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1 Compartments and cell populations
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Figure A: An overview of the model structure.

Table A: The cell populations in the model, with respect
to age a and time ¢ where appropriate.

Symbol Compartment Cell type Lifespan (days)
r(a,t) Bone marrow Normoblasts and reticulocytes — T = 3.5
R.(a,t) Circulation Uninfected reticulocytes Ty =45

N, (a,t) Circulation Uninfected normocytes Ty =115.5
U.(a,t) Circulation Uninfected RBCs T, =120
I.(a,t) Circulation Infected RBCs T, =2

I,(a,t) Microvasculature  Infected RBCs T, =2

U(a,t) Spleen Uninfected RBCs Ty =120

I (a,t) Spleen Infected RBCs T, =2

M(t Spleen Macrophages —

For convenience, we also define terms for the total RBC populations in the circulation
and the spleen:

Uc(t) =) Udat) (1)
Uy(t) = iUs(a,t) (2)
L(t) = Xa:fc(aﬂf) (3)
(1) = ifs(aﬂf) (4)



2 Homeostasis and initial state

Some model parameters are defined relative to the steady-state (homeostasis) in the ab-
sence of a malaria infection, where the circulating reticulocyte and normocyte populations
— R_(a,t) and N_(a,t), respectively — are equal to the steady-state RBC population U,,.
The value of U, is the median RBC count (in the circulation) for patients with no fever
(fever24 == 0) or malaria infection (Species == 0).

utils::data("rbc_steady_state", package = "spleenrbc")
rbc_steady_state
#> [1] 1.75197e+13

We use a root-finding method to solve the following conservation equation for the nor-
moblast production rate v in the absence of a malaria infection:

Ug~ Y Nela)+ ) Re(a):r(1) =~ ()

p <- baseline_parameters("Pf")
steady_state <- retic_steady_state(p)
print(steady_state$gamma)

#> [1] 7202963644

print (sum(steady_state$r_a))
#> [1] 580623948414

print (sum(steady_state$R_a))
#> [1] 181144300035
print(sum(steady_state$N_a))
#> [1] 1.733856e+13

print (sum(steady_state$Ur_a))
#> [1] 23347264546

Note that only a very small fraction of the RBCs are retained in the spleen at home-
ostasis:

rbc_spleen <- sum(steady_state$Ur_a)

rbe_circ <- sum(c(p$R_a_ss, p$N_a_ss))

pcnt_in_spleen <- 100 * rbc_spleen / (rbc_spleen + rbc_circ)
cat("Retained RBCs:", sprintf("%0.2f%%", pcnt_in_spleen), "\n")
#> Retained RBCs: 0.13%

Table B: The steady-state model parameters. Note that
some are age-dependent.

Symbol Description Baseline value
U, RBC population 1.75197 x 10%3
res(a) Reticulocyte population (bone marrow) 5.8062395 x 10!
R, (a) Reticulocyte population (circulation) 1.811443 x 1011
N, (a) Normocyte population (circulation) 1.7338556 x 1013



Symbol Description Baseline value

U, .s(a) RBC population (spleen) 2.3347265 x 1010
M, Initial macrophage population 1.2 x 10°
Iy Initial infected RBC population 100

sO <- initial_spleenrbc_state(p)

These steady-state parameters define the initial (uninfected) cell populations:

r(a,t =0) =ry(a) (6)
R.(a,t =0) = R,(a) (7)
N.(a,t =0) = Ny(a) (8)
Ula,t =0) =U, y(a) (9)

M(t =0) = M, (10)

We start with a small number I of infected RBCs in the circulation, with a small bias
towards middle-aged cells (using a truncated normal distribution), and some infected
RBCs in the spleen and the microvasculature:

I(a,t=0)=1,-fx(a):a~N(u=20,0=30) (11)
gla;t=0) =1.(a,t =0)- (1 —exp[—=(]) (12)
I(a,t = 0) = I.(a,t = 0) - (1 — exp[—4;]) - exp(=};) (13)

The initial cell populations for the baseline parameter values are shown in Figures B, C,
and D.



