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Abstract: In this paper, we study the stability analysis of two within-host virus dynamics models
with antibody immune response. We assume that the virus infects n classes of target cells. The second
model considers two types of infected cells: (i) latently infected cells; and (ii) actively infected cells
that produce the virus particles. For each model, we derive a biological threshold number Rg. Using
the method of Lyapunov function, we establish the global stability of the steady states of the models.
The theoretical results are confirmed by numerical simulations.
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1. Introduction

Recently, many mathematicians have proposed several mathematical models to describe the
interaction between viruses (such as HIV, HCV, HBV, HTLV and CHIKV) and human target
cells (see, e.g., [1-36]). Mathematical models of human viruses can lead to the development of
efficient antiviral drugs and to understand the interaction of the viruses with target cells [2].
Studying the stability analysis of the models is also important to understand the behavior of the virus.
Immune response plays an important role in controlling the infection of several viruses. Cytotoxic T
Lymphocyte (CTL) and antibodies are the two effector responses of the immune system. CTL cells
attack and kill the infected cells. The B cell produces antibodies to neutralize the viruses. The antibody
immune response is more effective than CTL immune response in some infection processes [37].
The basic virus dynamics model with antibody immune response has been presented in [29,30] as:

$—yu—ds—bsv, (1)
[ =SV —el, @)
V =ml—rV —qBV, 3)
B = cBV — 6B, @)

where S, I, V, and B are the concentrations of uninfected target cells, infected cells, virus particles
and B cells, respectively. Parameters d and y represent the death rate and birth rate constants of
the uninfected cells, respectively. The uninfected cells become infected at rate bSV, where b is rate
constant of the virus-target incidence. The infected cells and free virus particles die at rates el and rV,
respectively. An actively infected cell produces an average number m of virus particles per unit time.
The virus particles are attacked by the B cells at rate gV B. The term cBV represents the growth rate of
B cells after encountering the virus. The B cells die at rate 6B. In 2017, Wang and Liu [36] presented a
mathematical model for in host virus infection by considering a constant production rate of the B cells
in addition to their proliferation rate. Equation (4) has been modified as:
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B =1y +cBV — 4B, (5)

where 7 is the production rate of the B cells.

The model in Equations (1)—(4) assumes that the virus infects only one category of target cells.
There are several models for viral infections that have included two categories of target cells (see,
e.g., [38—47]). It has been reported in [48] that HIV infects vital cells in the human immune system such
as helper T cells (specifically CD4™ T cells), macrophages, and dendritic cells. In the case of CHIKV
infection, the CHIKYV inoculates into the body via bites from infected mosquitoes and replicates in a
variety of cells, such as skeletal muscle satellite cells, fibroblasts, macrophages, monocytes and other
skin cells [49-52]. To model the virus dynamics with multiple categories of target cells, Elaiw [53]
proposed the following viral infection model:

Si = Hi— diS,» — b,‘SiV, i=1,..,n, (6)

ji = bl-Sl-V - eiIi/ i=1,..,n, (7)
n

V = Zmili —rV, (8)
i=1

where n is the number categories of target cells. This model was generalized by Xia et al. [54]
by considering general nonlinear rates for viral infection and cell death. In [53,54], the antibody
immune response has been neglected. Several mathematical models have been proposed which
take the antibody immune response into account (see, e.g., [29-35]). However, these models have
included one target cell population. Therefore, our aim in this paper is to introduce two virus infection
models to describe the dynamics of the virus with n classes of target cells. The antibody immune
response is considered where the population dynamics of the B cells is described by Equation (5).
In the second model, we incorporate both latently and actively infected cells. We investigate the
nonnegativity and boundedness of the solutions of the models. We establish the existence of the
steady states and analyze their global stability. We construct Lyapunov function using the method of
Korobeinikov [55].

2. Virus Dynamics Model

We consider a within-host virus dynamics model with 7 classes of uninfected target cells.

Si = Wi — diS,‘ — biSiV, i= 1,..,n, (9)

L’ = biSiV — 61'11', i=1,..,n, (10)
n

V=Y ml—rV—gqBV, (11)
i=1

B =1+ cBV — 4B, (12)

where S;, I; represent the concentrations of the uninfected target cells and infected cells of class i,
respectively.

2.1. Properties of Solutions

To show that the model in Equations (9)-(12) is biologically acceptable in the sense that no
population goes negative or infinity, we establish the nonnegativity and boundedness of solutions of
the model. Let S = (S, Sy, ...,Sy) and I = (I, I, ..., Iy).

