascoli-Arzela Theorem [47], we obtain there exists (7%, 1%, L*, M*,V*) € (C([0,T] : L*(Q)))’ and
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{(T™(2), I"(), L"(2), M™(t), V""(1))} 051, sSuch that

Jim sup |[T"() = T*(0) |2, = 0
Jim sup [I"(0) = I'(0) ., = 0.

Jim sup |[L"0) = L' (0|2, = 0
Jim sup [M"() M (@) g, = 0.
Jim sup [[V"(0) = V" (0|5, = 0.

Therefore, under the condition m — oo the optimal control problem (5.1)—(5.4) admits a optimal
control variable (7%, I*,L*, M*,V*). From the estimate (5.10), there admits a
{(T™(t), I'"(¢), L"(t), M™(t), V"(1))} such that

‘r’% - 087:, in L2(0,T; LA(Q)),

%ﬂ - ‘2’;, in LX(0,T; LX),

%’" - ‘95, in L(0,T; LX), (5.11)
az;m - 32?, in L2(0,T; L2(QY)),

5‘% - ‘9;;*, in I2(0,T; LA(Q)),

AT™ — AT*, in L*(0,T; L*(Q)),

AI™ — AI*, in L*(0,T; L*(Q)),

AL™ — AL*, in L*(0,T; LA(Q)), (5.12)
AM™ — AM*, in L*(0,T; L*(Q)),

AV™ — AV*, in L*(0,T; L*(QY)),

T" — T*, in L*(0,T; L*(Q)),

I" =TI, in L*(0,T; L*(Q)),

L™ — L*, in L*(0,T; L*(Q)), (5.13)
M™ — M*, in L*(0,T; L*(Q)),

V" — V*, in L*(0,T; L*(Q)).

Furthermore, since w",i = 1,2,3 are all bounded in L*(Qr), we can get an optimal control pairs
{wrim > 1,i = 1,2, 3} which fit:

wi' — wi, in LX(Qr),i=1,2,3. (5.14)

Electronic Research Archive Volume 32, Issue 6, 4129-4163.



4147

At the same time, we find 7 is a weak closed set since % is a convex closed set in L?>(Qr). Hence,
based on w! € # (5.14), we can further prove that

T"I" — T*I*,in L*(0,T; L*(Q)),
T"L"™ — T*L*,in L*(0,T; LX(Q)),

T"M™ — T*M*,in L“(0,T"; L°(Q)),
T"V™ — T*V*,in L*(0,T; L*(Q)).
and
T — T*w;, T™uy — T*wj, T"uy — T*wj, in L*(0,T; L*(Q)). (5.16)

Then, we know that: 7" " -T*I* = T"(I"-I*)+I*(T"-T*),T"L"-T*L* = T"(L" - L")+ L*(T"-T"),
™M™ — T*M* = T"(M™ — M*) + M*(T™ — T*), T"V™ = T*V* = T™(V" = V*) + V*(T" - T")
and wi'T™ — wiT* = wi(T™ = T*) + T*(W]' = w)), wiT™ — wiT* = wi(T™ = T*) + T*(wy — w}),
wiT" — wiT* = wi(T™ = T*) + T*(W§ — wj). We can deduce that 7" strictly converge to 7” in
L*(Qr) based on formula (5.11), (5.13) and the Theorem 3.1.1 in Zheng [48]. Furthermore, consider
the uniformly boundedness of 77, I", L™, M™, V", wi', wi', w5 in L*(Qr), we have (5.15) and (5.16).
As m — oo, then we obtain an optimal control variable (7™, I*, L*, M*, V*) of the system (5.9). |

5.3. First-order necessary conditions of HIV intervention therapy with optimal control

We will introduce the adjoint equations of state variables at the beginning of this section. Let

A

(T, IL.M , V) denote the adjoint variable:

67,—\' A A A

(9i A - #\\ £ * 9

5 = ~OAL+ (+n(L =W = (fa(l = wi)L = (a1 = )1 = wiDM + 0,

oL ) o .

