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ABSTRACT

The malaria parasite causes lysis of red blood cells, resulting in anemia, a major cause of
mortality and morbidity. Intuitively, one would expect the production of red blood cells to
increase in order to compensate for this loss. However, it has been observed that this re-
sponse is weaker than would be expected. Furthermore iron supplementation for iron defi-
cient children in malaria endemic regions can paradoxically adversely affect the clinical out-
come of malaria infection. A possible explanation may lie in the preference that some malaria
parasites show for infecting immature red blood cells (reticulocytes). In the presence of a
parasite preference for immature red cells, a rise in red cell production can ‘fuel the fire’ of

infection by increasing the availability of the parasite’s preferred target cell.

We present a mathematical model of red blood cell production and infection in order to ex-
plore this hypothesis. We assess the effect of varying the reticulocyte replacement rate and
preference of the parasite for reticulocytes on four key outcome measures assessing anemia

and parasitemia.

For a given level of parasite preference for reticulocytes we uncover an optimal erythropoi-
etic response which minimizes disease severity. Increasing red blood cell production much
above this optimum confers no benefit to the patient, and in fact can increase the degree of
anemia and parasitemia. These conclusions are consistent with epidemiological studies dem-
onstrating that both iron deficiency and anemia are protective against severe malaria, whilst
iron supplementation in malaria endemic regions is with an increased number of malaria re-
lated adverse effects. Thus, suppression of red blood cell production, rather than being an un-
fortunate side effect of inflammation, may be a host protective effect against severe malarial

anemia.
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INTRODUCTION

Malaria presents a major health burden in the developing world, and is associated with a
range of clinical symptoms including acute and chronic anemia. The malaria parasite causes
lysis of both infected and uninfected red blood cells (RBCs) (Dondorp et al., 1999; Ekvall,
2003), leading to anemia, one of the most significant clinical outcomes of the disease. Intui-
tively, one would expect the organism to respond by increasing the production of RBCs to
compensate. Instead it has been observed in that in both human (Abdalla et al., 1980; Ab-
dalla, 1990) and animal (Chang et al., 2004b; Egan et al., 2002; Maggio-Price et al., 1985)
malarias the RBC replacement rate may be insufficient to compensate for the degree of ane-
mia. It is usually thought that this suppression of the erythropoietic response to anemia may
be an unfortunate side effect of the inflammatory response to infection. One would expect
this to exacerbate and prolong the anemia and hence potentially have an adverse effect on the
prognosis. It has been postulated that an inadequate erythropoietic response contributes to

disease severity and death.

This apparent paradox is reinforced by observations that in regions where malaria is endemic,
iron supplementation for iron-deficient children may have significant detrimental conse-
quences on mortality and morbidity during malaria infection (English and Snow, 2006;
Sazawal et al., 2006; Smith et al., 1989). This is despite the fact that iron supplementation
improves hematological and iron status. In regions where malaria is not endemic, iron sup-
plementation has no adverse effects (Iannotti et al., 2006; Oppenheimer, 2001). A separate
study (O'Donnell et al., 2007) has investigated the relationship between anemia and erythro-
poietin (EPO) production and demonstrated that younger children have higher EPO produc-
tion for a given level of anemia. Since severe malarial anemia (SMA) is more common at
early ages when there is a high level of erythropoietin (EPO) produced in response to anemia,
this suggests that high RBC production may have a paradoxical negative effect on anemia

during malaria.

A possible explanation comes from the preference exhibited by many species of malaria for
immature RBCs (reticulocytes) compared to mature RBCs (erythrocytes). This preference is
estimated to be as high as 34-180 fold in P. vivax (Mons, 1990; Mons et al., 1988a; Mons et
al., 1988b), and in the range 1.6-14 fold for P. falciparum (Hegner, 1938; Pasvol et al., 1980;
Wilson et al., 1977). In the presence of such preference, a high reticulocyte replacement rate
(RRR) could serve to provide large numbers of the preferred target cells for the parasite. This
could significantly boost parasitemia and increase the severity of the disease. Iron supple-
mentation in iron-deficient individuals would be likely to increase reticulocyte production

leading to similar effects.

