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1. Introduction

Mathematical modeling of the spread of infectious diseases has attracted much attention of
researchers in various disciplines. The importance of the modeling is that it has become an important
tool in understanding the dynamics of diseases and in the decision-making process with regard to
rapid intervention programs in controlling and limiting the spread of these diseases [1-7]. Until
mathematical tools are employed, real-world problems were modeled by means of an abstract model.
These mathematical models contain basic variables and relationships corresponding to the observed
and recorded phenomena and behavior. Due to the fact that the theory of differential equations is not
sufficient to describe and model many real-world and complex problems, the critical importance of
fractional differential equations appears in modeling these issues in recent years [8§—18]. Furthermore,
owing to its many widespread applications, scientists and researchers have significantly attracted the
attention toward fractional differential equations. Accordingly, many models of differential equations
containing fractional differentiation and fractional integration have been developed. And the fact that,
for many fractional differential equations, it is difficult to find the exact solutions, so it has become
very important to develop and update numerical methods so that we can find approximate and
numerical solutions to many of these equations [19-28].

The Adams-Bashforth predictor-corrector method has been proposed [29-35], as a great and
powerful numerical method which is capable of providing a numerical solution of fractional
differential equations. The method can be used for linear as well as nonlinear fractional differential
equations.

In this paper, we derive and discuss the numerical solutions of the fractional-order model of the
human immune response to influenza A virus (IAV) infection by using the method that was proposed
in [36] , which combines the fundamental theorem of fractional calculus and the two-step Lagrange
polynomial. The authors in [37] proposed a simplified dynamical model of immune response to
uncomplicated influenza A virus (IAV) infection. This model focuses on the control of the infection
by the innate and adaptive immunity [37]. Zhang et al. [38] propped a long review on hostvirus
interaction: How host cells defend against Influenza A Virus Infection. They presented a general
description on recent work regarding different host cells and molecules facilitating antiviral defenses
against IAV infection and how IAVs antagonize host immune responses. Also, Vires et al. [39-41]
discussed in details on the factors for influenza A virus infection, Preserving Virus Motility, IL16
deficiency enhances Thl and cytotoxic T lymphocyte response against influenza A virus infection. In
our paper, we focus on studying the effect of the change of the integer-order derivatives and
non-integer derivatives with power and exponential kernels.

The paper is organized as follows. Notations and basic definitions of fractional derivatives are given
in Section 2. In Section 3, the classical model of immune response is presented. In Section 4 and 5, the
numerical method with power and exponential laws is discussed and illustrated graphically. Finally,
conclusions are summarized in Section 6.

2. Preliminaries

In this section, we give some basic definitions and properties of fractional calculus theory [2, 3,43,
44].
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Definition 1. If Y(r) € L,(a,b), the set of all integrable functions on (a,b), and @ > 0, then the
Riemann-Liouville fractional integral of order a, denoted by J, is defined by

Y0 = s f (1~ ) Y () @.1)

Definition 2. For @ > 0, the Liouville-Caputo fractional derivative of order «, denoted by LCD;’ v
defined by

e y() = — f (= )™ DY )iy 22)
- J.

mn-1l<a<n neN={1,23,--}),

Lo =D, (2.3)
where D = £

We next introduce the Caputo-Fabrizio-Caputo fractional integral operator of order @ > 0 [45].

Definition 3. The Caputo-Fabrizio-Caputo derivative operator (CFC) with respect to ¢, denoted by
CF COD(,]’ , is defined by

CF%DQ/Y( 1) = M(a )f ( n))z)"y( Ydn 2.4)

(n—1<a/<n; n €N),
where M(«) is a normalization function such that M(0) = M(1) = 1.

Definition 4. Losada and Nieto [45] proposed the fractional integral according to the CFC as follows:

CFC ja _ (-0 a '
JoY(t) = —M(a) Y(@) + —M(a) f(; Y(n)dn. (2.5

3. Classical immune response

3.1. Mathematical formulation

In this section, we will first provide remarkably simple details about the composition and the basis
on the model of human immune response to influenza A virus (IVA) infection. For further details and
for the history of this virus infection, we refer the reader to the earlier work [37].

