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Abstract. Virus dynamics models are useful in interpreting and predicting the change in viral load
over the time and the effect of treatment in emerging viral infections like HIV/AIDS, hepatitis B
virus (HBV). We propose a mathematical model involving the role of total immune response (innate,
CTL, and humoral) and treatment for productively infected cells and free virus to understand the
dynamics of virus—host interactions. A threshold condition for the extinction or persistence of
infection, i.e. basic reproductive number, in the presence of immune response (R;) is established.
We study the global stability of virus-free equilibrium and interior equilibrium using LaSalle’s
principle and Lyapunov’s direct method. The global stability of virus-free equilibrium ensures the
clearance of virus from the body, which is independent of initial status of subpopulations. Central
manifold theory is used to study the behavior of equilibrium points at R; = 1, i.e. when the basic
reproductive number in the presence of immune response is one. A special case, when the immune
response (IR) is not present, has also been discussed. Analysis of special case suggests that the
basic reproductive number in the absence of immune response Ro is greater than that of in the
presence of immune response Ry, i.e. Rp > Ry. It indicates that infection may be eradicated if
R; < 1. Numerical simulations are performed to illustrate the analytical results using MatLab and
Mathematica.

Keywords: virus dynamics model, humoral immune response, CTL-mediated immune response,
dynamical systems, viral infection.

ICorresponding author.

© 2021 Authors. Published by Vilnius University Press

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source
are credited.


https://orcid.org/0000-0002-4009-2208
mailto:preetiup28@gmail.com
mailto:uma@pilani.bits-pilani.ac.in
mailto:bdubey@pilani.bits-pilani.ac.in
https://www.vu.lt/leidyba/en/
https://creativecommons.org/licenses/by/4.0/

Viral-host interaction with treatment and immune response 679

1 Introduction

1.1 Onset of viral infection

Diseases caused by viral infections have had a major impact on populations (e.g. hepatitis
B virus, HIV/AIDS). Viruses may be present in the body either in a free state or as an
intracellular parasite. Free viruses enter a cell in a receptor specific manner and infect the
cell. Viral replication is possible only within a cell. The virus replicates within the cell
by utilizing the cells own machinery. Inside the cell, a virus may either exist in a latent
(inactive) form for a prolonged period or it may immediately adopt the host replication
machinery and start producing multiple copies of itself. Once large number of virus
particles have been produced inside the cell, they come out of the cell by destroying it.
Now, these viruses are free to infect the other healthy cells. Upon infection, virus produces
infected cells; all of these infected cells do not contribute in virus production, and some
of them remains in latent stage and can produce virus once reactivated. Within the body,
virus encounters an immune response, which prevents its spread from an infected cell
to adjacent uninfected cells. The present model is being proposed to understand the
dynamics of interaction between uninfected cells, productively infected cells, latently
infected cells, free virus, and the effect of immune response with treatment of productively
infected cells and free virus.

1.2 Mathematical models for HIV infection

In the literature, numerous mathematical models have been developed to study the dy-
namics of HIV infection [1,4,9,17,18,24-26,29,41,42]. The basic viral dynamics model
has been studied in detail by researchers [1,24]:

% =\ — gz — ax, % = azv — 0y, % = ky — kov. (D
In the above model, x(t) is the number of uninfected cells, y(¢) is the number of infected
cells, and v(t) is the number of free virus at any time ¢ > 0. Uninfected cells grow
constantly at the rate A and die out with the rate Jpz. When free virus interacts with
uninfected cells, it infects uninfected cells with infection rate constant «, and 1y denotes
the loss rate of infected cells. Virus is produced at the rate ky via lysis of infected cells,
and kg is clearance rate constant of virus.

1.2.1 Inclusion of effect of immune response

Immune response plays an important role to control viral infection as it fights against
the virus and reduces the virus load. Nowak and Bangham [24] extended the basic virus
dynamics model involving CTL (Cytotoxic T lymphocyte) component of immune re-
sponse, which suggests that an active CTL immune response may reduce virus load.
Vargas-De-Ledn and Esteva [38] studied global stability of virus dynamics model with
linear immune response. Further, Vargas-De-Le6n [37] proposed a virus dynamics model
with lytic and nonlytic immune responses. The effect of nonlinear immune attack rates
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has been explored to understand the global dynamics of infection. It was shown that if the
basic reproductive number Ry > 1, then the virus will spread and persist within its cellular
population, whereas if Ry < 1, then the virus will not spread. They have also shown
the importance of immune responses to control infection. Wang and Liu [41] proposed
a class of delayed viral models with saturation infection rate and immune response. In
their models, they considered the CTL response (which kills infected cells) and antibody
response (which facilitates removal of viruses) separately to study the analytical behavior
of systems. Roy et al. [29] studied the effect of CTL immune response on the dynamics of
infected CD4 T cells, virus producing CD4™" T cells, and virus by introducing a positive
feedback parameters in the model. They also investigated an optimal control therapy using
reverse transcriptase inhibitors (RTIs) that block new infection. Further, Dubey et al. [6]
generalized the discussed model (1) by considering the effect of appropriate immune
response on the infected cells and suggested that under some sufficient conditions, the
number of uninfected cells can be maintained at an appropriate level. Hattaf et al. [13]
studied the spread and transmission of HIV infection via: (i) virus-to-cell infection, and
(ii) cell-to-cell transmission together with the adaptive immune response, which provides
better understanding of HIV infection.