Proposition 1. For the system in Equations (9)—(12), there exists a positively invariant compact set
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Q:{(S,I,V,B) ERZZ”OH:OSSI-,L-§Ni,z’:1,...,n.0§V§M1,O§B§M2}.
Proof. Since
S; |S o=Hi>0,i=1, Ij|; o =biSiV >0 forallS;,V >0, i =1,..,n,

V]y_o= ZmI >0 foralll; >0, B|,_,=7n>0,

then, RZZ”OH is positively invariant for the system in Equations (9)—(12).
Next, let T;(t) = S; + I;,i = 1, ..., n, then

T, < pi—oiT,,

where 0; = min{d;,¢;}. Hence, 0 < Ti(t) < ’f% for all t > 0 if T;(0) < % It follows

that 0 < S;(¢),;(t) < N; for all + > 0,if 0 < S;(0) + [;(0) < N;, where, N; = Z—: Moreover,
let X(t) = V(t) + 1B(t), then

& q. 9q : q q g q
X t) = Zmili —rV + ET] — 73 < ZmiNi + EU —p1(V+ EB) = ZmiNi + E?] —p1X(t),
i=1 i=1 i=1

n N+
where p; = min{r,é}. Hence, X(t) < Mj, where M; = Y, % Since V(t) > 0 and B(t) > 0,
i=1

then 0 < V(f) < My and 0 < B(t) < My if 0 < V(0) + ZB(0) < My, where Mp = <& [

2.2. Steady States

In this subsection, we show the existence of the steady states of the model in Equations (9)—(12).
The basic reproduction number of the system in Equations (9)—(12) is defined as:

ibipid
Ro = ZROl - Zd i€ ré—l—tm)

Lemma 1. (i) If Rg < 1, then the virus-free steady state Qy is the only steady state for the system; and (ii) if
Ro > 1, then the system has a unique endemic steady state Q1 and Qq € Q), where Q) is the interior of Q.

Proof. Let the R.H.S of the system in Equations (9)-(12) equal zero; then, we get:

Hi .
= i=1,.. 1
S; FRTAT i=1,.,n, (13)
b;S;V

[ =", i=1,.. 14

i o i=1,.,n, (14)
n
Y mili=(r+4B)V, (15)
i=1

B=_1 (16)

§—cV’
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Substituting Equations (13), (14) and (16) into Equation (15), we get
" ombiu V B
gel G+py) BV =0
i m;biu;0 _(r+gqB)¢ Vo
Sdiei (L+a;V) (r6+4qy)  (r6+4q1) '
" R S (y—rcV) B
(;14-&1'1/ Y(6—cV) V=0 A7)

where a; = % and ¢y = rd + q7. Equation (17) admits V = 0 as a solution. Substituting V = 0 in
Equations (13),(14) and (16), we get the virus-free steady state Qo

[P=0,V°=0and B* =1

= (89,19 VY, BY), where S = £
5- The other possibility of Equation (17) is

i d;’

n
Roiv (6 —cV)
— — = 18
L1y o) =0, (18)
where V # %.
Let us define a function F(V) as:

" Roiv (6 —cV
F(V) = .Zlmu(aiv ) 5y —rev)
1=

Then, we get

F(0) =76 (Ro—1),
F (i) = —qoy.

Thus, if Rg > 1, then F(0) > 0, F(2) < 0 and there exists V* € O,%) such that

F(V*) = 0. Moreover, from Equations (13), (14) and (16), we obtain S¥ > 0, > 0 and B* > 0.
Then, Q; = (S*,L*,I*, V*, B*) exists when R > 1.

Clearly, Qo € Q). Now, we show that if Ry > 1, then Q; € ). From Equations (13) and (14),
we have d;57 + €I = p;, i = 1,..,n.Since S; > 0 and I > 0, then

4;SF < ;= SF < Zl <N,

el <y1:>1*<yl<N

Moreover, from Equations (15)—(16), we have

n
Y mlf —rV* — gV B* + %(77 + BV —6B*) =0,
i=1

= rV* + Zm + 17<ZmN+q17
i=1

iN; m;Nj
= V* < Zu <M, Bi < Z 5+ Cr] = M.
i=1

=1

It follows that Q; € Q). O
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2.3. Global Stability

In the following theorems, we establish the global stability of the two steady states of
the system in Equations (9)—(12) by constructing suitable Lyapunov functions. Let us define

H(x) =x—Inx—1.
Clearly, H(x) > 0 for x > 0and H(1) = 0.

Theorem 1. For the system in Equations (9)—(12), suppose that Ry < 1, then Qg is globally asymptotically
stable in ).

