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Abstract—The Hepatitis delta virus (HDV) is a
defect RNA virus that requires the presence of the
hepatitis B virus (HBYV) for cellular infection. A co-
infection may result in a more severe acute disease
and a higher risk of developing acute liver failure
compared with those infected with HBV alone. At
the present time, there has been very little to the
modeling of HDV. The derivation and analysis of
such a mathematical model poses difficulty as it
requires the inclusion of (HBV). In this paper, a
within-host model for the co-interaction of HDV
and HBYV is presented and rigorously analyzed.
We calculate the basic reproduction number (Ry),
the disease-free equilibrium, boundary equilibrium,
which we define as the existence of one disease along
with the complete eradication of the other disease,
and the co-infection equilibrium. We determine
stability criteria for the disease-free and boundary

equilibrium. We also use the optimal control theory
to assess the disease control. Numerical simulations
have been presented to illustrate analytical results.

Keywords-Hepatitis D, Hepatitis B, Immune sys-
tem, Basic reproduction number, Optimal control.

AMS subject classifications: 34A34, 34D23,
34D40, 92D30

I. INTRODUCTION

Hepatitis D is a liver disease caused by the
hepatitis D virus (HDV), a defective virus that
needs the hepatitis B virus to exist. The hepatitis
D virus requires the outer coating of the hepatitis
B virus called the surface antigen in order to re-
produce itself in a human host. The virus currently
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infects 15 million worldwide, nearly all adults,
and it is most common among injecting drug
user populations and in countries bordering the
Mediterranean Sea. HDV is transmitted through
blood and body fluids, similar to the hepatitis B
virus.

There are two types of HDV infection, co-
infection and super-infection. Co-infection oc-
curs when a patient is simultaneously infected
with HDV and HBV. The majority of these pa-
tients completely recover but there is a higher
rate of fulminant hepatic failure and death than
with HBV infection alone. Super-infection occurs
when someone with an existing chronic HBV
infection becomes infected with HDV. These pa-
tients usually experience a sudden worsening of
liver disease. Patients with hepatitis B who be-
come chronically infected with HDV experience
a very high rate of cirrhosis and end stage liver
disease, which makes this super-infection a very
dangerous disease.

There is no specific treatment for HDV infec-
tion. The most common therapeutic approach is
based on the administration of interferon-a.. How-
ever, the clinical response is variable, and in most
cases reversible upon interruption of treatment
[L], [2]. The concomitant use of antiviral drugs
like ribavirin or lamivudine, showed no significant
benefits in the treatment of hepatitis delta patients
[3], [4]]. Although these drugs may have some
inhibitory effect on HBV replication, they do not
suppress HDV replication probably due to the fact
that HBsAgs expression, at least in part, seems not
to be affected.

The use of mathematical models to study dy-
namics of virus infections may represent a pow-
erful approach to simulate the course of infection
and predict the potential response to different
therapies. They have been previously developed
for a number of pathologies including HBV and
HCV [5l, [6l, [71, [81, [Of, [L1], [12], [34]. the
humoral immune response is universal and nec-
essary to eliminate or control the disease after
viral infection [23]]. Therefore, several mathemat-
ical models have been proposed to describe the
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virus dynamics with humoral immunity [24], [25],
[26], [27], [28], [300, [31], [32]. Mostafa et al.
introduce an improved HBV model with stan-
dard incidence function, cytotoxic T lymphocytes
(CTL) immune response, and take into account
the effect of the export of precursor CTL cells
from the thymus and the role of cytolytic and non-
cytolytic mechanisms [33]]. Hattaf et al. [29] study
the global stability of a generalized model of a
viral dynamic that includes the adaptive immune
response, represented by Cytotoxic Lymphocyte
T-cell (CTL-cell ). So, their work does not take
in consideration the role of the innate immune
response. Noura Yousfi et al. [38]] investigate
a new mathematical model that describes the
interactions between Hepatitis B virus (HBV),
liver cells (hepatocytes), and the adaptive immune
response.

More recently, the numerical simulation of the
spread of HDV and HBV in a population was
reported [13]. However, a mathematical model
to study HDV and HBV dynamics in infected
individuals is still lacking. Moreover, to our
knowledge, none of the existing models take into
account the reaction of immune CTL cells. The
main interest in studying HBV and HDV model
is to understand the long and short term behavior
of the dynamics of both diseases and to predict
whether the diseases will die out or will persist.

In this paper, the dynamical behavior of a co-
interaction of HDV and HBV virus model with
CTL immune responses is studied. The main
objective is in carrying out a detailed qualitative
analysis of the resulting model. The existence
and the uniqueness results of the solution are
discussed. We compute the basic reproduction
number. We also investigate the existence of
equilibria and study their stability. The model is
used to determine the optimal methodology for
administering anti-viral medication therapies to
fight HBV and HDV infection. In particular, we
investigates the fundamental role of chemotherapy
treatment in controlling the virus reproduction. A
characterization of the optimal control via adjoint
variables is also established. We obtain an opti-
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mality system that we seek to solve numerically.
It is our view that this study represents the very
first modelling work that provides an in-depth
analysis of the qualitative dynamics of HBV-HDV
co-infection and its control.

The paper is organized as follows. In the next
section, we propose a new mathematical model
for HBV infection alone that takes into account
the CTL immune system. To be more realistic, we
have assumed that the infection rate is given by
the standard incidence function [16]. The model
is rigorously analyzed. In Section 3, we formulate
and analyze a realistic mathematical model for
HBV-HDV co-infection, which incorporates the
key epidemiological and biological features of
each of the two diseases. Optimal control ap-
proach is applied in Section 4, in order to find the
best way to fight the co-infection between the two
diseases. We end this paper with a brief discussion
and conclusion.