The human immune response model against the IVA infection has been found to be a simplified
population dynamic model consisting of the following interactions. Figure 1 shows the schematic
representation of interactions included in the model [37]. Respiratory system epithelial cells are
presumed to be present in one of these four possible states: Healthy (H), infected (I), dead (D), or
resistant (R) to infection. Total epithelial cell count (that is, H + I + D + R) is believed to be constant.
The particles of the virus (IAV) interact with and infect healthy cells. Once these virus particles die,
the infected cells release new virus particles. Proliferation of healthy cells causes regeneration and the
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proportion of dead cells decreases. APS stimulates interferon a and b (F) production which interacts
with healthy cells and converts them to a resistant state. In addition, APS stimulates the proliferation

of effector cells (E) which kill the infected cells.

Finally, they stimulate production of the plasma cell (P). This, in turn, produces antibodies (A) to
neutralize the virus. The antigenic compatibility (S) between the virus and the antibodies currently
generated by the organism modulates the neutralization. S quantifies the interaction of the antibodies
with the virus. In order to illustrate the components of the immune response as shown in Figure 1,
we will use the previous interactions to construct a system of ten differential equations describing the

dynamics of the main variables.

dv \%
— =yyl —yyaSAV —yygVH — ayV - il

dt 1 +aV2V’

‘il_i’ = bupD(H + RagR — vy VH — by FH,
di
o = yuyVH = bigEL,
‘Z_f‘f = (bupD + by V)(1 = M) = ay M.
cii_f = (bpM + Cpl) — bpyHF — afpF,
i—I: = buyrHF — agR,
‘il_f = by ME - abIEIE + ag(1 — E),
ap _ bpyMP + ap(l — P),
dr
‘jl_ft‘ = baP — yavSAV — azA

and

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)
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ds
— = rP(1-35). (3.10)

We impose the following initial conditions:

V(0) = vo, H(0) = ho, 1(0) = iy, M(0) = my, F(0) = fo, R(0) = ro, E(0) = ep, P(0) = py,
A(0) = ao, S (0) = so, (3.11)

where V,H,I,M,F,R,E,P,A and S are Viral load per epithelial cell, proportion of healthy cells,
proportion of infected cells, activated antigen presenting cells per homeostatic level, interferons per
homeostatic level of macrophages, proportion of resistant cells, effector cells per homeostatic level,
plasma cells per homeostatic level, antibodies per homeostatic level and antigenic distance,
respectively.

Antigen
presenting
Resistant cells cells U T
R M 15‘[1;3_,3 {_Thl
¢ _Beells
Healthy cells Antigenic
" compatibility
1','
Infected cells l
f
Dead cells
D

Figure 1. Schematic representation of interactions included in the model. The influenza virus
(IAV) is shown as red hexagon, the four different cell types are shown in cyan. Components
of adaptive immunity are shown in orange, cellular component of innate immunity in purple,
and interferon component in green. Upregulation is represented by lines terminated with
arrows and inhibition by lines terminated with bars. The inter-conversion of cell types (cyan)
is indicated by dashed arrows. Dashed ovals represent details of the mechanism ignored in
this model. Homeostatic maintenance of effector and plasma cell populations are indicated
by self-regulating loops [37].
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3.2. Description of the involved parameters

The above parameters are defined in the following table:
Table 1. Description of the involved parameters [37].

Parameter Description

Yy Rate constant of influenza A virus (IAV) particles secretion per infected epithelial cells
Yva Rate constant of neutralization of IAV by antibodies

YvH Rate constant of adsorption of IAV by infected epithelial cells

ay Rate constant of nonspecific IAV removal

ay, Rate constant of nonspecific IAV removal

ay, Rate constant of nonspecific IAV removal per cell per CTL as the CTL response sets up
bup Rate constant of regeneration of epithelial cells

ag Rate constant of epithelial cells virus resistance state decay

YHV Rate constant of epithelial cells infected by AV

bur Rate constant of epithelial cells virus resistant state induction

big The rate of removal of CTL per infected hepatocyte per CTL

a Rate constant of infected epithelial cells damage by cytopathicity of IAV

bup Rate constant of stimulation of antigen presenting cells by dead cells

byy Rate constant of stimulation of antigen presenting cells by virus particles

ay Rate constant of stimulated state loss of antigen presenting cells

br Interferon (IFN) production rate per APC

CF Interferon (IFN) production rate per infected cell

bry Rate constant of epithelial cells that IFN binds

ar Rate constant of IFN’s natural decay

beu Rate constant of stimulation of effector cells

bg; Rate constant of death of effectors by lytic interactions with infected epithelial cells
ag Rate constant of natural death of effector cells

bpy Rate constant of plasma cells production cells

ap Rate constant of natural death of plasma cells

ba Antibody production rate per plasma cells

Yay Rate constant of antibodies which binds to IAV

as Rate constant of natural death of antibodies

r Rate constant for S variable

4. Immune response with fractional-order derivatives

In this section, we present a generalization of the numerical schemes proposed in [36] for the
fractional immune response involving the Liouville-Caputo and Caputo-Fabrizio-Caputo
fractional-order derivatives.