e —6,AL + a(l —w3)L + ur L — a(l — w3)M + o3,

oM . . . 5.17
o = —0;AM + uyM — k(1 —w3)V + 04, ( .
Al AV + cV +

- = — C s

o 4 05

ar  dl oL oM oV

_—_——s—= — = — = O, O,r aQ,

ov  odv Ov ov ov on (0.1) x

f(xa r) = —Sl,i(x, r) = =&, Z\J(X, r) = —&3, M(X7 F) = —&y4, ‘A/(X’ r) = —&s, ln Q9

We get an optimal control pair (77, I*,L*, M*, V*). Make a transformation: substituting the variable
t with T — ¢ and letting ¢i(x,1) = T(x,T = 0),5(x,1) = I(x,T = 0),5(x,1) = L(x,T = &a(x, 1) =
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M(x,T = 1),5(x,1) = V(x, T = 1), (x, 1) € Qr, system (5.17) then becomes

%1 e+ BVIE BV E b,

% = ~010& + (ur + n(1 = w))és = (fn(1 = w)Es = (n(1 = F)(1 = wi)és + 02,

% = —0,A& + a(l = w3y)és + urés — a(l = wi)éy + 03,

% = —0:A8 + pués — k(1 — wh)és + ou, (5.18)
% = —04A¢s + c&s + 05,

T(x,T) = —e1,1(x,T) = —&,, L(x,T) = —&3, M(x,T) = —&4, V(x,T) = —¢&s, in Q.

Refer to a similar process in Theorem 5.2, the solution to the system (5.18), is proved to be existed and
strictly positive, and its dynamical behavior and the well-posedness of system (5.17) is also analyzed.
Consequently, we will have these conclusions based on Theorem 5.2.

Lemma 5.4. Remain all the conditions which make Theorem 5.2 valid the same, then get a control
variable combination (T, I", L*, M*, V*). Then we can get that the solution (T, I,L, M, \7) to the system
(5.17) such that T,I,L, M,V € W"2(0,T; ). Further, T,1,L,M,V € L*(Qr) N L*(0,T; 7*Q) N
L>(0,T; ' (Q))

Lemma 5.5. Remain all the conditions which make Theorem 5.2 valid the same. For Wi, W,, W3 €
L*(Qr) and a positive k, suppose that Wi = Wi + KW, W5 = Wi + KW, Wy = Wi + kw3 € . Then the
problem (5.1) with w = w* = (W[, w5, w5) has a unique solution Q* = (T*, I*, L*, M*, V*). Furthermore,
it can be proved that the uniformly boundedness of ||Q"||~q).

Proof. The positive strong solution’s existence and uniqueness can be established using methods
similar to those employed in Theorem 5.2. To demonstrate the uniform boundedness of ||Q"||.~q),
consider the following equations.

oW(x,1)
ot

W;(X’ D _ 0, on (0. x 60 (5.19)
4

W(x,0) = Ty(x), in Q.

= QoAW(.x, f) + A4, in QF,

Consider the system (5.19) and system (5.1) with w = w*, along with the use of the comparison
principle and Gronwall’s inequality, we find that

0 < |Q“(x, Dllw@) < IW(X, Dll=) < @y + AL, (x, 1) € Q.

Here, @, represent positive constants and is not related to x. Therefore, we will get the uniformly
boundedness of 1T () Using similar methods, we know that
¥ () ILA Nl cys 1M ||y, [IV¥]| () are all bounded in regard to & in Qr. i
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Next, we assume that (7%, I*, L*, M*, V*, w}, w3, w}) is an optimal pair and Q“ = (T*, I, L, M*, V¥)
is the solution to the problem (5.1) with w* = (w{, w5, w%) written in Lemma 5.5. If we let Z§ =

T<-T* xk _ I*=-I* x _ L*-L* k _— M-M* xk _ V<=V*
—,7Z; = ——.,7] = ==,7Z), = =——,Z;, = ——, then we have