II. THE HBV MODEL
A. The model description

We consider the HBV model given by the
following differential equations:

;t:)\_dmfn_w
s1-mav

. —n)zv

yZin—ayy—CSyI (D

Tty
vV=Fk(l—¢)y—dyv,

I=pyl+pl—ql?

where z is the number of uninfected liver cells,
y is the number of infected liver cells, v is the
number of free virus, and I is the number of
CTL cells. All the parameters A, dg, 1, 3, ay,
d, €, k, dy, p, p, and ¢ are positive. d, a, and
d, are the death rates of uninfected liver cells,
the infected cells and free virus, respectively. The
constant parameter A\ represents the production
of the liver cells. 8 is the contact rate between
uninfected cells and free virus. Free virus is
produced from infected cells at rate ky. Infected
cells are removed at rate 4/ by CTL immune
responses. The virus-specific CTL cells proliferate
at rate py by contacts with infected cells. The
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parameter 7 is the efficacy of inhibiting new virus
infections as a consequence of virus clearance and
¢ the efficacy of inhibiting viral production from
infected cells. Of course the behaviour when there
is no treatment is obtained by setting n = ¢ = 0.
The parameter p denotes the proliferation rate of
immune cells and ¢ the density-dependent rate
of immune cells suppression. more precisely, we
suppose that the immune cells expand at a net
rate p, which encapsulate the positive feedback
upon the immune system. The parameter g comes
from the fact that we assume a regulatory negative
feedback force such as the effect of cell density,
inhibitory cytokines or natural apoptosis, which
oparates to suppress immune population growth.
we suppose in this case that immune population
is suppressed at a net rate ¢ which is proportional
to the square of its density (¢I?). So, the term

pl — qI? can be written as pl (1 — L) which
express a logistic law for evolution of immune
population in the absence of infected cells.

B. Analysis of the model

Herein, we present some basic results, such
as the positive invariance of model system (T,
the boundedness of solutions, the existence of
equilibria and and its stability analysis.

1) Positivity and boundedness of solutions:

The following result guarantees that model
system (I)) is biologically well behaved and its
dynamics is concentrated on a bounded region of
Ri. More precisely, the following result holds.

Theorem 1. Let R = {(v,y,v,I) € R* : z >
0,y > 0,v >0, >0}. Then, ]Rﬁ_ is positively
invariant under the flow induced by model system
. Moreover, the region

A = {(x,y,v,]) eRY:z4y< di’
_ + A
vfk)\(l g),BSISP d,

dedy g q

is positively invariant and absorbing with respect
to model system ({I)).
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Proof: No solution of model system (1) with
initial conditions (x(0),y(0),v(0),1(0)) € R% is
negative. In fact, for (z(t),y(t),v(t), I(t)) € R%,
we have & [;—0= A > 0, ¥ [y=0= (1 —
77),31) Z 0, v |v:0: (1 —E)k Z 0, I |]:0:
0 > 0, this immediately implies that all solu-
tions of model system (I) with initial condition
(2(0),y(0),v(0),1(0)) € R% stay in the first
quadrant.

For the invariance property of A, it suffices
to show that the vector field, on the boundary,
does not point to the exterior. Adding the first
and second equations of model system(T) yields
on the boundary of A:

d(z+y)
dt r+y=d%
=\ —dyx —ayy — oyl |x+y:%
S ()‘ - dx(x + y))‘m—o—y:di =0.
Similarly, we get
dv
dt v:k)(\iild—uz)
1—
<K=, _o.
dx p=EAQ=2)
do doy
dl
— nNIl,_, =0,
dtI:p_(p al) I
ie I(t) > L vt € [0, +00),
q
and
I
dt I:p-%—%
PA
< | = —ql )1 =0.
< (d:v +p—q > b2

I=

Therefore, solutions starting in A will remain
there for ¢t > 0.

Now, we prove the attractiveness of the trajec-
tories of model system (IJ). To do so, from model
system (IJ), one has

d(x +vy)

<\ —d, .
TS (z+y)
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A
Therefore, limsup(z + y)(t) < T Similarly,

t—00 T
since J ™" )
v —€
— < ——>—d
it = d, vt
EA(1
one has limsupwv(t) < ( E). Concerning
t—00 dmdv
the variable I, we have
dl pA 9
— < | = I—ql
< (en)r-a
which implies that
1
I(t) < .
g\ ()

So, I is bounded and hence, A is attracting, that
is, all solutions of model system eventually
enters A. This concludes the proof. [ |
2) Basic reproduction number and equilibria:
The basic reproduction number is defined as the
average number of secondary infections produced
by one infected cell during the period of infection
when all cells are uninfected. This threshold is
obtained at the virus free equilibrium. The virus
free equilibrium is obtained by setting v = 0 in all
equations of model system (] at the equilibrium.
Thus, when v = 0, we have Py = (2*,0,0,0) and
Py = (2*,0,0,I*) where z* = di and I* = g
x
Since I(t) > E, the virus free equilibrium is Pj.

