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Abstract: Despite many approaches to treat HIV virus, the endeavor, due to the inability of therapy
to eradicate HIV infection, has been aroused to formulate rational therapeutic strategies to establish
sustained immunity to suppress viruses after stopping therapy. In this paper, incorporating the time
lag of the expansion of immune cells, we propose an explicit model with continuous antiretroviral
therapy (CATT) and an intermittent immunotherapy to describe an interaction of uninfected cells,
HIV virus and immune response. Two kinds of bistability and the sensitivities of the amplitude and
period of the periodic solution with respect to all of parameters indicate that both & and b relating
to the therapy are scheduled to propose an optimal treatment tactics. Furthermore, taking a patient
performed a CATT but with an unsuccessful outcome as a example, we inset a phased immunotherapy
into the above CATT and then adjust the therapeutic session as well as the inlaid time to quest the
preferable therapeutic regimen. Mathematically, we alter the solution of system from the basin of the
attraction of the immune-free equilibrium to the immune control balance when the treatment is ceased,
meanwhile minimize the cost function through a period of combined therapy. Due to the particularity
of our optimal problem, we contribute a novel optimization approach by meshing a special domain
on the antiretroviral and immunotherapy parameters € and b, to catch an optimal combined treatment
scheme. Simulations exhibit that early mediating immunotherapy suppresses the load of virus lower
while shortening the combined treatment session does not reduce but magnify the cost function. Our
results can provide some insights into the design of optimal therapeutic strategies to boost sustained
immunity to quell viruses.
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1. Introduction

Human immunodeficiency virus (HIV) and HIV treatment have always received extensive
attention by many researchers. In 1996, Dr. He invented the famous ‘cocktail’ therapy, namely highly
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active antiretroviral therapy (HAART), from which AIDS has changed from an ‘incurable disease’ to
a controllable ‘chronic disease’ [1]. Since then, more attention has been paid to antiviral drug
therapies which aim to boost virus-specific immune response by resisting or destroying viral
infections [2-6]. Hence, HAART can effectively control viral replication in patients for a long time,
and patients can even live to their life expectancy. However HAART has some limitations, for
instance, HIV is not completely eradicated, and the virus remains hidden in some immune cells,
returning once the patient has stopped taking the antiviral; life-long HAART is thus required [7],
which brings many inconveniences and various side effects. Therefore, numerous HIV scientists are
devoted to seeking novel cures for AIDS including immunotherapy [7-11] of AIDS.

At present, the immunotherapy of AIDS has the following aspects: Anti-HIV strategy based on
antibody, such as broadly neutralizing antibodies (bNabs) [8], immune checkpoint blockers
(ICBs) [12] and antibody-mediated cell strategies to eliminate HIV infection [7]; Strategy of
therapeutic vaccine based on HIV-1; Other immunotherapies, such as the @487 blocker
(vedolizumab) [13], can significantly reduce the exposure of target cells to HIV by blocking the
surface of CD4* T lymphocytes @487 molecules to restrict the return of CD4™ cells to the intestinal
mucosa; Immunotherapy combined with antiviral therapy and so on. The strategy of HIV-1
therapeutic vaccine is based on a class of HIV-infected people known as ‘“elite controllers” [14].
Studies have found that very few infected people can “peacefully coexist” with the virus for a long
time. Their immune system can naturally control the replication of the virus and avoid the damage of
the virus to the immune system. ‘“Therapeutic vaccine” aims to reactivate the immune system of the
infected person through the vaccine, so that the infected person can spontaneously produce specific
CD8* T lymphocyte for HIV-1. After interruption of antiviral treatment, it can still inhibit the virus
and achieve functional cure.

It was argued that sustained virus-specific immunity for HIV infection may be established via
early therapy and structured therapy interruptions [15, 16]. Later, using a mathematical framework,
Komarova et al. [17] show that a single phase of antiviral therapy is also possible to achieve this goal.
Essentially, it is shown by [17] that a immune-free equilibrium (no sustained immunity) and an
immune control equilibrium (with sustained immunity) are both stable. This bistability allows a
solution from the basin of the attraction of the immune-free equilibrium to be lifted to that of the
immune control equilibrium via a single phase of therapy, resulting in sustained immunity when the
treatment is stopped.

However, HIV is rapidly reproduced and quickly becomes resistant to any single drug [18-21]. A
multi-institutional team of researchers, led by the Wistar Institute, has announced the results of a
clinical trial that showed the immune system can engage in fighting HIV infection if given the right
boost. In their studies, HIV-infected volunteers suspended their daily antiretroviral therapy to receive
weekly doses of interferon-e, an antiviral chemical produced by the human immune system.
Dramatically, 45 percent of these patients sustained the HIV control under the lower level. These
researches provide the first clinical evidence for reducing the persistent amount of HIV in patients and
increasing the ability to control HIV without continued antiretroviral therapy [22]. Hence, boosting
specific immune responses by therapeutic vaccine or immune regulation with interferon is possible
and promising.

One traditional model with antiviral drug therapy, sketched the connection among uninfected cells,
infected cells and virus, was proposed by Nowak et al. [23], which has been extensively and deeply
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probed [24,27]. Another classical model depicted the relation between virus and immune cells was
used to snatch the boosting immunity by single or multiple phases of therapy [17,28,29]. But how to
tangle and capture reasonably the interaction among uninfected cells, virus and immune cells is
challenging. Furthermore, if combining antiviral drug with immune regulation therapy, what is the
dynamic outcome of three populations? In order to sustain viral suppression and immunological
motivation, which parameters and why can be adjusted to regulate therapy schemes? If we acquire
these parameters, further how to optimize these parameters to boost immune responses to sustain viral
suppression at the minimum cost after stopping treatment? These are significative and challenging
pursuits.

The outline is instructed as follows: In Section 2, a mathematical model is formulated. In Section 3,
the well-posedness and the existence of equilibrium are explored. The stability of system (2.5) as well
as Hopf bifurcation are discussed in Section 4. In Section 5, the sensitivity of the periodic solution
with sustained immunity is investigated. In Section 6, combination treatment is discussed in detail.
Finally, some conclusions are drawn in Section 7.

2. Model formulation

To answer the above issues, after principally consulting [17, 23, 29] and other literatures, we list
several main models and then formulate our model.

¢ Uninfected cells, infected cells, virus model and immune response model

Viral reproduction always involves host cells and uses the cellular machinery for the synthesis of
their genome and other components. Nowak et al. [30] describe the relationship between the
populations of uninfected cells, x, infected cells that produce virus, y, and free virus particles, v, the
abundance of virus-specific CTLs z, and design a simple but natural mathematical model based on
ordinary differential equations [23,24,30]:

%C =5 —dx — Bxv, % = Bxv — uy — pyz, % =ky — wv, % = cyz — bz.

Uninfected cells are produced at a constant rate s and die at the rate dx. Free virus infects uninfected
cells to produce infected cells at rate Sxv. Infected cells die at rate uy. New virus is produced from
infected cells at rate ky and dies at rate wv. The average life-times of infected cells are thus given by
1/u. Hence, the average number of virus particles produced over the lifetime of a single infected cell
(the burst size) is given by k/u. The rate of CTL proliferation in response to antigen is given by cyz. In
the absence of stimulation, CTLs decay at rate bz. Infected cells are killed by CTLs at rate pyz.

By the quasi steady-state assumption for the turnover of free virus is much faster than that of infected
cells [25,26], we know that y = (w/k)v at steady-state from the 3th equation of the above model, that
is, the amount of free virus is simply proportional to the number of infected cells. Hence the 2nd and
4th equations of the above model are equivalent to v = kBxv/w — uv — pvz and 7’ = wcevz/k — bz,
respectively. For convenience, let k/w = ¥. Then the above four-dimensional model is reduced to a
three-dimensional one:

dx dv

dz
= s—dx— — = —-uy — — = - 2.1
il dx — Bxv, = IBxv — uv — pvz, prinlacs /9 — bz, 2.1)
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e Virus and immune response model

Note that the immune response after viral infection is universal and necessary to eliminate or control
the disease. Antibodies, cytokines, natural killer cells, and T cells are essential components of a normal
immune response to a virus. Indeed, in most viral infections, cytotoxic T lymphocytes (CTLs) play a
critical role in antiviral defense by attacking virus-infected cells. It is believed that they are the main
host immune factor that limit the development of viral replication in vivo and thus determine virus
load [30-32]. Therefore, the population dynamics of viral infection with CTL response has been paid
much attention in the last few decades. Komarova et al. [17] established a mathematical model to
explore the relation between the virus population v and a population of immune cells z:

d
d_‘t} =rv(l — %)—av—pvz,

z oz
dt 1+

— bz —mvz, 2.2)

The virus population is assumed to grow logistically: r is the viral replication rate at low viral loads,
and assume that this rate decreases linearly with increased viral load to reach zero at a viral load k.
The virus population decays at a rate a. Overall, this gives a logistic growth with a net growth rate
r — a and a carrying capacity of k(r — a)/r. Moreover, virus is killed by the CTL response at a rate
pvz, corresponding to lytic effector mechanisms of CTL response. Immune cells at time ¢ due to virus
activation, expand at a rate cvz/1 + nv [33, 34], which depends on the viral load and the number of
immune cells at time ¢, and implies that when the virus load is low, the level of immune response is
simply proportional to both the virus population, v, and the immune response, z, but that the immune
response saturates when the virus load is sufficiently high. Immune cells die at rate » and are inhibited
by the virus population at rate mvz [28].