The fractional immune response model is obtained by replacing the classical derivative by the
operator (D}

ClVlV

DYV =yyl - SAV — VH —ayV — —,
ol/; Yv Yva YvH Qy 1+ ay,V

(4.1)
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oD*H = bypD(H + R)agR — yuyVH — byyFH, (4.2)
oD%l = yuyVH — bjgEI, (4.3)
oDYM = (bypD + byyV)(1 = M) — ayM, (4.4)
oD{F = (bpM + Cpl) — bpyHF — apF, 4.5)
oDYR = byrHF — agR, (4.6)
oDYE = bpyME — abIEIE + ag(1 — E), 4.7)
oDy P = bpyyMP + ap(1 — P), (4.8)
oDFA = boP — yaySAV — asA 4.9)
and
oD?S =rP(1-1S5). (4.10)

The numerical solution to the system given by Eqs (4.1)—(4.10) is obtained by applying the
following numerical algorithms.

4.1. Numerical scheme for fractional immune response in LC sense

Involving the LC derivative, we have

LC na ayV
DYV = yyl — yyaSAV — yyuVH — ayV — ———, 4.11
o D; Yvl = Yva Yvu ay Y 4.11)
tCDYH = bypD(H + R)agR — yuyVH — byy FH, (4.12)
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("D = ypyVH = bygEL (4.13)
SCDIM = (bypD + by V)(1 = M) — ayM, (4.14)
¢ DIF = (bpM + Cpl) — bpyHF — agF, (4.15)
LCDUR = bypHF — agR, (4.16)
tCD®E = bpyME — abIEIE + ag(1 - E), (4.17)
t€DP = bpyyMP + ap(1 — P), (4.18)
(DA = boP = yavSAV — apA (4.19)
and
(°DS = rP(1-35). (4.20)

Now, by applying the fundamental theorem of fractional calculus on Eqs (4.11)-(4.20), we obtain

1 !
VO -VO) = 7o fo (WI) = yvaS AV = yvuVIDHG) — avV

ay1V(n)

o virNeg _ a-1
1+avzv<n))(l n)"'dn, (4.21)

1 1
H®O - HO) = 575 fo (bupD(H () + R0)agR(m) = yuvVaH) = buy FDH®))

(t—m)*dn, (4.22)

1 t
1010 = 7 fo (yavVHG) = bie EGDIG)(t — )~ dn, (4.23)

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4942-4969.
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1 !
MO = MO = s [ ((BunD + ba VD)1 = M) = auMap)e=nldn. @24
1 !
FO = F0) = o [ ((brMa + Cot) = beHODF) = arF )=, (425)
1 !
RO - RO) = o [ (burH@FG) - axkin)e -, (426)
(@) Jo

1 1
E) - EO) = 5o fo (bewMDEQ) — abIEIGEG) + ag(1 — E@))t - ) 'dy,  (4.27)

1 !
P(r) — P(0) = @ fo (beuM P + ap(1 = P())(t = n)*"dn, (4.28)
1 !
40 =40 = o [ (baPo) =S DAYV - asd)e-ndy @29
and
1 f
50 =50 = o [P0 =S @)= an (4.30)

Equations (4.21)—(4.30) can be reformulated as follows:

1 d I+ 1
V) =VO) = 5 Z f (71 = YvaS WAV = yvuVDH) = avV
m=0

__avnilV()
1 +ay,V(n)

Im

Yt =), (4.31)

Im+1

1 (o)
H(t,1) — HQO) = @) Z f (bHDD(H () + R()agR(n) — yuy V() H(n)
m=0 tm

— by FuDH®)) - (tyar — )", (4.32)
1 & Im+1
I(ty1) = 1(0) = @Z f Big(ynvV ) H() = b EIO)) (et — 1) dn, (4.33)
m=0 v Im
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1 & |
M(t,y1) — M(0) = @ Z f ((bMDD + by V()1 = M) - aMM(U)),
m=0 ¥ Im

