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Abstract. An attenuated lymphocytic choriomeningitis virus (r3LCMV) has shown safety and efficacy in treating cancer.
This paper develops a within-host r3BLCMV cancer immunotherapy model. The model considers the interconnection
between nutrient, normal cells, tumor cells, infected tumor cells, viral vector, and virus-specific CTLs. The nonnegativity
and boundedness of the solutions are verified. The equilibrium points with the biological acceptance conditions are
calculated. The global stability of each point is demonstrated. Numerical simulations are implemented to ratify the
theoretical results. It is found that the equilibria exhibit four main states: a healthy individual who does not have
cancer, a cancer patient who does not receive any treatments, a cancer patient who receives r3LCMV cancer therapy
with inactive immunity, and a cancer patient who receives 13LCMV therapy with active virus-specific CTLs. The
parameters that control the transition between these states need to be carefully chosen. Increasing the stimulation rate
of CTLs induced by r3LCMYV viral vector reduces the concentration of infected tumor cells. The attenuation rate of the
viral vector affects its ability to eliminate tumor cells from the body. Therefore, these rates need to be cautiously selected
and tested.

1. INTRODUCTION

Cancer is a major contributor to global deaths. In 2022, approximately 20 million cancer cases
were detected, and 9.7 million people died from cancer [1]. The number of cancer cases is expected
to reach 35 million by 2050 [1]. Immunosuppression in cancer patients affects the ability of the
immune system to eliminate tumor cells [2]. Immunotherapies like immune checkpoint inhibitors
have been developed to overcome immunosuppression. However, this type of treatment has been
effective in only 30% of patients [2]. Oncolytic virotherapy (OV) has emerged as a promising
cancer treatment [3,4]. It depends on using oncolytic viruses that selectively infect and replicate
in tumor cells without harming normal cells [2-5]. Talimogene laherparepvec (T-VEC), an engi-

neered oncolytic virus, has been approved to treat melanoma patients [3]. However, patients with
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impaired immune systems are usually ineligible for this treatment [2]. This highlights the need
for more effective cancer therapies.

Lymphocytic choriomeningitis virus (LCMV) is a nonlytic RNA virus [6,7]. It primarily infects
rodents and causes either asymptomatic infection or influenza-like illness in humans [6,7]. LCMV
has been engineered to produce replication-attenuated viral vectors for cancer immunotherapy
[2,7]. These vectors can express tumor antigens that activate cytotoxic T lymphocytes (CTLs) [2,7].
Also, LCMV can evade antibody immune responses [2]. However, there are safety issues regarding
the utilization of live LCMYV, as it may cause chronic infection [2]. Chronic LCMV infection can
make the cancer patient more susceptible to other infections [2]. A recent study has explored an
attenuated r3LCMYV vector that replicates at lower rates than the wild-type LCMV and does not
produce any tumor antigens [2]. Based on this study, injecting tumor-bearing mice with r3LCMV
vector enhances tumor control and improves survival [2]. rf3LCMYV kills tumor cells indirectly
through activating virus-specific CTLs that eliminate infected tumor cells, even in the absence of
adaptive immune responses [2]. This study has reported the safety and efficacy of r3LCMYV vector
in mice [2]. However, more studies are needed to examine the safety of this viral vector in greater
depth.

Mathematical models have been employed to support clinical studies in testing new promising
cancer therapies. For example, Wang et al. [8] developed an oncolytic M1 virotherapy model to
determine the minimum dose of M1 needed for tumor elimination. Elaiw et al. [9] extended the
model in [8] by considering the diffusion of particles and the effect of CTL immune response.
Malinzi et al. [10] proposed a model that examines the combination of OV with chemotherapy.
Alzahrani et al. [11] developed a multiscale model that explores the interactions between cancer
and oncolytic viruses. Guo and Dobrovolny [12] fitted mathematical models to data from tumors
treated by oncolytic adenoviruses. They observed that the data are best fit by a system with
immune response [12]. Abernathy et al. [13] used a model to evaluate the sufficient amount of OV
required to eradicate tumor cells. Malinzi [14] proposed a model to test the impact of viral spread
on tumor cells. Wang et al. [15] studied a virotherapy model with time delays.

