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1 Supplementary Material

1.1 The mathematical model

In Plasmodium chabaudi, parasitised RBCs (pRBCs) rupture synchronously every 24 hours [27],
releasing on average 6-8 parasites (merozoites) into the bloodstream [28]. These newly released
merozoites infect further RBCs and the cycle repeats. The rupture of pRBCs (schizogony) occurs
at approximately midnight [27, 29].

We use a discrete time formulation to model the dynamics, where each time step corresponds to a
single day. The start of day i is defined as the point immediately following rupture of pRBCs, before
any infection has occurred (i.e., the point at which merozoites are released into the bloodstream).

We assume that the processes determining RBC density occur on two non-overlapping time-
scales. The first corresponds to the short infection phase during which merozoites infect RBCs,
which occurs within a few minutes following schizogony. The second and subsequent timescale (the
remainder of the day) corresponds to the RBC turnover phase: the parasites replicate within pRBCs
and new unparasitised RBCs (uURBCs) are released into the bloodstream from the bone marrow.
At the end of the RBC turnover phase, surviving pRBCs rupture and release new merozoites.

The model schematic in Fig. S1 shows the biological processes over a 24 hr period included in
our models. Tables S1 and S2 list all the variables and parameters used in the model respectively.
The prior distributions were based on a previous study of single-clone infections [25].

1.1.1 The infection phase

Some rodent malaria species, such as P. berghei, are known to preferentially infect young (1-2
day old), immature RBCs called reticulocytes [47, 48]. By contrast, there is only circumstantial
evidence from modelling studies that suggest that P. chabaudi prefers reticulocytes [50]. Other
models have found no evidence [23]. As discussed in the main text, one possible cause of competition
is differential RBC-age preference between the two clones [35, 36]. We therefore want to model
RBC age structure. We partition RBCs into reticulocytes and normocytes and allow for different
infections rates of each as described in detail below.

The infection dynamics at the start of day ¢ are modelled in continuous time, using a formulation
based on [22]. Just after bursting there are populations of free AS and AJ merozoites in the
bloodstream with densities Mag; and Maj; respectively. Bursting kills all pRBCs leaving only
uRBCs. Let r;(a) denote the density of unparasitised reticulocytes of age a. Let R; = fOAri(a)da
denote the total density of unparasitised reticulocytes where A is the maturation age of reticulocytes
into normocytes (roughly 1-2 days) and let IV; denote the density of unparasitised normocytes. As
infection occurs rapidly over a matter of minutes we can assume that the total reticulocyte and
normocyte populations remain constant during infection.

We assume that infection of RBCs by merozoites is density dependent. We also assume that
RBCs can be multiply parasitised and that the probability of infection is independent of the number
of previous infections. This means we need to keep track of RBCs parasitised by only the AS clone,
only the AJ clone and by both clones. We assume AS and AJ merozoites infect reticulocytes
at per-capita rates Sr as and Bgr aj respectively and infect normocytes at rates Sy as and By aj
respectively.

Not all merozoites will invade an RBC, however. Merozoites have been shown to lose infection
viability in vitro within about 30mins [49]. They are also cleared by the immune response [37,
38]. Following previous models [22, 23|, we assume that AS and AJ merozoites are removed from
a viable pool at per-capita rates pag and paj respectively. These rates combine physical removal,
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such as immune-mediated killing, and loss of infection viability.

We also explicitly model adaptive immune responses that develop during the course of infection.
We assume that these responses clear AS and AJ merozoites at time-dependent per-capita rates
I as,i and I, a3; respectively (see below for the full definitions). Although these adaptive immune
responses change over time they will do so on a much longer time scale than the infection phase.
Thus we can assume that they are constant over the short infection phases.

