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Abstract. In this manuscript, we have proposed and analyzed a differential equation model for HIV infection to
study the dynamics of three different populations: HIV-free CD4™ T cells, HIV-infected CD4™ T cells and free
virus of the model. In the model, we have incorporated fusion effect for HIV-free CD4™ T cell and free virus,
proliferation of HIV-free CD4™ T cells which follows a full logistic growth term and cure rate for HIV-infected
CD4™ T cells. Our main objective is to investigate the effects of fusion and cure rate on the dynamics of the model.
We have used next generation matrix method to calculate the basic reproduction number (Ry) for this proposed
model. Local stability of the existing equilibrium points is discussed using Routh-Hurwitz theorem. Also, in order
to establish the global stability criteria Lyapunov functional and geometric approach are used. From the analysis it
is found that if the basic reproduction number Ry < 1, HIV will be removed from the population of CD4™ T cells
and if Ry > 1, there exists chronic infection. Also, we have carried out numerical simulations in order to verify

the analytic results.
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1. INTRODUCTION

During the last decades, the mathematical theories have been used extensively to investi-
gate different viral infections like HIV, HBV, HCV, HTLV-1 and so on. Among these, human
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immunodeficiency virus (HIV) is one of the most studied viruses in the field of mathematical
theory of viral infections and researchers have developed a lots of mathematical models to in-
vestigate the in-host dynamics of HIV. Some of the main issues studied in the previous studies
are: the dynamics of the CD4™ T-cells [1, 2, 3], a type of lymphocytes that is mainly targeted by
HIV [4]; the dynamics of CD4™" T-cells and free virus with the effects of different inter-cellular
delays [5, 6]; different infection mechanisms and their consequences [7, 8]; different treatment
strategies to control infection with the effects of immune responses to the infection [9, 10].

In the year 2016, a generalized virus dynamics model was proposed by Hattaf and Yousfi
[11] in which they incorporated both virus-to-cell and cell-to-cell transmission processes along
with the cure rate. Mathematical analysis of the model was done and conditions for stability
of all existing equilibrium points of the model were carried out. Xua et al. [12] proposed a
model incorporating time delays and humoral immunity. From the analysis of the model, they
found that the global behaviour depends on the basic reproduction ratio of virus and immune
response. They also found that when basic reproduction ratio of immune response is greater
than one then the concentration of free virus is reduced by the immune response. In 2019,
Gupta and Dutta [13] proposed a model with the consideration that due to fusion effect a few
portion of HIV-free CD4™" T-cells and free virus get lossed during contact of HIV-free CD4 ™"
T cells and free virus. Also in [14], they incorporated fusion effect and used homotopy anal-
ysis method (HAM) to find analytic solutions of the model. In 2020, Geng et al. [26] studied
a delayed differential equation model incorporating both the virus-to-cell and cell-to-cell in-
fection processes along with proliferation of HIV-free and HIV-infected CD4™ T cells. They
established that destabilization of the infected equilibrium may occur due to time delays which
leads to the existence of Hopf bifurcation.

In their study, Gupta and Dutta [13, 14] considered constant inflow rate for HIV-free healthy
CD4* T cells which is an ideal situation as proliferation of existing CD4™1 T cells also leads
to the formation of new CD4™" T cells. So, we have proposed a more realistic mathematical
model for HIV infection incorporating fusion effect and cure rate in this study. The model
formulation and the basic properties of the model like non-negativity and boundedness of the
solutions are discussed in the section 2. Also, we have discussed the stability conditions of the
model in section 3. All the analytic results are verified numerically. Finally, the concluding

remarks from the overall study are included in section 4.
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2. MODEL FORMULATION

Here, we have formulated a model with the effect of fusion and cure rate to describe the in
host HIV dynamics which is inspired by the models in [13, 14]. Our model constitutes of three
populations: HIV-free CD4™" T cells, HIV-infected CD4™ T cells and free virus. Dynamics of

each compartment and the overall model are discussed below:

2.1. HIV-free CD4" T cells. As discussed earlier, CD4T T cells are main target of HIV.
To formulate the in-host HIV model, we divide the CD4™ T cells in to two catagories: HIV-
free CD4™ T cells x(¢), which are healthy T cells and HIV-infected CD4™ T cells y(r), which
are infected by HIV. Consider r is the rate at which HIV-free CD4" T-cells are produced from
different sources like precursors in bone marrow and thymus. In different earlier studies [11, 12,
13, 14], they considered only this assumption for production of virus-free CD4™" T cells. But,
from the literatures of Biology it is found that proliferation of existing T cells can also produce
new T cells and some researchers [15, 16, 17, 18, 19, 20] have already used a simplified logistic

term ax (1 —

) to describe this phenomenom. Considering that during the infection total
Xmax

T cell population is x + y, different researchers have used a full logistic term ax (1 — );+y)
in their works [20, 21, 22, 23, 24, 25] to describe this proliferation process. Here, a andm)ac;ax
are the proliferation rate and maximum carrying capacity of T cells respectively. —d;x is the
natural decay rate of HIV-free CD4™1 T cells. Therefore, the following equation represents

dynamics of virus-free CD4™ T cells when there is no HIV infection:

d
(2.1) —x:r—d1x+ax(1— al )
dt Xmax

If Bzx is the infection rate of HIV-free cells and fzx is the decay rate of HIV-free CD4" T
cells and free virus due to fusion effect. p is the cure rate of HIV-infected CD4™ T cells to
the HIV-free class. With all these considerations, the dynamics of the HIV-free CD4™1 T cells

during HIV infection can be expressed by the following differential equation:

X+y

d
2.2) —f:r—mx+m(1—

o )—fw—ﬁu+Py

Xmax

2.2. HIV-infected CD4" T cells. In addition to the assumptions discussed above, we con-

sider d is the natural death rate of HIV-infected CD4™" T cells. Then, dynamics of HIV-infected
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CDA4™" T can be described by the following differential equation:

d
(2.3) d—f = Bzx —dyy — py

2.3. Free Virus. In order to model the dynamics of free virus, we consider during the life-
time, an HIV-infected CD4™ T cell can produce N number of virus particles and natural clear-
ance rate of virions is denoted by d3. Then the dynamics of free virus can be represented by

the following equation:

d
2.4) d—f = Ndpy — dyz — fzx

2.4. The Overall Model. Combining all the above equations, our overall model is:

d +
a _ r—dyx+ax (1 . y) — fzx— Bzx+ py,
dt Xmax
d
2.5) = — por—day—py,
dz

=2 = Ndry —dzz — fzx.
o by —d3z— fax

FIGURE 1. Pictorial representation of the model, where Ry = r +

( x+y)
ax|1——=].
Xmax
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2.5. Assumptions. We have considered following assumptions in this study:

(i) The HIV-free CD4™ T cells are produced from the sources like precursors of bone marrow,
thymus as well as by proliferation of existing cells.
(ii) Due to the fusion effect, a few portion of HIV-free CD4™" T-cells and free virus get lossed
during their contact process.
(iii) Consider d; < d, for the viral burden on the HIV infected CD4™" T-cells.
(iv) For identifying the proliferation process of existing CD4" T-cells as compared to the

normal rate r — d;x, we consider d; < a.

TABLE 1. Values of parameters for the model (2.5).