0Z;.
% = 00AZy — B(V*Z; + T Zy),
82}( * * ~
% = 0,AZ] + B(V*Z; + T*Zy) + n(wiZ; + I'Wy) — (u; + n)Z;,
0zZx
(9tL = O,AZf + fnZf + aWsZ5 + LWs3) — fn(wiZy + IW) — aZf — u Zy,
azjlil —_ 9 AZK K K *k K K~ * K * K K.~ (5'20)
Frae sAZy, +n(l = )Z; +aZ; —n(l — YW, Z; + I'W) — iy Zy, — awiZ; + L'Ws3),
0zZy, . .
” = LAZy, + kZ), — k(W3Z}y, + M*W,) — cZy,
ozy 0Zy o0Z; 0z, 0Z,
= = = = =0, 0, x 0Q,
ov ov ov ov ov on (0,1
Z7(x,0) = Z;(x,0) = Z;(x,0) = Z),(x,0) = Z},(x,0) = 0, in Q.

Lemma 5.6. Remain all the conditions which make Theorem 5.2 valid the same. Then the uniqueness
of strong solution Z* of control system problem (5.20), which satisfying Z* = (Z&,Zf, Z¢, Z%,, Z5)" €
W'2(0,T; ) and Z%, Z¥, Z¢, Zk,, Zt, € L*(0,T; () N L¥(0,1; 1 (Q)) can be proved. Moreover,
we can prove that T* — T, I —» I"',L* - L'M* — M*,V* - V* in L*(Qp) and Z“ — Z as k — 0.
Here, Z = (Zy,Z1,Z1, Zy, Zy)! is the solution to this problem:

Y4
8_tT = GyAZr — B(V*Zr + T*Zy),
aZI * * * &~
E = 91AZ[ +ﬁ(V Zr+T Zv) + l’l(le] +1 Wl) - (/,t] + I’Z)Z[,
FiY4
a_tL = OAZ, + fnZ; + aWiZy + L'W3) = fn(WZ; + I'Wy) — aZp — ui 7,
FiY4
SH = 0,02y + n(1 = £)Z;+ aZy = n(1 = YOG Z+ ') = iy Zu = aWiZy + L) (5-21)
FiY4
(?_tv = 0,AZy + kZy — k(WiZy + M*W2) — cZy,
0ZT 0Z] 8ZL 8ZM 8ZV
—_ = — = = = :0’ O,F XGQ,
av ov ov ov ov on (0.1
Zr(x,0) = Zi(x,0) = Z(x,0) = Zy(x,0) = Zy(x,0) = 0,in Q.

Proof. According to the method in Theorem 5.2, we can prove that there admits a strong solution.

Next, we need to prove that Z%, Z}, Z} , Z , Z;, are all bounded in L*(Qr) uniformly with regard to x and

lim,_o||T* — T*||L2(Qr) =0, lim_ol|I“ - I*”Lz(Qr) =0, lim,_ol|L* - L*||L2(Qr) =0, lim_ol|M* — M*”LZ(QF) =
0, limollV* = V*|l12q) = 0. For this purpose, let

W () = (0, nI*y, aL’iis — fnlwy, —n(1 — I, — aL“Ws, —kM*iv,)",

W*(t) = (0, nI'Wy, aL*Vw3 — ful"Wy, —n(1 — f)I'W; — aL* W3, —kM*V,)" .
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and
—BV* 0 0 0 —BT*
BVE nw = 1) -y 0 0 BT
TH=] 0 nf(l —wy) awy — 1) — g 0 0
0  n(l-H(0-w)) a(l —wy) —Mm 0
0 0 0 k(1-w3) —c
—BV* 0 0 0 BT
BV nwi—1)— 0 0 BT
T'®=| 0 nf(l —wy) awi —1) — g, 0 0
0  n(l-H(1-w) a(l —w3) —Hm 0
0 0 0 k(1-w3) —c

Then system (5.20) can be rewritten as

ot

0z" = dZt) + T0Z(t) + W), in Qr,
Z“0) =0, in Q.