The functional forms of the adaptive immune clearance rates are unknown. We therefore re-
quire forms that are flexible but minimally parameterised. We tried three forms: piecewise linear,
exponential and sigmoidal. The piecewise linear form [25] is defined in terms of four parameters:
the day of initial activation s,,, the maximum clearance rate ¢,,, the time (measured in days)
taken to reach maximum clearance rate r,,, and the duration of the immune response, in days, d,,.
Initially, the clearance rates are set to zero. When an immune response is activated, the clearance
rate increases to its maximum level over a number of days. Once the given duration has elapsed, as
measured from the start day, the clearance rate returns to zero. The expressions for the adaptive
immune responses on day ¢ are given by

0 if i < sy
j L Cm,I[’L' — Sm,x]/rm,x if Sm,z S 7 < Smz + T
m,xi — § . ] -
Cm,x if Sm,z + Tm,z <1 < S,z + dmﬂf

0 if sz +dma <0

where x € {AS, AJ}.

The exponential form is defined in terms of three parameters: the day on reaching maximum
clearance rate s,,, the maximum clearance rate ¢,, and the duration of the response d,,. The
clearance rate is 0 on day 0, it then increases exponentially over s,, days up to its maximum ¢,
where it stays until returning to zero after d,,, days. The clearance rates are given by the expressions

eXp(ln(ém,ﬂ')_Fl)i/Sm,z) - 1 le < Sm,z

Im,x,i =\ Cmux if Sm,x <i< dm,m (2)
0 if d oy < i

The sigmoidal form is defined in terms of four parameters: the approximate day of half maximum
clearance rate s,,, the maximum clearance rate ¢,,, the approximate rate of increase on the day of
half maximum r,,, and the duration of the response d,,. The clearance rate is 0 on day 0, it then
increases sigmoidally, asymptotically approaching its maximum ¢, until returning to zero after d,,
days. The clearance rates are given by the expressions

A 1—exp(—7Tm, 1) e
[ ) Emr T e (= o li—sm <)) i < dg (3)
m?':v?z - . .

0 if dpme <

Assuming a well-mixed system with mass-action kinetics, infection of RBCs by merozoites
is a Poisson process. This immediately implies that the probability of an event occurring to a
merozoite is the rate of that event divided by the sum of the rates of all possible events. For
example, the probability of an AS merozoite successfully infecting a normocyte (which occurs at
rate Sy asN,i) is By asNi/(BrasRi + BnasNi + pas + Lnasi), where the denominator is the
sum of the rates of infecting a reticulocyte, infecting a normocyte, loss of viability and immune
clearance. Dividing through by Oy as and letting pas = Br.As/Bu as, flas = #as/By as and —fm,AS,z’ =
Im.as,i/Bn as Tesults in the probability N;/(pasRi+ N;+fias —|—IAm7As,i). Similar probabilities exist for
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infection of reticulocytes and for AJ merozoites. This derivation highlights the non-identifiability
of (i) the reticulocyte and normocyte infection rates, (i) the background loss rate of merozoites
and the normocyte infection rate and (iii) the adaptive immune clearance rate of merozoites and
the normocyte infection rate for each clone. This means we cannot separately estimate these
parameters; only their ratios are estimatable.

The parameter fi can be interpreted as the reticulocyte density, weighted by p (the ratio of
reticulocyte invasion rate to normocyte invasion rate), plus the normocyte density at which a single
merozoite has a 50% chance of infecting a RBC in the absence of an adaptive immune response
against merozoites.

At the start of the infection phase on day ¢ there are Mag; AS merozoites. Using the above
derived probability for an AS merozoite infecting a normocyte, it is simple to show that the average
number of surviving AS parasites per normocyte at the end of the infection phase, denoted Ay as;,
is

Masi
pasR; + Ni + jias + Im as,i

(4)

AN,AS,i =

Similarly the average number of surviving AJ parasites per normocyte is

May;
pAIR; + Ni + fiay + Lm,AJi

ANAJG =

the average number of surviving AS parasites per reticulocyte is

pASMas ;i
(6)

ARAS, = - =
pasBi + Ni + fias + Im s
and the average number of surviving AJ parasites per reticulocyte is

pAIMAy;i
pAaIR; + Ny + fiay + Im,AJi

(7)

ARAJ =
Since infections occur independently, the number of parasites in a RBC is Poisson distributed.