In addition, it has been recognized that the immune response is not instantaneous and the process
involves a sequence of events such as antigenic activation, selection, and proliferation of the immune
cells. It is believed that they are the main host immune factor that limit the development of viral
replication in vivo and thus determine virus load [35,36]. Therefore, the time lag between these events
should be taken into consideration in modeling and the relationship between virus population and a
population of immune cells can be simply described as:

% =MW)—av—-g(,2), % = h(v(t —1),2(t = 7)) — bz — §2(v,2), (2.3)

The virus population grows at a rate described by the function M(v). Immune expansion is determined
by the virus load and the number of immune cells z at time ¢ — 7 and 7 is the time lag for the production
of new immune cells mediated by the infection, which is described by the function A(v(t — 1), z(t — 7)).
Functions g(v,z) and g,(v, z) represent the interaction between immune cells and virus and further
h, g and g, can be written as Holling functional response.

¢ Uninfected cells, virus and immune response model with combined treatment

For the sake of deep studying the dynamic behavior of immune response in human body, tangling
(2.1) with (2.3), one formulates a model consisted of three variables including uninfected target cells
x, virus v, and CTL response z. Specifically, insetting a phased immunotherapy into a continuous
antiviral treatment (such as reverse transcriptase inhibitors (RTIs)) [24,27,28,37], the following model
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with hybrid treatment comes into being:

dx

_dt =s—dx—- (1 - \P(t))ﬂxv’

dv

E:ﬂ—%m%w—w—ma (2.4)

dz _ cvt — 1)zt — 1)
dt  1+mp(t-1)

— bz —mvz + O()z,

where
g te[0,1), 0 r€l0,1),
Y1) =1 & teln,nl, O) =4 b te(n,nl,
g te(n,T], 0 re(n,T].

Now before the detailed indagation, several symbols are given. Suppose that the patient remains on the
antiviral treatment during the whole course of patient observed [0, T]. While ¢, € (0,T) and t, € (0, T)
with #; < t, are the initial and terminal time of immunotherapy respectively. Then [0, #,] and [z, T']
are called the single antiviral treatment session (ATTS), while [#;,1,] is referred to as the combined
treatment session (CTS). 0 < gy, & < 1 describe the effectiveness of antiretroviral drugs [38] during
ATTS and CTS; b* > 0 represents the efficacy of immunotherapy, which could boost specific immune
responses by therapeutic vaccine or immune regulation with interferon. The biological meaning of
parameters is presented in Table 1.

The initial conditions for system (2.4) are

(@1(6), $2(6), $3(9)) € C,. = C(I-7,0LR3), $:(0) >0, i=1,2,3,

where Rf’r = (x,v,2)€R:x>0,v>0,z>0. Therefore, all the standard results on existence,
uniqueness and continuous dependence on initial condition of solutions are evidently satisfied.

Due to the inability of single antiviral therapy to eradicate HIV infection for many patients, in this
paper we devote to the therapeutic effect of the intermittent immunotherapy based on a continuous
antiviral treatment. So we firstly aim at the dynamic behaviors of following model which is the case in
model (2.4) under ¥ = g and O(¢) = 0:

=s—dx—(1-¢g)Bxv,

= (1 —&)dBxv —av — pvz, (2.5

_ cv(t—T1)z(t— 1)

I +nv(t—1)

dx
dt
dv
dt
d

d_i — bz — mvz.
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Table 1. Parameters and values used in simulations for system (2.5).

Parameter Description Value Reft.

s Production rate of Target cell 0.7 cells ul~! day™! -

d Death rate of Target cell 0.01 day™! [43]

k Viral production rate 90 day™! [44]

B Infection rate of Target cell 0.045 ul virus™ day™! -

e Efficacy of antiviral drugs 0.8 -

a Death rate of virus 3 day™! [29]

p Killing rate of virus 0.3 ul cells™ day™! -~
by immune cells

c Proliferation rate of immune cells 0.6 ul virus™' day™! [43]

n Hill coefficient in the rate of 1 ul virus™' [43]
immune cell production

b Death rate of immune cells 0.3 day™! [45]

m Immune impairment rate 0.05 ul virus™" day™ [45]

T Time lag for production of new - [35]

immune cells mediated by infection

3. Equilibria and reproduction thresholds
For the nonnegativeness and boundedness of solutions, we state the following lemma.

0<v<

M
Lemma 3.1. There exists a positively invariant box Q = [(x,v,z) € R> : 0 < x < R

MO0<z< m 1in R® such that all solutions of (2.5) with nonnegative initial conditions approach €
p

§ . . ..
ast — oo, where M = — + k, u = min{a, b, d} and « is a positive constant.
u

Proof. Solving v(¢) in the second equation of (2.5) yields

f [(1 — &)IBx(0) — a — pz(0)]do
v(t) = v(0)eJo

, fort > 0.
Next we show that x(¢) is nonnegative for ¢+ > 0. Assume to the contrary that x() > O for ¢ € [0, )
and x(7) = 0 with x'(7) < 0 for some 7 > 0. Then it follows from the first equation of system (2.5) that
x'(f) = s > 0. This is a contradiction. Thus x(r) > 0 for all 7 > 0. Similarly, we can obtain that z(¢) is
nonnegative for ¢ > 0.

Adding up the three equations of (2.5), one gets

pv(t)z(t)

(Ox() + v() + Bz(t + 1)) < s —dix(t) — av(t) — pv()z(t) +
c 1+ nv(t)

~Lhrt 41
C

< 59 — u(Ox(t) + (1) + ’—C’z(t + 7)),
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9
where u = min{a, b, d}. By the comparison theorem, we obtain that lim(Jx(¢) + v(z) + Ez(t +17)) < s_.
t—00 C M
)
That is, for a positive constant «x, #x(¢) + v(f) + Bz(t) < ket + k=M holds for 7 = 0 and ¢ large enough.
¢ H

M
Then we get a positively invariant box Q = {(x,v,z) € Ri 0<x< 3,0 <v<MO0<z< £M} in
p
R? by the non-negativity of x(), v(f) and z(¢), such that all solutions with nonnegative initial conditions

approach as t — oo.
O

Next, we consider the existence of equilibrium by the right side of system (2.5).

e Virus-free equilibrium

Clearly, system (2.5) admits a virus-free equilibrium E, = (xo, 0, 0), corresponding to the maximal
level of healthy CD4*T cells and the extinction of free virus, where xy = s/d.

e Virus-boom and immune-free equilibrium

When z = 0, we solve the first two equation of the right side of (2.5) obtains a virus-boom and
immune-free equilibrium E(x;, v;,0), corresponding to partial CD4*T cells are infected but no CTL
response, where

(1 -¢&)dps
B a _ s d di( ad -1
N meep T d T (-ep a a

This implies that the level of the virus depends on related parameters of uninfected cells and the virus.
In addition, we know that if (1 — &)¥8s/(ad) > 1, then system (2.5) has a virus-boom and immune-
free equilibrium and the virus load in direct proportion to the population of uninfected cells at E;.
At this time, there is a linear relationship between the virus and the uninfected cells because of the
disappearance of immune response.

e Virus-suppression and immune-boost equilibrium

In the case of z # 0, corresponding to CTL response, assume that the E;(x},v!,z) (i = 1,2)is a
virus-suppression and immune-boost equilibrium with x7 > 0,v} > 0,z > 0. Solving the the first two
equation of the right side of (2.5) yields

. s
YT oo+ d

. U-o)px;—a  pls(l - )0p - a((l - )Bv; +d)]
o p - (1-8)Bv; +d ‘

Obviously, x; > 0 for v > 0 and z; > 0, that is s(1 — £)9¥8 — a((1 — &)Bv; + d) > 0, which is equivalent
to v < s(1 —&)IB —ad/(a(l — )B = v,. This shows that the sustained immunity exists if and only if
the virus load is less than the number of virus at E;.
It follows from the third equation of (2.5) that E} exists if and only if v} is a positive root of the
quadratic polynomial
g(v) = mnpv? — (c — m — bn)v + b, (3.1

provided that v} < v;. Furthermore, suppose that

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4578—4608.