(tmsr — 1) dn,

Iim+1

Flty) = FO) = 7 )Z f ((br M) + CrIGD) = brrHMF 1) - arFp)

(tm+l - )a' 1d7],
1 b Im+1
Ritn) ~RO) = s ). [ eur PG = aRp) s = i,
m=0 v Im

E(i) = EO) = - )Z f " (beuMEG) ~ abIEIE®) + ax(1 — E))

m=0

(tm+l - )7)(1 ldn,

(o)

1 Tm+1
[ Z f (bPMM(n)P(n) + Clp(l — P(]])))(th _ n)(z—ldn’
0 VYim

P(t,1) — P(0) = @)

Alty) = AO) = - )Z f " (BaPO) — yaS AV D - asA)

m=0
At =) dn

and

o

1 Im+1 B
S (tni1) =S (0) = — > f (rPaD(1 = S())twsr = )*dlny.
(@) 0 Yt
Using the two-step Lagrange polynomial interpolation, we obtain

(@) mZ:O ((yvl(tm) = yvaS t)A)V(t,) — yyuV(t,)H(t,,)

aVlV(tm) ftmﬂ (77_ m—l)
—ayV(t,) - ——————). ————d
vViin) 1+aV2V(tm)) b (=) 7

V(tw) = V(0) +

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)
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- (yVl(tm—l) - YVAS(tm—l)A(tm—l)V(tm—l) - YVHV(tr11—1)H(tm—l)
ay1V(tu-1) (1 = t)
SV - U TES) | ). (4D

1 n
hl(a) Z ((bHDD (H(t) + R(tw))arR(t)
m=0

H(ty1) = H(O) +

(77 - tm—l)
(tm+1 - n)l—a

- (bHDD(H () + R(’?))GRR(U) —vuvVH®) — byyF(nH (77))

(= 1)
. —dn|, 4.42
f (et — 1)1 ") @42

1 n
hF(a) Z ((VHVV(tm)H(tm) - b[EE(lm)I(tm))
m=0

_ ')/HVV(tm)H(l‘m) - bHVF(tm)H([m)) . f}m

1(the1) = 1(0) +

. fm+ (t(n%n:]_)ll)—adn — (')’HVV(tm—l)H(tm—l) - bIEE(tm—l)I(tm—l))

fnel (77_ m) )
: =), 4.43
f s = ! “43)

1 n
M(tn+l) = M(O) + m mZ:O (((bMDD + bMVV(tm))(l - M(tm)) - aMM(tm))

[y (b b Vi1 M)

(tm+1 - n)l_a/
e (77 B tm)
- aMM(tm—l)) : j;; mdﬂ), (444)

F(ty) = F(O) +

1 n
hl“(a) Z (((bFM(tm) + CFI(tm)) - bFHH(tm)F(tm) — aFF(tm))
m=0

fm Mdn—((bFM(tm_1)+CF1(fm—1))

(tm+1 - '7)1_“
(77_ m) d )’

I 4.45
(tm+l - 77)1_(Z 7 ( )

Tm+1
— by H(ty-1)F (1) — aFF(fm—l)) : f
tm

n

R(tys1) = ¢1(0) + @)

m=

((bHFH(tm)F(tm) - aRR(tm))
0
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1)

"= i)
. dn|, 4.46
ftm (tm+1 - 77)1_0 77) ( )

1 n
E(tys1) = EQO) + @) mZ:O ((bEMM(fm)E(fm) — ablEI(t,)E(t,,) + ag(1 - E(tm)))

Im+1 —
. f =)y (b Mt E 1) = GbIET ) E )
Im

(tm+1 - n)]—a’
. fn1 (77 - tm)
+ag(l - E(tm—l)))l ft; mdﬂ), (4.47)
1 n
Pll) = PO) + s mz;) (oM (2)P(t) + ap(1 = P(2,)))

. f " 007%";7—)11)_051;7 ~ (bpsM () Pltt) + ap(1 = P(t,-1)))

fne1 (77_ m)
. ft s _n)l_adn), (4.48)