On the other hand, a high RRR will also serve to replace those RBCs destroyed by the para-
site, serving to alleviate anemia and hence having a positive effect on the outcome of the in-



fection. The picture is further complicated by the results of experiments that manipulated re-
ticulocyte production in mice (Singer, 1954a) and rats (Zuckerman, 1957) infected with P.
berghei, and more recently in mice infected with P. chabaudi (Chang et al., 2004a). An in-
crease in reticulocyte production early in infection can significantly increase parasitemia and
reduce survival rates. On the other hand, an increase in reticulocyte production at an appro-
priate stage of the infection led to reduced mortality (Chang et al., 2004a).

The overall effect of an increase in reticulocyte replacement rate thus depends on the balance
and timing of these positive and negative interactions and on the degree of the parasite pref-
erence for reticulocytes, which varies from species to species. It is impossible to infer the in-
tegrated outcome of all these factors by intuition alone. It may thus be that erythropoietic
suppression is simply an inadvertent consequence of inflammation and has negative conse-
quences for the host, or it may be a host protective effect to reduce the availability of pre-

ferred target cells.

Similar counter-intuitive phenomena that cannot be understood through conventional ex-
perimental approaches are routinely encountered in biological systems. One common reason
why intuition may be insufficient to understand such behaviour is the presence of regulatory
mechanisms acting in opposing directions. The outcome of these mechanisms will depend on
the fine balance between competing pressures (in this example the response to anemia com-
petes with the production of preferred targets), and this balance may be a complex function
of a wide range of other interactions. The only way to predict and explain the behaviour of
such systems is to quantify the key interactions and analyse them within the framework of a
mathematical or computational model (Hardy and Stark, 2002; Hastings and Palmer, 2003;
Stark and Hardy, 2003).

The majority of models of pathogen growth within a host are straightforward ODE models,
where target cells are treated as homogeneous. To model a preference for target cells of a cer-
tain type, one must incorporate into the model the variable for which the pathogen shows its
preference. Thus, in this instance we must structure our model by red blood cell age. The
model developed here does this through the use of a continuous age variable, and has a simi-
lar structure to the model presented by {Antia, 2008 #302} which discuss the role of RBC
resourse limitation in rodent malaria. Such a continuous age variable has the effect of turning
the model into a complex integro-differential equation. This is in contrast to an earlier age
structured model by McQueen and McKenzie which uses discrete age compartments and was
applied to analyse the difference between the dynamics of various strains of malaria
(McQueen and McKenzie, 2004). The detailed differences between the two models are dis-
cussed in the materials and methods section.



Our mathematical model allows us to distinguish between competing pressures and to ex-
plore the effects of changing key parameters such as the parasite preference for reticulocytes
and the rate of reticulocyte production. This allows us to understand the circumstances under
which decreased reticulocyte production is either beneficial or harmful to the host. Extensive
numerical investigation suggests that in the absence of any preference of the parasite for re-
ticulocytes an elevated RRR is always beneficial to the host, since it allows rapid replace-
ment of destroyed RBCs. However, we confirm that in the presence of a preference of the
parasite for younger cells, a high RRR is not always advantageous. In fact, for a given reticu-
locyte preference there is a threshold RRR beyond which increasing the RRR becomes det-
rimental. This threshold RRR is usually far below the normal RRR in response to anemia,

suggesting an important benefit of erythropoietic suppression.

MATERIALS AND METHODS

The model used here is based on one previously described in (Cromer et al., 2006), but has
been expanded to incorporate the dynamics of merozoite release and invasion. The parame-
ters of the model have also been altered to values that are appropriate for humans rather than
mice. The model captures the continuous birth and death processes of cells as well as the dis-
crete process of parasite rupture, but differs from the earlier model in the way that parasitized
cells are produced. We introduce a continuous process to describe parasite growth, and hence
provide a self contained model of the cell populations during a malarial episode. This can be
used to make predictions about the course of an infection. In the previous model we consid-
ered the physiological relationship between reticulocyte replacement rate and red blood cell
levels. In this model we allow the reticulocyte replacement rate to vary from its baseline pro-
duction up to a normal erythropoietic response. This allows us to investigate the effects of

reticulocyte production in response to anemia.