4585

(Hy) : ¢ > (Vm+ +Jbn)?

holds, then g(v) has two positive zeros:

c—m—bnF [(c—m—bn)? - 4bmn

e
\% =
12 2mn

According to the formula of v} and v, we know that the level of the virus depends on related
parameters of immune factors, that is ¢, m, b,n, where c is proliferation rate of immune cells, which
could boost immune response however the existence of m, b, n could suppress the immune response.
Hence if ¢ > m + bn, 1.e., positive feedback is greater than negative feedback, then there exists immune
response and positive equilibrium. Otherwise, if ¢ < m + bn, then no CTL response and there is no
positive equilibrium.

¢ Remark on different virus loads

From the above calculations, we know that the virus load v; is administrated by the proliferation,
decay of uninfected cells as well as the infectivity of virus when the immune response is free; whereas
the load virus v} , is dominated by immune response and is independent of it’s increment and decrement
when CTL effector is activated. Intuitively, this opinion is ridiculous. I think the argument maybe is
caused by neglecting the proliferation of virus.

¢ Reproduction thresholds

bet )

Ro=(1-eyip- 5 = L=
where (1 — &)9p represents infection rate of CD4" T cells under antiretroviral treatment, s/d is the
population of uninfected cells without infection and 1/a is the average life-times of free virus [24].
Thus, the ratio R, describes the average number of newly infected cells generated from one infected
cell at the beginning of the infectious process, which is called the basic reproduction number. Further,
from the existence of both virus-suppression and immune-boost equilibrium E; and virus-boom and
immune-free equilibrium E?, we know that the Ry is a fundamental measure, which determines whether
a virus spreads within the host or becomes extinct. If Ry > 1, the virus can establish an infection. In
this case, the immune response expands and the system converges to the equilibriums E; or E;.
Furthermore we define two threshold values as

1 —
= —( g)ﬁv* + 1, R2

(-8B,
d ! - d

Lemma 3.2. Assume that (H,) is satisfied, that is, positive feedback is greater than negative feedback.

(a) If
Ro<1 (3.2)

holds, corresponds to the average number of newly infected cells produced by an infected cell is no
more than 1, then the infection-free equilibrium Ey(xo,0,0) is the only biologically meaningful
equilibrium.
(b) If
1 <Ry<R;(ie,1 <Ry & vi>v) (3.3)
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holds, corresponds to the average number of newly infected cells produced by an infected cell is
greater than 1 but no more than the threshold Ry, then there are two equilibria: E, and immune-free
equilibrium E{(xy,v1,0).

(o) If
Ry <Ry<R, (i.e., 1< Ry & V}k <y < V;) (34)

holds, corresponds to the average number of newly infected cells produced by an infected cell is greater
than 1 but no more than the threshold R, (R, > R;), then there are three equilibria: E,, E, and
additional equilibrium E7}(x], v}, 2}).

(d) If
Ry>R, (ie,1 <Ry & V; < V) (35)

holds, corresponds to the average number of newly infected cells produced by an infected cell large
enough and larger than R, then there are four equilibria: Ey, E,, E| and E3(x5,V5,7}).

¢ Relation of virus loads with parameters under immune-emerging

In immune-emerging case, equilibria E; and E7 are stable. In view of the fact the immune-emerging
virus load vy is less than immune-free virus load v, we know that E} is more medically desirable. In
addition, from Figure 1, immune-emerging virus load v} is amplified as b, m and 7 increases, while it
is descended as c increases. So it is feasible that treating the AIDS by arousing immunity. Particularly,
the virus load vj sharply changes near the threshold values, which will contribute to devise therapeutic
schedules.

1.5
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Figure 1. The variation trends of virus loads v} (solid line) and v} (dashed line) on parameters
c, my bandn. Here c = 4.5,m = 1,b = 1,7 = 0.5 and in every subgraph the corresponding
parameter varies and the other parameters are fixed.

4. Dynamics of system (2.5)

In this section, we consider system (2.5) and study its dynamics.
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4.1. Global stability of infection-free equilibrium

Theorem 4.1. If Ry < 1, then E is globally asymptotically stable in Q; while if Ry > 1, then E is
unstable.

Proof. Linearizing (2.5) about E, we obtain the characteristic equation
A+ d)A+b)(A+a—-(1-¢e)IBxy) =0,

and results that if Ry < 1, then E| is locally asymptotically stable and if Ry > 1, then E| is a saddle
point, hence unstable.

Defined a Lyapunov functional L(x;,v;,z;) = v,(0), where x,(8) = x(t + 0),v,(0) = v(t + 6),z,(0) =
z(t+6) for 6 € [—T,0]. Calculating the time derivative of L along the solutions of system (2.5), we have

L' 2.5 =v(t)=(-¢edBxv—av—pvz<av(Ry—1).

Obviously, L’ | (2.5) < 0 for all x(¢), v(t),z(t) > 0 provided that Ry < 1. L’ = O only if v = 0.
It can be verified that the maximal compact invariant set in L’ | (2.5) = 0 is the singleton E,. Thus it
follows from the Lyapunov-LaSalle Invariance Principle [39] that E is globally asymptotically stable

in Q. O

4.2. Stability of immune-free equilibrium
The characteristic equation associated with the linearization of system (2.5) at E| is

vy —-AT

P +ad+a)A+mv, +b— e =0,

1 +nvy

where
aj=d+ (1 -¢e)pvi+a-(1-¢e)dpx; =dR,,

a, = [d+ (1 —&)pvi]la— (1 -&)98x;]+ (1 —&)*Ip*xv; = ad(Ry — 1).

Note that £ exists if and only if Ry > 1, therefore, the two eigenvalues A, and A, of the characteristic
equation at E; satisfy 4y + 4, = —a; <0, 414, = a, > 0. As a consequence, both 4; and A, must have
negative real parts. Therefore E; is asymptotically stable if all zeros of g,(1) have negative real parts,
where

CVi e—/lT

D=1 b —
gz( ) + mvy + 1+77v1

By analyzing the distribution of zeros of g,(1), we have the following result.

Theorem 4.2. Consider system (2.5) under the assumption (H,). If either (3.3) or (3.5) holds, then E,
is locally asymptotically stable, and if (3.4) holds, then E| is unstable.

Proof. It is easy to prove that E is stable when 7 = 0. Next we consider the distribution of the zeros of
g2(1) when 7 > 0. Assumption (ii) of [40] holds, which ensures that no zero will come in from infinity.
That is, Re(1d) < +oo for any zero of g,(A). This, together with the fact that all zeros of g,(1) depend
continuously on 7 [41], implies that, as 7 increases, the zeros of g,(A) can cross the imaginary axis only
through a pair or pairs of nonzero purely imaginary zeros. Suppose that iw (w > 0) is a zero of g>(A).
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Substituting iw (w > 0) into the equation g»(4) = 0 and separating the real and imaginary parts, we

obtain
cVq CcVq

mvy +b = COSWT, W= — sin wWT. 4.1
1 +nv 1 +nvy
The above yields

= - + b)” = + +b - - b). 4.2
w (1+77V1) (mvy + b) (1+nv1 my; )(1+ ST ) (4.2)

N v _gn) .
ote that —mvy—b=-— .If (3.3) or (3.5) holds, then g(v;) > 0, and thus the righthand

+ vy + vy

side of (4.2) is negative. Therefore Eq (4.2) has no positive roots and hence g(1) has no purely
imaginary zeros for all 7 > 0. That is, in this case, E; is asymptotically stable for all 7 > 0. If (3.4)
holds, then g(v;) < 0 and Eq (4.2) has one positive root, which we denote by @. This shows that g,(1)
admits a pair of purely imaginary roots +iw for T = T; with

_ 1 {arccos[(mvl +b)(1 + 77V1)] N

Tj = —
w CV]

2j7r}, j=1.2,---

Now we check the transversality condition. Substituting A(7) into the characteristic equation g,(1) =
0 and differentiating the resulting equation with respect to 7, we obtain

|’ (I+nv)et™ 1
i) R L A TaT— 4.3
[d‘r] cvid A (*43)