In this paper, we continue the work in this field by constructing a within-host r3LCMV cancer
immunotherapy model. As mentioned above, an attenuated r3LCMYV vector represents a promis-
ing cancer treatment, as it has shown safety and efficacy in experimental studies [2]. Therefore,
models can help in understanding the interactions between r3LCMYV and tumor cells, and the func-
tion of immune responses stimulated by this vector. To the best of our knowledge, no r3LCMV
immunotherapy model has been formulated yet. The developed model is composed of six ordi-
nary differential equations that explore the relations between nutrient, normal cells, tumor cells,

infected tumor cells, viral vector, and virus-specific CTLs. For this model, we

(i) confirm the nonnegativity and boundedness of the solutions, as unbounded or negative
solutions are not biologically acceptable,

(ii) compute the equilibrium points along with their existence conditions,
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(iif) prove the global stability of equilibria, and

(iv) implement numerical simulations.

2. RBLCMV CANCER IMMUNOTHERAPY MODEL

The proposed model takes the form:

dU(t
# = u-mUM-nUE -y1U,
dM(t

d( ) = aymUM —y.M,
—() = 0(27]2UE - ﬁEV - ]/3E,

dt

0 (2.1)
7 = ﬁEV— pFL - )/41:,

av(t) r
“at v

L(t
% = cpFL —yeL,

where (U, M,E,F,V,L) = (U(t), M(t),E(t),F(t), V(t),L(t)) express the densities of nutrient, nor-
mal cells, tumor cells, infected tumor cells, viral vector, and virus-specific CTLs. Nutrient is
produced at rate ;1. Normal cells clean out nutrient at rate 7 UM and grow at rate a1 UM. Tumor
cells clean out nutrient at rate 7 UE and reproduce at rate a;np UE. Viral vector infects tumor cells
atrate BEV and replicates at rate gF . CTLs are stimulated at rate cpFL to kill infected tumor cells at
rate pFL. Nutrient, normal cells, tumor cells, infected tumor cells, viral vector, and virus-specific
CTLs decay at rates y1U, y2M, y3E, y4F, y5V, and ysL, respectively. The parameter a stands for the

attenuation rate of the viral vector, where 0 < a < 1.

3. PROPERTIES OF SOLUTIONS

a a
Theorem 3.1. The set K — {(U,M,E,F, V,L)eRS :0< U< ﬁ,o <M< %,0 <EF< %,0 <
ruas cuay
V< ,0 < L < —— 4 is positively invariant set for system (2.1).
awys’ w

Proof. From system (2.1), we obtain

du dM dE dF
o lu=0 = u >0, o M=o =0, 7 =0 =0, o .o =BEV >0V E V>0,
av

L
_|V O——F>OVF>O d—lL:():O.
dt
This implies that (U,M,E,F,V,L) € lRi for t > 0 whenever (U(0),M(0),E(0),F(0),V(0),L(0)) €
RS.
+

For boundedness, we pick up the function

2y =U+~ M+—E+ lryLlp
[0%) Cp
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By evaluating d{%, we get

dzy, V2 V3 V4 V6
—_— =y - -~“M-—E-—F--‘—
dt p-rnt aq a9 Ao can

L

1 1 1 1
Sy—w(u+ M+ —E+—F+—1)
a1 [2%) [2%) CXp

= —wZy,
where w = min{y1, 72,73, V1,7V, V6}. This implies that

0<Z, < Lt: Z(0) < ﬁ, fort > 0.
w )
c
Hence, U < ﬁ, M< &, E< &, F < &, and L < &. From the fourth equation of (2.1), we
) ) ) ) )
have v
.
— =-F-y5V
it o °
ruay
< —
T aw vsV
. ruos . . e . .
This leads to V < s This proves that K is a positively invariant set. m]
5

Theorem 3.2. Model (2.1) has six equilibrium points:
(1) The trivial equilibrium Qy is always defined;
(2) The normal-cells equilibrium Qq exists if Ry > 1;
(3) The tumor-cells equilibrium Qy exists if Ry > 1;

(4) The infected tumor-cells immune-free equilibrium Qs exists if Ry > 1+ %;
1
, . o BYs BYs
(5) The infected tumor-cells equilibrium Qg exists if Ry > 1+ and Ry > 1+
acpysys acpysys

an2yays | 1N2Y4Ye
+ ;
Byr - cprays
(6) The infected normal-tumor-cells immune-free equilibrium Qs exists if Ry > 1+

1.

anz2y4ys and axM2y2 S
rBy1 armys

Proof. To obtain the equilibria of (2.1), we solve
0=u—-—mUuM-nUE -y1U,
0 =aymUM - y2M,