The model describes the population dynamics of classes of parasitized and unparasitized
cells, separated into reticulocytes and erythrocytes (Figure 1). Cells move between the groups

according to the following interactions:

i) Reticulocytes are produced according to a production function that is dependant on the
RBC levels 6 days earlier (Belair et al., 1995).

ii) Reticulocytes mature into erythrocytes after one reticulocyte lifetime, [ = 2.8 days
(Colijn and Mackey, 2005).

iii) Unparasitized reticulocytes and erythrocytes can become parasitized and move into
their respective parasitized classes. The rate of infection is determined by the number of

available merozoites, and the preference of merozoites for erythrocytes or reticulocytes.



The infection rate of the parasite in mature erythrocytes is g and infection rate in reticu-

locytes is gp where p is the reticulocyte preference.

iv) All cells are cleared according to an exponential decay function with the natural decay
rate required for baseline turnover of RBCs that equates to an average RBC lifetime of
120 days (Belair et al., 1995).

v) Parasitized cells rupture one parasite lifetime /, = 2 days (Garnham, 1966) after becom-
ing infected, releasing a number of free merozoites (number of released merozoites is
16), which have a short lifespan (20 minutes) unless they infect another cell (Anderson
et al., 1989).

Simplified equations describing the model are given in equations 1-6 below. An explanation
of the terms in the equations are given in A more in depth derivation including details of
model implementation is given in the Supplementary Online Materials (SOM). Variables in
the model are listed in Table 1. Parameters values are taken from previously published ex-

perimental data, (Supplementary Table 2).

Our model has some similarities to that of McQueen and McKenzie (McQueen and
McKenzie, 2004). Their model incorporated age restricted parasite invasion (parasites exclu-
sively invade cells of a certain age) and an elevated red cell response to anemia. However,
there are also a number of differences between the two models. We allow for parasites to
have a (variable) preference for reticulocytes rather than being simply restricted in their inva-
sion to cells of a specific age as was the case in the McQueen and McKenzie model. Such a
preference is similar to what has been reported in in-vivo and in-vitro studies (Mons, 1990;
Pasvol et al., 1980) and enables us to consider disease severity as a function of parasite pref-
erence for reticulocytes. A second difference lies in the reticulocyte replacement functions
used. McQueen and McKenzie used only two replacement rates (basal production and an in-
crease up to twice the basal rate), and did not attempt to model a ‘physiological’ response to
different levels of anemia. Previous work has shown that an increase up to 10 times the basal
rate is possible during severe anemia (Mackey, 1997a). In this paper we consider a range of
different erythropoietic responses up to this maximum level. The significant flexibility that
our model allows both in terms of parasite preference and reticulocyte production means that
we are able to consider disease progression as a function of these two variables. The three
dimensional plots shown in Figure 6 and Supplementary Figures 1-3 indicate the power of
our model, and would have been difficult to generate using the model of McQueen and

McKenzie.

In addition to the differences described above, there is also a conceptual difference between
our model, and that of McQueen and McKenzie. In their model they allow cells to pass

through different age compartments at a certain rate. At each point in time there is a probabil-



ity that a cell will age from one compartment into the next Although this can give the correct
average lifetime of cells, a finite number of cells will move through the compartments infi-
nitely fast, and so age instantaneously. Using their model it would therefore be possible (and
probable) that some newly created cells would immediately pass through the reticulocyte

stage, and so not be subject to preferential infection.

Within the framework of our model cells age in a deterministic fashion. All cells must spend
a specified amount of time as a reticulocyte (and so be the subject to preferential infection)
before they age into an erythrocyte. Since a main priority of this paper is to accurately cap-
ture the preference of the parasite for newly created cells we felt that the potential instantane-
ous aging of cells in the McQueen and McKenzie model could impact on our results. We

therefore chose to implement a model in which cells age in a deterministic fashion.