It follows from (4.1) and (4.3) that

dT T=‘7'j,/1:a_)l‘ CV] /l T:‘?j,/l=a_)i .
d(ReA(7))

dr
eigenvalues crossing to the right at 7 = 7; and remaining to the right of the imaginary axis when
7 > 7;. Thus the characteristic equation (4.1) always has roots with positive real parts for all 7 > 0 and
E, is unstable provided (3.4) holds. O

This implies that [ ] > 0. Therefore, there exists a pair of complex conjugate
T :T'_/,/l:a_)i

4.3. Stability of positive equilibrium and Hopf bifurcation
The characteristic equation associated with the linearization of system (2.5) at £ (i = 1,2) is
G,(/l) = /13 + a,-,g/lz + a,-,l/l + aio + (bi,2/12 + bi,l/l + b,‘,o)e_/h- = O, (44)

with
aip =d+ (1 -&pBv; + mv: + b,
ajp = (d+ (1 =gpv)(mv: +b)—mpviz + (1 - )2 9B xiv:

[

aio=(1- s)zﬁﬁzx;‘v;‘(mvf +b) —mpviz;(d + (1 — g)Bv),

b “1h), by =(d+(1 , gy PTG
i2 = — .+ , i1 = + — ) (— _ + ,
2=—(mv;+b), b =(d+1-epBv))(—mv;—Db) Ty e
bi,o = (1 - g)zﬁﬁZ)c’,kvf‘(—mv’f _ b) + (d + (1 _ 8),3\/%) CpV;Z; .

[ i i (1 + nv;ﬂ)z
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When 7 = 0, it is easy to prove that E} is asymptotically stable, i.e., all roots of the characteristic
equation (4.4) for i = 1 have negative real parts. As 7 increases, a stability switch at E7 can occur only
when there are some characteristic roots crossing the imaginary axis to the right. Thus we consider
the possibility of having a pair of purely imaginary roots A = +iw (w > 0) for Eq (4.4) when 7 > 0.
Substituting A = tiw (w > 0) into Eq (4.4) and separating the real and imaginary parts, one obtains

611’2(1)2 —aip = (bl,O — bl’zwz) COS(C()T) + bl,lw sin(an'),

W’ — ay 0 = by jwcos(wt) — (b1 — b Lw?) sin(wT). (4.5)
Squaring and adding both equations of (4.5), we get
W+ (aj, —2a1; — by )w* + (a7 | = 2a10a10 + 2b19b1 2 — bi W’ + (aj, — by ) = 0. (4.6)
Let m = w?, it follows
h(m) =m® + Aym®> + Aym + A3 =0, 4.7)

where , ) ) )
Ay =aj, —2a1, = by, Az =aj, - by,

Ay = aj | —2ay5a10 + 2b1 b1 — b7 .
Now let’s seek for the conditions that (4.7) has at least one positive root.
Lemma 4.1. Consider (4.7), we can obtain
(i) If A5 < 0, then (4.7) must have at least one positive root.
(i) If A3 = 0 and A < 0 then (4.7) has no positive roots.
(@) If A3 > 0 and A > 0, then (4.7) must have positive roots if and only if my, > 0 and h(m;) < 0.

Proof. For A; < 0, we know that lim,,_,, ., h(m) = +oc0 and h(0) = A3 < 0, thus h(m) must have at least
one positive root. In the case of A3 > 0, we get

W (m) = 3m* + 2A,m + A,. (4.8)

LetA = 4A% — 12A,, h(m) = 0 does not have a positive real root for A < 0 and if A > 0, then two roots
—2A; - VA —2A; + VA
of (4.7) are m; = 1—\/_, my = 1—\/_

Furthermore, h”"(m) = 6m+2A,. It is easily seen that 4”’(m;) < 0 and h” (m,) > 0,which implies that
m is a local maximum of 4(m) and m;, is a local minimum of A(m). It is obvious that i(m) is increasing
for (—oo, m;] or (my, +00), and h(m) is decreasing if m € (my, m,]. Assume to the contrary that m, < 0,
then h(m,) < h(0) = Az and h(m) > h(0) for any m > 0, thus h(m) has no roots for all m € (0, +00).
This is a contradiction. On the other hand, if m, > 0 and h(m,) = 0, then m, is a root of 4(m) when
A; > 0and A > 0. And if h(m,) < 0, we know that lim,,_,, h(m) = +oco, which implies that there
exists m3 > mj, such that A(ms) > 0. therefore h(m) must have at least one positive root provided that
m € (my, m3). |

Consequently we have the following result. Assume that (4.7) has positive roots. Without any loss
of generality, we may assume there exists three roots and three roots of (4.6) are mj, m;, mj;, we have

w) = (mj, wy= 1/m*, w3 = ,/m;’;
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Solving Eqs (4.5) for 7 yields

191,1602(602 - 01,1) - (611,2(1)2 - 111,0)([?1,2(1)2 - bl,O)
(b]’za)z — l’)l,o)z + bilwz

20— 1 ArCCOs b jwi(w; — ayy) = (a1,w; — ayo)(biwi — bip) +2r
k (bl,gw,% - bl,o)z + bilwi ’

COS wWT =

Wi
where k =1,2,3, j=0,1,2,3,....

Let

-0 _ . 0) -
T0=T,, —kr:r%g}s{rk L, Wo=wy,. 4.9)

Lemma 4.2. Assume that h'(w}) # 0, then (4.4) admits a pair of purely imaginary roots iwy for
d(Re(A(7)))
dr

T =719 and lr=rg,a=woi# 0.

Proof. Let
F(/l) = /13 + 611,2/12 + 611’1/1 +ajp, G(/l) = b1,2/12 + bl’l/l + bl,O-

Thus, (4.4) is equivalent to
F() +Ge™ = 0. (4.10)

This shows that F(1) = —G(d)e™*". Substituting +iw into Eq (4.10), we obtain

F(iw) + F(iw)  —cos wt(G(iw) + G(iw)) N isin wt(G(iw) — G(iw))

2 2 2 ’
F(iw) - F(iw)  cos wt(G(iw) — G(iw)) N isin wt(G(iw) + G(iw))
2 B 2 2 ’

Squaring and subtracting both equations of above two yields
F(iw)F(iw) - G(iw)G(iw) = 0. (4.11)
In fact, (4.11) is equivalent to (4.6), we get
hw?) = F(iw)F(iw) - G(iw)G(iw).
Next differentiating the resulting equation with respect to w
20l (%) = i[F'(iw)F (i) — F(iw)F (iw) — G (iw)G(iw) + G(iw)G' (iw)]. (4.12)
Consider that A = iw, is not a single root of (4.10), we have

d
@+ G(D)e™ ] |aziwy= 0.

A direct calculation gives F’(iwg) + G’ (iwg)e ™ — 10G(iwy)e ™ = (. Substituting 1 = iw, into
(4.10), we obtain
F(iwy) + G(iwp)e ™™ = 0.
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The above yields
_ G'liwo)  F'(iw)
~ Gliwg)  Fliwo)

To

therefore

. [G'(iwo) _ F'(iwo>] i lG'(iwwm _ F’(iwo)ml
G(iwg)  F(iwo) G(iwy)G(iwy)  F(iwy)F (iwp)
. lG'(iwwm ﬂmm]
F (i) F (ie)
~i |G (iwy)Gliwo) ~ F'(iewn) F(iey) ~ G (iwo)Gliwwo) + F (o) F (i) |
2F (iwp) F (iwo) |

Imty

(4.13)

It follows from (4.12) and (4.13) that
woh’(w(z)) B woh’(w(z))

Fliwg)Fliwg)  F(iwg)P

Imty =

We may assume that #'(wj) # 0, which implies that Imt, # 0. This is a contradiction. Next we check
the transversality condition for #’(w}) # 0. Differentiating Eq (4.10) with respect to 7, one obtains

dl _ AG)(F' (Ve + G'(A) — 1G())

dr — |F'(De' + G'(A) —TG))?
By (4.10), we have
d(Re(A(7))) _ RefAI-FCQOF() + G (DGW) - 1G]
S ogr Tt IF"(D)el™ + G'(1) — 7G(D))2 =i

_iwo[—F"(iwy) F(iwp) + G’ (iwy)G(iwo) + F'(iwo) F (iwp) — G’ (iwp)G(iwy)]
B 2|F" (iwp)eio™ + G’ (iwp) — ToG(iwy)|?

It follows from (4.12) that

d(Re(A(1))) B Wil (W)
dr T T Erwg et + G (iwg) — oG (iwp)
This shows that if #'(w]) # 0, the transversality condition for Hopf bifurcation is satisfied. O

With the help of Lemmas 4.1 and 4.2, we have the following results.