Parameters Intervals Set 1 Set 2 Units Source

r 0-10 10 10 cells mm3day™!  [20, 23, 26]

a 0.03-3 0.3 0.3 day™! [20, 23, 26]

Xmax 1500 1500 1500  mm™3 [20, 23, 26]

B 0.00025-0.5 0.00025 0.0027  virions mm>day~' [20, 23, 26]

d; 0.007-0.1 0.1 0.1 day™! [20, 26]

d> 0.2-0.5 0.2 0.2 day™! [20, 23, 26]

d 2.4-3 2.4 2.4 day~! [20, 23, 26]
10-2500 10 10 virions/cell [20, 26]

f - 0.00002 0.00002 virions mm3day~' Assumed
- 0.2 0.2 day™! Assumed

2.6. Basic Properties.

Theorem 1. For the system (2.5) with the initial conditions x(0) = xo > 0,y(0) = yo > 0 and
2(0) = z0 > 0, we have x(t),y(t),z(t) > 0 for all t > 0.

Proof. To prove that x(¢) is non-negative for ¢+ > 0, consider if possible there exists a 7y such

that

x(f0) = 0,x (1p) < 0,y(t) > 0,z(¢) > 0,1 € [0,10).

From equation (2.2), we obtain x (fg) = r > 0, a contradiction. Thus, x(¢) > 0 for all 7 > 0.

In the same manner, it can be shown that y(#) > 0 and z(z) > 0 for all # > 0. Also using the
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equation (2.3), it is obtained that
y(t) = e (PHd) <y0 + /Otﬁz(e)x(ﬂ)e(pﬂmedG) > 0.
Hence y(¢) > O for all ¢ > 0. Furthermore, using the equation (2.4), we get
o(t) = e~ ldrtfx(e)do (Z0+ / t Ndzy(u)efo”(ds+fX(G))deu> >0,
0

which indicates that z(¢) > 0 for all # > 0.

Therefore, all solutions (x(),y(t),z(¢)) of the system (2.5) exists and non-negative for all ¢ >
0. U

Theorem 2. For any solution of the model (2.5), there exists B > 0 such that y(t) < B,z(t) < B

for all large t.

Proof. From the equation (2.1), the T cell concentration during absence of infection becomes

stable at a level xo which is given by,

4ra

(2.6) X0 = x;“”‘ [(a—d1)+\/(a—d1)2+

a

Xmax
Also, lim;_,e0 x(1) < xg.

Adding first two equations of the system (2.5), we get

X —I—yl =r—dix+ax (1 — x+y) — fax—dyy <r+axp—di(x+y) (since d; < dp). It follows
max

that,

2.7) ity < [0 cpai

1
r+axp
1
. Thus, y is bounded, say by By > 0. From the third equation of model, we

where C is arbritary contant, which implies x +y —

when t — oo. Therefore, x +y is
r—+axy

bounded by
1

find z is bounded say by B, > 0. Take, B = max{Bj,B,}. Then, any solution (x(¢),y(t),z(t))

of the system (2.5) satisfies,
y(t) < B,z(t) < B for large 1.

Therefore, the solution (x(7),y(z),z(t)) of the model (2.5) are uniformly bounded. Thus, we

have the region
(2.8) Q = {(x(t),y(t),z(t)) € RY : x <x0,y < B,z < B}

which is positively invariant w.r.t. the model (2.5). U
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3. MATHEMATICAL ANALYSIS OF THE MODEL

In this section, we have calculated all stationary points of system (2.5) and investigated the

dynamical behaviours of system (2.5) around existing stationary points.

3.1. HIV-free equilibrium point and Basic reproduction number. The system (2.5) always
has a HIV-free equilibrium point Ey = (x,0,0), where xq is defined in equation (2.6). Using
method of Driessche and Watmough [27], we can calculate the basic reproduction number of
model (2.5) as follows:

Consider S = (y,z,x), then our system (2.5) can be represented as:

s

3.1) —T=E(S)~T(s)

where E(S) is appearance rate of new infections and 7' (S) is the transfer rate of population to

another compartment in the system (2.5), given by

Bzx dyy+py
ES)=| o |.T(S)= d3z+ fzx— Ndpy
_|_
0 d1x+fzx+ﬁz,x—r—ax(1—x y)—py
Xmax

The Jacobian matrix of E(S) and 7 (S) at the HIV-free equilibrium point E are

e2x2 02x1 12x2 02x1
DE(Ey) = ,DT (Ep) = axo X0 axo
01x2 0 —p fxo+PBxg di—al(l-— +
Xmax Xmax Xmax
where
0 PBxo dr+p 0
€rx2 = yax2 =
0 0 —Ndy dy+ fxo
Now
- 1 NdyBxo Bxo(d2+p)
e =
(da+p)(ds+ fxo) 0 0