Altering the Preference for Reticulocytes

By changing the value of the reticulocyte preference p we alter the probability that a free
merozoite will invade a reticulocyte rather than an erythrocyte. A preference of 5 indicates

that a merozoite is 5 times as likely to invade a reticulocyte as an erythrocyte.

Modifying the Reticulocyte Replacement Rate

The production of reticulocytes in response to reduced RBC levels is described by the func-
tion f,(t). The normal RRR is similar to that used in our earlier model (Cromer et al., 2006)
and is a sigmoid curve that is dependant on the RBC level six days earlier (Belair et al.,
1995). This RBC level is represented by the sum of all RBC populations H(#). We have
modified f,(¢) slightly from (Cromer et al., 2006) to agree with literature estimates in other
species (Mackey, 1997b) so that
9"

fR(t)z.fR(H(t_6))=H0m (1.
We then modified this function to represent reduced reticulocyte replacement rates, yielding
the sigmoid curves shown in Figure 2. In doing this, we maintained the same baseline RRR
of 4.17x10’ cellsml”" day” when the RBC count is at normal level (5x10° cells m1"). This cor-
responds to the rate at which reticulocytes are produced to replace cells which are lost due to
the natural aging of cells. The normal RRR has a maximum production rate of 10 times the
baseline rate, attained when RBC levels drop to low values (Mackey, 1997b). Each modified
RRR is defined by reducing the maximum production rate at low RBC numbers (Figure 2),
expressed as a fold change relative to the baseline rate (detailed definitions are given in
SOM).



Basic Equations of the Model

The model can be understood through six basic equations (Equations 1-6). These include one
equation (above) to describe the production of newly formed reticulocytes and five differen-
tial equations (below) which describe the change in populations of the five species in the

model. Each term in the equations can be associated with one of the arrows of Figure 1.

dR

dtu = -fR(t) - Ru,mal(t) - Ru,para(t) - Ru,decay(t) (2)
dE

dtu = Ru,mat(t) - Eu,para(t) - Emdecay(t) (3)
dR,

dt = Ru,para(t) - Rp,mal(t) - Rp.rupt(t) - Rp,decay(t) (4)
dE,

dt = Euﬁpara(t) + Rp,mal(t) - Ep,rupt(t) - Ep,decay(t) (5)
dM

E = Mcrealed(t) - Mused(t) - Mdecay(t)

= m(R, (O +E (1) - R, (O+E () - 0M{t) (6)

parupt
These equations are defined in terms of two other quantities, s(z,,7) and c(z, ¢, 7). The first,
s(t,, 1), represents cells which were born at time 7, and are still present and unparasitized at
time 7 and satisfies equation 7, while c(z, 7, r) represents the number of parasitized cells born
at time 7,, parasitized at time ¢, at still present at time 7 and satisfies equation 8. Note that

where J, and J, are the decay rates of unparasitized and parasitized cells respectively.

ds(t,,1) — -os(t,t) — ct,t1) )
ot
9llnly)  _ 3ttt 1) ®
ot
RESULTS

Reticulocyte Preference Can Adversely Affect the Outcome of Infection

We first examined the effects of changing the reticulocyte preference in the presence of a
normal reticulocyte response (Figure 3A). In the absence of any reticulocyte preference, our
model leads to target cell limited growth of the parasite (Phillips, 1996). Parasite numbers
increase until the uninfected RBC count drops low enough to reduce the reproductive ratio of
the parasite below one. Parasite levels then drop and RBCs are replaced until they reach a

level where parasite growth and death are in equilibrium.

In the presence of a preference for reticulocytes, two competing parasite growth functions

(occurring in erythrocytes and reticulocytes) contribute to a more complicated dynamic.