Theorem 4.3. If (3.4) and (H,) are satisfied, by the definition of Ty and w,, we have
() If A3 > 0 and A < 0, then EY is locally asymptotically stable for any T > 0.

(i) If A3 <0 or A3 > 0, A > 0 and h(m;,) < 0 with m, > 0, then E is locally asymptotically stable for
7 € [0, 79].

(iii) If the conditions of (ii) are satisfied and h’(a)(z)) # 0, then thus E7 is unstable for T > 7, and system
(2.5) undergoes Hopf bifurcations at E} along a sequence of T values t,, j = 0,1, ...

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4578—4608.



4592

Our next result shows that E7 is unstable whenever it exists.
Theorem 4.4. Assume that (H,) is satisfied. If (3.5) holds, then E7 is unstable for all T > 0.

Proof. By (4.4), we have

CpV;2;

G2(0) = arp + bry =—(d+ (1 —e&)pvy)(mpvyzs) + (d+ (1 - 8),3"2)(1 P

=(d+U - ) T3

m)pvsz,

(1+nvy)?
=d+((- (S)ﬁvz)gl(vz)pvzz2 <0.

Note that G»(0) < 0 and G,(e0) > O for any 7 > 0, thus as long as EJ exists, the associated characteristic
equation must have at least one positive real root and hence E7 is always unstable for 7 > 0. O

4.4. Stability of Periodic Solutions

In the previous section, we obtained conditions for Hopf bifurcation to occur when 7 = 7. In
this section, formulae for determining the direction of Hopf bifurcation and stability of bifurcating
periodic solutions of system (2.5) at 7 shall be presented by employing the normal form method and
center manifold theorem introduced by Hassard et al. [42]. Throughout this section, we always assume
that the system (2.5) undergoes Hopf bifurcation at the positive equilibrium E} for 7 = 7, and then
+iw, denotes the corresponding purely imaginary roots of the characteristic equation at the positive
equilibrium E7.

For convenience, let t = s7, x(s7) = x1(5), Y(s7) = y1(5), 2(s7) = z1(5), and T = 79 + u, u € R. Still
denote s = ¢, then the system (2.5) can be written as an FDE in C = C([-1,0], R?) as

u(t) = L,(u,) + F(u, uy), (4.14)

where u(t) = (x(t), x2(2), x3(¢)) and u,(0) = u(t + 6) = (x1(t + 0), x(t + ), x3(t +€)) e C,and L, : C —
R}, F : Rx C — R are given by

L,(9) = (1o + WA($1(0), $2(0), $3(0)" + (19 + )B($1(~=1), ¢o(—1), $3(-1))", (4.15)
and F(u, ¢) = (to + u)(F1, F», F3)T, where ¢(6) = (¢,(6), $2(6), $3(6))" € C. It follows from (2.5) that
ay ap 0 0O 0 O
A:[Cl21 arxyy A3 ], B:[O 0 0 ],
0 az axn 0 azxz au

and
Fi = ai3¢1(0)¢2(0), Fy = ax¢1(0)¢2(0) + ars¢>(0)p3(0),
F3 = azs¢r(—1)da(=1) + azedpo(—=1)@3(=1) + az1¢(= (= 1)p3(-1)
+ a3z (— Do (—1)d2 (1) + az0¢2(0)¢3(0),
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where

ay = —d—(1-¢)pvj, ap =—(1-e)px], aiz=-1-¢ep, az = (1 —e)ipvy,

anp = (1- S)ﬂﬁxT —a- PZT, ay = —PVT, ay = (1 - )i, s = —p,
* b s CZT CVT

as; = —mz;, ds = —m aszy = —b—my?, 33 = ——————, dayy = ———,

31 439 32 ! BT+ nv;)>? *T 1+ i

2ezin c 2cn 6cz;n?

ass = a3 asy =

T R T+ A BT At

Here L, is a one parameter family of bounded linear operator in C[-1,0] — R°. By the Riesz
representation theorem, there exists a matrix whose components are bounded variation functions
17(0, 1) in [-1,0] — R?, such that

0
L.(¢) = f 1 dn(6, 11)p(6).

In fact, we choose
n@, u) = (o + WAS(O) + (o + WB(O + 1),

where § is the Dirac delta function, then (4.15) is satisfied. For ¢(0) € C[-1,0] — R, define

. d(fl(:)’ -1<60<0, ; {0’ _1<o<o0,
Awe = 0 and R(u)¢ =
f dn®. (o), 9=0, F(u.¢). 6=0.

In order to study the Hopf bifurcation problem, we transform system (4.14) into the operator equation
of the form

u(t) = A(Quu(t) + R(tu(r). (4.16)
The adjoint operator
Ot
. ds
ATy (s) =

0
fl d?]T(S,/,l)w(—S), s = 0,

where ' is the transpose of the matrix 7.

The domains of A and A* are in C[—1, 0] and C[O0, 1] respectively, for ¢ € C[—-1,0] and ¢ € C[O0, 1].
In order to normalize the eigenvectors of operator A and adjoint operator A*, we need to introduce the
following bilinear form

0 0

W (s), (0)) = ¥(0)¢(0) — f ' (€ — O)dn(O)p(€)dé,

0=—1 J&=0

here n(6) = n(6,0).
By the last section of the discussion, we know that +iw,7( are the eigenvalues of A, thus they are
also eigenvalues of A*. We have the following results.
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Lemma 4.3. Assume that q(0) = (1, q1, q2)"e7 ™ and g*(s) = D(1, qi q;)Teionos be the eigenvectors
of A respects to iwyTy, and adjoint operator A* respects to —iwTy, respectively, then {(g*(s), q(0)) = 1,
(q°(s),q(0)) = 0,

where )
—(an — iwo) apay — (ar + an)iwy — wy + apay)
ql = 5 q2 = N
an andas;
g = —(a11 + iwo) g = ay(ay + iwo)
: a T api(az + az€ + iwp)’
_ 1
D =

1+ qiq1 + G502 + (51033 + Gyqraza)Toe™ 0™

Proof. Let g(6) is the eigenvector of A, which is respect to iwyT(, we have A(0)q(6) = iwytoq(0). Then

ay; — iwy ap 0 0
To any ay) — l(l)() 02.3 q(()) =0
0 az) + ax3e "7 asy + azee 0 — jwy 0
The above yields
. . 2

—(ap — iwy) apaxn — (ay + an)ivy — wy + apas;

GG = ——— 2 = .
ain anass

Let ¢*(0) = D(1, 4}, g3)" ™" is the eigenvector of A*, which is respect to —iw,7,. Similarly, we also
have
A(0)g"(s) = —iwToq (s).

Furthermore,
—(ay + iwg) ax(a + iwo)

(0)=D(l.gi.q2)", 4)=———, 5= ~ -

¢ (0)=D{.q1,4)", 4 as D= i (an + aae ™ + i)
Next we consider (¢*, ¢),

o o~ )
@9 =D(1,4;¢)(1,q1,9)" - f D1, q;, gy)e” P dn(0)(1, g1, )" e dg
“1 Jé=0

0
= DI +4iq1 + 4392 - f (1,43, 45)0e" < dn(6)(1, 41, 42)"]
-1
= D{1+qq1 + G + (1,4}, &3)[Be™™](1, q1,42)" }
= D[l + ¢iq1 + ¢3q> + (g5q1a33 + §5q2a34)Toe ™" "™]

Obviously, if
_ 1

1+ qiq1 + 4592 + (591033 + ¢3G2a34)Toe ™0™
then (¢, ¢) = 1. On the other hand,

—iwotolq", ) = {q",Aq) = (A*q", @) = (—iwoToq", @) = iwoTo{q", F),

therefore, (¢*, ¢) = 0, and the proof is complete. O
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Next, we study the stability of bifurcating periodic solutions. We first construct the coordinates to
describe a centre manifold Cy near u = 0, which is a local invariant. Assume that u, is the solution of
(4.14) for u = 0, we define

p(®) ={q", u(®), w(t,0)=u(0)—2Re{p()q(0)}, (4.17)

On the center manifold Cy, we have w(t, 8) = w(p(?), p(t), 8), where

P 7
w(p(0), p(0), 0) = wao(0) == + wi(O)pp + woa(0) = + ..., (4.18)

and p and p are local coordinates of centre manifold Cy in the direction of ¢* and g* respectively.
The existence of centre manifold C enables us to reduce (4.16) to an ordinary differential equation
in a single complex variable on C. For the solution u; € Cy of (4.16), since u = 0,

p(0) = iwoTop + q*(0)Fo(p(D), p(1)),

and we rewrite this equation as

p(t) = iwgtop + &(p, P), (4.19)
where
2 =2 2 =
- _\_ P _ p pp
g(p,p) = ¢*(O)Fo(p(1), p(1)) = 807 + 8PP+ 80T T8 .