1.2.2  Inclusion of awareness and treatment

The spread of infectious diseases, especially, virus mediated may be controlled by provid-
ing appropriate awareness about the infection through media [21,22,30] and by treatment
with appropriate therapeutic drugs [5]. Researchers have paid attention to drug therapy
or treatment (cure) of targeted cells in virus dynamics models [11, 14-16, 20, 33-35, 40,
43]. Liu et al. [20] developed an HIV pathogenesis dynamics model considering cure
rate. They incorporated the full logistic proliferation term for uninfected cells as well as
infected cells in the model. In this study, they obtained a critical number (the smallest
virus number released by per infected CD4" T cells) and have shown that this critical
number increases with increase in cure rate and observed that the HIV infection can be
controlled by increasing cure rate.

Hattaf et al. [12, 14] proposed and analyzed a virus dynamics model with general
incidence rate and linear cure rate of the infected cells to uninfected cells. They have
shown that the virus can be cleared and the disease dies out if the basic reproduction
number is less than one. The model and results in [14] were further extended by Tian and
Liu [35]. Gumel and Moghadas [11] studied the role of antiretroviral therapy in control-
ling the HIV infection. They investigated the immunological and therapeutic control of
HIV and found the optimal level of antiretroviral therapy to eradicate HIV. Recently, Hill
et al. [16] summarized that viral dynamics models have provided many important insights
into dynamics of infection and have been extensively used to characterize the response of
HIV to antiretroviral therapy. They addressed the important questions about the treatment
and immunotherapy. For example, what is the efficacy of antiretroviral drugs, and how
does antiretroviral efficacy influence treatment outcomes?

It is noticed that the above models focused on the cure of infected cells, while the cure
or killing (via therapeutic drugs) of free virus is equally important to reduce the count of
infected cells resulting in reduction of infection.

https://www.journals.vu.lt/nonlinear-analysis
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Considering the above points in view, we propose a five-dimensional virus dynamics
model with saturated infection rate and immune response with treatment of infected cells
as well as free virus. The main aim of this paper is to study the control of the replication
of infected cells and free virus by considering immune response (innate, cellular and
humoral) and appropriate treatment for both; the infected cells and free virus.

2 The mathematical model

It is reported in the virus dynamics models (see [10, 15, 16,23,25,27,28,39]) that upon
infection, a fraction of infected cells may be in latent state and thus do not take part in
producing virus. However, latently infected cells become active upon stimulation and then
join the other group of actively virus producing infected cells. In order to understand the
interaction between uninfected cells (z(t)), productively infected cells (y;(t)), latently
infected cells (y2(t)), virus (v(t)), and total immune response (z(t)) during treatment of
both (productively infected cells and virus), we propose a mathematical model consisting
of 5 ordinary differential equations

dx axv

= N = ox —

dt 0¥ 14+ a0’
dyq qarv
— = -4 — -0

& Traw 0w + By2 — ny1z — by,
dys (1 —q)azv
=72 AN P Sy — (2
ar 1+ oo 1y2 — By2,

d

d—;} = ky1 — kov — vz — O5v,

dz

KT HeE + tiy1z + povz,

x(0) > 0, y1(0) = 0, y2(0) > 0, v(0) > 0, 2(0) > 0. In most of the previous work,
it has been observed that immune response increases either due to infected cells (CTL
immune response) [24,37,38] or virus (humoral immunity [18]). In this study, we assume
that the immune response increases due to infected cells as well as virus (as considered
in our previous study [4, 7, 8]). Keeping the above aspects in view, the virus dynamics
can be governed by system (2) of five ordinary differential equations. The interaction
of subpopulations can be visualized from schematic diagram of model (2) (Fig. 1). Here
x(t), y1(t), y2(t), v(t), and z(t) represent the uninfected cells, productively infected cells,
latently infected cells, free virus, and total immune response, respectively. Uninfected
cells grow from the sources inside the body (thymus) at rate constant A and die out at rate
dpx. As shown in our previous work [4], the infection rate f(t) = ax(¢)v(t) increases
linearly with = or with v, which may not be realistic in real life. If we take the saturated

incidence rate
axv

t) = ———
F) = o
then it gives a rich dynamics of the system [4, 18,32,39]. Thus, we considered that free
virus infects uninfected cells at saturated infection rate, which is given by Holling type II

a>0,a; =20,
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Figure 1. Schematic diagram of model (2). A mathematical model of viral dynamics augmented to include the
total immune response (IR) during treatment of productively infected cells and free virus. Uninfected cells z,
which proliferate at influx rate A and die at rate dg, get infected at rate v (dotted curved arrow) and divided
into two types of infected cells: productively infected cells y; with fraction g and latently infected cells yo with
fraction 1 — g. Both type of infected cells loss at rate 61, and latently infected cells get activated at rate 3.
Productively infected cells produce virions v at rate k. The total immune response z proliferates with innate
immune response at rate 1 and stimulates with CTL-mediated immune response (dashed elbow connector) at
rate 11 via productively infected cells and with humoral immune response (dashed elbow connector) at rate p2
via virus and depletes at rate 9. Productively infected cells and virus are cured or killed via drug at rates 61 and
02, respectively, and are killed by CTL-mediated and humoral immune response at the rates «y; and =y (dotted
curved lines), respectively. Virus is cleared at rate kq.