Early in infection the proportion of reticulocytes is low, so the parasite and RBC curves are
similar to those seen without a preference, and lead to an early peak of parasites in erythro-
cytes (green curve in Figure 3B). However, the depletion of RBCs during this time leads to
increased production of the parasite’s preferred target (reticulocytes). Thus, a second wave of
parasite growth emerges, occurring predominantly in reticulocytes (red curve in Figure 3B).
This wave of parasite invasion may lead to higher parasitemias than can be achieved by in-

fection of older RBCs alone (compare Figure 3A and B).

High Reticulocyte Production Increases Severity of Infection

The above scenario describes how an increased preference for reticulocytes can drive higher
parasitemias and lower RBC levels when combined with normal reticulocyte replacement
rates. However, a similar scenario emerges when the reticulocyte replacement rate is varied

in the presence of a fixed preference for reticulocyte invasion (Figure 4).

For low RRRs, the dynamics are primarily determined by the infection rate of the parasite in
erythrocytes (since few reticulocytes are present at any given time) and we essentially see
target cell limited growth of parasites in erythrocytes. Initially, the reproductive ratio of the
parasite is greater than one and parasitemia increases. As target cells are depleted the repro-
ductive ratio of the parasite drops to below one, and the parasite level begins to decrease
again. We see a minimum in the number of uninfected RBCs followed by a slow recovery to

an equilibrium level (Figure 4A).

At higher reticulocyte production rates, the presence of increased numbers of the preferred
target later in infection can force the reproductive ratio of the parasite above one and lead to a
second wave of reticulocyte infection, resulting in higher parasitemias and lower uninfected
RBC levels (Figure 4B). Under certain circumstances this can lead to a biphasic appearance
in the total parasite number (Figure 4C) similar to what is observed during experimental P.
berghei infection (Figure 4D) (25, 32). Note that the time scales for the two plots are differ-
ent since Figure 4C is a simulation of human infection, whilst Figure 4D depicts data from
mice. A hump arising from parameters appropriate for the murine system and which occurs at
a similar time to that in Figure 4D is shown in Supplementary Figure 9 of the SOM. This
hump in parasite number has previously been attributed to the onset of acquired immunity
(Singer, 1954b) or a shortage of reticulocytes (Janse and Waters, 2005), but here we show
that it could simply be a result of reticulocyte replacement and preference.

We next investigate the combined impact of different levels of reticulocyte preference and
reticulocyte production on the outcome of malaria infection. We focus on four key outcome
measures: the lowest attained level of uninfected cells (minimum RBC, Figure 5 and Figure
6A), the long term uninfected RBC level (equilibrium RBC, Figure 6A), the maximum para-

sitemia (Figure 6B), and the long term (equilibrium) parasitemia (Figure 6B) during an infec-
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tion. The minimum uninfected RBC level is a marker of the degree of SMA generated by in-
fection, and is a major cause of death during crisis. Maximum parasitemia can serve as a
marker of hyper-parasitemia, again another cause of severe morbidity. The equilibrium levels
of uninfected RBCs and of parasitemia are indicative of the long terms effects of infection,
and can serve as markers for long term morbidity. In order to minimize the negative effects
of disease, it would be advantageous to have both high minimum and equilibrium RBC lev-

els, and low parasitemias.

In the Presence of Reticulocyte Preference, Lower RRR Leads To Better Outcomes

In the absence of a preference for reticulocytes (p = 1), increasing the RRR does not affect
the equilibrium levels of uninfected RBCs (Supplementary Figure 2A). This is to be ex-
pected, as the equilibrium level of target cells is not affected by the production rate of targets
(Nowak and Bangham, 1996). However, perhaps somewhat counter-intuitively, once the
parasite has even a slight preference for reticulocytes, an increase in RRR-always leads to
lower equilibrium levels of uninfected red cells. This relationship can be seen in the dotted
line in Figure 6A for a preference value of p = 5. We see that as the RRR is increased, equi-
librium RBC levels are decreased. We can also see this relationship clearly on the right hand

side of Figure 7.