A(tp) = AQ0) +

1 n
oo mzo ((bAP(tm) — YavS (AU V (1) — aaA(Ly,))

fims1 (77 — b )
. f = (AP = YavS () AU)V (1) = a1A 1)

fne1 (77 - m)
: | 4.49
ftm (tm+1 - 77)1_“ n) ( )

and

1 n
S () = SO + s ,,,Zo ((rP(rm>(1 - 5(tw))

Im+1 ()7 _ m_l)
| f T dn = (rPe- (1 = S )

fnl (77 - m)
. —d 4.50
fz:,, (lm+1 - 77)1_“ 77) ( )

These integrals are evaluated directly and the numerical solutions of Eqs (4.11)—-(4.20) involving
the LC derivative are given by
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h® &
V(twe1) = V(0) + o+ D@ mZ:O (()’vl(lm) = yvaS (G)AW)V () — yva V() H(ty)

ayy V(tm)
—ayV(t,) - m) - x1(n, m)

— (WI(tnet) = YvaS (D AU )V (1) = YvirV () Ht)

ay1V(tn-1)
—ayV(tu-1) - m) 'Xz(n,m)), 4.51)

a

h n
H(t,s1) = HQO) + a@t D@ mZ:O ((bHDD(H(lm) + R(t))agR(t,)

= vV () H(tn) = by F(tn) H(6n)) - X1 (, m)
— (bupD(H(n) + ROp)agR () = yuvV)H() = by FOH())

h® -
) = 10) + — s mzo ((vav<rm>H<zm) — bipE(tu)(1y,))

1 m) = (Vv V() H (b 1) = bieE(ty 1)t 1))

h® -
M(t,41) = M(0) + a@+ D@ mZ:(:) (((bMDD + by V(t,)(1 = M(t,,)) - aMM(tm))
x1(n,m) = ((bpD + bary Vit 1))(1 = M(t1))

lquad — ayM(t,.1)) - x2(n. m)), (454)

a n

h
F(t,41) = F(0) + a@+ D@ mz

(((bFM(tm) + CFI(tm)) - bFHH(tm)F(tm) - aFF(tm))
=0

x1(n,m) = ((bpM(ty-1) + Crl(tn-1))

— b H () F (1) — apF 1)) - xa(n, m)), (4.55)
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h” <
R(tni1) = ¢1(0) + o+ D@ mZ:O ((bHFH(tm)F(tm) - aRR(tm))
x1(1.m) = (bgp H(ty1)F (tn-1) = agR(tn-1))

“xa(n, m)), (4.56)

he "
E(tys1) = EQO) + aat D@ mZ:O ((bEMM(tm)E(tm) —abIEI(t,,)E(t,,)

+ ag(1 = E(tn))) - x1(1,m) = (beasM(ty1)E(t-1) = GIEI(ty-1)E(t1)

+ap(1 = E(ty-1))) - xa(n. m)), (4.57)
h® 1 S
Pltnt) = PO) + oo e s mZO ((bPMM(tm)Pam) +ap(1 = Pty))

'Xl(na m) - (bPMM(tm—l)P(tm—l) + aP(l - P(tm—l))) ')(z(l’l, m))’ (458)

h® -

Altye) = AO) + — s mZO ((bAP(tm> = YavS (tn)At)V (1) = aaA(t)
X101, m) = (BaP(tw) = YavS (tn)Atn) V(1) = aaA(t)) - Y2 (1, m)) (4.59)
and
h* .
S (tp1) = 5(0) + aat DM@ mZ:O ((”P(fm)(l - S(tm)))

x1(n,m) = (rP(tu-)(1 - S(rm_l)))m(n,m)). (4.60)
xi(n,m) = ((n +1-m*'m-m+2+a)-n-m*'X(n—-m+2+ 2@)), (4.61)

a+1

xanm) = ((n+ 1=m)™" = (n=m)*(n —m + 1+ a)). (4.62)
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4.2. Numerical scheme for fractional immune response in CFC sense

Considering the CFC derivative, we have

DIV = yyI = yyaSAV = yyuVH - ayV - % (4.63)
§"CD{H = bypD(H + R)agR — ypyVH — byyFH, (4.64)
§"°D¢I = yuyVH — byipEl, (4.65)
§TCDIM = (bypD + byyV)(1 = M) — ay M, (4.66)
6 CDEF = (bpM + Crl) — by HF — agF, (4.67)
6"CD{R = bypHF — agR, (4.68)
6" CD{E = bpyME — ablEIE + ag(1 - E), (4.69)
6 CDEP = bpyMP + ap(1 - P), (4.70)
OCFCD:;A = DbyP — yaySAV —asA 4.71)

and
6 CDS =rP(1-). (4.72)