Theorem 2. For the system in Equations (9)—(12), suppose that Ro > 1, then Qy is globally asymptotically
stable in Q.

The proofs of these theorems are given in the Appendix A.

Biologically, when Ry < 1, then each infected cell will produce less than one infected cell during
its life at the beginning of the infection. The virus will be decreased and eliminated from the body.
When R > 1, then, at the beginning of the infection, each infected cell will produce more than one
infected cell during its life. The viruses will be increased and the infection becomes chronic.

3. Virus Model with Latency

In this section, we study the mathematical model of virus infection with n classes of uninfected
target cells, taking into account the latently infected cells (such cells contain the viruses but are not
producing it) and the actively infected cells (such cells are producing the viruses).

$i = ui—diS; — b;S;V, i=1,..,n, (19)

Li= (1 =p)biSiV — (0 + M)Li, i=1,...n, (20)

I; = pibiS;V + MiLi — e, i=1..m @1
n

V = Zmili —rV — qBV, (22)
i=1

B =1+ cBV — B, )

where L; and I; are the concentrations of latently infected and actively infected target cells of class i,
respectively. A fraction (1 — p;) of infected target cells is assumed to be latently infected cells and the
remaining p; becomes actively infected cells, where 0 < p; < 1,i = 1, ..., n. The latently infected cells
are transmitted to actively infected cells at rate A;L; and die at rate 6;L;.

3.1. Properties of Solutions

In the following, we establish the nonnegativity and boundedness of solutions of the model in
Equations (19)—(23). Let L = (L, Ly, ..., Ly).

Proposition 2. For the system in Equations (19)—(23), there exists a positively invariant compact set

QL = {(s,L,I,V,B) €eRY2:0< S, L, [ <NF, i=1.,n0<V<MLO<B< M%}
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Proof. Since

Si |s o= Hi>0,i=1,.
Lil, _g=(1- pi)biSiV >0 forallS;,V>0,i=1,..,n,
Ii|, o = pibiSiV + AjL; > 0 forall S;,L;,V >0, i=1,..,n,

V|v 0= Zm,l >0 forall I; >0,
B|B:0:’7>0'

then, R?’Z”OJFZ is positively invariant for the system in Equations (19)—(23).
We consider T;(t) = S; + L;+ I;,i = 1, ..., n, then

Ti(t) < ui — o} Ti(t),

where 0’iL = min{d;, 0;,¢;}. Hence, 0 < T;(t) < % for all t+ > 0 if T;(0) < % It follows that
0 < Si(t), Li(t), Ii(t) < Nf-forall t > 0,if 0 < 5;(0) + L;(0) + L;(0) < N}, where N} = £. On the
other hand, let X(t) = V(t) + 1B(t), then

. q,_9q - q q . q
X(t) =Y mI —rV+ - B< Y miN; + -1l —02(V + EB) =Y mN; + - —p1X(t).
i=1 i=1 i=1

L L &miNetly . L
Hence, X(t) < My, where My = Y, ——, - Since V(t) > 0and B(t) > 0, then 0 < V(t) < M;
i=1
L
and 0 < B(t) < M} if0 < V(0) + 1B(0) < M}, where Mk = My

7

O

3.2. Steady States

In this subsection, we establish the existence of the steady states of the model in Equations (19)—(23).
The basic reproduction number of the system in Equations (19)-(23) is defined as:

1 z,uz epi+/\i)
ZR@I = L e A 03T 7]

Lemma 2. (i) If R} < 1, then the virus-free steady state Qf is the only steady state for the system; and (ii) if
RE > 1, then the system has a unique endemic steady state QF and Qt € OF.

Proof. Let the R.H.S of the system in Equations (19)-(23) equal zero; then, we get:

L Hi C_
S; = i+ 0V i=1,..n, (24)
o (1 — pi)biSiV .
Ll - WI 1= 1,...,7’[, (25)
biSiV(QiPi "’)\i) .
=" i=1,.. 26
! €(0;+ A7) 7 P et (26)
n
Y mili=(r+4B)V, (27)
i=1
1
B = . 2
o—cV (28)

Substituting Equations (24)—(26) and (28) into Equation (27), we get
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mibip;i (0;pi + M)V

— B)V =0,
Sei(di+b;V) (0 +A;) (r+aB)
i mib;pid(0;p; + A;) _(r+gB)éY
Sdie; (1+a;V) (6; +A;)(r6 +qn) (10 +4qn) '
no RL 5(y—rcV)
0 —
(1;1 +a;V oy (6—cV) V=0 @9)

where ¢; = Zf and v = rd + qn. Equation (29) gives two possible solutions. If V = 0, then we get
virus-free steady state Q; = (S°,19,1°,v0,BY) = (Z—:, 0,0,0, %) If V # 0, then Equation (29) becomes

1 R(%i’y (6 —cV)

1; 14w,V

—0(y—rcV)=0. (30)

We define a function G(V) as:

" REy (6 —cV)
i=

If Ré > 1, then
G(0) = 76 (Rg - 1) >0,

G (i) = —qdén < 0.

and there exists V* € (0, g) such that G(V*) = 0. Moreover, from Equations (24)-(26) and (28),
we obtain §7 > 0,L} >0, > 0and B* > 0.