We use the method of van den Driessche[17]]
to compute the basic reproduction number. Us-
ing the notations of van den Driessche and
Watmough[[17], for model system , we have

F:(ku{@ Bﬂg@)

[ ay+oI7 0
V‘( 0 d, )

Thus, the basic reproduction number is given by:

k(1 —¢)B(1 —n)
dy(ay +0I*)

and

Ro = (@3]
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From theorem 2 of Van Den Driessche[l7]], we
have the following result.

Lemma 1. The virus-free equilibrium P) of the
model system is locally asymptotically stable
(LAS) if Rg < 1, and unstable if Ry > 1.

We now study the existence of equilibria of
model system (). Setting the right-hand sides of
model system (I]) equals to zero gives

)\—dmx—M:O, 3)
Tty
Bl—n)zv
P28 g y—6yl= 4
Tty ayy—0oyl=0, €Y
kE(l1—¢)y—d,v=0, )
pyl+pl—qI*=0. (6)

Model system has always equilibrium P} =
(z*,0,0,I*) which is the virus free equilibrium
and represents the state when the viruses are
absent. To find the endemic equilibrium, we look
for P, = (z,%,v,I) that represents the state in
which both the viruses and CTL cells are present.

d a= Py b="L and
k(1—¢)’ qgk(1 —¢)’

o > 1. From Egs.(5) and @ one

Let v =

assume that
obtains

g=~v and I=av+b. @)

Substituting the above expression of g in Eq.(#)
yields

1z
ﬁ(W—ayv—éy(aE—Fb)) =0 (8)

Since v # 0, Eq.(8) leads to
v20(ay + 6b + dav)

T = ) 9
T = B0 =) —(ay +0b+oar).
Since T > 0, one can deduce that
5 < B —mn) —~(ay +0b)
Yoa
Note that
B dy(ay + 6b)
B —mn) —~(ay +db) = W[Ro 1.
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Thus, & > 0 implies that v €]0, 01 [, where

b= SRy -1 o)
Moreover, since
A
T < 1

the above relation implies that
v dad,v? + [dafyz(ay + db) + Xyda} v
—/\[6(1 — ) —(ay + 5b)} <0. (1)
Since Ry > 1, the discriminant of is
delta = [dﬂ%ay +6b) + Awa} ’
+a2dad, [5(1 — ) —(ay + 5b)} > 0.

Thus, the condition & < d% implies that v €]0, U9[

where

— [dﬂQ(ay + 6b) + )\’yéa] + Vdelta
2v28ad,

Uy =
(12)
We have the following result.

Lemma 2. Let ¥y and 02 given in Egs. ({I0) and
(12), respectively. Then, v2 < v1 whenever Ry >
1.

Proof: Since Ry > 1, applying some techni-
cal manipulation one can show that

Y |B(L =) = (ay +6b)| + der[a +08] > 0
(13)

is equivalent to
U1 > V9. m

Remark 1. 1) From Lemma |2} conditions v €

10,01[ and v €]0, 02| can be limited to v €

10, Vo[ Thus, when Ro > 1, model system

may have an endemic equilibrium Py =
(z,9,0,1) with v €)0, D].

2) V}\’e point out that v = vy implies that T =

Substituting Eq. and Eqgs. @ into , we
obtain the following cubic equation in :

ast> + as®® + a17 + ag = 0, (14)
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where
a2sp 1°
“oT [qk“’(l—e)?] ’
d2 (ay + 6§> dpdpd?
2T TR 02 T gR3(1 <)
opd3 (a, +o2)
T EE Ro 1],
©2sp (ay + 55)
@ = CaP(L-ep T R(1-ep
vdy (a, + 62
a k<(1y—5)q> [Ro_l}’
ag = W[Ro—l}.

The coefficient a3 is always positive. Also, if
Ro > 1, then ag > 0 and a; < 0. Using the
Descartes’ rules of sign, if Ry > 1, the above
equation given in (I4) has exactly nought or two
positive solutions. Let us consider the following
polynomial

P: [0, 52] >R

v+ P(0)=a303+ax0®+a19+ayg. (15

We have
e P(0)=ap >0 since Rp > 1
P(5s) — B(1 —n)k(l — )iy
° (’02) - — Y2 _ =
(1 5) + dpd, U9
Since P(0) > 0 and P(%2) < 0, Eq.(14) has only
one or three solutions on |0, v2[. By the Descartes’
rules of sign, Eq.(I4) cannot have three solutions
on |0, Ua].
We have proved the following result.

Theorem 2. If Ry > 1, model system has
exactly one endemic equilibrium Py = (Z,%,v,1)
where T, ij and I are defined in Egs. (7) and (9)
with v €0, Uz satisfying Eq. (I4).

Remark 2. When Ry < 1, we have = < 0. So,
there is no endemic equilibrium.
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3) Stability of equilibria:

Here, we study the stability of equilibria.

We have the following result about the global
stability of the virus free equilibrium.

Theorem 3. When Ry < 1, then the virus free
equilibrium Py = (x*,0,0, I*) is globally asymp-
totically stable in A.

Proof: We consider the following LaSalle-
Lyapunov candidate function:

L(t) = biy + byv, (16)

where b; and by are positive constants to be
determined later. Using the fact that z < z* and
I > I*, its time derivative along the trajectories
of (I) satisfies

b1B(1 —n)z —bod >U
Tty 2
+[b2k(1 —€) — bi(ay + 01)]y,

1 _ *
< <bl/8( n)z — bad, | v
T*+y

+[bok(1 — ) — bi(ay + 6I)]y.