As in the preceding section, by applying the fundamental theorem of fractional calculus, we obtain

V() -V(0) = —a()’vl (1) = yvaSOADV(0) = yvu VIOH (1) — ay V(1) -

ay V(1) )
M(a)

1+anV(Q)
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e f (I — yvaS DAV () ~ yvuVaDH®) — avV
M(a) Jo

__anlV() )d

4.73
T+ av V) “4.73)

H(0) - H(O) = + M )(bHDD(H(t)+R(t))aRR(t) yavV(OH(t) = by F(DH(?))
+m ﬁ (bupD(H() + ROD)arR () = yuyVHG) = buy FGDHGM))dn,  (4.74)
10~ 10) = 37 )(mva(r) birE(OI(1))

+ W fo (yav VD HG) = bieE@)IGp)dn. (4.75)

M(@) - M(0) = M( )((bMDD+bMVv<t))(1 - M()) — anM(1))
+W fo ((bwpD + by VD)(1 = M(m)) = ayM(m))dn, (4.76)

F(t) - F(0) = M( )((bFM<r)+CF1(r>) bruHOF () - arF (1))
+m fo ((0rM) + Crl()) = bruHaF () — apF()dn, — (477)
RO = RO) = 35 (burHOF®) ~ k() + 170 f (burHODF() - asR@p)dn, (478

E(1) — E(0) = 1= (bEMM(t)E(t) — abIEI(OE(t) + ap(1 - E(1)))

M()

* M(Q) j; (benMDEG) — abIEIGEG) + ar(1 - E(m))dn, (4.79)

P(t) - P(0) =

Vi )(bPMMa)P(r) +ap(1 - P(1))

* —M(a) fo (bPMM(n)P(n) +ap(1l - P(n)))d,,, (4.80)
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1 -
A(t) - A0) = Wg(bw(t) —YavS (DAWDV (D) - arA())
+ Mc(la) fo (bAPD = YavS (MAMV () = asA) )dn, (4.81)
and
S-S = (P01 = S @) + —— [ (rPa)(1 - S@)))an, (4.82)
M(a) M(a) Jo

where M(«) is a normalization function such that M(0) = M(1) = 1.
We now complete the procedure with one equation and, for the remaining equations, we repeat the
same procedure to get the final constructions of approximation iteration. First, we let t = t,,,;

(0

M(a) fo (rPe)(1 = S@))dn.  (4.83)

S (tn1) = $(0) = ——(rP(t,)(1 - S (1,))) +

l-«a
M(a)
Then ¢ = ¢, and

l-«a
M(a)

a
M(a)

S (1) = S©0) = ——(rP(t,-1)(1 = S (t,1))) + fo Big(rPGY(1 - SM))dn.  (4.84)

Thus, in view of Eqgs (4.83),(4.84), we obtain

l-«a
M(a)

Y In+1
+ e f (rPaD(1 = S (). (4.85)

S (tye1) = S (1) +

((rp(t,,)(l =S () = (rPty1)(1 = S (fn—l))))

In view of the Lagrange polynomial interpolation, and by integrating the following expressions, we
obtain

f . (rPa)(1 ~ S (p))dn = %((FP (1 - S(t"))))

2
h
- 5((rP(tn+1>(1 - S(fn+1))))~ (4.86)
After some manipulation, we have the following expression:
l -« 3ah
S(tnet) = S0 + (705 + 7S )P =S @)

_(l—af ah

it 2 (a))(rP(tn_l)(l = S(ts-1)). (4.87)

Following the same procedure as in the case of LC, we find that
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-« N 3ah
M) 2M(a)
ayi V(tn)
movV) -7 aVZV(tn))
B (1 -« N ah
M(a) 2M(a)
ayV(t,-1)

—ayV(t,—1) — m) (4.88)

Vitnr) = Vit) + )(rvIt) = yvaS EAGIV () = yvuV(6)H (L)

)(le(ln—l) = YvaS (b DA )V (t-1) — Yva V(1) H(t,—1)