functional response (axv/(1 + ayv), where « and «v; are positive constants) [4, 18]. We
also considered two states of infected cells [23, 39]: virus producing state (y;), in this
state, infected cells produce new virions; latently infected state (y2), in this state, infected
cells do not contribute in producing new virions, but can be reactivated to produce new
virions. The probability that upon infection, a cell enters to the virus producing state is
given by ¢, and 1 — q is the probability that upon infection, a cell enters to the latently
infected state, and d; notates the loss rate constant of these infected cells. The latently
infected cells are getting reactivated at the rate constant 5 and join the virus producing
infected cells to contribute in production of virus. Free virions are produced via lysis of
productively infected cells at the rate constant k and get cleared from the body with the
rate constant ky. We assumed that y is the innate immune response of the body. When
virus enters into the body and targets the uninfected cells to infect them, then the infected
cell-specific lymphocytes (cellular immunity) proliferate at rate p;y;2, and the virus-
specific lymphocytes (humoral immunity) proliferate at rate povz. The corresponding
decrease in the number of productively infected cells and virus is given by rates v, y; z and
vovz, respectively. The immune response decays at the rate ppz due to natural factors.
It is assumed that the productively infected cells and free virus are killed or removed
with the rates 1y; and fv due to therapeutic drugs. In modeling, it has been assumed
that drug acts on the productively infected cells by killing these cells or inducing these

https://www.journals.vu.lt/nonlinear-analysis


https://www.journals.vu.lt/nonlinear-analysis

Viral-host interaction with treatment and immune response 683

cells to suicide by programmed cell death (PCD) or apoptosis. They do not re-enter the
susceptible category as they are eliminated from the system. Total removal of virus from
within cell to make it normal is not biologically possible, thus can not enter the susceptible
class.

Remark 1. In the absence of immune response (¢ = 0) and drug therapy (6, = 62 = 0),
model (2) reduces to the model proposed in [39].

In the next section, we show that all the solutions of system (2) are positively invariant
and bounded.

3 Boundedness and positivity of solutions of model (2)

In order to see the well-posedness of the model, from the first equation of model (2) we
note that dz/dt > —[dg + av/(1 4+ ayv)]x, which gives

2(t) = 2(0) exp [—/t (50 n m) ds] .

0
Similarly, from other four equations we obtain

t

y1(t) = y1(0) exp l—/ (61 +712(s) + 61) ds} ,
0

Y2(t) = y2(0) exp [— /(51 +B) d81 ,
0

v(t) = v(0) exp [—/ (ko + v22(s) + 62) ds] ,
0

z(t) = 2(0) exp [/ (11y1(s) + pov(s) — po) dS] :
0
Thus, we state the following Lemma.
Lemma 1. Ifz(0) > 0, y1(0) > 0, y2(0) > 0, v(0) > 0, and z(0) > 0, then all solutions
of model (2) are positive.

Now, in order to see the boundedness and invariance of system (2), from the first
equation of model (2) we have & < A — dgz. Using elementary calculus, we get that
limsup,_, ., (t) < A/do. Further, & + 41 + 2 < A — d(x + y1 + y2), where § =
min{dy, 41 }. This implies

| >

limsup (z(t) + y1(t) + y2(t)) <

t—o0
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Again, we have 0 = ky; — kov — yavz — Ov < kA/§ — (ko + 02)v. This implies that

I ) < kA o
Jim supv ) < m =: Upp.
Now let L = (u1/71)y1 + (p2/72)v + z. Differentiating L along all the solutions of
system (2), we get
. k
j = pacav B opek L
Nnl+av)  m V2

— By 4+ 00)y1 — P2 (o + 02)0 — o
Y1 Y2

< Hm — 6mLa
where
X)) A k
Hm = g = < <,U1ﬂ + ,U2> + u,
Mol +ovy) I\ m Y2
and

5m = mln{§ + 91, ]{30 + 92, [}Jo}

This implies that
Hm
Om

Furthermore, & < 0if x > X/dg, 41 < 0ify1 > A/d, 42 < 0ifyo > N\/6, 0 < Oif
vV > Uy, and L<0if L > i /Om. This shows that solutions of system (2) point towards
the region {2 defined in Lemma (1). Hence {2 is positively invariant, and solutions of
system (2) are bounded. Thus, we can state the following lemma.

i <
tgrgo sup L(t) <

Lemma 2. The set 2 = {(z,y1,92,v,2) ERL: 0 <z +y1 +y2 < A/5, 0 < v < vy,
0 < z < ptm/0m } is positively invariant region of system (2).

This proves that the model is biologically well behaved.

In the next section, first we find equilibrium points of system (2). Then determine the
basic reproduction number of system (2). Afterwards, the local and global stability of the
equilibrium points has been studied.

4 Stability analysis of model (2)

From model (2) it is clear that the system has two nonnegative equilibria:

(i) Virus-free equilibrium (VFE) Ey(zo, 0,0, 0, zo), the point where infection is not
present,

(ii) Interior equilibrium (IE) Ey(x*, yT, y5, v*, 2*), the equilibrium point where in-
fection persists.

VFE is trivial and given by Ey(x,0,0,0,29) = E¢(A/d0,0,0,0, 1t/ o).

https://www.journals.vu.lt/nonlinear-analysis
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We use the next generation operator method [3,36] to determine the basic reproduction
number. We are considering y1, y2, and v to be the infection compartments. Let X =
(y1,v2,v)T, F1(X) is the nonnegative infection matrix (gain in infection terms), and
V1(X) (the matrix for transfer terms between compartments) associated with system (2).
Then we can rewrite system (2) as

X = Fi(X) - Vi(X),

where
= 4 (1501t
Fi(X)= 0 and  Vi(X) = | (01 + B)yz — U5Loee
0 (ko + 02 + y22)v — ky1

The Jacobian of matrices F (X) and V; (X) evaluated at VFE; Ey(\/d0,0,0,0, i/ o) is
given by

0 B 9 51+91+’Y1ﬁ 0 0
0
Fr=10 0 0 and 1V = 0 5+ 8 _%
000 —k 0 ko+0+ 2t

Then p(Fy Vl_l) gives the spectral radius (largest eigenvalue) of the next generation
matrix (F1V1_1 as defined in [36]. Thus,

ak(gdy + B)
(01 + B)do (01 + 01 + %)(ko + 0y + %)7

where R; is the basic reproduction number in the presence of immune response. This can
be defined as the average number of newly infected cells produced by single infected cell
when introduced into a completely susceptible cells. It is apparent from the expression of
the basic reproductive ratio (Ry) that it decreases with the increase in therapeutic drug (for
both infected cells and virus) as well as with the improvement of immune response. In
the present model, we consider immune response, so the given basic reproduction number
is determined in the presence of immune response. Further, we can state the following
theorem using the above results and Theorem 2 of [36].