It follows from (4.17) and (4.18) that we can obtain the following form

g(p,p) = D(1,4;,45)F(0,u;) = 7D [al3¢1(0)¢2(0) + ¢ (a2401(0)¢2(0) + a25$2(0)3(0))
+ 5 (a3spo(=Do(=1) + azedo(=D3(=1) + az¢p2(=Dpa (= 1p3(=1)
+asgdr (=12 (=1a(=1) + azo$2(0)$3(0))] .
The above yields

820 = 2D7olaiaqr + q;(axuq + axsq142) + g3(azsqie ™ + azeqigae” ™ + azeq192)),
gn = Dy [6113(% +q1) + q;(aqi + andi + asqigo + axsqiqz + 4 2azsqi gy + azeq1 Gz
+azsq1q2 + 399142 + a304192)] ,

g0 = 2Dto[aisgy + q(ansdy + axsqi ) + G5(assqi > e ™™ + azeqi 2™ ™ + az0qi o)),

_ 1 1 - 1
g1 =2D1y [61130)(121)(0) + Eamw%(o) +a;3q10{)(0) + Eam(]_lw(zlo)(o) +4q; (612460(121)(0) + 502460%)(0)

1 1 1
+axqiw))(0) + 5612461_1 WP(0) + arsq ' (0) + Eazsq_lw(;o)(o) + axsqrw|)(0) + Eazscfzw(zzo)(o))

_ . . . 1 .
1 _ 2 _ 2 _ 3 _ 3
+q; (Zazsqle 00 ) (1) + azsq e wE (1) + azeqre 0w (= 1) + Easaqle’“’”‘)wég (-1)

_ . 2 ) 2 _ _
+ 5036QZ9M0TOCU(20)(_1) + 35q2¢" W0 (—1) + an @ e + 2a3,q1g2 G e

L 1 _ 1 _
+3asq3 e ™ + azq 0t (0) + anqlwfg(()) + a30g207)(0) + 5039920)(2%)(0))] :
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In the following we focus on the computation of Wy(8) and W;,(0), (4.16) and (4.19) imply that

W =iy, — pq1 — pgi = Aw + H(p, p),

p’ p’
H(p,p,0) = H20(9)7 + H(0)pp + Hoz(Q)E-

Comparing the coefficients of equations (4.20) and (4.21), we get
(A = 2iwoTo)wao(0) = —Hr(0), Aw11(0) = —H11(0).
For 6 € [-1, 0], according to (4.19) and (4.20), we get

H(p,p.0) =-q"(0)Fq(0) - q"(0)Foq(6) = —g(p, p)q(6) - &(p, p)q(6)

1

1 ) 1 )
= —(5820192 +gupp + Egozpz + EgZIPZP)Q(H)

I 1.,
—(igzop2 +guph+ 5802]92 + 58 P + ...

Comparing the coefficients of Eqs (4.21) and (4.23), we obtain
Hy(0) = —2209(0) — 802q(0), H11(0) = —g119(0) — §119(0).
Next, substituting (4.24) in (4.22) yields
Wao(0) = 2iweTowa0(0) + 8209(0) + §02g(6).

According to g(0) = (1, g1, g2)" €™, thus we derive

I . i . _
W20(9) = 820 q(o)ezwor()é) + &q(o)e—zwome + Elez""ome,
WoTo 3woTo
i : ig .
wi(0) = —2L goyern® + 2L go)e-iont 4 .
WoTo wWoTo

where E1 = (E]], EI,Z, E1,3)T, E2 = (EQ], E22, E23)T. Then we have

0

0
f dn(@)w(0) = 2iwytow(0) — H(0), f dn(@w,(0) = —H,,(0),
-1 -1

where 17(6) = 1(6, 0). Furthermore, Hgo(o) = —£209(0) — 802G(0) + 270(E11, E12, E13)".

By (4.24), we obtain(2iw,T — f dn(0)e* ™ NE, = 21y(ky, ko, k3)T, which is rewritten as

1

(2i(4)0T() - T()A - ToBe_Zi‘UUTOG)El = 2T0(k1, kz, k3)T.

And a direct calculation yields

2ia)oT0 —dail —din O E11
—a; 2iwgT — a —an Epn [=2] k
0 —as3) — a336—21w01'0 2iw0T0 —dzp — a34e‘2""°T° E13

(4.20)

4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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where
_ _ _ 2 2iwyT —2iwoT
ki = ai3q1, ky = anq + axsq1q2, ks = azsqie """ + azsqigre” ",
and
Ay App AVE
Eynw=—, En=—, Ez=—,
Ay A Ay
ZionQ —daj —din 0
A] = det —daj] 2i(x)0T0 —da»n —an3 ,
0 —das; — —a33e‘2i“’070 2iwgTy — azy — a34e‘2iw070
ki —app 0
Ay = 2det| k 2iwgTy — Ay —dan3 ,

ks —as — —aze % 2wt — azy — azse” ™

2i(1)()T() —dap kl 0
Ay = 2det —ay) ky —a ,
0 k3 2i(1)0T0 —dzp — 61346_2iw0T0
2iwgTo — ap —ap ki
A3 = 2det —d 2iwyTy — A ks
0 —a31 — —aze T ks

Similarly, we have
0

H;1(0) = —g114(0) — §119(0) — f dn(0)E,,

-1

an an 0 Ey ky
—| @ arn a; Exn (=] ks |,
0 a3 +as an+as J\ Ex ke
where
ks =2a13Re{q:}, ks = aaRe{q1} + 2a:5Re{q1qa}, ke = 2a35q141 + 2a36Re {q1q},
and
Ey = AA—z;, Ey = AA—Z;, Ey = AA_223,
—day —dapn 0 ks —ap 0
A, =det| —ay; —amxn —ass Doy =det| ks —ayy — a3
0 —a3 ——-ay3 —azm—axy ke —as1—az —ax —as
—ay ks 0 —daj —ap ks
Ay =det| —ay ks —ays , Ayz = det| —an —an ks
0 k¢ —azp—axn 0 —az —-azx ke
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Now from w;y(60) and wy;(6), we can calculate the following values:

: 2
C,(0) = Zw’oTO (811820 — 2lgn? - @ + %x
_ RelCO)
= ey M= 2Re(CO)),
7, = Il C1O)) + ULy (X (o))

wWoTo

These formulas give a description of the Hopf bifurcating periodic solutions of (2.5) at 7 = 7 on the
center manifold. From the discussion above, we have the following theorem.

Theorem 4.5. For the periodic solution of (2.5), the following results hold.
(i) The periodic solution is supercritical (subcritical) if U > 0 (U < 0);

(ii) The bifurcating periodic solutions are orbitally asymptotically stable (unstable) with asymptotical
phase if M < 0 (M > 0);

(iii) The period of the bifurcating periodic solutions increase (decrease) if T, > 0 (T, < 0).

4.5. Simulations of bistability

It is shown in Theorems 4.3 and 4.5 that system (2.5) admits one or multiple periodic solutions.
These periodic solutions can be either stable or unstable. For the parameters given from Table 1, if
(3.5) and (H,) are satisfied and thus system (2.5) admits four equilibria: E, = (70,0,0),
E, ~ (11.11,5.89,0), E} = (25,2,12.5), E; ~ (18.92,3,7.03), where E; is asymptotically stable
provided (3.5) holds for 7 > 0. By some computation one gets the bifurcation value wy = 0.1946 and
79 = 1.1241. From Theorems 4.3, we know that the transversal condition is satisfied, thus the positive
equilibrium E7 is asymptotically stable for 7 < 7y and unstable for 7 > 7(, and when 7 = 7, (2.5)
undergoes Hopf bifurcation at the positive equilibrium E7. By the algorithms derived in Section 4.4,
we can obtain C(0) = —0.0956 — 0.4901i and M = —0.1912 < 0, implying the bifurcating periodic
solutions are orbitally asymptotically stable. Further U = 18.3944 > 0 and 7, = 22.9542 > 0 show
that the Hopf bifurcation is supercritical. In the light of the above aspects, two conclusions are
achieved:

o If 7 € [0, 7], system (2.5) emerges a bistability called type I which holds two stable equilibria
E, and E7 (see Figure 2(a));

o If 7 € (79, +00) system (2.5) appears a bistability defined by type II which possesses a stable
equilibrium E; and a stable periodic solution (see Figure 2(b) and (c)).