(5.22)

Assuming .o/ has semigroup {7'(¢) : ¢ > 0}, it can be deduced from Lions [49] that the solution of (5.22)

can be formulated as

ZK(t) = f T(t— 5)T“(s)Z"(s)ds + f T(t— s)W*(s)ds,t € [0,T7].
0 0

(5.23)

Moreover, considering Lemma 5.4, 5.5 and Theorem 5.2, we will obtain the uniformly boundedness

of .7 and U. Hence, there admits B; > 0 and B, > 0 such that
!
IZ“(Dll 2 < Bi + Bzf I1Z ()2 ds, t € [0,T].
0

According to inequality of Gronwall that is Z* bounded in L?(Qr). Thus we have

1z - Z||L2(Qr) = K”ZK”LZ(Qr) — 0,as k — 0,
17— I”LZ(Qr) = K“IK”LZ(QI-) — 0,as k — 0,
IIL* — L||L2(Qr) = K”LK”LZ(QF) — 0,ask — 0,

|M* — M||L2(Qr) = K”MK||L2(Qr) — 0,as k = 0,

”VK - V”LZ(QF) = K”VK”LZ(QF) - O,as k — 0.

We next further show Z“ — Z, in L*(Qr). System (5.21)can be expressed as

88_? = AdZ(t)+ T Z(t) + W(1), in Qr,
Z(0) = 0, in Q.

Next, the solution of system (5.24):

Z(t) = f T(t— )T (s)Z(s)ds + f T(t— s)W*(s)ds,t € [0,T7].
0

0

(5.24)

(5.25)
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Consider both the (5.23) and (5.25):
!
Z5(t) - Z(1) = f T(t— s (T“Z"-T*Z)(s)ds,t € [0,T7].
0
In addition, The elements of matrix T%(¢) tend to the corresponding elements of matrix 7*(¢) in L*(Qr),

and it is also bounded. We can speculate that Z“ — Z in L*(Qr) by the inequality of Gronwall. O

Theorem 5.7. Remain all the conditions which make Theorem 5.2 valid the same. If
(T, I, L*, M*, V*,w}, w3, w3) is an control combination of problem (5.1)—(5.4) and (T, I,L,M, 17) is
the solution to the adjoint system, then we have

f n(1 = AHI'w Mdxdt + f aL* Vw3 Mdxdt + f kMo, Vdxdt — f nI*vo,Idxdt

Qr Qr Qr Qr
3 3 (5.26)

— | (aL*Ws — fnI"Ww,)Ldxdt > —f Z Lwi(x, t)ydxdt — f Z piwi(x, D)dx.

Qr 72 Q5]

Qr
Furthermore, if p1(x) = p2(x) = p3(x) = 0 in Q, we can choose the following strategy:

(L in{eneQ: T+ h)(xn <0},
o {0, in {(x,0) € Q: (I'T + I)(x,1) > 0}
o [Lin{eneQ: (VY + b)) <0},

2 {0, in {(x.0) € Q: (V'Y + b)x.0) > 0).
and

[Lin{xneQ: WL+ B)xn <o),

o {o, in {(x.0) € Q: ('L + Iy)(x,1) > 0}.

Proof. Assume that the optimal control pair(7*, I*, L*, M*, V*, w], w5, w}) and the control cost function
€ (T,1,L, M,V,w), which is given by (5.3). Hence,

CT, ', L", M*,V* W) < C(T", I, L, M, V¥, w"), ¥k > 0.
That is

3
O (T =T+ 0o(I" = I") + 03(L* = L") + 04(M* — M") + o5(V* = V") + Z Kliw;)(x, t)dxdt
or P

3
+ f (@(T“ = T*) + &I = I') + &5(L* = L") + &(M* = M) + 85(V* = V") + > kpwi)(x, D)dx > 0.
Q

i=1

Multiply both sides of the inequality by 1/«:

3
(012} + a7} + 037§ + QaZiy + 052y + Y li)(x, Ddxdt
Qr i=1

3
+ f (125 + &xZf + 575 + 84Ziy + &5Ziy + ) piw)(x, D)dx > 0.
Q i=1
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Moreover, refer to Lemma 5.6, it holds that
ZE — Zr, 7N — 71,78 — Z1, 78 — Zu, Z — Zy in LA(Qr),as k — 0.
Hence, it holds that
75— Zr, 28 — 71,75 — 71,78, — Zy, Zt — Zy in LNQr),as k — 0.
Similarly,we can prove that
Z5() = Zp(D), Z{(D) — Z(T), Z{(T) — Z1(T), Zyy(T) — Zy (D), Zy(T) — Zy() in L'(Qr), as k — 0.