Ry =p(FVih) =

Theorem 1. The virus-free equilibrium Ey is locally asymptotically stable if Ry < 1,
and unstable if Ry > 1.

Local stability of virus-free equilibrium shows that the infection will die out if basic
reproduction number is less than one and infection will further go on if basic reproduction
number is more than one. To ensure that the virus-free equilibrium is independent of
initial concentration of cells, there is a need to study the global stability, which is shown
in the next theorem.

Theorem 2. The virus-free equilibrium Ey is globally asymptotically stable if Ry < 1.
Proof. Let us define the following Lyapunov function:
o1 +61+m #LO

A .

L=y + Y2 +

B
o1+
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Taking the derivative of L along all the solutions of model (2), we get

51 + B)azv (01 + 01 + 1) (ko + 02 + 122)

L _ |: (q 1 ﬁ) _ Mo v — 'Ylylz + Mryly1:|
(61 + B)(1 + aqv) k to
[(q51 + B)azv (01 + 01 +y14) (ko + 02 + 722) m ]

— UV —Y1Y1z + —71Y1|-
o+ k Ho

From VFE equation, z = zo = A\/dp, and z = 2o = /o we have

. < |:(q51+ﬂ)0é>\ . (51 +01 +71/ZJ)(]€0+02+72}Z)):|U
do(01 + B) A

R; < 1implies that

(q61 + B)a < (01 + 61 + 71 75) (ko + 02 +72555)
do(01 + B) k ,

therefore, we obtain that L < 0if Ry < 1. Since the largest invariant set in {(z, y1, yo,
v,z) € £2: L = 0} is the singleton set { E }, by LaSalle’s invariance principle [19] this
implies that Ej is globally asymptotically stable. O

Biologically, this theorem depicts that infection is cleared from the body if the av-
erage number of newly infected cells is less than one, which is independent of initial
concentration of cells.

4.1 Existence of interior equilibrium E; (x*, y7,y3,v*, 2*)

Equating equations of system (2) to zero, we note that z*, yj, y5, v*, and z* are the
positive solutions of the following algebraic equations:

axv

A — 0oz — =0 3
0T T+ a0 ) 3)
axv
1q — 011 — MYz + By — by = 0, 4)
+ aqv
(1—q)azv
— Siyy — =0 5
T oo 1Y2 — By2 = 0, &)
ky1 — kov — yvz — B0 = 0, (6)
B foz + piy1z + povz = 0. (7

After solving equations (3), (5), (6), we get

5o+ (oon tayw’ N Fo 0 T GiB) Got (Goan+a)o)
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Now, substituting these values of x, y1, y2 in equations (4) and (7), we get the following
equations:

k 0
M1]:2vz2+ (“1(0];'2)4_,”2)@2_”024_“:07 (8)
alk(qdy +
17222 4+ Bz + (61 + 01) (ko + 02) — (4 + 5) =0,

(51 + ﬂ)(éo + (500&1 + OL)U)

where B = (51 + 01)’)/2 + (ko + 92)’}/1 > 0.
We solve equations (8) and (9) using isocline method. Let us consider

k
fa(z,v) = y1722% + Bz + (61 + 61) (ko + 62)
ark(gdi + B)

T BB+ o ) (n

From equation (10) we note the following:

ko + 0
filz,v) = B0 4 (’”(02) wz)vz —poz+p=0,  (10)

(i) Whenv =0, z = p/ 19 =: 21.
(ii) When v — oo, we have either z = 0 or z = —(u1 (ko + 02) + u2k)/(p17y2).

(iii) dz _ 9A/0v _ 17222 + (1 (ko + 02) + pok)z

dv  9fi/0z  (2mez + pak)v + (1 (ko + 02)v — pok)”
Then dz/dv <0 if A> pod/ 141, which is trivial from the persitence theory (see Lemma 2).
This implies that z is decreasing function of v. Now, from equation (11) we note the
following:
(1) When v = 0, we have

ak(qor + )
(01 + B)do

which gives z = (—B++v/ B2 — 4AC)/(2A) =: 29, where A = y17y2, B = (61 +61)v2+
(ko + 62)y1,and C = ((51 + 91)(k‘0 + 92) — a)\k(q(51 + ﬂ)/(((sl + ,8)(50)

The above polynomial (12) has unique positive root if C' < 0, i.e. if Ry > 1, where
Ry = (aXk(gd1 + B)) /(01 + 8)d0 (01 + 61) (ko + 02)) is the basic reproduction number
in the absence of immune response, which is computed in Section 5.

(i) Now, when z = 0, in equation (11), we have

o ( aAk(gd1 + B) s ) 9o
~ dpaq + a\ (61 + B) (61 + 01) (ko + 62)

which is positive if Ry > 1.