Therefore, basic reproduction number (Ry) of the system (2.5) is given by spectral radius of
Nd>Bxo

(da+p)(d3+ fxo)

et~! and hence Ry =
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3.2. HIV-infected equilibrium point. HIV-infected stationary point E = (¥,¥,Zz) must satisfy

(3.2) r—diX+ ax (1—’;”) — fz—BEApy =0
(3.3) Bzx—dry—py=0
(3.4) Ndoyy —dsz— f7x =0

Equations (3.3) and (3.4) lead to

— diy(dr+p)
NdyB — (d2+p)f
5= dzf3

Z.
Ndrf —(dr+p)f
Substituting X and y in the equation (3.2), we get
a(dr+p)*d3
Xmax
a(dy+p)Bd3

max

rp*+ (a—dy)(dr+p)dsp —

7=
pfds(dy+p)+ pdardsf3 +
where p = Nd,3 — (d» + p) f. These non-trivial solutions of the system (2.5) exist whenever

Ro > 1. Thus, we have following proposition:

Proposition 1. When Ry < 1, only HIV-free equilibrium point Ey = (xp,0,0) exists in Q for
the system (2.5) and for Ry > 1 there exists two equilibrium points: HIV-free equilibrium point

Eo = (x0,0,0) and HIV-infected equilibrium point E = (X,y,Z7) € int(Q).

3.3. Behaviour of the Model (2.5) around E. In this section, we have studied the local and

global behaviour of our model (2.5) around HIV-free equilibrium point Ej.

Theorem 3. The HIV-free equilibrium point Ey is locally asymptotically stable for Ry < 1,

locally stable for Ry = 1 and unstable otherwise.
Proof. The Jacobian matrix J(Ey) at HIV-free equilibrium point Ej is,
(—d1+a<1—x—o) - axo> (— -“" +P) (—fxo—Pxo)
Xmax Xmax Xmax
J(Eo) = 0 —(d2+p) Bxo
0 Nd, —d3 — fx

One characteristic root of J(Ey) is

7L1=—d1+a<1— al )— e R )

Xmax Xmax X0 Xmax
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Other two characteristic roots are given by the equation,
(3.5) AP+ AL+A; =0
where,

Al=dy+p+d3+fxo>0
Ay = (da+p)(ds+ fxo) — Ndaxo = (da+ p)(d3 + fxo)(1 — Ryp).

Therefore, one characteristic root of J(Ey) is negative. Also, for Ry < 1, Ay > 0. Therefore,
Routh-Hurwitz criteria indicates that when Ry < 1, HIV-free equilibrium point Ej is locally
asymptotically stable. For Ry = 1, one eigen value is zero. J(Ep) has a positive character-
istic root when Rg > 1 which leads to instability of the HIV-free equilibrium point Ey. This

completes the proof. U

Theorem 4. The HIV-free equilibrium point Ey is globally asymptotically stable when Ry < 1,

unstable otherwise.

Proof. Define Lyaponuv’s functional as:

 Nd,
dr+p

y+z

Differentiating w.r.t. ¢,
dL  Ndy dy dz
dt  dry+pdt dt

. dy dz
Putting 7 and 7 from the system (2.5),
dL Ndzﬁx
3.6 — =z(d3 + —1| <z(ds+ Ro—1
(3.6) 5 = dlds+ fx) (drtp)(ds T ) < z(d3+ fxo)(Ro— 1)

It is straightforward from equation (3.6) that if Ry < 1, Cj{—f < 0. We have, Cj{—f — 0 for two cases:
z=0or Ry =1 and x = x9. Hence, as per Lyapunov- Lasalle theorem [28] when Ry < 1, all
solutions in the region Q approaches to the HIV-free equilibrium point Ej.