Then, sending x — 0:

3
f (01271 + 0221 + 0321 + 042y + 052y + Z Liwi)(x, t)dxdt
Q —
' =l (5.27)

3
+ f(glzr + SQZI + 83ZL + 84ZM + 85ZV + Z p,-vT/l-)(x, F)dx >0
Q i=1

From system (5.17) and (5.21), we can obtain that

A A

aTZ +aIZ +51:Z +5MZ +avz +azThaz,“athazMMJrazvv
ot o T e ™ T T e ot ot ot ot

= —0ATZr — 0,AIZ; — O,ALZ; — O;AMZy — O4AV Zy + O AZrT + O,AZiT + 0,AZ L + 0;AZy M
+O,AZyV + 0121 + 0271 + 0321 + 042y + 05Zy + nl*Vir I + (aL* Vo5 — fnl*w))L — n(1 — )" M
—aLl WM — kMW, V.

(5.28)
Let the expression (5.28) be integrated over Qr. Then, considering the initial boundary conditions of
T,1,L,M,V,Zr,Z1,Z1, Zy1, Zy, We can get:
f(ZTT + Z[i + ZLZ\J + ZMM + Zv‘/\/)(x, F)dx
Q
= | (01Zr + 0:2Z; + 0321 + 042y + 05Zv)(x, )dxdt + f nl*Ww,Idxdr + f (aL"Vs — fnI'vo,)Ldxdt
or or or
-~ f n(1 — AI'v, Mdxdt — f aL*wsMdxdt — f kM* Vo, Vdxdt.
or or or
From the last equation of (5.17), we can get
f(ZTsl + 718y + 2183 + Zyes + Zyes)(x, Ddx
Q

= f n(1 — f)I*it; Mdxdt + f aL*iis Mdxdt + f kM* i, Vdxdt — f (aL*its — fnl*ity)Ldxdt
Qr Qr Qr Qr

- f (QIZT + Q2Z1 + Q3ZL + Q4ZM + Q5Zv)(x, l)dth - f nl*ﬁlfdxdt.
Qr QF
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Then, by (5.27), one has

f n(1 — AHI'w Mdxdt + f aL* s Mdxdt + f kMo, Vdxdt — f nI*Vo, Idxdt
Qr Qr Qr

Qr

— | (aL*ws — fnI'w))Ldxdt > — f Lwi(x, Hdxdt — f piwi(x,D)dx.
| (@' 1 ) 3 ;

T =1

Given that W = (W, W, W3) € L*(Qr) is arbitrary, make equality transformation such as w; = W; —
Wi, VYW € #,i=1,2,3. We can get the formula (5.26) from the Theorem 5.7. O

6. Numerical simulations

6.1. Model parameters and its initial values

In this section, our focus is on the concentration dynamics of each compartment under the optimal
control strategy. In numerous studies and experiments, the estimated parameter values are invariant
and independent of the spatial dimension, and these values can reflect the mean level of these factors.
Hence, it is reasonable to use mean values to estimate parameters. The parameter values for model
(2.3) are chosen from Table 3, and the mean value of b(x) over Q is set to b, where
b = AB.n,f,a,k,c ur, s, 1, uy. Moreover, the mean values of these parameters refer to the
literature listed in Table 3. We assume that the one-dimensional bounded space area Qr can be
regarded as an abstract projection of the two-dimensional space.