V17222 4+ Bz + (61 + 01) (ko + 62) — =0, (12)

v

oAk (g0 +8) (8001 +a)
(i) dz  0f2/0v  G.18)GotBoarta)u)?

a N _8f2/8z n 2’}/1’)/22’ +B
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The above analysis shows that the two isoclines (10) and (11) intersects each other
in the positive quadrant if zo > z;, i.e. Ry > 1. Thus, the interior equilibrium exists
if Ry > 1. This shows that if the number of newly infected cells produced by a single
infected cell when all other cells are healthy is more than one, then infection persists and
interior equilibrium exists.

4.2 Analysisat Ry =1

To study the behaviour of the equilibrium points at R; = 1, we use the center manifold
theorem [2] as, at Ry = 1, linearization has a simple zero eigenvalue, hence linearization
is inconclusive [31]. We made following assumptions to apply center manifold theorem
to system (2).

Letz = 21, y1 = X2, Y2 = X3, v = T4, and z = x5, then system (2) can be rewrite as

1:1:)\—50251—7—

. qorT
Xo = % — 0129 + Brs — Y1X2T5 — 0122 = fo,
+ 124
. 1—-q)axizy (13)
Ty = (L —(51(E3 _BxS = f3a
1+ ajxy

L4 = kxo — koxg — Yoxaxs — 0214 = fu,

Ty = [ — PoTs5 + U1T2T5 + H2TaTs = fs.

At Ry = 1, we have « as bifurcation parameter, and this is given by

(01 + B)d0(01 + 01 + L&) (ko + 02 + 222)
Nk (g01 + B) '

a=0 =

The linearization of the above system (13) at Fy and for « = o™ gives one simple zero
eigenvalue, and other eigenvalues have negative real part, so central manifold theory was
applied. We find the right eigenvector « of the Jacobian matrix at Ey, and o = o*
corresponding to the zero eigenvalue, which is given by u = [uy, us, us3, u4, us) T, where
U, = —OZ*ZL‘()/(so, Uy = (ko + 0y + ’7220)/]6, Uz = (1 - q)a*xo/éo, U = 1, ug =
(z0(u1 (ko + 02 + Y220) + p2k))/k. The Jacobian matrix at Ey and o« = «* has a left
eigenvector w = [wy,ws, ws, Wy, ws], where wy = 0, we = 1, wy = /(51 + B),
wy = (01 + 61 + v120)/k, ws = 0. Further, the associated nonzero partial derivatives of
the functions associated with system (13) at VFE Ej and o = o* are:

Pfa  Pfy o Pfr et Pfa  Pfy _
Ox10xs  Ox Oxy el or? 9o oo, 0xo0xs  Orsdry T
Pfs  OPfs " Pfs x
010z,  Ox40r1 (I =q)a’, or? —2(1 = g)a”enzo,
Pfe  Pfr B Pfr - Pfs (1-g)
0r, 0y Orsdry 125 Oz 00 4o, Oz, 00 xo-
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Figure 2. Plot of free virus versus basic reproduction number R;.

From Theorem 4.1 of [2] the bifurcation constants a and b are given by

0 fi
Z v s (Eo)
J

k,,j=1

@1 +68 *
— —m(a + 20001 ) Tp — WallaUsY) — WaULUSY2-

For the given values of wy’s, k = 2, 3,4, and u;, u;’s, 4,5 = 1,2,3,4,5, a < 0, and

b= Z wkula D *(E ) = wa(usqro) + w3 (us(l — q)zo) = @+ Bao

k,i=1 61 + 6
Thus, from Theorem 4.1(iv) of [2] we conclude the following result.

Theorem 3. At R =1, virus-free equilibrium changes its stability from stable to unstable,
which shows that system (2) exhibits a transcritical bifurcation at Ry = 1 (Fig. 2).

In Fig. 2, we plotted the V' component of the steady states against R;. When R; < 1,
only E exists and is stable, and as R crosses 1, i.e. when R; becomes greater than 1,
a transcritical bifurcation of steady state Fy occurs, and £ becomes unstable, while £y
comes into existence.

In the next theorem, we show that F; is locally asymptotically stable under certain
conditions.

Theorem 4. The interior equilibrium Eq(x*,y7, 3, v*, 2*) is locally asymptotically sta-
ble in Ri’r if the following inequalities hold true:

Bav*z* < 20(1 + agv™), (14)

(ugk Hiqoxr* )2 lmlugp(ko + 02 + 722%) (15)
720" myi(l+ onvr)? 1 Y172y v ’

32022 30* < ey oz (ko + 02 + y22%) (1 + agv™)?, (16)
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where

. [ 12 (1+ av*)?Py; 12*P(81 + B8)’ 1y
¢4 < ming - 55 525
3 wrrzrqalv* 3 A\urz*(l—q)2p

}, P=061+0+m2".

Proof. Let X =z —a*, Y1 =y -y, Yo=y2—1y5,V=v—v'and Z =z — 2% be
the small perturbations about the interior equilibrium F. Using the above new variables,
we linearize system (2) around the interior equilibrium F. Then, in the linear model, we
consider the following positive definite function:

1 1 1 1 1
Wy = 5X2 + 501Y12 + 5CQYQQ + §c3v2 + §C4Z2,
where ¢y, ¢, c3, and ¢4 are positive constants to be chosen suitably.