0 = anUE - BEV —y3E,

0 = BEV — pFL — y4F,

r
0= aP—y5V,

0 = cpFL —y¢L.
This gives the following points:

(1) The trivial equilibrium Qg = (Up,0,0,0,0,0) = (yﬁ,o, 0,0,0, 0). This point always exists.
1
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(2) The normal-cells equilibrium Q; = (U, M3,0,0,0,0) = (ay—f] ?(Ro ~1),0,0,0, o), where
171 1
Ry = 4
V1)2

Thus, Q; is biologically accepted when Rg > 1. This point simulates the senario of a person

who does not have cancer or any signs of disease.

(3) The tumor-cells equilibrium Q, = (Uy,0,E,0,0,0) = (ay—;, 0, %(Rl -1),0,0, O), where
212 2
Ry = ,Uazﬂz.
Y1Ys3

Hence, Q; is biologically accepted when Ry > 1. This point simulates the scenario of a cancer
patient who has not yet received treatment.

(4) The infected tumor-cells immune-free equilibrium

Q3 =(U3,0,E3,F3,V3,0)

_ rBu ay4ys ay1ysys an2y4ys V1)3 an2y4ys
- /0/ ’ ( -1- ’ (Rl_l_ )/0
rBy1 +an2ysys BT rBy1 +amysys By 7 rBy1 +amyays By1
an2y4ys

Thus, Q3 is biologically accepted if Ry > 1+ . This point simulates the situation of a

Y1
cancer patient who receives r3BLCMV cancer immunotherapy, while virus-specific CTLs have
not yet been activated.

(5) The infected tumor-cells equilibrium
Q4 =(Uy,0,Ey4, Fy4, V4, Ly)

_(pPyays +1Bys acpy1ysys R —1- Bys ), L6 g
acpapnzys " na(acpysys +Bys) acpysys”’ cp’ acpys
cry1ys Ry—1- "Bre  amyiys 2y
" ma2(acpysys + rBye) acpysys  tByr cpyrys’)
BYe . od Ry > 14 Bre |, amyays |
acpysy's acpysys  1B)y1
. This point simulates the scenario of a cancer patient who receives r3LCMV cancer

Hence, Qy is biologically accepted if Ry > 1+

1n2Y4Y6

cpr1ys
immunotherapy with active CTLs stimulated by viral vector.

(6) The infected normal-tumor-cells immune-free equilibrium
Qs =(Us,Ms, Es, F5,V5,0)

:( V2 V(g q- TRVAYS) @YaYs @YsYs S22 g Y3 4y _1))

aim’ yr g B Caamys U B raimys )

an2yays a12y2
and

™ aimys
a patient who has normal and tumor cells and receives r3LCMV cancer immunotherapy with

Hence, Qs exists when Ry > 1 + > 1. This point simulates the scenario of

inactive immunity.
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4. GLOBAL PROPERTIES

daQy;
dt

Let G;. be the largest invariant subset of G; = {(U M,E,F,V,L) 0,i=0,1, ...,5}.

Theorem 4.1. The point Qq is globally asymptotically stable (GAS) when Ry < 1 and Ry < 1. It becomes
unstable when Ry > 1 or Ry > 1.

Proof. Take
Qo(t) = Uo(£—1—1n£)+ s e ey Ly
Up Uy a a ray ca
By evaluating the derivative, we get
on Uy 1
=2 :(1 )(y UM = 12UE — y1U) + — (041771UM y2M) + - (axn2UE — BEV - y3E)
1
+ a— (BEV — pFL — y4F) + ﬁ( Tp_ y5V) — (cpFL - ygL)
2 %)
u - U,
_ i U=y wm va ys. @s, Ve
u 71 Y1 o @ ra car
u- U,
__n(U-t) yz(Ro—l)M+y3( _NE- A5y Yoy
u o rap can

We observe that d%

M = E =V = L = 0. This implies that

1. Additionally, d?

I 0. We conclude from the 5" equation of (2.1) that

F = 0. Hence, GEJ = {Qo} and by LaSalle’s invariance principle (LP) [16], Qo is GAS if Ry < 1 and
Ri<1.

< 0when Rp £ 1and R; < =0at U = Uy and

To examine the local instability of Qo when Rg > 1 or R; > 1, we use the characteristic equation.

The Jacobian matrix at any equilibrium Q.