Similar to the proof of Lemma 1, one can easily show that Q5 € QF and Q} € OF. O
3.3. Global Stability

In this section, we use Lyapunov method to prove the global stability of the two steady states of

the system in Equations (19)—(23).

Theorem 3. For the system in Equations (19)~(23), suppose that Ry < 1, then QF is globally asymptotically
stable in QL.

Theorem 4. For the system in Equations (19)—(23), suppose that RE > 1, then QY is globally asymptotically
stable in OF.

The proofs of these theorems are given in the Appendix A.

4. Numerical Simulations

To illustrate our theoretical results, we perform numerical simulations for the systems in
Equations (9)-(12) and Equations (19)—(23). We consider the case n = 2.
4.1. Simulations for Virus Dynamics Model

Using the values of the parameters given in Table 1, we show the dynamical behavior of the
system states S, I, V and B, to confirm the theoretical results given in Theorems 1-2.
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Table 1. The values of the parameters of the model in Equations (9)-(12).

Parameter Value Parameter Value

U1 1.826 dy 0.7979
U 3.198 dy 0.5
by varied q 0.5964
c 0.5 r 0.4418
my = my 2.02 1 1.402
by varied ) 1.251

€1 =¢6€ 0.4441

e Effect of by and b, on the stability of steady states: To show the global stability results,
we consider three different initial values as:

IV1: 51(0) =2.0,5,(0) = 6.0,1;(0) = 0.3, 1(0) = 0.4, V(0) = 0.4 and B(0) = 2.0,

IV2: 51(0) =1.7,5,(0) = 5.5,11(0) = 0.7, I(0) = 0.7, V(0) = 0.6 and B(0) = 4.0,

IV3: 51(0) =1.4,5,(0) =5.0,1;(0) =1.1,15(0) = 1.0, V(0) = 0.8 and B(0) = 6.0.

We consider two sets of the parameters by and b; as follows:

Set (I): We choose b; = 0.005 and b, = 0.02. Using these data, we compute Ry = 0.5710 < 1,
then the system has one steady state Qp. In Figure 1, we can see that the concentrations of the
uninfected target cells and B cells return to their normal values S{ = ZI =2.2885,89 = L2 '2 = 6.3960,
and B® = 1 = 1.1207. On the other hand, the concentrations of infected target cells and virus particles
are decaylng and approaching zero for all the three initial values IV1-IV3. It means that Q is globally
asymptotically stable and the virus will be cleared. This result confirms the result of Theorem 1.

24 T T T T T 6.5
225 Set (I)

Set (I)

6

55

K
5
5,0

3
\
2f 1 \ Set (11)
\ 4sf

Set (IT)

! XY

0.8 . 4
5 10 15 20 25 30 0 5 10 15 20 25 30
t t
() (b)
2.5 T T T T T 25
Peenll Set (II) = Set (IT)
2+ I

150 4§

L)

0.5

Set (I)
15 20 25 30 0 5 10 15 20 25 30

Figure 1. Cont.
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Set (ID)

Set (IT)

Set (I)

Set (I)
I | n T T
20 25 30 0 5 10 15 20 25 30

Figure 1. The simulation of trajectories of the system in Equations (9)-(12) with IV1-IV3; (a) uninfected
target cells type-1; (b) uninfected target cells type-2; (c) infected target cells type-1; (d) infected target
cells type-2; (e) free virus particles; and (f) B cells.

Set (I): We take by = 0.5 and by = 0.1. Then, we calculate Ry = 7.3086 > 1. The system has two
steady states Qp and Q. It is clear in Figure 1 that both the numerical results and the theoretical results
of Theorem 2 are consistent. It is seen that the solutions of the system converge to the steady state
Q1 = (0.99595,4.52267,2.32229,2.10913,2.07104, 6.50639) for all the three initial values IV1-IV3.