Since J(Ey) has one positive characteristic root when Ry > 1, therefore HIV-free equilibrium

point Ej is unstable. U

Numerically, stability of the HIV-free equilibrium point Ey are shown in the figure 2 which
verifies the analytic results. From table 1, we get Ry = 0.541 < 1 for parameters as in the data

set 1. Thus, theorem 4 indicates that virus will be cleared out. Fig. 2(a) depicts the increase of
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the HIV-free CD4™" T cells in the first few days and then it goes to equilibrium state. Fig. 2(b)
describes the rapid increase of HIV-infected CD4™ T cells in the starting few days and then
it decreases fastly and it becomes zero after some days. From fig. 2(c), it is clear that in the

starting few days, free virus population decreases very fastly until it reaches the zero level.
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FIGURE 2. Dynamics of HIV-free CD4 ™ T cells (a), HIV-infected CD4 ™ T cells

(b) and virus (c) vs. time for Ry = 0.541 < 1.

3.4. Behaviour of the Model (2.5) around E. In this section, we have studied both the local

and global behaviour of the model (2.5) around the HIV-infected equilibrium point E.

Theorem 5. If

(i) Rop > 1,
(ii) Mo—pf

2x+y)

xmax

> 0 where My = d; —a+a(
2)

then, HIV-infected equilibrium point E(X,y,Z) is locally asymptotically stable.

Proof. The Jacobian matrix J(E) at HIV-infected equilibrium E is

o max
G- TE)=1 Bz —(d2+p) B
—/z Nd, —d3 — fX
where
szl—a(l—x+y)+ax cfra Bl TPV,
Xmax Xmax X Xmax X

The characteristic equation of J(E) is

(3.8) A3+ BIA2+BA+B3;=0
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where

By =Z+d+p+di+fx>0,

X Xmax Xmax

5 d
By = (£+ ad >(d2+P+d3) p;y apxz + fxMy,

Bs = ( i +d2) Bzds + fzds(dar + p) > 0
Xmax

BB — B3 =32(7+P+ﬁ)+d2{():rc+ “ )(d2+P+d3)+aﬁxz+ﬁMo}+
_ e
d3{<;+ o )(p+d3)+g+ﬁMo}+d2d3 (Mo—i)
X Xmax X d>
et
Mozdl—a—i-a( x+y).
Xmax
/pz

From the above analysis, we have B, > 0 if My > 0 and B;B, — B3 > 0if My — - > 0. Using
2
Routh-Hurwitz criteria, the HIV-infected equilibrium point E is locally asymptotically stable

whenMo—£>O Il

dy

We know, the system (2.5) will be uniformly persistent in the region int(Q) if there exists
€ > 0, irrespective of initial data in inf(Q), such that for all solutions (x(z),y(¢),z(¢)) of the

model (2.5)
lim infx(¢) > £,t11_>r£1°1nfy(t) > 8,t1l>r£101nfz(t) > €

f—>o0

for (x(0),y(0),z(0)) € int(Q).
Theorem 6. The system (2.5) is uniformly persistent when Ry > 1.

Proof. From equation (3.6), it is clear that for all solutions sufficiently close to E( and initiating
dL
inint(Q), I > 0 when Ry > 1. Thus, a neighborhood of Ej is left by these solutions. Solutions

on the x-axis which is positively invariant satisfies the equation,

dx X
— = 1— —d
i r+ax< Xmax) 1X

Thus, x — xg as t — co. Thus, when Ry < 1 all the solutions in £ approaches to Ey along x-axis.