Now differentiating 1W; with respect to time ¢ along the solutions of linearized version
of model (2), a little algebraic manipulation yields

. 1 1 1 1
Wi = —§a11X2 + a2 XY) — 50223/12 ——anX?+apXYs — §a33Y22

2
1 2 1 s 1 2 1 2
- ianX +ap XV — 5044‘/ - §a22Y1 + a3Y1Ys — 5(1333/2
1 2 1 s 1 2 1 2
— 5@22}/1 =+ a24Y1V — 5@44‘/ — 5&221/1 + CL25Y1Z — 5@552
1 2 1 9 1 2 1 2
- 561333/2 + azs YoV — 5a44V - §a44V +assVZ— 50552 ,
where
2 A 1 2 1
an=g-o, = §C1P7 azz = 502(51 +3), a4 = 503(k0+92+722*)»
] c1gav® co(l—q)av* az*
a = C4— a = — a = — a P —
55 42’*’ 12 1+(11U*7 13 1+CM1'U* ) 14 (1—"-0[11}*)27
c1qazx* . N
= - Hm k — _
ass =13, az (I+av+)2 + ek, Qa25 = C4p1% C171Y1,
ca(1—q)ax* . .
a34 = ———— 5 A45 = C4ll22 — C3720 .

(1+aqv*)?”’

Sufficient conditions for W to be negative definite are given as follows:

2 2 2

ais < aijass, ayz < aijass, ayy < a11044, (17)
2 2 2

a33 < a22a33, a3y < A22044, a5 < A22055, (18)
2 2

a3y < a33044, ays < A44055. (19)

By choosing ¢; = cqpi12* /(v1y7) and c3 = cqpaz* /(y2v*) we note that conditions (18)3
and (19); are satisfied. Let us choose c2 = z* (01 + 3)/((1—¢)?)), then conditions (17)3
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and (19); are equivalent, and we see that (16) = (17)3 and (19);. Further, if we choose
¢4 in such a manner that it satisfies the inequality

1l +a10")2Py; 12 P(8y + B)*nyi }

c4 < min ,
4 {3 pmzrz*q2av*? 73 Azt (1 — q)?82

then conditions (17); and (18); are correspondingly satisfied. Further, we note that (14)
= (17)2 and (15) = (18)3. Hence the theorem follows. ]

In the next theorem, we are able to find sufficient conditions for E; to be globally
asymptotically stable.

Theorem 5. Let the following inequalities hold in the interior of the positive orthant {2:

Bav*z* < 20(1 + ayv™), (20)
pok piqox” 2 1 papaP(ko + 02+ 722%)
: < - . : 2n
Yv* -y (14 agv*) 4 Y172y v*
211 Y5 < pm” P, (22)
2pi2Y2 V" < 16 (Ko + 02 + 722", (23)
3120 N2 0" < mupaz” (ko + 02 +7227)80 % (1 + agv*)?, 24)

where

1 Ay P(1 m)2 1a*P(§ 2myt
my < ming = Ny P( ;H;qu) ,*m G +5) Zly;
3 xrzrq*alu,, 3 Az (1 —q)?p

Then Eq(x*,y7,ys, v, 2*) is globally asymptotically stable with respect to all solutions
in the interior of the positive orthant (2.

Proof. We consider the following positive definite function about F:

1 m m m
Wo = g(o—a")? + S — i) + (2= 43)° + 5 (0 —v")* +

My
: : (s —2)2,

2

where m1, ma, ms, and my are positive constants to be chosen suitably.
Now differentiating W5 with respect to time ¢ along the solutions of model (2), we get

. 1 1
Wy = —§b11(33 —a*)? +bio(w — ") (y1 — ¥}) — §b22(y1 —y7)?
1

1
- 5511(1‘ —a*)? +bis(x — 2%)(y2 — v3) — 5533(192 —y3)?
1 1

— —by(x— ) + bz —2*) (v —v*) — 51)44(11 —v*)?

2
1 *\2 * * 1 *\2
- 51722(1!1 — 1) +bas(yr — 1) (y2 —y5) — 5533(312 —Y5)
1 1
- §b22(y1 — 1) + boalyr — y) (v —v*) — 5544(1} —v*)?
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1 1
- §b22(y1 — Y1) +bas(yr — yi)(z — 2%) — 5555(2 —-2*)?

1 1
— gbss(y2 = 92)* + bsalye — y3)(v — ") — Sbaa(v —v")?
1 1

- 5()44(11 — ") 4 bys(v —v*) (2 — %) — §b55(z — 2*)2,

where

2 A 1 2 1 .
b1 = 35 bao = —m1 P, b3z = zma(61+5), baa = zms(ko+02+722"),

x*’ 2 3 2
1 miqav ma(1 — q)aw*
bss = myg— big = b = — 22—
55 my Z*v 12 1+041'U, 13 1 + O{lU*
azx myqax*
by = — , bag = m1fB, bog = +msk,
14 (I+av*)(1+aqv) 2 1 T A+ (Itagw) 0
b b ma(l—q)ax b
=mgz—m ) 34 = , = M2z — M3Y20.
25 441 171Y1 34 (1+ar0")(1+ar0) 45 442 372

Sufficient conditions for W5 to be negative definite are given as follows:

b2, < byibgo, b2 < bi1bss, b2, < b11baa, (25)
b2, < bogbss, b2, < basbuy, b2 < boobss, (26)
b2, < bazbas, b3 < basbss. (27)
Let us choose
— m4,ulz*’ g — z* (0, +ﬁ)’ and s = m4N2Z*.
MYi (1—q)2A You*

Then we note that for chosen value of my4, conditions (25); and (26); are correspondingly
satisfied. Further, (20) = (25)2, (21) = (26)2, (22) = (26)3, (23) = (27)2, (24) = (25)3
and (27);. Hence the theorem follows. O

Theorem 5 shows that by decreasing o and by increasing 6, and 69, appropriately,
conditions (20)—(24) may be satisfied. This shows that stability of the system increases by
decreasing the infection rate of uninfected cells and by increasing the treatment rates of
infected cells and virus at some appropriate levels.