= (U.,M.,,E,,F., V., L.) of system (2.1) is given by

V—T]lM*

—mE-y1  -mU. - U 0 0 0
a1 M. aymU. -y 0 0 0 0
j(Q*) _ axnpE. 0 aypU.—pV.—y3 0 —BE. 0
0 0 BV. —-pL.—yy PBE.  —pF.
0 0 0 - -5 0
0 0 0 cpL. 0 cpFsi—7ys]

The characteristic equation at Qg is computed as

(A —armUo +y2) (A —axnaUo +y3) (A+y1) (A +y4) (A+ys5) (A +y6) = 0.

The first two eigenvalues of (4.1) are

(4.1)

Haim
Y1)y2
yantn
Y1Y3

/\1=0417]1U0—7/2=72( —1):7/2(R0—1)>OifR0>1,

/\zzaznzuo—)/g,:yg,( —1):)/3<R1—1)>OifR1>1.
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Thus, Qo is unstable when Ry > 1 or Ry > 1. O
Theorem 4.2. Let Ry > 1. Then, Q1 is GAS when 22l2y2 < 1. It becomes unstable when 22lpy2 > 1.
a1mys aimys
Proof. Consider
u u 1 M M 1 1 ayy 1
O (¢ :U(——l—l —) — (——1—1 —) —E+—F+—V+—1L.
1( ) ! U1 nLh +0(1M1 M1 an +0(2 +0(2 +7’C¥2 +C0(2
The derivative of () (t) is given by
dQl LI1 1 Ml
et Y | I _ _ _ el I Rl 3 _
7 ( 7 ) (= mUM=noUE =y U) + (1 i ) (a1m UM - y>2M)
1 1 ayy (r 1
— UE -BEV —y3E) + — (BEV — — —|-F- — - .
+ o, (@2mUE = EV = y3E) + -~ (BEV — pFL = y4F) + (aF V5V) + o, (CPFL = 6L)

(4.2)

At equilibrium, Q; fulfills
p=mUiM; + y1Uy,

muiM = 2.
a1
By applying these conditions and collecting terms, Eq. (4.2) becomes

oy, pUu-w)’
dt u

U, u V3

UM (2- — - — |+ =
+n1 ! 1( u U1)+a2(

amy2 1)15 _Ways Ve
aMmys rap cay

e e
We see that =1 < 0if 22272 < 1. Moreover, -1 = Owhen (U, M, E, F, V,L) = (U1, M,0,0,0,0).
dt a1mys dt

Hence, G, = [Qi} and Qi is GAS when /2 < 1 based on LP [16].
almys
. o as1Ry2 . L. .
To check the instability of Q; when W > 1, we calculate the characteristic equation. The
1Mmys

characteristic equation at Q; is given by
[ UMy + (A +mMy + 1) (A= armUs +y2)] (A = aznaly + y3) (A +74) (A +75) (A +76) = 0. (4.3)
One of the eignevalues of (4.3) is

aM2y2
anys

az1M2y2
a1mys

> 1.

/\:aznzul—yg,:)/g,( 1)>0if

as12y2
amnys

> 1. O

Hence, Q; is unstable if

21nys <landRi <1+ W]27/4)/5.

ax12)2 Byt

Theorem 4.3. Let Ry > 1. Then, Q; is GAS when

Proof. Let
u uy 1 1 _(E E\ 1. ays 1
Oy (t :u(——1—1 —) —M+—E (——1—1 —) —F4 V4 —L.
2() ZUZ HUQ +0(1 +C¥22E2 nEz +0(2 +7’0(2 +C0(2
Then, we get
sz_(l U,

1
— —\L- U)(u—mUM—anE—wU) + o (@amUM=y2M)
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1 E 1
+— (1 - —2) (apnpUE — BEV = y3E) + — (BEV — pFL — y4F)
an E a2

V4

1
(F y5V)+—(chL yeL). (4.4)
Taz

Q- fulfills the following equilibrium conditions
pu = mUzE> +y1Uy,
2 UzEz = EEZ.
(0%