L =

The constants by and by are chosen such that the
coefficient of y are equal to zero, that is, b; =
k(1 —¢€) and by = a, + d1*. Then, we obtain
L < (ay + 6I*)dy(Ro — 1)w. (17)
Thus, L(t) < 0 when Ry < 1. By LaSalle’s
invariance principle, the largest invariant set in
{(z,y,v,I) € R%, L(t) = 0} C A is reduced to
the virus free equilibrium. This proves the global
asymptotic stability of P, = (2*,0,0,I*) on A
[18] (Theorem 3.7.11, page 346). This achieves
the proof. ]
Now, we study the stability of the endemic
equilibrium. The Jacobian matrix of model system
at the endemic equilibrium P, = (Z,7,v,1)
is

—d,—U w -V 0
J U  —W-a,—6 V -6
37 0 k1—¢) —d, 0 |’
0 pl 0 —ql
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1— vy 1— T
where U = (1 =n)bvy — n)?gy7 V = 1 =n)bz — n)?x and
(Z+9) T+y
1_ Al
( — H)ng The characteristic equation of
. (@+7)
J3 is
G tataltatta=0 (8
where
cr = de+U+W+ay+6I+d,+ql,
Cy = de + dzay + dzé j + dzdy + quj
+ Uay+USI+Ud,+Uqgl +Wd,
+ W +qlay +qI?6 + qld, + §yp 1,

cs = Uaydy +USIdy + d;Wdy, + dpgIW
dxqfay + dpqI?6 + dpqld, + d.6Gp I
Uqla, +UqI*5 + Uqld, + Usyp I
Wdyql + 5 yp Id,

d . Wdyql + d0pId, +UdypId,

+ Uaydyql + UG I%dyg.

+ o+ o+

Cq

It is clear that ¢; > 0, ¢c3 > 0 and ¢4 > 0.
After some technical computation, we obtain that
c1coc3 — c?,) — c%c;l is positive. Hence, we have
proved the following result.

Theorem 4. The endemic equilibrium Ps of model
system ({I) is locally asymptotically stable if Ry >
1.

[II. THE HBV-HDV CO-INFECTION MODEL
A. Model construction

In this section, we incorporate the HDV in-
fection into the previous model in order to ob-
tain a mathematical models that can describe the
dynamics of HDV and HBV co-infection. We
add three state variables, namely the HDV viral
load, hepatocyte infected with HDV and those co-
infected with both HBV and HDV. So, we use the
following state variables:

e x(t) the number of uninfected cells at time

ts

e y(t) the number of HBV infected cells at

time t,
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e z(t) the number of HDV infected cells at
time ¢,
o w(t) the number of infected cells with both
HBYV and HDV at time ¢,
e v1(t) the HBV viral load at time ¢,
e vy(t) the HDV viral load at time ¢,
e I(t) the number of CTL cells at time ¢.
We make the following hypothesis:
1) Uninfected liver cells (z) can only be in-
fected by HBV virions alone and become
1y, or by HDV virions alone and become z.
2) Infected cells by HBV virions can be super-
infected by HDV and become w.
3) Infected cells by HDV virions can be super-
infected by HBV and become w.
Putting the above formulations and assumptions
together gives the following system of differential
equations:

(. B1(1 —n)zvy  Bo(l—n)zv
PN dor 1 P??) 1 B P77) 2.
. Bil—n)zvr  Bo(1—n)yve
y= Iz - Iz —ayy—o1yl,

1-— 1—
5Pl PU)$02 B PU)ZM s 6o,
. 1— v 1—-m)zv
w22 ;ﬂy2+5ﬂ ;ﬂ ' auw— sl
@1:krl(l—e)y—I—k:g(l—e)w—dlvl,
@QZkQ(l—E)w—dQUQ,
I'=pryl+pozI +pswl +pI —qI?,

(19)
where

P=x+y+z+w. (20)

Susceptible host (healthy hepatocytes) cells are
produced at a rate A, died at a rate d,. 51 and (32
are respectively the contact rates between unin-
fected cells with free HBV virions, and uninfected
cells with free HDV virions. ay, a, and a, are
respectively death rate of HBV only infected
cells, HDV only infected cells and coinfected
cells by HDV and HBV. In these equations, all
the parameters are positive and we assume that
the death rate of uninfected cells is not greater
than the death rate of infected cells, that is,
min{d,, ay,a,,a,} = d,. HBV virions v; are
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TABLE 1
NUMERICAL VALUES FOR THE PARAMETERS OF MODEL SYSTEM (T9)

Symbols Definition value Source
A Production rate of hepathocyte 252666.6667 day ! (1O}
dy Normal death rate of healthy liver cells 0.0039 dalys_1 [15]
Qy Infected cell death rate (HBV) 0.0693 — 0.00693 day~'  [9]
a, Infected cell death rate (HDV) 0.009 day_1 Assumed
A Infected cell death rate (HBV-HDV) 0.0091 day—! Assumed
dy death rate of free HBV 0.693 day_1 [14]
da death rate of free HDV 0.6 day~! Assumed
B1 Infection rate of HBV 3.6 x107° —1.8 x 1073 [14]
B2 Infection rate of HDV 0.002 day~! Assumed
k1 HBYV production per infected
liver cells 200 — 1000 days~! (8]
ko HDV production per infected
liver cells 300 days~! Assumed
ks HBYV production per co-infected
HBV& HDV cells 300 days~! Assumed
01 rate of CTL elimination 0.02 day~! Assumed
in infected HBV cells
09 rate of CTL elimination
in infected HDV cells 0.02 day~! Assumed
03 rate of CTL elimination
in infected HBV-HDV cells 0.02 day~! Assumed
p the proliferation rate of immune cells 0.5 day~! Assumed
q density-dependent rate of immune 0.03 day~! Assumed
cells suppression
Di HBV-specific CTL stimulation rate 0.02 day~! Assumed