We can show that the uniform persistence of system (2.5) is implied by the local behaviors of
solutions around Ey along with the instability of Ey. Using a uniform persistence result from
[29] and a similar argument from the proof of the Proposition 3.3 in [30], the proof of the

theorem is completed. U
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In our study, we have used global-stability criteria develoved by Li and Muldowney [31] to
study the global behaviour of HIV-infected equilibrium point E. We have, int(Q) is simply
connected and when Ry > 1, E is the unique stationary point in inf(Q). From theorem 4, it is
straightforward that an absorbing compact set H C Q exists for the model (2.5). Also, already

it is proved that the solutions of model (2.5) are ultimately bounded and the conditions
3.9 x(t) < xp,y(t) <B,z<B

for B > 0 and all large ¢, are satisfied by any positive solution of the model (2.5) in int ().
We have the following theorem regarding global behaviour of HIV-infected equilibrium point

E.

Theorem 7. The HIV-infected equilibrium point E whenever it exists is globally asymptotically

stable in the interior of H if
(3.10) v:i=Bf+vy <O,

where

€ B
vozmax{—dl—l—a(l— >+x0£f,_d2+axo}

Xmax Xmax

and € is constant of uniform persistent and B is defined in equation (3.9).

Proof. For a general solution (x(),y(t),z(¢)) of the model (2.5), associated Jacobian matrix J
is

7y e

3.11) JE)=| Bz —(dr+p) Bx
—fz Nd> —d3— fx

JB corresponding second additive compound matrix [21, 31] of J is

—(Z+dy+p) Bx fx+Bx
JA = Nd> —(Z+d3+ fx) —xax +p
fz Bz —(d2+p +d3+ fx)

where

Z:dl—a<1—x+y>+ R 0

Xmax Xmax
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Define,
1

Q=0(xyz)=|0
0

N O
NI O (@]

o

Now, we compute the directional derivative matrix Q in the direction of f [32] as follows,

0 0 0
y/ )’Z/
—lo 2-% o
Qf Z Zz ! !
y
o o L-X
z 2
Then,
0 0 0
y/ Z/
_1: O - - 0
QfQ y < / /
o o L-%
y z
Define,
X :=0,0""+ 0/
_(Z+d2+p) % M
i i y y
Nd
= T L
< y Z , , Xmax
Z
fz Pz y;—z—dz—P—drfx
[ X X2
X1 X»
Ndyy
WhereXH:—(Z—I—dz—i—p),Xn:(BXZ (fX-I—BX)Z) , Xo1 = Z and
y y fz
Lot oZdi fx ——+p
X0 = y , , Xmax
y z

Bz ~————dy—p—di—fx
y oz

Let, (u,v,w) be a vector in R>, consider a norm in R? as |(u,v,w)| = max{|ul,|v| +|w|}. Con-

sider, the corresponding Lozinskii measure be pt. Then we have (see [33]):

(3.12) n(X) < max{gi,&}
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with

(3.13) g1 = Mi(X11) +[X12|,82 = [Xo1 [ + 11 (X22)

Here, |X12|, |X21| are matrix norm and y; be the Lozinskii measure w.r.t. /; norm. Specifically,
Hi(X11) =—Z—dr—p,|X12| = w, 1Xo1| = @ +fz

To calculate i1 (X22), we consider the solutions of system (2.5) from the interior of the compact

set H C Q which satisfies (3.9), then:

/ Z/ ! Z/ ax
11 (X22) Imax{y————Z—d3—fx+l327y————dz—P—d3—fx+‘— +P’}
y < y z Xmax
! ! 2
S}L—Z——fx—d3+max{—d1+a<l— x+y>—fz,—d2—|— i }
y < Xmax Xmax
< )L—Z——fx—d3—|—\/()
y 4

where,

€ B
vO:maX{_d]+a(1_ )+xogf)_d2+axo}.
X,

Xmax

From the system (2.5), we get

/ X
L ﬁ——dz—P
y y
" Nd
z :_zy_d3_fx
< <z
From (3.13), we have
X+ px)z / Xz /
y y y y
Nd ! Z/ !
& < 2y+fz+)i———fx—d3+vo<1+v
Z y z y