Thus the probability of a reticulocyte being infected with nag AS parasites and najy AJ parasites
is

s U

, (8)

nag! nay!

Pr(nas,nay) =

and similarly for a normocyte

Nifse s e

(9)

Pr(nas,nay) = , ,
TMAS: nag:
From these equations we can derive the density of unparasitised reticulocytes and normocytes by
setting nas = 0 and naj = 0, singly parasitised RBCs by setting either nag = 1 and najy = 0 or
nas = 0 and nay = 1, and multiply parasitised RBCs by setting nag > 1 and nay = 0 or nag =0
and nay > 1 or nag > 0 and nay > 0 and summing terms. Note, we do not need to separately
keep track of parasitised reticulocytes and normocytes as they are not measured and they die after
24 hours. We can also derive the total blood density of parasites at the end of the infection phase
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by multiplying the above probabilities by the number of parasites of each strain in a RBC, i.e.,
nasnajPr(nas,nay).

These densities are given as follows. First, let ap = exp(—Aras—ArAJy) and any = exp(—Any,as—
AN,AJ). Then the density of unparasitised reticulocytes of age a on day i at the end of the infection
phase is (and dropping the dependence on i for clarity)

ru(a,0) = agr(a) for all a € [0, A] (10)

the density of unparasitised normocytes is
N, (0) = anyN (11)
the densities of RBCs (reticulocytes plus normocytes) parasitised by a single AS or AJ parasite are

PsAS(O) = OzR/\RyAsR + aN)\N,AsN (12)
PSAJ(O) :CYRAR7AJR+C¥N)\N7AJN (13)

the densities of RBCs parasitised by multiple AS or AJ parasites are

PmAs(O) = OJR[G)‘R’AS —1- /\R,AS]R + OéN[e)‘N’AS —1- AN,AS]N (14)
OZR[GAR*AJ —1- )\R’AJ]R + OéN[eAN*AJ —1- )\N’AJ]N (15)

the density of RBCs parasitised by multiple AS and AJ parasites is
Pootn (0) = apgle®as — 1][e*RAT — 1 R + ay[eVAs — 1][e*VAT — 1N (16)
the blood densities of AS and AJ parasites in single parasitised RBCs are

Psas(0) = Psas(0) (17)
DsAJ (0) = PsAJ(O) (18)

the blood densities of AS and AJ parasites in RBCs multiply parasitised by AS or AJ parasites are

pmAs(O) = OéR/\R,AS [eAR’AS — 1]R + OzN)\N,As[e)‘N*AS — I}N (19)
pmAJ(O) = O[RARyAJ[e)\R’AJ — 1]R + OzN)\NyA‘][e)\N’AJ — 1]N (20)

and the blood densities of AS and AJ parasites in RBCs multiply parasitised by AS and AJ parasites
are

Photh,as(0) = Apas[l — e MASIR + Ay as[l — e MWAS]N (21)
Photh,AJ(0) = Apag[l — e MRATR 4+ Ay o[l — e VAN (22)

We also define the total uRBC density at the end of the infection phase as U = N, + fOAru(a, 0) da.
All these densities form the initial conditions of the subsequent RBC turnover phase.
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1.1.2 RBC turnover phase

The RBC turnover dynamics occur after the infection dynamics on each day i. They are modelled
in continuous time ¢ € [0, 1], which has units of days.

In the absence of infection, RBCs are lost through natural mortality and gained through the
production of new cells (called erythropoiesis). We take natural RBC decay rate as d = 0.025 day !
[30, 31, 24].

Erythropoiesis is up-regulated in response to the anaemia caused by infection and rupture [33,
34, 22, 25]. We assume that the level of up-regulation on day i is linearly proportional to the
difference between the normal RBC density, K, and the uRBC density 7 days earlier, U;—,. The
parameter 7 measures the feedback lag (in days) between RBC density and the level of erythro-
poiesis. (More complicated functional forms have been used in other modelling studies [36, 40].
However, we have found this simple linear relationship to adequately explain RBC dynamics in
the acute phase.) The up-regulation of erythropoiesis is then given by §[K — U;_], where 6 is the
proportion of the RBC deficit that is recovered in a single day.