4.2. Simulations for Virus Model with Latency

In this subsection, we show the numerical results for the system in Equations (19)-(23) with
parameters values given in Table 2. The effect of parameters p; and p, on the qualitative behavior
of the system is discussed below. We take p = p; = po. The initial values are chosen as:
51(0) =2.25,5,(0) = 6.0,L1(0) = 0.1, L»(0) = 0.05,[;(0) = 0.1, I(0) = 0.5, V(0) = 0.4 and B(0) = 1.4.
In Table 3, we have calculated the values of the steady states and R} for different values of p. It is
clearly seen that, as p is increased, R} is also increased. Let p be the value of p, such that

2 mib;u;6(0;p" + A;) _
1diei(0; + ;) (rd 4 qn)

Table 2. The values of the parameters of the model in Equations (19)-(23).

Parameter Value Parameter Value

M1 1.826 dq 0.7979
123 3.198 dz 0.5
leby =bp 0.04 q 0.5964
c 0.5 r 0.4418
my=mip 2.02 Ui 1.402
M =A 0.1 6 1.251
€1=€ 0.4441 01 =106 0.5
p1=p2 varied

Using the data given in Table 2, we obtain p” = 0.643144. In Figure 2, we can see that,
for p < 0.643144, the trajectory of the system will converge to Qf and, for p > 0.643144, the trajectory
will converge to QF. This shows that, the factor 1 — p plays the role of a controller which can used to
stabilize the system around Q. Biologically, the factor 1 — p plays the role of an antiviral treatment
which can be applied to eradicate the virus from the body.
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Table 3. The values of steady states, 723 for the model in Equations (19)-(23) with different values of p.

p=p1=p2 Steady States R{;
0.1 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 0.3558
0.2 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 0.4744
0.3 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 0.5930
0.4 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 0.7116
0.5 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 0.8302
0.6 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 0.9488

0.643144 Qo = (2.26262,6.28133,0,0,0,0,0,1.23318) 1.0000
0.7 Q1 = (2.23995, 6.18216,0.04480,0.12364,0.07115,0.19637,0.43238,1.35484)  1.0674
0.8 Q1 = (2.22562, 6.12005, 0.02968, 0.08160, 0.09707, 0.26693, 0.56363, 1.44657)  1.1860
0.9 Q1 = (2.20775, 6.04324,0.01472,0.04029, 0.13390, 0.36652, 0.72967,1.58210)  1.3046

23 6.4 ——
635 7 P
63f ," y ~
6.25 ," 7
e —p=0.1 s '/ —p=01
;— - - -p=03 ;;N 6.2 " I ===p=03|1
SR R (1 A S R p=0.5| | (7 N p=0.5
p=0.7 615+ fif p=0.7 |+
——p=0.9 ' —p=09
61rp i
6.05 (£
80 100 % 2 1 5 80 100
t t
(@) (b)
0.1 . : : . 0.2
—p=0.1 —p=0.1
- - =03 - - -p=03
008\ | L] I W p=05
X p=0.7 p=0.7 1
——p=0.9 —p=09
006
:—
0.04 3
002 \ e
L N
0 20 40 60 80 100 80 100
t
(c)
0.5
—p=01]| 4
- - - -p=03 = ——p=0.1
= ks e e p=05 = - - -p=03
P 1 N p=0.5| |
—p=09] | p=0.7
—p=0.9
60 80 100 60 80 100

Figure 2. Cont.
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—p=0.1]]
- - -p=03
----- p=0.5| |
p=0.7
——p=09

80 100 60 80 100

(e) ()

Figure 2. The simulation of trajectories of the system in Equations (19)-(23): (a) uninfected target cells
type-1; (b) uninfected target cells type-2; (c) latently infected target cells type-1; (d) latently infected
target cells type-2; (e) actively infected target cells type-1; (f) actively infected target cells type-2;
(g) free virus particles; and (h) B cells.

5. Conclusions and Discussion

Most of the existing mathematical models of viral infection study the viral infection and
production in one or two classes of target cells. However, HIV and CHIKV can infect three and five types
of target cells, respectively. In this paper, we have studied two within-host virus dynamics models with
antibody immune response and with n classes of target cells. In the second model, we have considered
two types of infected cells, latently infected cells (such cells contain the viruses but are not producing
it) and the actively infected cells (such cells are producing the viruses). We have shown that the
solutions of each model are nonnegative and bounded, which ensure the well-posedness of the models.
For each model, we have derived a biological threshold number R (the basic reproduction number)
which fully determines the existence and stability of the two steady states of the model. We have
investigated the global stability of the steady states of the model by using Lyapunov method and
LaSalle’s invariance principle. We have proven that: (i) if Rp <1 (Ré < 1), then the virus-free steady
state Qo (Qf) is globally asymptotically stable and the virus is predicted to be completely cleared
from infected individuals; and (ii) if Rg > 1 (Ré > 1), then the endemic steady state Q; (Q%) is
globally asymptotically stable and a chronic virus infection is attained. We have conducted numerical
simulations and have shown that both the theoretical and numerical results are consistent. Our analysis
extends some existing results in the literature. For example, the global stability was analyzed for a
model with one target cell population [36].