produced by HBV only infected cells y and by
coinfected cells w. In fact, in order for HDV to
successfully complete its replication cycle, a hep-
atocyte must be coinfected with HBV and HDV.
In these coinfected cells, the replication of HBV
is suppressed by HDV, although not completely
abolished [[19]], [20]. So, v; can be produced by w.
HBYV only infected cells y produce HBV virions
particles v; at a rate k1(1 — ¢)y and are killed
by the CTL immune response at a rate d;y/. For
the same reason, HDV are killed by the CTL
immune response at a rate dyyl. Finally, CTL
cells increase at a rates p1yl, p2zI and pswl as
a result of stimulation by the viral antigen of the

Biomath 7 (2018), 1807219, http://dx.doi.org/10.11145/j.biomath.2018.07.219

infected cells. p and ¢ have the same meaning as
in the previous model.

The parameter values used for numerical sim-
ulation are given in Table 1.

B. Mathematical analysis of the model
1) Positivity and boundedness of trajectories:
We have the following result.

Theorem 5. The nonegative orthant ]Rai is posi-
tively invariant for model system (19). Moreover,
system ({I9) is pointwise dissipative and the ab-

Page 8 of


http://dx.doi.org/10.11145/j.biomath.2018.07.219

P. T. Mouofo, J. J. Tewa, S. Bowong, Modelling and analysis of a within-host model of hepatitis ...

sorbing set is given by

A
Y= {($,y,z,w,vl,02,1) ERE_Z TS d—7
T

v < Uk +s)(1 _8)/\, vy < M7
dydy drda
Per< po} ,
q q
where T = -yt and py = LD

The proof is similar to the proof of Theorem 1.
2) Basic reproduction number and equilibria:
The disease-free equilibrium of model system
(19) is given by Ey = (z*,0,0,0,0,0,I*).
Using the notations in van den Driessche and
Watmough[17] for model system (19), the matri-
ces F' and V for the new infection terms and the
remaining transfer terms are, respectively, given

0 0 0 (I-n)B 0
0 0 0 0 (1-7)B
F= 0 0 0 0 0
k1(1—€) 0 ]{23(1—6) 0 0
0 0 ko(l—g) 0 0
and
ay+oiI* 0 0 0 0
0 ay+ 091" 0 0 O
V= 0 0 ap+osl* 0 0
0 0 0 d 0
0 0 0 0 do

It then follows that the basic reproduction number
is given by
o _ (=980
0= .
dy (ay + 611 *)
Thus, using Theorem 2 of van den Driessche and
Watmough[[17], we have the following result.

21

Lemma 3. : The virus free equilibrium Eqy of
model system (19) is locally asymptotically stable
(LAS) if Ro < 1, and unstable if Ry > 1.

Remark 3. Note that the basic reproduction num-
ber of the co-infection model of HBV and HDV
is the same than the basic the basic reproduction
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of the HBV model alone. This suggests that to
control the co-infection of HBV and HDV within
the body of a host, one only needs to control the
HBYV infection.

We now process with the existence of steady
states.

The steady states of model system satisfy
the following equations:

( _ Bil—n)avr Ba(1—n)Tv,
A=dpl————=——————=—— =0,
1—n)zv 1—n)yv 7
Bi( Pn) 1 Baf Pn)y Q—aygj—511?f:07
Ba(1 ;577)377’2 _ 51(1;77)21)1 —a,zZ—0221 =0,
1=n)gss _Bi(1—n)z0 ;
Ba( Pﬁ)yw +51( Pﬁ)wl — W — 03wl =0,
ki(1—¢e)y+k3(1 —e)w — dyv; =0,
]’CQ(l — 5)11_) - dQQ_}Za
{0191 + pozI + pswl + pI — qI? =0,
(22)

where P = & + 4+ z +w. From the last equation
of (22, we have

(;y+ p2z+ psw+p—ql)I =0, (23)

which has two possible solutions: I =0and ,y+
p2z+psw+p—ql =0. Since I > I* and I # 0,
one has that [ = %(plgj+p22+p3w+p). From the
d
sixth equation of (22), one has w = 72172.
kg(l — & )
Adding the third and fourth equations of (23) and
using the expression of w yields

Z_[ﬁz(l—n)(Hy)_ (aw + 837)d> ]1_)
| (az+6D)P ka(l—e)(as+0oD)|

(24)
Substituting Eq.(24) into the fourth equation of
gives

{52(1—77)?? _|_51(1j77)171 [52(1—77)(@4‘2?)
P P

 (aw+03])dy -
kg(l—e)(az+521)] } 02=0.(25)

Eq. has two possible solutions. If 7o = 0,
then from Eq. (22) one has that 7; = 0 or z = 0.
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Note that v; = 0 leads to the virus free equi-
librium Ey = (2*,0,0,0,0,0, 7). If Z = 0, we
obtain the HBV-only persistence equilibrium £ =
(z,7,0,0,01,0,1) which has biological signifi-
cance if Ry > 1. If vy 7% 0, the model admlts a co-
where the existence is verified numencally.

3) Stability of equilibria: We have the follow-
ing result.