Therefore, we have
nx) < 4y
y
Define v with the help of (3.9) as:

v:i=Bf+vy <0
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Consider, 7 be sufficiently large time such that (x(¢),y(¢),z(t)) € H forall t > 7 and (x(¢),y(t),z(t))
be any positive solution starting in the compact absorbing set H C Q. Then, along each solution
(x(¢),y(t),z(t)) with the condition (x(0),y(0),z(0)) € H and ¢ > 7, we have

1/ 1/t 1 oy@) [t—7

- Xd<—/ X)ds+-In + (=1 0,

[ neoas <} [uoodas o3 ()
Consequently,

1 t

G2 := limsup sup — [ u(X(x(s,x0)))ds <0
[0 XOGH ! 0

From [31], we have globally asymptotically stability criteria for the HIV-infected equilibrium

point E is that v < 0, which completes the proof. U

Numerical results for HIV-infected equilibrium E are shown in figure 3. From table 1,
we get Ryp = 5.8424 > 1 for data set 2. Therefore, a unique HIV-infected equilibrium point
E(178.042,164.599,136.962) exists. Global dynamics of the HIV-free CD4™" T cells, HIV-
infected CD4™" T cells and free virus are depicted when Ry > 1 i.e. whenever HIV-infected
equilibrium exists. Also, for this parameter set 2, the conditions for the analytic results are

satisfied and hence these analytic results are numerically verified.

Uninfected CD4+ T-cells
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8
8
Infected CD4+ T-cells
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Time in days Time in days Time in days

FIGURE 3. Dynamics of HIV-free CD4" T cells, HIV-infected CD4™ T cells

and virus vs. time for Ry = 5.8424 > 1.

4. DISCUSSION

In this paper, we have considered the classical virus infection model with the effects of fusion

and cure rate along with the consideration that multiplication of the existing CD4™" T cells can
x+y

occur and it follows full logistic growth term ax (1 — ) . In the earlier studies of fusion

Xmax
effect and cure rate, constant inflow rate of the HIV-free CD4" T cells was considered by
Gupta and Dutta [13, 14]. In our paper, we have studied the effects of fusion and cure rate with

consideration of proliferation of healthy CD4™ T cells. Essential criteria like non-negativity
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and boundedness of the solutions for a biologically feasible model are proved. Also, basic
reproduction number (Ry) is calculated for our model (2.5) and it is found to be a threshold
parameter in our study. Our stability analysis indicates that if Ry < 1 then T cell population
will be free from HIV infection and HIV infection persists for Ry > 1. Also, stability analysis
of HIV-infected equilibrium point established that proliferation rate and the basic reproduction
number are the important factors for stability of the HIV-infected equilibrium point. Therefore,
proliferation of T cells cannot be ignored while analyzing the dynamics of HIV for better
outcomes.

We can study the effect of fusion rate on the dynamics of the model by means of numerical
simulations. For this purpose, we consider two different fusion rates (f) with other parameters
same as data set 2. The effect of fusion rate (f) is shown in figure 4. It is observed that when

the fusion rate is increased the HIV-infected CD4™ T cell and virus population decrease.
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FIGURE 4. Dynamics of HIV-free CD4" T cells, HIV-infected CD4™" T cells

and virus vs. time for different values of f.

Similarly, the effects of cure rate (p) on the dynamics of the model are shown in figure 5. It
is clear that when cure rate is increased the transition time of HIV-free CD4™ T cell population

increases and the HIV-infected CD4 ™ T cell population and virus population decrease.
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FIGURE 5. Dynamics of HIV-free CD4™" T cells, HIV-infected CD4™" T cells

and virus vs. time for two different values of p.
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From the overall study, it is clear that a treatment policy that can increase the transfer rate
of HIV-infected CD4™" T cells to HIV-free class along with the loss of free viruses due to the

fusion effect will be effective to control HIV infection.
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