Number of cells (bone marrow)

Number of cells

—— Normoblasts and Reticulocytes

7.2e+09 4
7.0e+09
6.8e+09

T T T T

0 1 2 3

Age (days)
Figure B: Initial cell populations in the bone marrow.
—— Circulation — Spleen
Young Old
1e+08
1e+05 A
1le+02
0 1 2 3 0 25 50 75 100 125

uRBC age (days)

Figure C: Initial uninfected RBC populations.
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Figure D: Initial infected RBC populations.
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3 RBC production in the bone marrow
The normoblast production rate depends on the population of circulating uninfected

RBCs U,(t), the steady-state uninfected RBC population U, the steady-state nor-
moblast production rate v, and the threshold parameter Ul:

Ul = Ucl ’ Uss (14>

eryth(t) = 7 - {1 + % - {1 ~ tanh(e, - M)H (15)

Table C: Model parameters for erythropoiesis.

Symbol Description Baseline value
vy Steady-state normoblast production 7.2029636 x 10?
Ul Threshold parameter 0.33

frnax Scaling parameter 10

€y Slope parameter 16

max 18 consistent with a previous modelling study (Watson et al.,
2017), which noted that “in extreme anaemia [RBC production] can be increased fivefold
or more”, and produced model fits where RBC production was increased almost ten-fold.

Our chosen value of f,
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Figure E: The erythropoiesis rate varies from v to f, .. - 7-
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4 RBC release from the bone marrow

The normoblast and reticulocyte populations in the bone marrow age over time, and the
reticulocytes move into the circulation at the age-specific rate p(a,t):

h fora=1
ra,t) = eryth(t) or a (16)
r(a—1,t—1)-exp[—p] forl<a<Tyh
10 - min(20, exp|x - (U,, — UL(t fora >1t,
gy = 10 min(0. el (U, ~ Uele) -
p, - min(20,exp[k - (Uy,, — U,(t))]) fora <t,
Ty when U_(t) > U,,
t, = , _ -1
T 4 (T T - (14 exp [ (%9~ p)]) when U0 <,
(18)

Table D: Model parameters for bone marrow cell equa-

tions.
Symbol Description Baseline value
Po Minimum release rate 0.001
Ps Slope parameter 10
P; Inflection parameter 0.5
K Scaling factor 107°
Tin Minimum retention time 24 hours
Tr Reticulocyte release time 84 hours

These parameters were calibrated using data from Koepke and Koepke (1986), as shown
in Figure F.

We denote the number of reticulocytes released from the bone marrow in a time-step as

T et

me(a,t) =r(a—1,t —1)- (1 —exp[—p]) (19)
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Figure F: The minimum age at which reticulocytes are released from the bone marrow.
Point estimates are from Figure 2 of Koepke and Koepke (1986).
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5 Uninfected RBC removal from circulation

The removal rate §,, of uninfected RBCs from the circulation into the spleen depends on
a number of offset, slope, and scaling parameters:

. . a — 1)59U
5, (a,t) = Fy(t) - | 64 exp[—ky - (a —1)] + v + FBIn 4 (§max — gmin) . ( 5 5
( ) U( ) ( U p[ 1 ( )] U ( U U ) (CL— 1>6U + (555())5(]
(20)
I(t—1)9%
Fylt) = 144 e . (21)
U 9a
Ic<t - 1>gd + <5g0 ’ [Ic(t - 1) + Uc<t - 1)])
oz ()
Symbol Description Baseline value
54 Scaling parameter 0.74303
dmin Scaling parameter 2.16405 x 107°
o™ Scaling parameter 1.206914
5670 Half-maximal age 2954.306
67 Scaling parameter 43.73335
v Offset parameter 0
kY Scaling parameter 1
gg Slope parameter 1
55 Scaling parameter 1077
We denote the number of uRBCs removed in a time-step as U,_,:
Uessla,t) = Ugla—1,t = 1) - (1 —exp[—0,(a, t)]) (23)

11
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Figure G: The uRBC removal rate d,,(a,t) from the circulation into the spleen when the
scaling factor Fy; = 1.
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Figure H: The fold increase in uRBC removal rate due to the presence of iRBCs in the

circulation, shown for U_(t) = U,,.
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6 Uninfected RBC return to circulation

Uninfected RBCs in the spleen return to the circulation at rate J,,, which is defined in
terms of the log-normal probability density function Fy:

5,(a,t) = mag - Fx(a) (24)
log(X) ~N(u =24 py,0=24-0y) (25)
Symbol Description Baseline value
mag Scaling parameter 10
U Scaling parameter 3.65
U Scaling parameter 0.0025

We denote the number of uURBCs released in a time-step as U,_,:

Us—>c<aﬂ t) = Us<a - 17t - 1) : eXp[_)‘u(a7 t)] : (1 _ exp[—é&(a)]) (26>

0.64
)
o
o 0.44
7]
3
0]
[ad

0.2 A

0.0 A1 —J

(I) 2I5 5IO 7I5 l(I)O 1é5

uRBC age (days)

Figure I: The uRBC release rate ¢,,(a,t) from the spleen into the circulation.
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7 RBC infection

Uninfected RBCs are infected at rates o, and a in the circulation and spleen, respectively,
which depend on the age-specific merozoite preference (:

Bla)-U.la, t—1)

a.(a,t) = PMF - - - 27
S ECIRATaY) 0
Bla) - Us(a,t —1)
ay(a,t) = PMF - — - (28)
>, 18(a”) - Us(a’, t —1)]
Pf parasites invade RBCs of all ages, with some preference for younger RBCs:
a% -exp [—5 x 107* - (a —1)]

B'(a) = - (29)

Pf Pf
(CL - 1)315 + (Q%O)slﬁ

In contrast, Pv parasites only invade reticulocytes and prefer immature reticulocytes:

0 otherwise

v -1 .
B (a) = {1 — {slg (a— 1)] if a <T), (30)

We normalise these age-specific preferences so that they sum to 1:

(31)

Merozoites are released when infected RBCs rupture at age T;,.. Here we use the notation
V., to define the number of uRBCs infected in location y by merozoites released in
location z:

vc%c<a7 t) = ac<a7 t) ’ [Icv + Iq<T’irbc7t _ 1)] (32)
Vs%c(a7 t) = ac<a7 t) Tw- IsV (33)
vs—>s(a7t> = as<a7t) ’ (1 - w) ’ Isv (34>

These in turn are defined in terms of the iRBCs that remain in the circulation and spleen,
respectively:

Icv = Ic(ﬂrbc? t— 1) ’ exp[_dz] ’ exp[—(] (35)
Isv = Is (Trbm t— 1) ’ exp[—cY] ’ exp[_)‘i] (36)

1 7
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We can then define the total number of infected RBCs in the circulation and in the spleen:

Vc (t) = Z Vcﬁc(av t) + Z Vs%c((% t) (37)
a a
Vi) =) Viilat) (38)
Baseline
Symbol Description value
PMF Parasite multiplication factor 8
w Proportion of merozoites released in the spleen that infect 0.1
circulating uRBCS
slgf Age-specific slope parameter for Pf 20
a%o Half-maximal age for Pf 80
slgV Age-specific slope parameter for Pv 4.5
0.015 1
8
o
o
e .
8 0.010 Species
@ Pf
x
3 — Pv
g
o
3
= 0.005
0.000 1
25 50 75 100 125

URBC age (days)

Figure J: The age-dependent merozoite preference for uninfected RBCs.



8 Infected RBC removal from circulation

The removal rate §; of infected RBCs from the circulation into the spleen depends on a
number of offset, slope, and scaling parameters:

5,(at) = Fy(t) - |8im+ (35 — 6.) (a — 1) (39)
\a,t) = © 9 is — O%R) " 51 s
7 I R S R (CL o 1)511 + <6§50>5IZ
T, (t—1)%4
Fi(t) =1+ kL. L=l o)
Ic(t _ 1)gd + <5é0 ) [Ic(t _ 1) + Uc(t _ 1)]) !
0,5 = O;r " kig (41)
Symbol Description Baseline value
ks Schizont scaling parameter 2
din Pf ring removal rate 0.562
dis Pf schizont removal rate 1.124
din Pv ring removal rate 0.562
d;g Pv schizont removal rate 1.124
6fl Slope parameter 10
§¢°0 Half-maximal age 26
k! Scaling parameter 3
gg Slope parameter 1
6ty Scaling parameter 1074

Safeukui et al. (2008) conducted in vitro experiments that showed 11% and 20% of Pf
rings and schizonts, respectively, are retained in the spleen in every passage of the iRBCs
through the spleen. Accordingly, we assume here that d,¢ ~ 2 - ,5.