Considering that the basic reproduction number of HIV transmission in the human body is generally
between 8 and 10, we assume that B = 3.2 x 107'°, which implies that Ry = 8.4492. The diffusion
coefficient of the uninfected cells can be set to 8, = 0.006 mm? day~'. Given that infected cells
exhibit slower movement compared to uninfected cells, we hypothesized that 8, = 0.005 mm? day~!,
6, = 0.005 mm? day~', #5 = 0.003 mm? day~!, 6, = 0.006 mm? day~"

Table 3. Mean values of model parameters and their sources.

Parameter Mean value Source

A(x) 5.0 x 10° cells/(day mL) Nakaoka et al. [50]
B(x) 3.2 x 1071 mL/(virions cells day) Variable

n(x) 2.6 day™! Hill et al. [30]
£(x) 0.1 day™! Hill et al. [30]

a(x) 0.4 day™! Hill et al. [30]

k(x) 1000 virions/(cell day) Funk et al. [51]
c(x) 3 day™! Nelson et al. [52]
pr(x) 0.01 day™! Nakaoka et al. [50]
wr(x) 0.5 day™! Nelson et al. [52]
wr(x) 0.5 day™! Nelson et al. [52]
() 0.5 day™! Nelson et al. [52]
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6.2. Numerical simulation of dynamic behavior

(a) (b)

Figure 1. Time variation of V(x, t) for different Ry. (a) Ry ~ 2.1123 > 1. (b) Ry ~ 0.5281 <
1.

In Section 5, we explain that the reverse transcriptase inhibitors, protease inhibitor, and Flavonoid
Compounds treatments are likely effective to prevent virus-to-cell transmission. Therefore, we assume
that when these interventions are taken, the production rate of virus in infected cells and the speed
of virus infection will be reduced, that is, k(x) and B(x) will be reduced. Now, set B(x) = 0.258,
the remaining parameters are set according to Table 3. Then we can calculate Ry ~ 2.1123 and the
virus is persistent (Figure 1(a) with To(x) = 5.0 X 107, In(x) = 0, Lo(x) = 0, My(x) = 0,Vo(x) =
25 x (1 + x(1 = x)*(2 — x)*) for x € (0,1]). Set B(x) = 0.1258, k(x) = 0.5k for x € (0,1] and
The remaining parameters remain consistent with those illustrated in Figure 1(a). Then use the same
method to calculate, we calculate Ry ~ 0.5281 and observe that the virions are becoming extinct
(Figure 1(b)). By comparison we find that the increase in Ry is clearly associated with an elevated risk
of HIV transmission.

To study the effect of spatial heterogeneity, we assume that parameter 3 is spatial dependent. Under
the condition that the mean value of parameter 8(x) is equal to 0.258 (x € (0, 1]), we assume that 8(x) =
8 x 107'(1 + sin(2rx)). The remaining parameters are consistent with the experimental parameters
in Figurel (a). We set the following initial values: To(x) = 5 x 107(1 + x(1 — x)*(2 — x)?), Iy(x) =
10 X (1 + x(1 = x)%(2 = x)%) Lo(x) = 10 x (1 + x(1 — x)*(2 — x)*), My(x) = 50 x (1 + x(1 — x)*(2 — x)°),
Vo(x) = 25 x (1 + x(1 — x)*(2 — x)*). Under the influence of heterogeneous parameters, we obtain the
concentration changes in each compartment as shown in Figure 2. In addition, Figure 3 is a graph of
the change in concentration of each compartment when 3 is a spatial homogeneous parameter (8(x) =
0.253).

In Figures 2 and 3, the compartments representing infected cells and virions are both beyond
normal levels due to infection. Susceptible compartment shows no significant changes in the short
term. Comparing the cases of heterogeneous and homogeneous parameters, we find that the
concentrations of the infected compartments (I, L, M, V) are significantly higher under heterogeneous
parameters than under homogeneous parameters. This indicates that using spatially averaged
parameters will underestimate the extent of HIV infection.
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Figure 5. The optimal controls on Qr = [0, 1] x [0, 1].