1-« 3ah
M@ 2M(Q’))(bHDD(H (1) + R(1,))arR(1,)

—yuvV(E)H () = bavF(t,)H(t,))
-« ah

~( it 3 M(a))(bHDD(Han_]) + R(ty1))agR(ty-1)

=Yy V(ta)H(ty1) = by F(ty-)H(t,1)), (4.89)

H(ty) = H(ty) + (

1— 3ah
I(tys1) = 1(1,) + (M(QC; - 21\/7(0/)

l-a ah
_ (M(a) + 2M(a))()’HVV(tn—l)H(tn—l) - bIEE(ln—l)I(ln_l)), (4.90)

)iy VEDH @) = bisE@)I)

11—« 3ah
M@  2M(a)

l-a ah
~ (31 + 33100y (BwoD + bay Vi D)1 = M) = auM (). 49D

M(ty1) = M(ty) + ( )(BrnD + by V)1 = M(1,)) = ayM(1,))

1- 3arh
F(ty) = F(1,) + ( M(CS *+3 A;(a))((bFM(tn) + Crl(t,)) — bpuH(1,)F(t,) — ar F(t,,))
l-a ah
~ (i * 3@ (GrM ) + o) = bryH ) Fa,-0)

— apF(ty1)), (4.92)

1 - 3ah
R(tn+l) = R(tn) + (M(Q/C; + 2]‘20))([7HFH(I")F(I”) — aRR(tn))
l-a ah
— (M(a) + 2M(a))(bHFH(tn—l)F(Zn_l) - aRR(ln_l)), (4.93)
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1 - 3ah
R(ty1) = R(t) + (- (QO; +3 AZQ))(bHFH(zn)F(;,,) — apR(1,)
l-a ah
~ (it * 3y (B H P01 — aR (), (4.94)
l -« 3ah
E(tyn) = E(t,) + ( M@) + 2M(a))(bEMM(tn)E(tn) — ablEI(t,)E(t,) + ag(1 — E(tn)))
l-a ah
—( e 2M(@))(bEMM(tn_l)E(tn-l) — abIEN(t,)E(t,-y) + ap(1 = E(t,1))).  (4.95)
1- 3ah
Pltye1) = P(t,) + (5 (0:; + ZZ‘ZQ))(bPMM(ln)P(In) +ap(1 = P(1,)))
l-a ah
— (M(a) + 2M(al))(bPMM(tn—l)P(tn—l) + Clp(l - P(tn—l))), (496)

and

1- 3ah
Altasr) = Alt) + ( m (CS + ZA;(Q))(bAP(t”) ~ YavS LAV (1) = arA(t,))
l-a ah
— Mo 2M(OZ))(bAP(t,,_l) = YavS (ta-D)Alu-)V (tact) — a1A(1)). (4.97)

5. Numerical simulations

In this section, we present numerical simulations of the model given by the systems given by Eqs
(4.1)—(4.10), and (4.63)—(4.72). We study the dynamical behavior of the model for variation of the
integer-order derivative and non-integer a. The basis of the selection of the parameter values are shown
in [37]. In our investigation, we have concentrated upon the case that the host has no dead, infected or
resistant cells, no interferon molecules, and no activated APC so that hy = 1,iy = my = fy = ro = 0).
The initial levels of effectors, plasma cells, and antibodies are assumed to be at the homeostatic values
(that is, g = po = ap = 1) [42]. The initial antigenic compatibility is sy = 0.1 and the initial virus
particle vy = 0.01. Now our focus is on studying the effect of the change of the integer and non-integer
derivatives on the behaviour of the numerical solutions. For the the effects of biological behaviour for
this model [42].

First of all, in Figure 2, we clarify the comparison between the solutions presented in this paper
with those derived by using known numerical methods such as finite difference methods (FDM) in the
case of @ = 1. Of course, the numerical solutions based on the two operators LC and CFC in the
case when a = 1 are identical, so the comparison will be done once. We set the initial and parameter
values as Vo = 001, h() = 1, i() = O, my = 0, ﬁ) = O, ro = 0, ey = 1, Po = l,ao = 1,S0 = 0.1
yv = 510,yysa = 6192/10,yyy = 102/100,ay = 17/10,ay, = 100,ay, = 23000,byp = 4,ar =
1,ygy = 34/100,byr = 1/100,b;r = 66/1000,a; = 15/10, byp = 1,byy = 37/10000,ay = 1, bp
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250000, cr = 2000,bry = 17,ar = 8,bgy = 83/10,bg; = 272/100,ag = 4/10,bpy = 115/10,ap =
4/10,b, = 43/1000,y4y = 1462/10,a, = 43/1000 and r = 3/100000. These initial values and
parameters were taken as in [37].