5 A special case of model (2) without immune response

In the absence of immune response, model (2) reduces to the following model:

dx QX dy1 qaxv

— = A=z — — = -0 -0

dt 0T + av’ dt 14 aqv 1w+ Bye Ly 28)
d 1—qg)axv dv
W2 _ U= gazv 01y2 — Bya, = kyy — kov — Oav.

de 14+ aqv dt
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Similar to model (2), this model (28) also exhibits two equilibria: (i) the virus-free
equilibrium (VFE) eg(A/dg, 0,0, 0) and (ii) the interior equilibrium (IE) e1(Z, g1, ¥2, V).

Using next generation operator method, as discussed in the previous section, the
basic reproduction number Ry can be computed, and we note that Ry is given by Ry =

ak(qdr + B)/((61 + B)do(01 + 61) (ko + 02)).
Under the similar analysis as done in the previous sections, one can prove the follow-
ing theorem easily.

Theorem 6.

(1) The virus-free equilibrium eq is locally asymptotically stable if Ry < 1, and eq
is unstable if Ry > 1.
(ii) The virus-free equilibrium e is globally asymptotically stable in 2 if Ry < 1.
(iii) Model (28) exhibits a transcritical bifurcation at Ry = 1.

5.1 Existence of interior equilibrium e, (Z, g1, Y2, 7)

In case of interior equilibrium e; (Z, 41, 2, U), we note that Z, g1, y2 and v are given by

)\<1+041’17) - k0+92qj - (1—(])0&)@
dot Goar +a)o T T Y TGI8 + (doar + a)d)’

5= 1 ( a/\k(q51 + ﬁ) _6 >
T doar +a\ (61 +B) (61 +01) (ko +02) )

xr =

It is clear that ¥ is positive if Ry = aAk(gd1 + B)/(d0(61 + B)(d1 + 01)(ko + 62)) > 1.
This shows that the interior equilibrium in absence of immune response exists if Ry > 1.
The stability behaviour of the interior equilibrium e; can be studied in a similar manner
as done in the previous section.

By comparing Ry and R; we note that Ry < Ry. This shows that rate of infection
will be slow in the presence of immune response.

6 Simulation results

In this section, we present the numerical simulation results to elucidate the analytical
findings. MatLab 7.10 and Mathematica 7.0 are used for simulation purposes.

6.1 Global stability and phase plane analysis of the subsystem

We note that the interior equilibrium E4 (z*, y7, y5,v*, 2*) exists for the set of values of
parameters given in Table 1, and (z*, yT, y5,v*, 2*) are given as follows: x* = 948.6799,
yi = 1.2014, y5 = 0.5565, v* = 0.2357, and z* = 0.1260.

We observe that all conditions given in Theorems 4 and 5 are satisfied. This shows that
FE is locally as well as globally asymptotically stable for the set of values of parameters
in Table 1.
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Table 1. Description of parameters (units) used in model (2) and their values.

Parameters (units)  Description Values Source
X (mm—3d—1) Influx rate constant of z(t) 10 [4,33,34]
do (d™ 1) Death rate constant of z(t) 0.01 [4,33,34]
81 (d™H Loss rate constant of y1 (¢) and y2(¢) 0.015 [33,34]
kb Viral production rate constant 0.08 -
ko (d—1) Clearance rate constant of v(t) 0.02 -
o (mm~3d~1) Infection rate constant 0.005 -
o1 (mm—3d—1) Inhibition rate constant to infection 5 -
y1 d™h Killing rate constant of y; (¢) by CTL IR 0.2 -
2 (d™1) Killing rate constant of v(¢) by humoral IR 0.3 -
pd™h Source rate of IR 0.25 -
1o danh Depletion rate constant of IR 2 -
p1 (d™ Ly Activation rate constant of CTL IR 0.0035 -
po (d™ Ly Activation rate constant of humoral IR 0.052 -
B@1 Activation rate constant of y2 () 0.4 -
A1 d™Y) Drug effectiveness for y1 (¢) 0.38 -
A2 (d™1) Drug effectiveness for v(t) 0.35 -
q Probability of infected cell joining y1 0.55 [25]
@ (b)

15

0 0
800 900 1000 1100 800 900 1000 1100

0 0
800 900 1000 1100 800 900 1000 1100
X X

Figure 3. Global stability of the subsystem.

The phase plane analysis of the subsystem of model (2) in the xy;-, zys-, xv-, and
xz-planes are shown in Fig. 3. From these figure we note that all the trajectories initi-
ating from different initial values converge to the same equilibrium point. The initial
values are shown in the legend can be read as IVl — [800,2,1,0.2,0.04], IV2 —
[1100,2.5,0.5,0.3,0.03], IV3 — [920, 3,1.5,0.04,0.05], and IV4 — [850,0.05,0.2,
0.05, 0.01]. Since the system is globally asymptotically stable, therefore it is independent
of initial status of the subpopulations.
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6.2 Effect of saturated transmission rate on uninfected cells and productively in-
fected cells

Figures 4(a) and 4(b) represent the effect of « on uninfected cells and productively in-
fected cells, respectively. We observe that the concentration of uninfected cells is high
(Fig. 4(a)) and that of productively infected cells is low (at zero level) for & = 0.001
and, in this case, Ry = 0.4598 < 1. This shows that infection is no more at this stage.
Further, the number of uninfected cells decreases with increase in «, which is obvious for
real world scenarios when infection increases the number of uninfected or healthy cells
declines. In Fig. 4(b), the number of productively infected cells increases with increase in
infection rate «, which is also usual in real situations. Thus, infection can be controlled
by controlling the spread of infection within the cells with the help of immune response
and appropriate drugs. Figures 4(c) and 4(d) show the effect of «;, whereas a; changes
reversibly with infection rate. In Fig. 4(c), we observe oscillations for small value of
a1 = 0.005. In the expression for infection rate, when a; approaches zero, then this
infection rate term axzv/(1 + ayv) becomes bilinear, which is not realistic in case of
large number of productively infected cells. It may be noted that behavior of productively
infected cells is complementary to the behavior of uninfected cells, so similar explanation
can be given for the oscillations in Fig. 4(d).