This will convert Eq. (4.4) to

d, y1 (U - UZ)Z ( U ) Y2 [a1mys
- El2-=2- =)+ 1
dt U +ilhE u " aamay2 M
L b (R —1—”’72V4y5)V—ﬁL
anmp By1 cap
We note that 2 < 0if Y% < and Ry <14+ 22245 Atso, B2 \when (U, M, E, E, V, L) =
dt 0(27]2)/2 ﬁ]/] dt .
(Us,0,E»,0,0,0). Therefore, G, = {Q2} and Qs is GAS when —-122 < 1 and Ry < 1+ —2225
axn2y2 rBy1
according to LP [16]. O
Theorem 4.4. Let Ry > 1+ ——— M2)4ys . Then, Q31is GAS if Rg <1+ ——— an2yays and Ry <1+ bys
By By acpysys
an2y4ys m2Y4Y6
+ .
By cpy1y3
Proof. Consider
u uy 1 1. (E E\ 1. /(F F
N0 ug,(a—1—1 E) Q—1M+—53(E—3—1—1 E—3)+a21-"3(1:—3—1 1nF—3)
ll’)/4 Vv ) 1
7’0(2 V3 (V3 1=In V3 + CCKZL
Then, we obtain
dQ 1
== ( u) (= mUM = nUE = y1U) + — (amlllM y2M)
1 1 F
a—( - f) a;mUE — BEV — y3E) + (1 - —3) (BEV — pFL — y4F)
(=) GFrsv) e
212 (-F- — (cpFL — 4L 4.
L Ul ysV)+ - (cPFL = yel). (4.5)

At equilibrium, Qs satisfies
p = mUsEs +y1Us,

)4

3
mUzE3 = £E3V3+ Es,

E153 V3 = y—F3,
[2%) [2%)

Pap, 5y,
an ran
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By applying these conditions to (4.5), we get

u-u;)?
% __ i (U-Us) +nzu3E3(2—%—£)+ U2ave: (R —1—W)M
dt u u Uus a1 (rBy1 +anayays) rBy1
apy1ys)s (R 1 _"Bre _amysys nmyé)L
] - - - - .
ax(rBy1 +anyays) acpysys — 1By1  cpy1ys
We see that d& <0ifRy <1+ M2yars andR; <1+ "B + H2ya)s + 7727/4y6. Furthermore,
dt By acpysys — y1 cpy1ys

@ = 0 at Q3. This implies that G; = {Q3} and Q3 is GAS when the above conditions are met

based on LP [16].
O

BYe ad Ry > 1+ BYe L Wyays | Mm2yays

acpysys acpysys By cpY1y3
BV L Q222

Theorem 4.5. Let R; > 1+ . Then, Q4 is GAS

when 1+ < .
acpysys  ai1mys
Proof. Take
u u 1 1 E E 1 F F
Qu(t) =U (__1_1 =)+ M+ E (__1_1 =)+ (g -1-ing)
4(> 4 U4 DU4 +0(1 +0(2 4 E4 nE4 +a2 4 F4 nF4
ays_ (V 1% 1 L L
Ty (- -1-1 _) —r (__1_1 =)
+ ran 4 V4 nV4 +CCK2 4 L4 nL4

At equilibrium, the following conditions are hold

p = 1mUsEy + y1Uy,
3
mUEy = £E4V4 + 7/—54,
[2%) [2%)
FPevi= Lrp,+ Vg,
an [2%) [2%)
EF:L = )5 Vy,
[2%) rap
Pro, =2,
an [610%)
. . . ay . .
By applying these conditions and collecting terms, — s given by
a0 U - Uy)? u, Uu r a
s Nl 1) JFUZLLLE4(2__4__)Jr pmYs (1+ Pre _aamy2),,
dt u u uU s acpysys a1mys
Thus, d& <0if1l "B < 0421727/2‘ Additionally, @ = 0 at Q4. Hence, G; = {Q4} and Q4
dt acpysys — a1m1ys3 dt
is GAS when 14+ —PV6_ £ 821202 i on LP [16]. O
acpysys  a111ys
Theorem 4.6. Assume that Ry > 1+ Ma2yays and 22iny2 > 1. Then, Qs is GAS when 2212y <
By a1mys a1mY3

BYe
acpysys
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Proof. Take
u u 1 M M 1 E E 1 F F
Qs(t) =U (—-1-1 —) M (—-1-1 —) Ly (—-1-1 —) 1r (——1—1 —)
s(t) *\Us nus +041 *\Ms nMs +042 °\Es nE5 +0¢25F5 n1:5
ayq Vv \%4 ) 1
+ ety V5(V5 1-In Ve + CO(ZL'
At equilibrium, Qs satisfies
p = mUsMs + m2UsEs + y1Us,
2
mUsMs = 7/—MS,
an
n2UsEs = £E5V5 + EE&
an [0%)
EE5V5 = E1:5,
[0%) an
Vip, - D18y,
[0%) ran
By applying these conditions, we get
Qs 1 (U=Us)? ( Us U) Us U
=- -2 = Es2-=-—
o 0 + n2UsMs U Us +mUs 5( U U5)