From Figure 2 it is clear that our results are consistent with those derived by the known numerical
method as well as those with the results in [37]. Now we focus on the fraction a values which are
the aim of our paper. Figures 2 and 3 illustrate the behavior of the numerical solutions based on the
LC and CFC operators, respectively. In Figure 3 the numerical solutions based on the LC operators
are displayed against time (days) for the initial values vy = 0.2, hy = 0.1, iy = 0.01, my = 0.01, fy =
0,r9=0.1,e9 =2, po =04,ap = 1,50 = 0.1 and for the same parameter values as those in Figure 2.
In Figure 4 the numerical solutions based on the CFC operator are plotted against time for the similar
data as in Figure 4. Figure 5 shows the behavior of the numerical solutions based onto the LC and CFC
operators with @ = 0.9.

We note from Figure 5 that the two solutions exhibit the same behavior at the time of getting started
and also at the steady state as ¢ approaches to a large time.

6. Conclusions

In our present investigation, we have considered the model of immune response to uncomplicated
influenza A virus (HIV) infection, the discussion of which was initiated in [1]. The novelty of the
presented work is in the construction of a new algorithm for the fractional-order system of human
immune against HIV infection. To the best our knowledge, this is the first study for this fractional-
order model. Here, in this paper, we have replaced the ordinary derivative by the Liouville-Caputo
(LC) and Caputo-Fabrizio (CFC) fractional-order derivatives. We have constructed the scheme for
these operators according to the fundamental theorem of fractional calculus and the two-step Lagrange
polynomials. Numerical simulations are carried out by using these schemes.

The accuracy of the numerical solutions was verified for our usage of the proposed method by
closely comparing our numerical solutions with the numerical solutions resulting from the use of the
computer program package, Mathematica, and also with those in [37]. Excellent agreement has been
found. The behavior of the numerical solutions for LC and CFC are also illustrated graphically.

Some useful highlights of our present investigation are being itemized below.

e The proposed methods have many applications and are widely used because of their good
properties in the process of approximation.

e The methods used include a numerical technique with high accuracy, which is easy to use for
other problems as well.

e The numerical solutions have the same behaviour when the order of the derivative varies from
non-integer order to integer order.

e For future work, it is possible to extend these studies to the fractal-fractional derivatives involving
different operators.

e For the interest and motivation for further researches on the subject of this paper, we have chosen
to cite a number of recently-published related works [4—6,25-27,46-52] .

e These recent works proposed and made use of many different methods and techniques for solving
various families of fractional differential equations.
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Figure 2. Graph of the comparison between the numerical solutions based on LC and CFC
operators and the numerical solutions based on FDM for @ = 1,vy = 0.2, hy = 0.1, iy =
001, my = 001, f() = 0, ro = 01, €y = 2, Po = 0.4,610 = 1,S0 = 0.1 Yv = 510,7VA =
6192/10,yyy = 102/100,ay = 17/10,ay, = 100,ay, = 23000,byp = 4,agr = 1, yuy =
34/100, byr = 1/100, b = 66/1000,a; = 15/10, byp = 1,byy = 37/10000,ay = 1,br =
250000, cr = 2000,bry = 17,ar = 8,bgy = 83/10,bg; = 272/100,ar = 4/10,bpy =
115/10,ap = 4/10,b4 = 43/1000,y4y = 1462/10,a,4 = 43/1000 and r = 3/100000. Red
color: LC(CFC) solutions; blue color: FDM solutions.
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Figure 3. Graph of the numerical solutions against ¢ using the LC operator for @ = 0.8, v, =
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Figure 5. Graph of the numerical solutions against 7 using the CFC operator for @ = 0.9, v =
0.3, ho = 1, i() = O, mgy = 0, fo = 0, ro = 0, €y = 1, Po = 1,610 = 1,S0 =0.1 Yv = 510,’)/VA =
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color: LC solutions; blue color: CFC solutions.
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