The model in Equations (1)-(4) has three steady states virus-free steady state Q{){ , endemic
steady state without antibody immune response Q! and endemic steady state with antibody immune
response Q}. Moreover, the existence and stability of the steady states are determined by two threshold
parameters, the basic reproduction number R’ (which determines whether or not the disease will
progress) and the antibody immune response activation number R}! (which determines whether a
persistent antibody immune response can be established ) [30], where

RH _ ™Mb v R
(U ’ 1= bs
der 1+

We note that the values of the parameters g, c and 6 have no impact on the values of R{!. Thus, the
model in Equations (1)-(4) implies that the antibody immune response do not play a role in clearing
the viruses but can play a significant role in reducing the infection progress.
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Our models have two steady states and their existence and stability are determined by one
threshold parameter R. This is because of considering the production rate of the B cells #. The basic
reproduction number of the model in Equations (9)—(12) in the case of n = 1 is given by:

mibyp16

Ro = o0
07 dier (16 +qn)

We can see that Ry depends on the parameter 1. Therefore, if the production rate of the B
cells 7 is increased such that Ry < 1, then Qg is globally asymptotically stable. Thus, the model in
Equations (9)-(12) implies that the antibody immune response can clear the virus from body.

In our proposed models, we have only considered one arm of the immune system which is based
on the antibodies. CTL cells play a prominent role in achieving the best representation of the dynamics
of some types of viruses. The virus dynamics model with n categories of target cells and CTL immune
response can be given as:

Si = pi —d;S; — b;S;V, i=1..,n
I = b;S;V —€l; — q;1;Z, i=1..,n,

n
V = Zmili —rV
i=1
. n —
Z=1+) GLZ—6Z.
i=1

In addition to this model, one can formulate a virus dynamics model with n categories of target
cells and both antibodies and CTL immune response.

5.1. Effects of Latency on the Virus Dynamics

In this subsection, we show the effect of the presence of latently infected cells on the virus
dynamics. Let us incorporate an antiviral treatment with drug efficacy u where u € [0,1). The virus
dynamics model in Equations (9)-(12) under the effect of treatment is given by:

Si=ui—diSi—(1—u)bS;V, i=1,.,n, (31)

Ii =1 —u)bS;V —el, i=1,..,n, (32)

V= Zmili —rV —gBV, (33)
i=1

B =1+ cBV —4B. (34)

Consequently, the parameter R for the system in Equations (31)—(34) is given by

" mibiud
Ro(u Z i(r6+qn)”

The model in Equations (19)-(23) under the effect of treatment is given by:

Si =i —d;S; — (1 —u)b;S;V, i=1,..n, (35)
Li=1—u)(1—p)biS;iV—(0;i+A)L;, i=1,..,n, (36)
I; = (1—u)pib;S;V + AL — €1, i=1,..,n, (37)
V= Zmili —rV —gBV, (38)

i=1
B =1+ cBV —4B. (39)
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The parameter R} for the system in Equations (35)—(39) is given by

" mibiuid(0;p; + A;)
RL W)= (1—u MOl iFi i )
() = ( )l;diei(9i+)\i)(75+’1’7)

Since 0 < p; < 1, then

RL 0 — 1 —u ml Wi iFi 1 < 1 —u I g ] ot = R u).
5() = )I;diei(9i+/\i)(r‘5+q77) ( )z-:zldiei(rﬂw) ot

Clearly, the presence of latently infected cells deceases the basic reproduction number of the
system. Now we aim to determine the minimum drug efficacy that able to clear the viruses from

the body. We determine u,,;; and uCLm that make

Ro(u) <1, forall wuey <u<l,
RE(u) <1, forall ul., <u <1,

crit

to stabilize the system in Equations (31)—(39) around Qg and Qg, respectively. Now, we calculate 1.,
and ug*”-t as:

L Ro(0) —1
Uepip = Max {O, 7730(0) } ,
RE(0) —1
L 0
L= 0/7 .
U, = max { RS(O) }

Clearly, R§(0) < Ro(0) and thus ul,, < u. Therefore, the drug efficacy necessary to drive the
system to the virus-free steady state is actually less for the system in Equations (35)—(39) than that for
the system in Equations (31)—(34).
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Appendix A
Proof of Theorem A1l. Construct a Lyapunov function Wj as:
90 B
V+-B'H| = |, Al
s den () (A1)

i=1 i

n S
Wo(S,L,V,B) = Y v [s?zf (SO> T

where y; = 7. Note that, Wo(S,I,V,B) > 0 for all S,I,V,B > 0 and Wy(S°,0,0,B°) = 0.