We denote the number of iRBCs removed in a time-step as I, :

Ic~>8<a7t) = Ic(a _ 17t_ 1) ’ (1 _ exp[_éi(avtﬂ) (42)

16
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Figure K: The iRBC removal rate ,(a,t) from the circulation into the spleen when the
scaling factor F; = 1.
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Figure L: The fold increase in iRBC removal rate due to the presence of iRBCs in the

circulation, shown for U,(t) = U,,.
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9 Infected RBC return to circulation

Infected RBCs in the spleen return to the circulation at rate J;. We assume that ring-
stage RBCs are more likely to return to the circulation than are schizont-stage RBCs,
and that infected RBCs are returned at a much lower rate than they are removed from
the circulation into the spleen.

5(a) = 85+ (814 — 67 (a— 1) (43)
1 - YiR S iR <CL . 1)5;1 + <5?50>5?l
Oir = 0ir - kir (44)
Ois =05 ks (45)
Symbol Description Baseline value
kir Scaling parameter 0.03
kig Scaling parameter 0.01
O g Ring iRBC return rate 0.01686
Ol Schizont iRBC return rate 0.01124
53t Slope parameter 10
§¢50 Half-maximal age 26
We denote the number of iRBCs released in a time-step as I, _,.:
Is—)c(aa t) = Is<a’ - 17 t— 1) ’ eXp[—/\i(CL, t)] ’ (1 - exp[_éz/‘(a’)]) (46>

19
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Figure M: The iRBC release rate d;(a) from the spleen into the circulation.
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10 Infected RBC sequestration

The sequestration rate depends on the parameters (, and (-

agsl

((a) = —log(1 —0.99) - (47)

abr + ¢52

Circulating iRBCs are sequestered at rate ((a), which is very low for Pf rings, and
increases with maturity. The maximum rate corresponds to a sequestration probability
of 0.99.

We denote the number of iRBCs sequestered in a time-step as I,

Ic%q(a’t) = Ic(a - 17 t— 1) ’ (1 - eXp[_g(a)D (48)
I(a,t) =T/ (a—1,t—1)+1.,,(a,t) (49)
Symbol Description Baseline value
Cal Slope parameter 10
Cs0 Half-maximal age 26 hours
g :
() 3' :
g :
5 X Species
E ] Pf
(%]
g 24 : — Pv
8 .
? \
: s
0- |
0 10 20 I 30 40 50

iRBC age (hours)

Figure N: The age-specific rate ((a) of iRBC sequestration.
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Figure O: The age-specific probability of iRBC sequestration.
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11 RBC destruction in the spleen

Phagocytosis rates depend on the macrophage population M (t) and rate parameters AM
and \M:

0 for a < T,
Aua:1) = {Aﬂﬁ M,(t—1) fora> Ty (50)
N (a,t) =AM M,(t—1) (51)
M(t) = M) g5 —[f)sv(i;l;:(]tw— 1) (52)
My(t) = M(t) - st = L7 (53)

U (t—1)7m + I (t —1)7m

The macrophage population is defined with respect to the steady-state ratio of
macrophages to RBCs retained in the spleen:

M(t) = kyy [byy (Ug(t— 1)+ L,(t—1)) — M(t — 1)] + M(t — 1) (54)
MO
by =7 (55)

r,88

Table K: Model parameters for RBC destruction and
macrophage populations.

Symbol Description Baseline value
M Rate parameter for uRBCs 5x 1077

M Rate parameter for iRBCs 1.5 x 10711
ks Scaling factor 0.01

by Steady-state ratio of M to U, 0.0513979

Yar Scaling factor 0.25

T, Age at which reticulocytes mature 108 hours

23



12 Differences between Pf and Pv

o The two species have different age-dependent merozoite preferences for uninfected
RBCs; see RBC infection for details.

o Pf-infected RBCs can become sequestered in the microvasculature; see Infected
RBC sequestration for details.

24



13 Final RBC equations

We can now define the update rules for the RBC populations in the circulation and spleen,
in terms of the equations defined above:

R.(a,1) 0 fora=1
a,t) =
‘ Rc—>c<a7 t) + Us—>c(a7 t) + r—m(a? t) o Vc—w(av t) o Vs—m(a? t) for1 <a< TM
(56)
N (a t) _ Rc—)c(av t> + Us—)c(a7 t) o vc—w(a? t) o vs—m(a” t) for a = TM +1
ST TN a )+ U, (a,t) =V (at) =V, (a,t) for Ty, +1<a<Ty
(57)
R.(a,t) for1l <T
Ula,t) = § Telort) dord < a =T (58)
N_(a,t) for T <a<Ty
Us<a7 t) = Usa‘s (CL, t) + Uc%s (av t) - Vsas (CL, t) (59)
t fi =1
Lia,t) =4 Vel or (60)
I .(a,t)+ 1, .(a,t) forl<a<T;
t fi =1
Liat) =4V o (61)
I, (a,t)+1._.(a,t) forl<a<T;
where:
Rc%c(aﬂ t) = Rc<a - 1’ l— 1) ’ eXp[_(su] (62)
N, ..(a,t) =N, (a—1,t—1)-exp|—d,] (63)
U, ,.(a,t)=Ug,(a—1,t —1) - exp[—0,, — \,] (64)
I c(a,t) =1I.(a—1,t—1)-exp[—d; — (] (65)
Is%s(a’at) :]c(a_lat_ 1> eXp[_éz/_Az] (66)