Theorem 6. If Ryg < 1, then the infection free
equilibrium Ey of model system (I9) is globally
asymptotically stable in . whenever

k1(1—¢e)ka(1—¢)B2(1—n)
da

kg(l—E)(ay-F(slI*)'i‘

— k1 (1—¢)(aw+05I*) > 0. (26)

Proof: Consider the following LaSalle func-
tion candidate:

Lit)=ay+az+aw+bvy + cuy, 27

where a, b and c are positive constants to be
determined later. Using the fact that z < z* and
I > I*, the derivative of L along the solution of

(T9) satisfies

aB(1=n)zvy = aBe(1—n)zve
B 5 —a(ay+011)y

—a(a, + 021)z — a(ay, + d3)w+bki(1—¢)y
+ bk3(1—e)w—bdyv1 + cka(1— e)w—cdave

L=

< [aBi(1 =) — bl vy

+ [bk1(1 =€) — alay + 511*)]

+ :a52(1 )—cdz}w

+ [bks(1—€) +cha(1—) — (aw+531*)}w

We choose a = k(1

 h(l—o)—m)

2 ) .
of y, vo and w are equal to zero. In this case, if
the condition (26) holds, we obtain

€), b =ay+ 611" and

so that the coefficients

i < (ay—l—élf*)[Ro—l}vl.

Thus, if Ry < 1 then L < 0
Vz,vy, z, w, v1, ve, I > 0 and L = 0 if only
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if (x,y, z, w, v1,v2) = (2%,0,0,0,0,0,7%).
Then the globally asymptotically attractivity of
Ey follows from Lyapunov LaSalle Invariance
Principle [[18]]. This completes the proof. [ |

Now, we study the stability of the HBV-only
persistence equilibrium E = (z,7,0,0,v1,0,1).
The Jacobian matrix of model system at £
is

—dy— 5o S1 S1
SQ —Sl—ay—élf —51
0 0 —Sl—az—(SQf
Jg= 0 0 S1
0 k1(1—¢) 0
0 0 0
0 pil p2l
St -S3 =S4 0
=51 S3 =S5 —01y
0 0 Sy 0
—aw—531: 0 55 0 s
k‘3(1—5) —d1 0 0
ko(l—e) 0 —dy 0
pgf 0 0 —qf
where §; — PlL=mTo o Al —77)@71’
T +7)> (z +9)?
Sg = Ll(l _i])x, 54 52( 7) and S5 =
T+y r+y
B2(1 —n)y

n The local stability of E is governed
z

by the :eyngenvalues of the Jz. Hence, conditions
for local stability of £ have been derived by
applying the Routh-Hurwitz criterion to the char-
acteristic equation of Jg. The expresions are com-
plicated and are not presented here, but available
from the authors on request. Importantly, the set
of parameters satisfying these conditions is not
empty.

Figure [I] presents the time evolution of model
system (19) when 31 =0.02 82 =0.07,e =n =
0, k1 = 600 and p; = 0.00002 (so that Rg > 1).
All other parameter values are as in Table 1. In
this case, the co-infection equilibrium is E(6.5 X
104, 1.8 x 10%,490.93,310.3,1.572 x 107, 1.55 x
10°,670.9). Initial conditions have been chosen to
be £(0) = 2 x 107, y(0) = 104, 2(0) = 4 x 10,
w(0) = 3 x 103, v1(0) = 2 x 103, v2(0) = 1.5 x
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x x10*
25229 . . 1

2 8.l
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S, z B
3 2 3
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5 32 8
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Time(Days) (al ) Time(Days) (bl ) Time(Days) (Cl)
3 g g
S >
8. z . 3
2 T Z
T o 8 ]
8 S [
Time(Days) (dl) Time(Days) (el) Time(Days) (fl)
Lo
©
o
-
=
5w
Time(Days) (gl)
Fig. 1. Time evolution of model system (I9) when 81 = 0.02 82 = 0.07, ¢ = n = 0, k1 = 600 and p1 = 0.00002 (so

that Ro > 1). All other parameter values are as in Table 1.

10% and I(0) = 4 x 10%. From this figure, it is
evident that the trajectories of model system (I9)
converge to the co-infection equilibrium.

IV. OPTIMAL CONTROL OF TREATMENT IN THE
HBV-HDYV CO-INFECTION MODEL

This section deals with the problem of optimal
control of the co-infection of HBV and HDV.
More precisely, we are concerned with the prob-
lem of adopting the best strategy of treatment
to fight the HBV-HDV co-infection. We seek to
search a maximum count of healthy cells with a
minimum dose of the administered drugs. Hence,
if we denote 7(t) the first control variable which
is efficacy of inhibiting new virus infections as a
consequence of virus clearance and ¢(¢) the sec-
ond control variable which represents the efficacy
of inhibiting viral production from infected cells,

Biomath 7 (2018), 1807219, http://dx.doi.org/10.11145/j.biomath.2018.07.219

model system (I9) can be written, to accommo-
date control actions or chemotherapy treatment,
as follows:

,i:A_dxm_ﬁl(l—nP(t))m_52(1_77]3(75))%27
. 1—n(t 1—n(t
y:ﬁl( TZP())xvl_ﬁQ( ;]3( ))yvg_ayy
—51yI,
3= 62(1—77P(t))[1}’02 B Bl(l—g(t))zful s
—52ZI,
_ Ba(—n(t))yve  Bi1(1—n(t))zv1
- P + P — QoW
— 03wl

1')1:k1(1—s(t))y—i—kg(l—E(t))w—dlvl,
@2:k2(1—€(t))w—d202,
I = p1yl + pozl + pswl + pI — qI?,

(28)
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with 2V, yo, 20w, v?, 0 and IO the given

initial values of z, y, w, z, vi, vg, [ at tg = 0
respectively. The control functions, 7(t) and £(t),
are bounded, Lebesgue integrable functions.