Then we ran numerical simulations to illustrate the above results as follows.
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@ (b) ©
Figure 2. (a) Bistability type I characterising two stable equilibria, here 7 = 0.5. (b) and (c)
Bistability type II featuring that a equilibrium and a limit cycle are stable on small and large
scales, respectively. Here 7 = 2.6. (b) ¢ = 0.6 (c) ¢ = 0.63. Others parameters are given in
Table 1.

By comparing Figure 2(b) with (c), we can find that the domain of attraction of periodic solution
can be expanded by boosting proliferation rate ¢ of immune cells given the same parameter value and
initial value. Thus it can be seen that the immune parameter ¢ affects the period or amplitude of the
periodic solution, but the influence of other parameters on it is unknown. In order to find out the
influence of other parameters on the period and amplitude of the periodic solution, and to solve the
problem of which parameters can adjust the treatment scheme, we will fist analyze the sensitivity of
period and amplitude of the periodic solution to parameters.

5. Sensitivity of periodic solution

In this section, we use a sensitivity analysis method proposed in [46,47], and focus on sensitivities
of amplitude and of the period when our delay model (2.5) admits a periodic solution. First, compute
all of sensitivity equations with respect to all parameters in system (2.5), taking particularly € and b as
examples in following:

and

Mathematical Biosciences and Engineering

dR:(1) . )
i = —(d+ (1 = e)pv)RL(t) — (1 — &)BxR.(t) + Bxv,
dRi(1)
= (1 = &)IBvRL(t) + (1 — &)IBx — a — pz)R.(t) — pvRi(t) — IBxv,
dRi(1) B e . cz(t—71) vee ov(t—1) B
— = mzRY(t) — (b + mv)R(t) + T (- T))st(t T) + To =7 ——— T)Rg(t 7).
dR; (1) . )
p7a —(d + (1 = &)BvIRy (1) — (1 — &)BxR; (1),
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Solving the sensitivity equations, and according to the circumscription of sensitivities of the limit
cycle in [46], we obtain the relative sensitivities of the amplitude and of the period shown in Figure 3.
The effective impact of 7 on both amplitude and period of the CTL immune response reveals that
it is transparent that the positive equilibrium E} switches from stable to unstable and a stable limit
cycle occurs with the increase of the time lag. In addition, the amplitude and period of CTL response
also depend on antiviral therapy parameter £, immune parameters c,m, b and i, which indicates that
effective combination of antiviral therapy and immunotherapy is needed for successful treatment.

20 relative sensitivity of CTL amplitude relative sensitivity of CTL period
0.5
15
6 D .
] I I L]
10
-0.5
5
-1
(o]
_5 -15
-10 -2
s d € 9 Bap cn b mT1 s d € 9 B a pP c N b mT1
(@) (b)

Figure 3. Relative sensitivities of amplitude (a) and of period (b) in the density of immune
cells. Here 7 = 2.6 and other parameter values are given in Table 1.

6. Optimal combined treatment strategy

The above sensitivity analyses illuminate that parameters &, ¢, m, b, n and 7 are impressible for the
periodic solution regulating the sustained immunity. But we only schedule both £ and b relating to
the therapy rather than the other parameters being intrinsic for individual organisms. Taking a patient
performed a continuous antiretroviral therapy of 1000 days but with an unsuccessful outcome as a
example, we firstly simulate a combined treatment by introduce a phased immunotherapy into the
continuous antiviral treatment and then adjust the therapeutic session as well as the insetting time to
quest the preferable therapeutic regimen by model (2.4).

6.1. Combined treatment

In the following, we invariably take 7" = 1000 days. Now we take initial states of (2.4) as follows:
x(0)=25 cells/ul, v(0)=5 virus/ul, z(0)=10 cells/ul, and T = 2.6, other parameter values are given in
Table 1. Then for system (2.4), the immune-free equilibrium E; is stable while virus-suppression and
immune-boost equilibrium E7 is unstable (see Figure 4(a) and (d)). That is, immune is free and the virus
settles down at an equilibrium level. These symptoms expose that single antiretroviral treatment can
not defeat the virus even if the dosage is high. So we inset a phased immunotherapy into a continuous
antiviral treatment and formulate a hybrid model (2.4). Thus, we try to regulate CTL response by
changing the value of b. Referencing the works [17,28] and incorporating two types of bistability in the
above, as well as the oscillatory viral loads and immune cells of the clinical data during therapies [29],
we aim at proposing a immunotherapy tactics to achieve the sustained immunity in the form of periodic
oscillation.
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Now we evaluate the efficacy of these treatments by simulations. For the sick individual dominated
by parameters in Table 1.

. = - z
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Figure 4. (a) and (d): The results of single antiretroviral treatment £ = 0.8 without
immunotherapy treatment featuring that the immune-free equilibrium is stable and there
is no sustained immunity with a high viral load; (b) and (e): The successful effects of an
appropriate combined therapy with the antiretroviral treatment £ = 0.8 and immunotherapy
treatment b = 0.05 for ¢ € [100,250]. Then the sustained immunity with a low viral load
is established after stoping immunotherapy. (c) and (f): The failed effects of an improper
combined therapy with the antiretroviral treatment & = 0.8 and immunotherapy b = 0.07 for
t € [100,250]. Then the immunity quickly vanishes after stoping immunotherapy.

After a continual immunotherapy with b = 0.05 from #, =100th day to #, =250th day, and then
interrupting therapy with b = 0 formulates the sustained immunity with a low viral load (see
Figure 4(b) and (e)). From mathematics angle, we alter the solution of (2.4) from the basin of the
attraction of the immune-free equilibrium to the immune control balance through the immunotherapy
when the treatment is ceased. We perform another therapeutic regimen by increasing the
immunotherapy dose of patient to 5 = 0.07 during the same course of treatment and then stoping
immunotherapy. Figure 4(c) and (f) manifest that even if the immunity of patient is enhanced and the
virus load is depressed during therapeutic session, unfortunately they soon return to premarital levels
after suspending immunotherapy. The unappealing outcomes arise due to the improper dosage of
immunotherapy. Therefore we will seek the optimal combined treatment scheme in the next
subsection.

6.2. Optimal Combined treatment

In this subsection we firstly promote the above treatment scheme by optimizing the cost function
meanwhile building the consistent immunity on HIV. Furthermore, we adjust the therapeutic session
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and the start time of immunotherapy treatment to quest the preferable therapeutic regimen.
In order to acquire the optimal therapeutic regimens, define cost function as follows:

J= pieoti +T = 1) +(pig+ pab)(ty — 1) +p3o,
the cost of drugs on ATTS  the cost of drugs on CTS

where p;, p, describe the prices of antiviral therapy and immunotherapy, respectively, ps is the weight
factor and g is an idiomatic dosage, while

1] 153 T
Jo = f v(t)dt + f v(t)dt + f v(t)dt
0 51 ol

S — —_——————
AV on ATTS with e=0, b=0 AV on CTS with exb € D AV on ATTS with e=g, b=0

where D is the therapy parameters admissible domain of & X b. J, denotes the accumulated viruses
(AV) during the observation course of patient. The first and third integrals represent respectively the
AV of the patient prior to combined treatment and after stopping immunotherapy, while the second one
trace the AV during combined treatment.

e Our aim is to find (&%, 5*) € D to minimize the objective functional / and meanwhile make
the solution of system (2.4) with (g*, b*) at 1, to alight on the attractive basin of the periodic
solution of system (2.4) with & = gy, b = 0.

Just as we mentioned in the above, our optimal problem differs the traditional one so that Pontryagin
Maximum Principle is invalid. So we contribute an efficient algorithm aiming at mounting a defense to
HIV infection at the lowest cost by selecting the appropriate antiviral parameter € and immunotherapy
parameter b during CTS.

e Algorithm:

e Step 1. Give parameters domain & X b € D and a fixed interval [0, T] as well as ¢, € (0,T) and
t, € (0,T) with #; < 1,, respectively;

e Step 2. Latticing domain D by step length 4 to yield n sets of data (g;, b;) fori = 1,2,--- , n;

e Step 3. Solve (2.4) with e = gy and b = O in ¢ € [0, #;]. Then substitute (&;, b;) into system (2.4)
and furthermore solve it in ¢ € (t,,#,] and seek all of (¢/, b)) which make (x(t,), v(12), z(1,)) alight
on the attractive basin of the periodic solution of system (2.4) with & = &y and b = 0;

e Step 4. Substitute all of (8{ , 1_9{ ) into the cost function and find the (&7, 13;.") which minimizes the
cost function.