Calculating % along the trajectories of Equations (9)—(12) we get
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n
+ Y mil; —rV —qBV

1 i=1

dW w SO
O 2 [(1 - ) (ni —diSi = biS;V) + biS;V — €l
-1

( > (7 + cBV — 6B)
S0 " 1;0;80V BY
= Zyz i (1— ) (s0—si)+ = —rV—qBOV—i-g (1— B) (68° - 6B) (a2)

i-1 €

— -5 0 90 (B — B%)? 0) — mibip;
Z%( >(Si_si)_CB +(r+qB°) Zm—l v

Y (Si—59)2 45 (B — B)2
=~ ) yid s, ¢ B

+ (r+qB°)(Ro — 1) V.

If Ry < 1, then % <O0forall S,I,V,B > 0. In addition, o _ 0ifand only if S; = SV, B = B,
V = 0. The solutions of the system in Equations (9)—(12) converge to D, the largest invariant set of
{(S,LLV,B): aWo _ = 0}. For any element in D satisfies V(t) = V(t) = 0. Then, from Equation (11),
we have J;(t) = 0. By the LaSalle’s invariance principle [56,57], Qo is globally asymptotically stable. [J

Proof of Theorem A2. Construct a Lyapunov function W as:

Wi(S,1,V,B) = Zyl [s H(?) 4 I H(I*ﬂ + Vv H(V*) +1p° H(E]i).

We have W;(S,L,V,B) > 0 for all S,I,V,B > 0 and W;(S*,I*,V*,B*) = 0. Calculating %
along the trajectories of Equations (9)—(12) we get

1 S7 IF

Z [(1 - ) (mi —diSi = biS;V) + (1 - ;) (biS;V — €i1i)]
( )(Zmlﬂ/ qBV) q(l%) (7 + cBV — 6B)
i 1= S0 (s — diS)) + BiSEV — SV 4 e
=~ Sz ,uz 1z)+1i 191 Ti+€1i
n

- Y mil
i—1

VATV BV - qB*V+g (1 - B) (1 —9B).

Applying
Hi = dZS;k + biS?V*, n= oB* — CB*V*,

we obtain

i, & Sy s
=Y Kl—s>(d5* disi)+bis;<v*<1 S>+bsv biS;V L +e11*]

i=1 i i

*

n V*
=Y mili— —rV +rV* +qBV* —qB*V —qB*V* 4 gB*V* ( ) +1 (1— B ) (6B* —4B).
= 14 B c B
Using the endemic steady state conditions

n
el =b;S;V*, Y mlf =rV* +qB*V*,
i=1
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we get

AW U
Ttl = E]/i

i=1

Si
[(-3)
6

(Si—57)°
= i |: i S,
c B
S I (-5
= P eI’ — L
1:1:‘/1 i Si ili Sz

— 61'1

*
gt

15,'_

SIVA,

VI
STV

6,‘[

15 0f 19

SiVIl-* V*I;
L —2qB*V* 4+ qBV*
A R B
V*Ii> - ( B B*
—qB*V* (2— —— — — (A3)
VI B* B
VIL\| gy (B—B*)?
45 ¢cB* B

The relation between the geometrical mean and the arithmetical mean implies that

Sk

3< L4

=,

VI
SV,

v+
VIF

AW
Therefore, if Rg > 1, then S*,I*,V*,B* > 0 and d—tl < 0forall S,1,V,B > 0. The solutions

of system limit to Dy, the largest invariant subset of

W)

dWq . :
7 . We have = 0 if and only if

S;=S5;,I; =1,V =V*,and B = B*. It follows from LaSalle’s invariance principle that Q; is globally

asymptotically stable in (). [

Proof of Theorem A3. Construct a Lyapunov function W} as:

A

n .
WS, L LV,B) =Y B; lS?H <§6> +
i=1 i

L
o mi(GipitA) o d
where ; = A . Calculating It
awp & S0 A;
Tl i;ﬁz [( s (wi —d;S; — b;S;V) + Py ((1
9. +/\ n
+9i;7i T )IL,' (pib[SiV + AL — €,‘I,‘)j| + izzlmili —rV — qBV + q