Our objective functional to be maximized is

t
J(n,€) = / ' [w(t) - (An2+ BEQH dt.
0 2 2
(29)
In other words, we want to maximize the benefit
based on the healthy liver cells count and min-
imizing the cost based on the percentage effect
chemotherapy given (i.e. 7 and ¢). The parameters
A and B are positive and represent the weights
on the benefit and cost.
The goal is to seek an optimal control pair

(n*,€*) such that
J(",e") = max{J(n,e) : (n,) €U},

where U is the control set defined by:

(30)

U= {u=(n,¢e), n,emeasurable,0 < n(t) <
1,0 <e(t) <1,Vt € [0,t5]}.
The basic framework of this problem is to prove

the existence and the uniqueness of the optimal
control and to characterize it.

A. Analysis of Optimal Controls

The necessary conditions that an optimal pair
must satisfy come from Pontryagin’s Maximum
Principle [21]]. This principle converts -
into a problem of minimizing pointwise a Hamil-
tonian, H, with respect to 1 and e:

H=z(t)— (§7° + Z?)

Bi(l—n(t)zvr  Ba(1—n(t))zvs
P P

+A [)\—dx:v —

n(t)zvr  Po(l—n(t))yva
P P

+ A9 ayy

[51(1

Pa(L=n(t))zvy _ Bi(1=n(t))zv1
P P

— 51yf] +As3 [

—(LzZ—(S2ZI:| + A4 {2(1_;@)%2
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+Bl(1_73(t))zvl

—apw—03wl

+ A5 [kl(l — E(t))y + kg(l — a(t))w — dﬂ)l]
+>\6 [kg(l — e(t))w — dgvz]

+ A7 [plyI + pazl + pswl 4+ pl — qIQ} .
(1)
By applying Pontryagins Maximum Principle [21]
and the existence result for the optimal control
pairs from [22]], we have the following result.

Theorem 7. There exists an optimal control pair
n*, €* and corresponding solution x*, y*, z*, w*,
v}, vy and I*, such that J(n*,e*) = max J(n,e).
Furthermore, there exist adjoint functions \1, Ao,
A3, A1, A5, Xg, and A7 such that equation

holds with the transversality conditions
Ai(tg) =0, fori=1,..,7 (33)

and P = z* + y* + 2 + w*. The following
characterization holds:

n* = min{max{0, Ri(¢)}, 1},

e* = min{max{0, Ra(t)}, 1}  (34)
where
1 Brx v+ Pax*vs

t) = —
Ry (t) 1 A1 2

Boy*vy — Bra*v] Brz*v] — Bax* v
+ Ao 2 A3 2

Bzt + By
4 P

—)\5(k:1y* + kgw*) - )\ﬁkgw*
B

Proof: Corollary 4.1 in Fleming and Rishel
[22]] gives the existence of an optimal control
pair due to the concavity of the integrand of J
with respect to (7, £), a priori boundedness of the
state solutions, and the Lipschitz property of the
state system with respect to the state variables.
Applying Pontryagin’s Maximum Principle, we
obtain

Ry(t) =
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L
_|_

(1 —n)vi(y* + 2" +w*)  Bo(1 —n)vs(y* + 2" + w")

A1 (dx =+ p2 + P2 s
Bi(l—nvi(y* + 2" +w*)  Bo(1—n)y*vs

P2 + P2
Bo(1 —n)vs(y* + 2" +w*)  B1(1 —n)z*v]

P2 + P2
Ba(1 —n)y*vs n B1(1l —n)z*v}

P2 P2

|
>
no

|
>
B

|
p
w
7 N7 N N

prl = n)a*vf

Ba(1 —n)z*vy Bo(1 —m)a*vy  Bi(l —n)z"v]
—A1 ( P2 + P2 + A3 P2 B P2
Bu(l = marv] | Boll — mupla” + 2 + w) *
o ( B2+ 53 +ay+0l
B1(1 —n)z*vy  Bo(l —n)vd(x* + 2" + w* .
_'_)\4( 1( P2) 1 2( ) 2<P2 ) —kl(l—vf))\5—p1[ )\7’
(Bt B -ty (B maer o= ny'e
1—n)x*vd 1 —n)vi(e* +y* + w* .
W (52( PZ) 2_|_51( n) 1(P2 Y )+az+521>
+A4 ( 2( P;’) 2 1( 77) IFP2 ) _ ,OQI )\7’
Bl —nplarv] | Bl — )] Bl —npla*v] Bl —n)y vl
—A1 P2 + P2 + A2 P2 o P2

Bo(1 —m)a*vy  Bi(l —m)z"v]

- ) (1= £)As — k(1 — £)A — psI*As

+
>
&

T N NN

p? p?
o (B SO 531*> , (32)
ﬁl(l—Pn):c*(Al a4 W(Ag — A1)+ duds,
52(1—1377)9«’*@1 )+ W(AQ — M) + da)e,

Ny Ao + 022" A3 + 03w Ay — (pry” + p2z™ + psw™ + p — 2qI") A7,
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oH OH ‘ OH