Within-RBC interference competition between parasites is modelled as an additional mortality
of parasites. Let kag and kaj be the interference-induced mortality rates of AS and AJ parasites,
respectively, in multiply parasitised RBCs.

We assume constant background mortality rates vag, vaj and vpotn of pPRBCs infected with only
the AS clone, only the AJ clone and with both clones respectively. We also assume that multiply-
parasitised RBCs have an additional mortality rate, d,,,. This allows for the possibility that these
RBCs may be exploited more rapidly than singly-parasitised cells and die before schizogony.

As for merozoites, we explicitly model adaptive immune responses that clear pRBCs. We
assume that these responses clear pRBCs at time-dependent per-capita rates Ipas i, Ip.aj; and
I votni for AS pRBCs, AJ pRBCs and AS plus AJ pRBCs respectively. As for merozoites, we
examined three forms for these clearance rates: piecewise linear, exponential and sigmoidal. The
expressions are similar to those for merozoites above. In addition, we assume that pRBCs infected
by both AS and AJ clones are cleared at the maximum of the rates for single-clone infected RBCs,
i.e., Ipboth,i = max(Ip as,i; Ip,Aasi).

It has been demonstrated that uRBCs can also be removed in a process called bystander killing
[39]. This is modelled as a time-dependent (piecewise linear) per-capita clearance rate I, ; of uRBCs
[25]:

0 if 7 < sy
) — if s, <i<
Lus = cult — sul/ru Tsu_z sq?—kru (23)
Cu if sy +7y <i <8y +dy
0 if s +dy <1

Given the above assumptions, the dynamics of the RBC turnover phase are described by the
following system of differential equations (dependence on i is dropped for clarity): for uninfected
reticulocyte and normocyte densities

Ory(a,t) n Ory(a,t)

5 5a = —ld+ I, + 6(a — A)ry(a,t) for all a € [0, A] (24)
Wlt) — fd+ LIVU(E) + 8(a— A)ra(ad) (25)



where 4(+) is the Dirac-delta function. For pRBC densities

dPas (t)

dr —[d + vas + Ip as] Psas(t) (26)
cmﬁ(ﬂ = —[d+ vay + Ipas]Peas(t) 0
W = —[d + vas + Iy as + 6m| Pmas(t) (28)
(ip’fﬁ‘](w = —[d+vas+ Ipas + 0m] Pras(t) 29)
dUDb(fi;h(t) = —[d + Vboth + Ipboth + Im] Pootn (t) (30)
and for parasite blood densities
dpsgf(t) = —[d + vas + I as]psas(t) (1)
‘W = —[d + vay + Ip aslpsas(t) (32)
W = —[d+vas + Ipas + Om + Kas|Pmas(t) (33)
dpmcﬁfJ(O = —[d+vaj+ Ipas + Om + KagPmas(t) (34)
(W = —[d + Vboth + Ipboth + Om + Kas|Pbotn,as(f) (35)
W = —[d + Vboth + Ippoth + Om + KAI|Pboth,a1(f) (36)

17 The boundary condition, r,;(0,t) = dK + §[K — U;_], for Equation 24 represents migration of
108 new reticulocytes from bone marrow and spleen into the circulation. We assume it is constant
100 throughout the day. This assumption is for computational convenience, otherwise we would have
o to solve delay differential equations which would become computational prohibitive. Given that
1 upregulation is only important for the RBC dynamics after peak anaemia, this assumption has
> little consequence for our conclusions about immune-mediated competition.