In the above algorithm, the positive parameter pairs (s, b;) , (s{ , E{ ) and (s:f,l_);‘) are called the
combined treatment strategy, the successful combined treatment strategy and the optimal combined
treatment strategy, respectively.

For convenience, we always take gy = 0.8, € X beD=1[0.7,09]x[0,0.2] and & = 0.01 together
with p; =2, p, = 2.5, p3 = 1.5 in the following simulations. Then latticing domain D obtains 441 sets
of data, namely, 441 kinds of combinations of treatment strategies. The other parameters of system
(2.4) are the same as Table 1.

Scheme 1. Taking #; = 100 day and #, = 250 day implies that the combined treatment session is
150 days. Our goal is to find a set of parameters (g*,b*) € D that authorizes the patient to establish
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sustained immunity after 150 days of combination treatment at the lowest cost. For this reason, we
seek parameters to ensure that at the end of combination treatment the solution of the system
(x(250), v(250), z(250)) is in the attractive basin of the periodic solution of the system (2.4) without
immunotherapy, resulting in a periodic solution with sustained immunity. Along with the idea of
Algorithm, we found the 7 sets of successful treatment parameters from the 441 sets of data, listed in
the Table 2. After replacing 7 sets data into the objective function J, the optimal therapeutic regimen
(e*,b*) = (0.83,0.04) making min J = 5083 can be acquired.

Table 2. Successful strategies of Scheme 1.

i 1 2 3 4 5 6" 7
e 07 077 079 0.8 0.82  0.83" 0.84
b 008 006 005 005 004 0.04" 0.04
J 5372 5353 5440 5298 5301 5083* 5185

Next we shorten CTS from 150 days to 100 days and still keep the start time of immunotherapy
treatment at 100th day. Now we will simulate another optimal therapeutic regimen as follows.

Scheme 2. Taking #; = 100 day and #, = 200 day implies that the combined treatment session is
100 days. According to the above algorithm, we seek out 6 sets of successful data listed in Table 3 and
further catch the optimal therapeutic regimen (g*, b*) = (0.84,0.03) authorizes the patient to establish
sustained immunity after 100 days of combination treatment at the lowest cost min J = 5327.

Table 3. Successful strategies of Scheme 2.

1 2 3 4 5 6"
0.7 0.71 0.72  0.81 0.83  0.84"
0.12 0.12  0.11 0.04 003 0.03"
5330 5501 5473 5377 5448  5327"

~ oy |~

Finally, we adjust the start time of treatment and keep the CTS 150 days to quest the optimal
therapeutic regimen.

Scheme 3. Taking #; = 50 and #, = 200 day implies that the combined treatment advances 50 days
than Scheme 1. By the above algorithm, 8 sets of successful data listed in Table 4 are explored out
and further we obtain the optimal therapeutic regimen (¢, b*) = (0.81,0.02) authorizes the patient to
establish sustained immunity after 150 days of combination treatment at the lowest cost min J = 4949

Table 4. Successful strategies of Scheme 3.

i 1 2 3 4 5 6 7 8
e 077 079 038 0.81" 082 082 083 0.83
b 003 002 002 002 0.01 0.02  0.01 0.02
J 5102 5228 5033 4949 5202 4959 5214 5026
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Figure 5. (a): Scheme 1, CTS is [100,250] day, indicated by shaded areas. Continuous
antiretroviral therapy (CATT), unsuccessful combined treatment(UCT), successful combined
treatment (SCT) and optimal combined treatment (OCT) were described with ‘black dashed’,
‘blue dashed’, ‘green dashed’ and ‘red solid’ respectively; (b): Scheme 2, CTS treatment is
[100, 200] indicated by shaded areas; (c) Scheme 3, CTS treatment is [50, 200] indicated by
shaded areas.

From Figure 5, it is indicated that the levels of virus rapidly increase and then fall sharply during
the combined treatment session. After stoping immunotherapy, levels of virus slightly climb and
quickly perform a periodic oscillation implying that the patient has established sustained immunity.
By comparison, early mediating immunotherapy in Scheme 3 suppresses the load of virus lower than
Scheme 1 during combined treatment (see Figure 5(a) and (c)). Moreover, shortening CTS does not
reduce but magnify the cost function J. On the whole, Scheme 3 is the best one. So designing a
combined treatment schedule synthesizes the antiviral parameter &, immunotherapy parameter b,
combined treatment session, as well as initial and terminal time of immunotherapy.

7. Conclusion and discussion

Despite many new approaches to treat HIV virus, including HAART, immunotherapy, structured
treatment interruption [15, 16] and so on, the enthusiasm, due to the inability of therapy to eradicate
HIV infection, has been aroused to formulate rational therapeutic strategies to establish sustained
immunity to suppress viruses after stopping therapy. Studies have shown that AIDS patients can
improve their ability to control HIV through therapeutic vaccines or interferon immunomodulation
after suspension of antiretroviral therapy [23]. In this paper, we establish an uninfected cells, virus
and immune response model with continuous antiretroviral therapy meanwhile also taking into
account the time lag needed for the expansion of immune cells.

Firstly, we have investigated the dynamic behavior of the model (2.5). By defining a basic
regeneration number R,, which describes the average number of newly infected cells generated from
one infected cell, we found that the basic regeneration number R, and the time lag 7 both play crucial
roles in determining the CTL response dynamics. As R, increases, the dynamics shift through four
possible outcomes: (i) If Ry < 1, then number of infected cells is so small that the virus does not
spread, the system converges to the infection-free equilibrium E, which is globally stable
(Theorem 4.1); (ii)As Ry increases, i.e., the number of infected cells is gradually increasing, then the
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virus is able to infect the host without a sustained CTL response, the system converges to the
immune-free equilibrium E;, which is always locally stable (Theorem 4.2); (iii) If Ry exceeds the first
threshold, R;, then the CTL response controls the virus; the system either converges to the positive
equilibrium E7, or the system admits at least one periodic solution, which depends on the time lag 7
(Theorem 4.3); (iv) If Ry sufficiently large and Ry > R,, then the number of infected cells is large
enough to cause the virus to multiply, so either the system is stimulated by the virus to produce
sustained immunity, or the immune function is lost due to too much virus, which depends on the load
of virus. This is a bistability, namely, the system converges to either immune-free equilibrium E; or
positive equilibrium E7 (with the increase of time delay, it converges to a stable periodic solution),
depending on different initial conditions.

Secondly, the sensitivity analysis method proposed in [46] were applied to acquire the sensitivities
of the amplitude and the period with respect to all of parameters when model (2.5) admits a periodic
solution. Results indicate that parameters &, c, p, b, n and 7 are impressible for the periodic solution
symbolizing the sustained immunity. But we only schedule both € and b relating to the therapy rather
than the other parameters being intrinsic for individual organisms. This offers primordial motivations
to propose an optimal treatment tactics by combining the continuous antiretroviral therapy with a phase
of immunotherapy (which efficiency denoted by b) to achieve the sustained immunity.

Furthermore, taking a patient performed a continuous antiretroviral therapy of 1000 days but with
an unsuccessful outcome (see Figure 4(a) and (d)) as a example, we simulate a combined treatment by
introduce immunotherapy of 150 days and then adjust the therapeutic session as well as the start time
of immunotherapy treatment to quest the preferable therapeutic regimen. Incorporating two types of
bistability on system (2.4), and the oscillatory viral loads and immune cells of the clinical data during
therapies [29], we mathematically alter the solution of (2.4) from the basin of the attraction of the
immune-free equilibrium to the immune control balance when the treatment is ceased, meanwhile
minimize the cost function through the a period of immunotherapy. Because our optimal problem
differs the traditional one, we contribute an efficient algorithm, by meshing a special domain on the
antiretroviral and immunotherapy parameters & and b, to find successful combined treatment schemes
and further seek the optimal one. By comparison, simulations exhibit that early mediating
immunotherapy in Scheme 3 suppresses the load of virus lower than Scheme 1 during combined
treatment (see Figure 5(a) and (c)), but shortening CTS in Scheme 2 does not reduce but magnify the
cost function J.

Finally, it’s also worth pointing out, even if our findings can provide some insights into the design of
effective and rational therapeutic strategies to boost sustained immunity to quell viruses, the accuracy of
therapeutic strategies depends on the step 4 of meshing in Algorithm. In addition, the general algorithm
to seek the therapeutic session as well as the start and stop time of immunotherapy is significant and
pendent.
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