6.3. Numerical simulation of optimal control in HIV transmission

In the context of researching optimal control problems for reaction-diffusion models, it is crucial
to consider the rational selection of parameters within the objective functional € (T, I, L, M, V,w). The
values for the parameters are as follows: oy = 1,00 = 1,03 = 1,04 = 1,05 = 1,1, =04, , = 0.3,
I3 =03,1; =03, = 0.35, &g = 100, &, = 100, &5 = 100. The initial values are the same as those
in Figure 3. Based on the given parameter values, we employ the finite difference method (Crank-
Nicolson) to numerically simulate the optimal control problem (5.1)—(5.4). For the numerical solution
of the adjoint system (5.17), we use the iterative solution of the control system (5.1) to solve backward
in time by the Crank-Nicolson method.

The solution surface of the control system (5.1) is shown in Figure 4. After adding controls, we
found that the load of immature infected cells, latent infected cells, mature infected cells and viral
particles all decreased significantly under the optimal treatment strategy. This indicated that the optimal
treatment strategy is very effective in controlling HIV infection in the host. Susceptible compartments
(CDA*T) did not change significantly in the short term. The base number of susceptible cells is large,
and the early spread of the virus has little impact on the concentration of susceptible cells (Figure 4(a)).
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The optimal control w}, i = 1,2, 3 is shown in Figure 5. We found that the optimal control strategies
are Bang-Bang control forms. For w; and wj; control, the optimal control is interrupted for a certain
distance at the early time, the maximum control intensity is reached near the mid-range moment. For
w, control, the maximum control intensity is reached near the terminal time. When the w; variable and
ws variable are not controlled in the later stage, they lead to an increase in the concentration of latent
infected cells and mature infected cells respectively. The free viral particle compartment converged to
lower concentrations after the addition of the control term w,, and it suggest that the ability of infected
cells to produce virus was controlled at low levels. This indicates that pharmacological interventions
can slow down the process of viral infection in humans and reduce the severity of the disease in the
early stages of HIV transmission.

In addition, the values of optimal control are different at different spatial locations x, which means
that the intensity of measures taken depends on the different spatial locations. During the clinical
treatment of HIV, the differences in human body organs and tissues should be taken into consideration
in the dosage. Large doses should be used in areas with a high degree of infection, and less medication
should be used in areas with a mild degree of infection. In this way, on the one hand, HIV infection in
the body can be accurately controlled, and on the other hand, the cost of treatment can be reduced. A
treatment process that does not take heterogeneity into account is equivalent to completely equalizing
medication, which is not conducive to suppressing the spread of the virus and also increases the cost.

7. Conclusions

In this paper, we develop a dynamic model of HIV transmission in human body that includes a
spatially heterogeneous diffusion term to study combination effect of reverse transcriptase inhibitors,
protease inhibitor and Flavonoid Compound. We study the case of bounded spaces with Neumann
boundaries to obtain the persistence conditions of viruses in heterogeneous spaces. First, we discuss
the case of well-posedness under Neumann boundary conditions and prove the existence of the global
attractor of the system, and we derive a biologically meaningful threshold index, the basic reproduction
ratio Ry. We prove that the threshold dynamics of Ry: The virus persists in body when Ry > 1 and is
eventually eliminated when Ry < 1. The basic reproduction ratio for this model is characterized as
the spectral radius of the next generation operator and can be numerically calculated when the model
parameters are spatially independent.

To further investigate the optimal control strategy for pharmacological intervention in the HIV
infection, we introduced control variables representing reverse transcriptase inhibitors, protease
inhibitor and Flavonoid Compounds, respectively. An objective function that minimizes the number
of infected cells and intervention costs while maximizing the number of susceptible cells was
established. Finally, We prove the first-order necessary conditions.

In the numerical simulation section, we initially compared the changes in virus concentration under
different basic reproduction number values, and that experimental and theoretical results are consistent.
Next, we compared the variations in concentration over time and position in different compartments
with and without control. It is shown that the implementation of the optimal treatment strategies in this
paper can significantly reduce the load of infected cell and free virus, so as to effectively control HIV
infection in the host.
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