6.3 Effect of treatment and immune response on productively infected cells and
free virus

The effect of therapeutic drugs 6, and 05 given to productively infected cells y; and free
virus v are shown in Figs. 5(a) and 5(b), respectively. From these figures it follows that

(b)

w
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— g 2%
2 800} 8 100 byt
[ - [ ] o = 0.
g 600 :'E 80! " a=0.05
£ '. > 60{1 | == -a=0.5
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c ' © p
> 2007, 8 20ftmmimime
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Figure 4. Effect of @ and c1 on uninfected cells (x) and productively infected cells (y1), respectively.
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Figure 5. Effect of 61 on productively infected cells y; and effect of 2 on free virus v, respectively.
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Figure 6. Effect of 1, p1, p2 on productively infected cells (y1) and free virus (v), respectively.

in the absence of treatment (f; = 62 = 0), the number of productively infected cells
and free virus are high. As efficacy of therapeutic drugs #; and 5 increases, the number
of productively infected cells and free virus decreases and settles down at their respective
equilibrium levels. This highlights the efficacy of the drug in controlling the concentration
of productively infected cells and free virus, respectively.

Figures 6(a) and 6(b) show that when immune response is not present, then trajectories
settle at higher concentration of productively infected cells and free virus, while the
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Figure 7. Variation of therapeutic drugs 61 and 62 on R;.

concentration of the productively infected cells and free virus decreases with increase
in immune response (1) and approaches to zero for higher values of p. In Figs. 6(c)
and 6(d), the trajectories settle at high level for y; = 0, and for higher values of 1,
these trajectories are settled down at lower concentration of productively infected cells
and free virus, but not approaching to zero as py is the increase in immune response
due to stimulation from productively infected cells. Similar explanation can be given
for Figs. 6(e) and 6(f), where s is the increase in immune response due to stimulation
from free virus. It is interesting to note that if immune responses are at high levels, then
productively infected cells and free virus can be brought back to zero level with adequate
drugs, and thus, the infection may lead to reduction in viral load.

6.4 Variation of reproduction number

In the last figure (Fig. 7), we have shown the variation of R; with respect to therapeutic
drugs given to productively infected cells (6;) and virus (62), respectively. We observe
that for the less values of the therapeutic drug given to the productively infected cells
(#1 = 0.15) and that of viruses (f; = 0.3), the corresponding value of Ry is 5. It is
apparent from Fig. 7 that if we increase the amount of therapeutic drug given to the
productively infected cells (¢; = 1) and virus (f; = 1.1), the corresponding value of
Ry decreases, i.e. Ry = 0.5. This emphasize that combination of therapy is useful in
reducing the viral load and, ultimately, to lower the infection.

7 Conclusions

In this paper, we constructed a virus dynamics model to understand the viral-host interac-
tion and elucidate the effect of total immune response (innate, CTL, and humoral) together
with the treatment given to the free virus as well as the productively infected cells. The
model is comprised of 5-state variables, that is, uninfected cells, productively infected
cells, latently infected cells, free virus, and total immune response. We performed stability
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analysis of the model and observed that there exists two nonnegative equilibria: virus-free
equilibrium (VFE, no persistent of virus) and interior equilibrium (IE, persistent of virus).
From the global stability analysis of the virus-free equilibrium (VFE) it is depicted that
the clearance of virus from the body is independent of initial status of subpopulations
(Theorem 2). From the analysis of the model at Ry = 1 it is observed that VFE loses
its stability from the stable state to unstable state, which gives birth to the transcritical
bifurcation (Fig. 2), and the interior equilibrium exists for Ry > 1.

Simulation results show that the saturated infection rate gives realistic dynamics of
transmission as bilinear infection rate leads to oscillatory behavior in subpopulations
(Figs. 4(c) and 4(d)). The reduction in infection rate and increment in the effectiveness of
therapy given to the productively infected cells and virus appropriately will lead to lower
the count of infection and viral load. It is also shown that the number of new infection can
be lowered via providing adequate treatment to both free virus and productively infected
cells (Fig. 7). However, virus dynamics models suggest that the infection will extinct once
the therapeutic drugs can target the latently infected cells, which lead to new infection
upon activation.

The model also provides the insights into the dynamics of viral infection in absence
of immune response. It is evident from the analysis of model (28) that the virus-free
equilibrium (VFE) is globally asymptotically stable if Ry < 1. The basic reproductive
number in absence of immune response R is greater than basic reproductive number in
the presence of immune response Ry, i.e. Ry > R;. This implies that in the presence of
immune response, the number of secondary infections will be less, which suggests that
infection may be eradicated if 7y < 1. From the expression of Rj it is observed that
the number of secondary infections decreases with the enhancement of immune response
and drug efficacy. This shows that R; may be made less than one by increasing drug
efficacy and improving the immune conditions. Thus, increase in treatment is effective in
controlling the number of productively infected cells and free viruses. In addition, action
of immune response also reduces the virus load. It has also been shown in Fig. 7 that the
reproduction number can be reduced by applying adequate combination of therapeutic
drugs, which helps in reduction of viral load.
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