T o= A=
or 2 Ay 7 oI

evaluated at the optimal control pair and corre-
sponding states, which results in the stated adjoint
system (32) and (33) [35]. By considering the
optimality conditions,

oOH OH

—=0ad — =0

on Oe
and solving for n*, £*, subject to the constraints,
the characterizations (34) can be derived. To il-
lustrate the characterization of £*, we have

88}51 = —Be — )\5(/€1y + kg’w) — Xgkow =0
at ¢* on the set {¢ | 0 < £*(¢) < 1}. On this set,
we have
e*(t) = . Taking into
account the bounds on ¢, we obtain the character-
ization of ¢ in (34). [ |

Next, we discuss the numerical solutions of the
optimality system and the corresponding optimal
control pairs, the parameter choices, and the in-
terpretations from various cases.

fu=

=5 (k1y + ksw) — Agkow

B. Numerical results

In this section, we study numerically an optimal
treatment strategy of our HBV-HDV co-infection
model. The optimal treatment strategy is obtained
by solving the optimality system, consisting of
14 ODEs from the state and adjoint equations. An
iterative method is used for solving the optimality
system. We start to solve the state equations
with a guess for the controls over the simulated
time using a forward fourth order Runge-Kutta
scheme. Because of the transversality conditions
(33), the adjoint equations are solved by a back-
ward fourth order Runge-Kutta scheme using the
current iteration solution of the state equations.
Then, the controls are updated by using a convex
combination of the previous controls and the value
from the characterizations (34). This process is
repeated and iteration is stopped if the values of
unknowns at the previous iteration are very close
to the ones at the present iteration.

In order to evaluate our control strategy, we
consider six co-infected patients by HBV and

Biomath 7 (2018), 1807219, http://dx.doi.org/10.11145/j.biomath.2018.07.219

HDV: Al, AQ, Bl, B2, Cl, and 02 divided in
three groups such that The first group consists of
Aj and As and the viral HDV load of patients A
and Ay are the same and are 1.16 x 103 copies/ml.
The second group are patients B and Bs with the
same HDV viral loads of 1.16 x 10° copies/ml;
the end group are patients C1, and Co with high
levels of HDV viremia which are 1.16 x 107
copies/ml. We suppose that patients A;, B and
Cp are not under treatment. Otherwise, patients
As, By and Cy are under our treatment control
strategy. We want to evaluate in 100 days the
evolution of viral HDV load in every patient. We
suppose that the viral load of HBV in those groups
are 10® copies/ml. Note that some studies report
improvements in patients, with interferon-o (IFN)
efficacy as high as 90% (n = 0.9) [36]. Although
lamivudine (LMV) does not have a direct effect
on HDV viral production ko, its effect on the viral
production of HBV will also have an effect on the
HDV viral dynamics. Studies such as Lewin et al
[37] show efficacy levels of therapies based on
LMYV varying between 90% to 99% (¢ > 0.9) for
the HBV infection. With this in mind, we consider
combination of interferon-a and lamivudine in our
simulations.

In Fig.(2), parameter values are the same as
in Fig.(1). Figure (a1) — (c1) presents the
time evolution of viral load of patients of group
1. In this figure, we observe that when there is
not strategy of treatment, the disease persists in
the host. But, with our strategy of treatment, the
disease disappear in the host. To have this result,
the control £(t) is at it maximal value almost all
the period of our control strategy. This means that,
to control HDV, we need medication with hight
efficacy. We have the same observation on the
other figures for group 2 and group 3.

Fig.(3) illustrate the importance of immune
system in our model. We observe that without
CTL cells, the viral load of patients Ay, By and
(1 increase. Otherwise, the viral load of patients
Ag, By and Cy converge to zero if only if £(t)
and 7(t) are to their maximal values during all
the period of control strategy. So, it is difficult
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Fig. 2. Time evolution of viral load of patients A;, Bi, C1 without treatment, and patients A2, B2 and c2 with our

treatment strategy.

to control the disease in this case. This show the
importance of immune system in our model.

V. DISCUSSION AND CONCLUSION

Hepatitis D virus infection has a worldwide
distribution. Studying the transmission, epidemi-
ology and dynamic virus of HDV infection is an
important topic. It is a unique virus for which
many open questions remain. For example, HDV-
specific treatment protocols still do not exist.
The investigation of the inter-related dynamics of
chronic HBV and HDV infections are important
to understanding how treatment may affect this
complex system. To this end, the development of
biologically realistic mathematical models is an
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important tool. The main objective of this paper
was to shed light on the interaction between HBV
and HDV.

A realistic deterministic ODE based compart-
mental model for the transmission of HBV and
HDV co-dynamics within the body of a host
has been proposed and analyzed. The HBV-only
model was qualitatively examined, first of all.

The mathematical analysis results show that
the basic reproductive number Ry of the co-
interaction HBV-HDV model is the same than
the basic reproduction number of the HBV model
alone. This suggests that the eradication of HDV
is conditioned by the eradication of HBV. The
epidemiological implication of this is that for
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the effective eradication and control of HDV, R
should be less than one. Moreover, achieving
this may be too costly, because it means that
for constant controls, one needs to keep treating
for infinite time. Therefore, we considered time
dependent controls as a way out, to ensure the
eradication of the disease in a finite time. In
this light, we addressed the optimal control by
deriving and analyzing the conditions for optimal
eradication of the disease. From our numerical
results, we can conclude that immune responses
play a significant role in eradication of disease.
Moreover, to eradicate the disease, it is important
to manufacture a drug treatment with hight effi-
cacy which can block the viral production.
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