25



14 Baseline outputs: no infection
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Figure P: RBC populations over time for the baseline parameter values (no infection).
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Figure Q: Uninfected RBC retention in the spleen (no infection).
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15 Baseline outputs: Pf
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Figure R: RBC populations over time for the baseline parameter values (Pf infection).
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Figure S: Uninfected RBC retention in the spleen (Pf infection).
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—— Retained in spleen —— Parasitised: circulation —— Parasitised: spleen —— Parasitised: total
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1e+05
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1e+01
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Figure T: Uninfected RBC loss due to malaria, by infection and by retention in the spleen
(Pf infection). Splenic retention of uRBCs is substantially higher than parasitisation of
circulating uRBCs at all stages of the infection. Shaded intervals indicate the acute
infection phase (i.e., the transition from initial infection to chronic infection), which the
model dynamics do not capture.
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Figure U: The ratio of (a) the proportion of RBCs in the spleen that are infected; to (b)
the proportion of RBCs in the circulation that are infected (Pf infection).
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16 Baseline outputs: Pv
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Figure V: RBC populations over time for the baseline parameter values (Pv infection).

#> [1] 11.0282
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Figure W: Uninfected RBC retention in the spleen (Pv infection).
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Retained in spleen — Parasitised: circulation — Parasitised: spleen Parasitised: total

le+104
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Figure X: Uninfected RBC loss due to malaria, by infection and by retention in the spleen
(Pv infection). Splenic retention of uRBCs is substantially higher than parasitisation of
circulating uRBCs at all stages of the infection. Shaded intervals indicate the acute
infection phase (i.e., the transition from initial infection to chronic infection), which the
model dynamics do not capture.
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Figure Y: The ratio of (a) the proportion of RBCs in the spleen that are infected; to (b)
the proportion of RBCs in the circulation that are infected (Pv infection).
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17 Exploring Pv sequestration

We ran simulations that explored a range of Pv sequestration rates (defined relative to
the Pf sequestration rate (), and observed that the iRBC biomass and RBC loss ratios
both approached those obtained for Pf as the Pv sequestration rate approached the Pf
sequestration rate.

Species | Sequestration | iRBC biomass | RBC loss
Pv 0% 1701:1 86:1
Pv 10% 1224:1 47:1
Pv 20% 1109:1 34:1
Pv 30% 1056:1 28:1
Pv 40% 1026:1 25:1
Pv 50% 1006:1 22:1
Pv 60% 988:1 21:1
Pv 70% 974:1 19:1
Pv 80% 962:1 18:1
Pv 90% 952:1 18:1
Pv 100% 943:1 17:1
Pf 100% 918:1 17:1
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18 Model parameters

Process Parameter Value
Normoblast production €q 16

Ul 0.33

frnax 10
Reticulocyte release Po 0.001

Ps 10

Pi 0.5

Tmin 24

K 1079
uRBC removal 54 0.74303

Smin 2.16405 x 107°

o 1.206914

570 2954.306

67, 43.73335

v 0

kY 1

94 1

55, 1077
uRBC release mag 10

M 3.65

oy 0.0025
RBC infection w 0.1

PMF 8

sl 20

a‘Z,O 30

sl 4.5
iRBC removal 5; R (Pf) 0.562

9,5 (Pf) 1.124

9;R (Pv) 0.562

9;S (Pv) 1.124

53! 10

5450 26

K 3

6L, 1074
iRBC release kir 0.03

kg 0.01

dip 0.01686

0l 0.01124
iRBC sequestration Col 10

Cs0 26
RBC destruction M 5x 1077

M 1.5 x 10711

3V, 0.01

bas 0.0513979

Y 0.25
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Process Parameter Value

Tus 108
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