The initial conditions for Equations 24-36 are obtained from Equations 10-22. The solutions of

Equations 24 and 25 are

1

[

1

=

1

j

dK 0K — Ui—T 7[d+lu,i]a if 0 < t
rugla,t) = | U FOK —Tirle f0<a< (37)
rui(a —t,0)e [ ualt ift<a<A
A
Nyi(t) = [Nu,,-(()) + / Tui(a,0) da} e 1At Tuilt (38)
A—t

s where 7,(a,0) is the initial age distribution of unparasitised reticulocyte density on day i and
4 Nyi(0) the initial density of unparasitised normocytes on day i. The solutions of Equations 26-
us 36 are simply decaying exponentials. For example, the solution of Equation 26 is Psagi(t) =
Psps,i(0) exp(—[d + vas + I as]t). In order to compute 7 ;(a,t) we discretise reticulocyte age a.
117 The maximum discritisation possible is Aa = 8 hrs as this is the time between bursting at midnight
us  and observation at 8am. We have found that smaller discritisations do not affect model fits or the
o inferences drawn from them. We therefore choose this discritisation for computational speed.
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1.1.3 Rupture of parasitised RBCs

The final event on day 4 is the rupture of pRBCs and release of free merozoites at midnight. At
this point each surviving AS and AJ parasite produces was and way merozoites, respectively, and
all pRBC densities return to zero. We assume the burst sizes are independent of the age of the
pRBC. The AS and AJ merozoite densities after rupture on the (i + 1) day are then given by

Masiv1 = was[psas,i(1) + Pmas,i(1) + Dboth,as,i(1)] (39)
Majgit1 = waspsasi(1) + Pmagi(1) + Pooth,ag,i(1)] (40)

The unparasitised reticulocyte density is R;+1 = Ry (1), and the unparasitised normocyte density
is Nit1 = Ny i(1), which are needed for Equations 4-7. Also needed is the density of unparasitised
reticulocytes of age a for Equation 10, r;y1(a) = ry(a, 1).

1.1.4 Initial conditions

During the experiments the mice were inoculated intraperitoneally with 10> AS pRBCs, 10° AJ
pRBCs or both at 08:00 hrs on day 0. However, it might be the case that not all parasites enter
the bloodstream. We therefore estimate the initial circulating AS and AJ parasite densities, Py as
and Py oy from the data. The initial conditions on day 0 are, therefore, Psaso(1/3) = Py as or 0,
Piago(Y/3) = Poas or 0, Puaso(l/3) = Pnaso(l/3) = Photho(Y/3) = 0, psaso(1/3) = Poas or 0,
Psa10(1/3) = Poag or 0, prmas,o(Y/3) = Prnago(Y/3) = Pooth,as,0(1/3) = Photn,a1,0(1/3) = 0.

The initial total RBC density in the mice was assumed to be the normal RBC density in the
absence of an infection. RBCs die naturally at rate d = 0.025day " [32]. The initial total density
of RBCs K, is partitioned between the reticulocytes and normocytes as follows

ruo(a,1/3) = dKe~% for all a € [0, A] (41)
Nuo(l/3) = Ke 94 (42)

K is estimated from the data.

1.2 McMC diagnostics and model adequacy

The convergences of the Markov chains to the posteriors of each mouse are assessed using the
Gelman-Rubin statistic [52]. Figure S2 shows the Gelman-Rubin statistics of each parameter of
the all-cause model for all mice. A statistic below 1.1 suggests excellent convergence of the Markov
chains [51].

The standardised residuals for the all-cause model for the three mice phenotypes are given in
(Figs. S3, S4 and S5). The standardised residuals of an adequate model should be approximately
normally distributed with mean 0 and standard deviation 1.

The Q-Q plot for the all-cause model for the three mouse phenotypes are given in (Figs. S6, S7
and S8). The overlaid residuals and the Normal Q-Q plot in all three suggest adequate fits with
some minor over and under estimation of the dynamics.

1.3 Likelihood plots by mouse phenotypes

Figures S9-S11 show the plots of log;,-marginal likelihood against log;,-maximum likelihood of the
models tested in Table 2 for each mouse phenotype. The ability of nude mice to discriminate be-
tween hypotheses is weak. However, regardless of phenotype, hypothesis Hy is always the minimally
adequate model.