L Payays (azfzzyz o _Prs ) L
rBaa \a1mys acpysys)

dQ ’
Thus, =2 <0if dam2y2 <1+ ﬂ. Additionally, @ = 0 at Qs. Hence, G, = {Qs} and Qs

dt a1mys acpysys dt
is GAS when 221ey2 <1+ rﬁi based on LP [16]. O
aimys acpysys

5. NUMERICAL SIMULATIONS

This section simulates the results obtained in the previous sections. The MATLAB solver ode45
is used to execute the simulations. To ensure the global stability with any initial conditions, we

randomly choose three sets of initial values:

I-1 : (U(0), M(0), E(0),F(0),V(0),L(0)) = (0.1,0.2,0.1,0.01,0.03,0.1).
1-2 : (U(0),M(0), E(0),F(0), V(0),L(0)) = (0.3,0.1,0.03,0.02,0.01,0.2).

I3 : (U(0),M(0),E(0),F(0), V(0),L(0)) = (0.2,0.3,0.05,0.03,0.04, 0.07).

The results are partitioned into six cases that correspond to the stability of each equilibrium point.

We consider 2 = 1 and vary 8, p, 11, 12, 75, and y6. The remaining parameters are fixed to the

values presented in Table 1. The cases are:

(1) Weoptp =0.55,p=0.5,11 = 0.03, 72 = 0.03, y5 = 0.5, and y¢ = 0.1. This gives Rg = 0.8 < 1
and R; = 0.4 < 1. Hence, Qo = (1,0,0,0,0,0) is GAS as proved in Theorem 4.1 (Figure 1).
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(2) Weopt g =055, p = 0.5, 1 = 0.05 n2 = 0.03, y5 = 0.5, and y6 = 0.1. The thresholds are

!
Ro = 133 > 1 and % — 03 < 1. Thus, Q; = (0.75,0.13,0,0,0,0) is GAS as proved in
171173
Theorem 4.2 (Figure 2). The person either does not have cancer or has been healed from: it.

(3) Weoptp =0.55,p=0.5,1n1 =0.03,17 =0.09, y5 = 0.5, and y¢ = 0.1. This gives Ry = 1.2 > 1,

a
2121;3 — 0.6667 < 1,and R < 2.0227 = 1+ ’fyy‘% . Therefore, Q> = (0.83,0,0.04,0,0,0) is
212)2 1
GAS as indicated in Theorem 4.3 (Figure 3). In this case, the cancer patient has not yet received

treatment.
(4) Weoptp =099, p =05, m =0.03, n2 = 0.09, y5s = 0.09, and ys = 0.1. The thresholds are

Ry=12>11023 = 14 ZPV4Y5 B 08 < 11023 = 1+ ZPVAY5 hd Ry < 981023 = 1+
By By

Bys |, MMYAYs | TRVAYS ponce 0y = (091,0,0.0227,0.002,0.005,0) is GAS as indicated
acpysys  TBy1 - cpy1ys
in Theorem 4.4 (Figure 4). Here, the cancer patient receives -3LCMYV cancer therapy. However,

CTLs have not yet been activated.
®) Weoptp =09, p =29 m = 001, n2 = 02, y5 = 0.09, and y6 = 0.003. This gives

T T a
Ry = 26667 > 14138 = 1+ —P/5 Ry > 17670 = 14 —PV6 | ORVAYs | MYave g
acpysys acpysys  1By1 cpy1y3
BY6 g0 = M2 g 0, = (053,0,0.089,0.01,0.028,0.05) is GAS as proved in
acpysys s

Theorem 4.5 (Figure 5). The cancer patient here receives r3LCMV therapy with active CTLs.
(6) Weoptp =09, p=29, 11 =008 n =02 y5 = 0.09 and ys = 0.1. The thresholds are

04 T
Ro = 21333 > 1.25 = 14 —PVAY5 221202 _ 4 55 1 and 222 _ 147931 = 1 + Prs .
By T a1mys a1m1ys acpysys
Thus, Qs = (0.47,0.22,0.025,0.006,0.017,0) is GAS as proved in Theorem 4.6 (Figure 6). Here,

the patient has normal and tumor cells, and he receives r3LCMYV therapy with inactive CTLs.