Raising the RRR causes a larger pool of reticulocytes to be created. Since the parasite has a
preference for invading reticulocytes, this provides a large pool of the preferred target and
hence boosts the number of parasitized cells. The result is that a large percentage of the
newly created reticulocytes become parasitized and then rupture a short time later, without
contributing to the overall RBC numbers. Furthermore, the increase in the number of parasi-
tized cells results in more merozoites being produced which invade both mature RBCs and
reticulocytes. Thus, not only are the newly created reticulocytes destroyed, but so are many
older RBCs. The net result is that increasing the RRR in the presence of a preference of the
parasite for reticulocytes leads to both an increase in equilibrium parasitemia and a decrease
in equilibrium levels of uninfected RBCs (Figure 6). Therefore, in the presence of a reticulo-

cyte preference it appears to be beneficial to have a RRR that is lower than normal.

There Is a Threshold RRR That Minimizes RBC Loss In Acute Infection

When there is no preference of the malaria parasite for reticulocytes (p = 1) then an elevated
RRR allows cells to be replaced as they rupture, and so the minimum RBC level rises with
increasing RRR (Figure 5). Once a preference of the parasite for reticulocytes (p > 1) is in-
troduced then increasing the RRR no longer necessarily increases the minimum RBC levels
(Figure 5). However, unlike the equilibrium RBC level, the minimal RBC level does not
change monotonically with the RRR. In particular, there is an optimal RRR, which we call

the threshold RRR at which the minimum RBC level reaches it highest value (Figure 5) and
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Figure 6A. This threshold divides the range of possible RRRs into two intervals, the first
from the baseline RRR to the threshold, and the second from the threshold to the normal
RRR. We observe qualitatively different types of behaviour in these:

Baseline to Threshold: The minimum RBC level increases slowly with increasing RRR
(solid curve, left of Figure 6A). This region gives similar behaviour to that seen in the
absence of a reticulocyte preference. It corresponds to the profile of infection depicted
in Figure 4A and the dotted curve in Figure 7. Uninfected RBC levels decline to a
minimum, which occurs close to the time that parasitemia reaches a peak. Since the
RRR is still relatively low, there is only a small pool of target reticulocytes at this time
point. Parasite levels are therefore controlled by a lack of availability of target cells.
Gradual reticulocyte replacement then allows the RBC levels to increase from the
minimum, while the parasite levels remain controlled. Increasing the RRR in this phase

allows newly created reticulocytes to raise minimum RBC levels.

Threshold to Normal: An increase in RRR actually causes a decrease in the minimum RBC
levels. The profile of an infection in this phase is depicted in Figure 4B and the dashed
curve in Figure 7. RBC levels decrease due to the initial rise in parasitemia. As the
RBC levels decrease large numbers of reticulocytes are generated due to the elevated
RRR. These reticulocytes provide new targets for the parasite to invade, and fuel the
fire of infection from this point onwards. Almost all generated reticulocytes then be-
come parasitized and thus cannot go on to mature into erythrocytes and cannot contrib-
ute to raising the RBC levels. This causes the RBC levels to decrease further (and the
parasite levels to rise) to a lower minimum RBC level. There is no recovery of the RBC
level and the minimum value now coincides with the equilibrium. In this range of RRR
values therefore the patients reach an equilibrium with chronically high levels of reticu-
locyte production and parasitemia, and low levels of RBCs. Increasing the RRR during

this phase only adds more target cells and further decreases the minimum RBC levels.

In order to maximize the minimum RBC level during the infection it is optimal to be at the
threshold RRR on the boundary between these two intervals. The threshold RRR will vary
with different reticulocyte preferences p. The minimum RBC level attained at this threshold
RRR for each p is shown by the black curve in Figure 5. As the reticulocyte preference p in-
creases the threshold RRR drops towards the baseline and the corresponding minimum RBC

level also falls. Similar behaviour is seen for other infection rates g (Supplementary Figure
1).
Effect on Parasitemia Levels

In the absence of a preference for reticulocytes (p = 1), an early rise in parasitemia is

achieved due to the presence of a large number of erythrocytes in early infection (seen in the
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left of Figure 3A). An equilibrium RBC level is then reached where the density of RBCs al-
lows the parasite numbers to be in equilibrium. In the presence of a preference for reticulo-
cytes (p > 1), a similar early peak in parasitemia occurs, driven predominantly by the infec-
tion of erythrocytes, since reticulocyte numbers are low. This is seen as the initial peak in
parasitized erythrocytes in Figure 3B and Figure 4A and B. Parasite numbers then decline as

infected cells are destroyed.