S?—Si)—Fi

i=1

gy (S-S0 g6 (B B0
S Ve IR

dwt d
Therefore if Ré < 1, then Tto < O0forall S,L,I,V,B > 0. Moreover,

mib;S? (0;p; + A;)V
€;(0; +Ap)

BO)Z

< $i—=S7\ (o g6 (B —
B (1) (5-9)- 21

Li+
Oipi +Ai

0, + A I
i

Oipi + A

9oy (B
+V+CBH(B0), (A4)

W,
0 along the trajectories of Equations (19)-(23) we get

—pi)biS;V — (6; + A;)L;)

(1 - B;) (7 +cBV — 6B)

c

+ (r+qB%)(R5 —1)V.

0y . 1 B 0
—rV —gB V+E(1_§> <6B —(58) (A5)
oy [ v~ mibipi(Oipi +A:)
+rtgb) (;dief((’i +A;)(r +qBO) Hy
WL
dto = 0 at Q. By the

LaSalle’s invariance principle, Qf is globally asymptotically stable. [

Proof of Theorem A4. Construct a Lyapunov function W} as follows:

n S; A
WE = SsrH (2 L_I*H
! l-;ﬁl[' <57)+9il’i+7\i '

L) 4
Li

6 + A,
Oipi+Ai !

I'H

] yen (V) 0 (B
)] vn o)+t ()
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L

aw
Calculating dtl

along the trajectories of Equations (19)—(23) we get

dWL f/sl {(1 - 5) (i — diSi — biSV) + (1 — i) (1= pi)biS;V — (0 + A L)

Oipi + A
0; + A Ir V* n
+m (1 - Tl, (pibiS;V + ML —eil;) | + (1~ ' i;mili —rV —gBV
q B*
- [1—— BV —6B).
+ . ( B ) (n+c )
Applying
wi =d;Sf +b;S;V*, n=06B*—cB*V*,
we obtain
dWL n G* i . S* A( P;)b S1VL1*
Z/&Kl——)(ds iSi) + SV (1 Sl>+bs me o
Ai(0; + Ai) I _ (0; + Ai)pib; SiVI} (0 + M)A Lily 0; + A eI — 0 + A e.[,*m
Oipi+Ai 1 O+ Opi+Ai L Opi+ AT Opi+ A VI

— 1V +rV* 4+ qBV* —gB*V —qB*V* +¢qB*V* (%) + Z (1 - B—) (6B* — 6B).
Using the endemic steady state conditions

(1 — pl)blSZ*V* = (91 + Al)L*

i’

plblS;‘V* = 61‘11'* - )\l’L;'k,

n
Y mlf =rV* +qB*V*,

i=1
we get
0, + A s 0+ A
=SV = b (1= p)biSIVY + L STV,
sz+}\ 9ipi+)\i( pl) 1< +9ipi+/\ipz i9f
and
dWL n S* Iy bt A .
S¥ _ . bsivr (M LS
2‘81[ ( Si>(l Z)+lz (Glpz"i_AZ( p) 9;71—1—)\;7)( SZ)
Ai S, VL A
Gpr A L PINSV e  aa (L pObiSTY
0+ Ai e SiVI] A (LI
Gipi +A1 plblsi v S;kV*Il GiPi _'_)\ ( p )b S 14 L*I
)\i *Y 7k 6i+/\i P )\1 *V I
_ M sty DA gy A by
+ 9ipi+)\i< POBSIV" + g pibiS, eip,»+A (1= pbiSTV" s
bS v* 71* )b SEV* + bS v*

o * * * B* _@(B_B*)Z
2qBV+qBV+qBV(B> e



Mathematics 2018, 6, 118 17 of 19

— ) 1—p)b:S*y* (420 _ 2177 =it
i~ P M pl)blslv< s, SviL Ll VI

A S: SVIF L *
+ i + A pibiSIV* (37—’f¥fﬁ)] —gB*V* (%EfB—)

awp {_dlxsi—sr)z A i SVL Ll v*b)
S,

0:p; + A; S, SV VI B B
_p*)2
_?(B BB ) 2 (A6)
- éﬁi {—df S s L o = pisve (4= 3 - % . % - ‘éll)
Clearly, d{I;\ZlL < 0and d(l;\ff =Oifandonlyif S; = S/, L; = L}, I; = I, V = V* and B = B*.

It follows from LaSalle’s invariance principle, Q¥ is globally asymptotically stable in Ol O
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