Effect of the parameters 2 and ¢ on tumor cells. To note the effect of changing the value of the
attenuation rate (2) on tumor cells, we consider the same values used in case (5) and vary only the
value of a. Figure 7 shows that large values of a increase the concentration of tumor cells. Thus,
the attenuation rate of viral vector can have a large impact on its role in eliminating tumor cells

from the body.

To observe the impact of changing the stimulation rate of virus-specific CTLs (c) on tumor cells,
we consider the same values used in case (5) and vary only the value of c. Figure 8 shows that
increasing the value of c decreases the concentration of infected tumor cells. Hence, the stimulation
rate of virus-specific CTLs induced by viral vector plays a key role in eliminating tumor cells from
the body.

6. DISCUSSION AND FUTURE WORKS

An attenuated r3LCMV vector has demonstrated safety and efficacy in treating cancer [2]. Math-
ematical models have supported experimental studies in testing and investigating new promising

cancer therapies. In this work, we construct a within-host -3LCMV cancer immunotherapy model.
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The model is composed of six equations that describe the interactions between nutrient, normal
cells, tumor cells, infected tumor cells, viral vector, and virus-specific CTLs. It has six equilibria as

the following:

(1) The trivial equilibrium Qg is defined and GAS when Ry < 1and R; < 1.

(2) The normal-cells equilibrium Q) is defined and GAS when R > 1 and % <1
1Mmys

(3) The tumor-cells equilibrium Q; is defined and GAS when R; > 1, 212113 <1, and R; <
212)2
14 Z2V4Ys,
By

(4) The infected tumor-cells immune-free equilibrium Qs is defined and GAS when R; > 1+

”’727475’ Ro<1+ ”’72747/5, and Ry <1+ Bys n an2ysy's n ’72?/47/6‘
Py1 Py1 acpysys  1py1 cpy1ys
(5) The infected tumor-cells equilibrium Q4 is defined and GAS when R; > 1 + ac;ﬁ;/éy , Ry >
35

Bre | Amyays | MmyaYe | 4q ., _TPre _ aamaye

acpysys By cpy1ys acpysys — aimys
(6) The infected normal-tumor-cells immune-free equilibrium Qs is defined and GAS when R, >

1+ 11172)/47/5, d2f2y2 > 1, and _azrm/z <1+ "B .
VﬁVl aimys a1mys acpysys

We found a perfect match between theorems and numerical simulations. The equilibria of model
(2.1) simulate four main states: a healthy individual without cancer, a cancer patient who does
not receive any treatments, a cancer patient who receives r3LCMYV cancer therapy with inactive
immunity, and a cancer patient who receives r3ALCMYV therapy with active virus-specific CTLs. The
conversions between these states depend on the model’s parameters. In addition, we observe that
increasing the stimulation rate of CTLs induced by r3LCMYV viral vector reduces the concentration
of infected tumor cells. Thus, the stimulation of CTLs can eliminate the tumor. Furthermore, we
note that the attenuation rate of the viral vector affects its ability to eliminate tumor cells from
the body. Therefore, the values of these parameters need to be carefully picked. The model can
support experimental studies in understanding the role of r3LCMYV in eliminating tumor cells.
Also, it can help in identifying the most effective attenuation and stimulation rates of viral vector
and CTLs, respectively. The principal limitation of the current work is the lack of real data for
simulations. We took values from previous studies as no real data are available. When real data
become available, fitting the model with real data can give a deeper insight into the role of -r3SLCMV

in treating cancer. Model (2.1) can be developed by:

(i) Fitting with real data to get a better estimation of model’s parameters;
(ii) Taking into consideration the diffusion of viral vectors, which will convert the equations into
partial differential equations;
(iii) Considering the time delay that may happen within some biological processes;

(iv) Comparing the model results with real data.
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TaBLE 1. Parameters’ values of model (2.1).

Parameter Value Reference
7 0.02 [8]
m Varied -

2 Varied -

a1 0.8 [8]
ap 0.8 [8]
B Varied -

P Varied -

r 0.24 [17]
a 0<a<l1 -

c 0.1 [18]
V1 0.02 [8]
V2 0.03 [8]
V3 0.06 [8]
V4 0.06 [8]
V5 Varied -

V6 Varied -
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