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Introduction

P. falciparum malaria

Parasite resistance to current anti-malarial drugs poses a
serious threat to malaria control [3].

To defeat the disease, many more tools with the potential to
save lives today and in the future are needed [2].

An efficacious, safe and affordable malaria vaccine would help
to bridge the control gap left by other intervention measures .
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Introduction

A malaria vaccination strategy is performed to:

induce protective immune responses prior to malaria infection
provide protection in case of malaria attack [1].

Current malaria vaccines have shown minimal efficacy:
RTS,S/AS01 (36.3% VE)

A more efficacious malaria vaccine is crucial if the 2030 goal
of malaria eradication by WHO is to be accomplished [4].

Goal: To study the cell-parasite populations through a
mathematical model and to numerically investigate the possible
impacts of malaria vaccines on the severity of P. falciparum
malaria infection.
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Introduction

Figure: Target sites in the malaria life cycle that could be interrupted by:
PEV, BSV and TBV. Source: [1]
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Model

Figure: Schematic diagram for in-host malaria dynamics with vaccine
therapy
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Model

dS

dt
= (1− χ)Λ− µsS − βsHS ,

dH

dt
= λh − µhH − βs(1− ν)HS ,

dX

dt
= βs(1− ν)SH − µxX −

kx(1− ν)WX

1 + ε0X
,

dR

dt
= λr −

(1− %)βrRM

1 + dW
− µrR,

dT

dt
=

(1− %)βrRM

1 + dW
− µtT − γT −

kt(1− %)WT

1 + ε1T
,

dC

dt
= γT − µcC −

kc(1− %)WC

1 + ε2C
,
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Model

dM

dt
= (1− b)NµxX +

P(1− π)(1− a)µcC

1 + dW
− µmM − βrRM,

dG

dt
= πµcC − µgG ,

dW

dt
= τλw + W

(
δxX

1 + ε0X
+

δtT

1 + ε1T
+

δcC

1 + ε2C

)
− µwW .
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Model Analysis

Well-posedness of the model

Φ =

{
(H,X ,R,T ,C , S ,M,G ,W ) ∈ R9

+ : Nr (t) ≤ max

{
Nr (0),

λr
µ1

}
,

Nh(t) ≤ max

{
Nh(0),

λh
µ2

}
,Np(t) ≤ max

{
Np(0),

(1− χ)Λ

µ3

}
,

W (t) ≤ max

{
W (0),

τλw
µw

}}
,

and Nr (t) = R(t) + T (t) + C (t), Nh(t) = H(t) + X (t).
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Vaccine impacts and Rv

Rv =
P(1− π)(1− a)(1− %)γβrλrµc

µr

(
dτλw+µw

µw

)2 (
µm + βrλr

µr

)(
(1−%)τkcλw

µw
+ µc

)
A
.

where, A =
(
(1−%)τktλw

µw
+ γ + µt

)

Rm =
P(1− π)γβrλrµc

µr

(
dλw+µw
µw

)
2
(
kcλw
µw

+ µc

)(
µm + βrλr

µr

)(
γ + ktλw

µw
+ µt

) .
On comparing

Rv = Rm ×Θ∗∗, (0 < Θ∗∗ < 1)
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Sensitivity analysis

Table: The sensitivity indices of Rv with respect model parameters

Parameter Sensitivity index Parameter Sensitivity index

P +1 π -0.25
a -0.25 % -0.770486
γ +0.293702 βr +0.0000663956
λr +0.0000664 µc +0.0000247494
µr -0.000066396 d -0.0222497
τ -0.080544 λw -0.080544
µw +0.080 µm -0.00006639
kc -0.0000247494 kt -0.0582696
µt -0.235433
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Critical efficacy of Blood Stage Vaccine
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Figure: Graphs showing the density of (a) blood trophozoites T (t) and
(b) blood schizonts C (t) when the blood stage vaccine efficacy,
% = 0.94 > %c = 0.86 and Rv = 0.58 < 1.
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Figure: Simulations showing the effect varying the parameter % on the
density of infected red blood cells.

Note: Similar results are observed in the dynamics of gametocytes
G .
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Figure: Simulation showing the the density of (a) blood trophozoites
T (t) and (b) blood schizonts C (t) for varying values of blood stage
vaccine-induced enhanced production parameter τ .

Note: Similar results are observed in the dynamics of blood
schizontsC .
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Threshold Analysis and Vaccine Impacts
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Figure: Time profile of the total concentration of infected red blood cells
(a) and the concentration of infected liver hepatocytes (b) in the absence
of malaria vaccines (% = χ = ν = 0).
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Figure: Time profile of the total concentration of (a) blood trophozoites
and blood schizonts (b) for % = χ = 0.45 with varying efficacy of
pre-erythrocytic vaccine ν.
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Figure: Time profile of the total concentration of (a) blood trophozoites
and blood schizonts (b) for % = χ = 0.9 with varying efficacy of
pre-erythrocytic vaccine ν.
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Discussion

The activated CD8+T-cells and malaria vaccines have a
considerable effects on malaria control. Vaccination reduces
the basic reproduction number by a constant factor.

A highly efficacious BSV (at least 90%) is shown to be very
effective in controlling in-host P. falciparum malaria.

PEV minimize the total number of merozoites released per
bursting infected liver hepatocytes, reduces the concentrations
of infected erythrocytes.

Efficacious BSV grately reduces the burst size of the blood
schizonts, so that less merozoites are released from the
infected eythrocytes.
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Discussion

The higher the vaccine potential to activate CD8+T-cells
(immune cells), the lower the concentration of infected
erythrocytes.

Different vaccine combinations yield different results.

In the absence of vaccine therapy, the concentration of
infected erythrocytes are shown to increase and stabilize at
the PPE.

An imperfect pre-erythrocytic vaccine with an efficacy of at
least 90% is also shown to guarantee the attainment of a PFE.
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Conclusion

The analyzed model provide useful insights in individual and
combined vaccine impacts in reducing the severity of clinical
malaria.

The notion of critical vaccine efficacy is key in the
development of malaria vaccines with the potential to
eradicate P. falciparum malaria in infected individuals.

In order to achieve a substantial reduction in malaria mortality
and morbidity, the efficacy of the malaria vaccine should be
higher than the corresponding critical vaccine efficacy.

The combined administration of malaria vaccines and
anti-malarial drugs is likely to provide the much needed
therapeutic control against P. falciparum malaria.
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Thank You
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