If there are insufficient reticulocytes produced to push the basic reproductive rate of the para-
site back above one, parasite numbers will continue to decrease, and the infection will be
controlled (as is the case in Figure 4A). In this scenario the RRR does not have a significant
effect on the peak parasitemia (flat section on left of solid curve in Figure 6B), which is far
more sensitive to the reticulocyte preference and the natural rate of infection. However, in the
presence of a high RRR, a burst of reticulocyte production occurs to replace the RBCs lost
due to infection. If the RRR is elevated sufficiently so that a large pool of highly susceptible
reticulocytes accumulates, then the reproductive ratio of the infection is pushed above 1, and
parasite numbers will begin to increase again, driven by newly produced reticulocytes. This
can be seen in the second half of Figure 4B, which shows a second rise in parasite numbers,
driven predominantly by parasitisation of reticulocytes. This is also seen on the left of the
solid curve in Figure 6B where peak parasitemia starts to increase much more rapidly in re-

sponse to rising RRR.

The critical RRR in terms of the peak parasitemia is the one which pushes the basic reproduc-
tive ratio of the parasite back above 1 after the initial peak in parasites is controlled. This
critical RRR is indicated in Figure 6B for a reticulocyte preference p = 5 and for a range of
different preferences Suplementary Figure 2. This reveals that except for very low prefer-
ences, the critical RRR for parasitemia is higher than the threshold RRR for the minimum
RBC. Hence, as long as the RRR is less than or equal to the threshold, unacceptably high
parasitemias are not attained. This further reinforces the importance of having an RRR below
the threshold.

Note also that the peak parasitemia obtained during an infection is highly sensitive to the
parasite preference p for reticulocytes. A high preference leads to a much higher peak para-
sitemia for a given RRR (Supplementary Figure 2). The peak parasitemia is also very sensi-
tive to the rate of infection of the parasite in erythrocytes, with higher infection rates leading

to higher peak parasitemias (data not shown).

Estimating the Optimal Reticulocyte Replacement Rate

The optimal RRR will be one which maximizes equilibrium red blood cell levels, minimizes
equilibrium parasite numbers and does not force the patient to endure unacceptably low tran-

sient RBC levels or exceedingly high parasite levels. It will thus depend on what RBC level
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is classified as “unacceptably low”, and how long a person can withstand lowered RBC lev-
els during acute infection. If a patient is able to withstand a lower RBC level for a period of
time then an RRR closer to baseline will be optimal as it will lead to increased equilibrium
RBC levels, and lower equilibrium parasitemias. However, optimizing equilibrium RBC lev-
els is not important if the patient is unable to survive the early transient period of severe
anemia caused by a low RRR. It is also unclear that such an equilibrium state will ever be
reached, since modifying factors such as immunity (which is not explicitly considered in the
model) may help control long term infection. Thus, the optimal RRR lies somewhere be-
tween the threshold level (that produces the highest minimum RBC level) and baseline pro-
duction (that produces highest equilibrium RBC level). An RRR just below threshold is often
the best solution that minimizes the acute minimum of RBCs and also the time spent at this
minimum, while still allowing a relatively high equilibrium level of RBCs. This is high-
lighted in Figure 7. Here the solid curve represents the course of infection with an RRR equal
to the threshold value. The dotted curve, however, shows the course of infection using what
is potentially the optimal RRR. We can see that RBC levels drop slightly below their thresh-
old value for a short time, but the gain in terms of equilibrium RBC and parasitemia levels is

substantial.

DISCUSSION

The erythropoietic response to anemia during a malaria infection is not completely under-
stood. It is often assumed to be suppressed below what would be expected in an uninfected
individual, although the precise mechanism for this remains unclear. It has been shown that
following clearance of the parasite, reticulocyte counts rise rapidly, sometimes by up to 10
fold, to combat the anemia (Abdalla et al., 1980). A priori, it would seem that erythropoietic
suppression would hinder the recovery from anemia and would contribute to the pathogenesis
of severe malarial anemia. However, in the presence of a preference of the parasite to infect
reticulocytes, both the reticulocyte replacement rate and preferential invasion of reticulocytes

strongly influence the outcome of an infection.

Studies involving iron have shown that incidence of malaria is lower among iron deficient
children (Nyakeriga et al., 2004). We propose that a key reason for this is that the lower he-
moglobin levels associated with iron deficiency can act as a protection against severe ma-
laria. In the presence of a strong preference for reticulocytes newly created cells provide a
target for infection and serve to boost parasite numbers. A strong reticulocyte response com-
bined with a strong reticulocyte preference leads to catastrophic anemia and hyperpara-
sitemia. Conversely, however, not producing enough new cells to replace cells dying due to
parasitisation and rupture will lead to anemia in its own way by depleting the host of all tar-

get cells.
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In this paper, we have investigated the circumstances under which a suppressed reticulocyte
response may in fact be advantageous to the host. We found that in the presence of a mild
preference of the parasite for reticulocytes, such as that seen in P. falciparum, there is an in-
termediate RRR which balances the effects of target cell generation and host cell depletion to
provide the most beneficial outcome to the patient. We call this intermediate rate the thresh-
old RRR. The threshold RRR maximizes the minimum RBC level that the patient is forced to
suffer and having an RRR above this threshold value confers no benefit to the patient. How-
ever lowering the RRR still further below the threshold value can help increase equilibrium
RBC levels, and lower long term parasitemias. Thus the optimal reticulocyte replacement

rate is one which is less than or equal to the threshold value.

We have not included an immune response of the host to the parasite in this analysis. It is still
possible to gain valuable insights into infection dynamics while excluding an immune re-
sponse, as has been shown in HIV (Phillips, 1996). However if we were to include an im-
mune response, it is reasonable to assume that this would lower the overall growth rate of the
parasite. The trends presented here would still be seen even if the rate of infection was low-
ered due to an immune response (Supplementary Figure 3). The only factors that change with
a change in infection rate are the actual values of the threshold and optimal RRR. The only
factors that change with a change in infection rate are the actual values of the threshold and
optimal RRR. In addition, allowing for a delayed onset adaptive immune response that in-
creases the clearance of infected cells also gives qualitatively similar results (results shown in

supplementary materials).

The range of estimates of the reticulocyte preference, p, for P. vivax is 34-180. Under these
conditions, we find that the threshold RRR is baseline production. However even for the
range of preference estimates reported for P. falciparum (1.6-14 fold) the threshold RRR is
close to baseline production levels. Increasing the RRR above this relatively low threshold
value would actually lead to more severe anemia and hyperparasitemia. This is in agreement
with the results of {McQueen, 2004 #89} which also showed that for parasite species that
invade only reticulocytes, compensatory erythropoiesis can increase parasitemia. Thus the
lowered reticulocyte replacement rates observed in many subjects (Abdalla et al., 1980; Ab-
dalla, 1990) could actually be a host protective effect, with the host effectively seeking out

the optimal reticulocyte replacement rate to minimize disease progression.

Erythropoietic suppression during malaria infection is often considered an inadvertent out-
come of severe infection and inflammation, where inflammatory mediators produced in re-
sponse to parasitemia suppress bone marrow function and worsen anemia (Abdalla, 1990;
Clark and Chaudhri, 1988; Kwiatkowski et al., 1990). However, we suggest that under most
circumstances the reduction in reticulocyte production observed in vivo paradoxically serves

to maintain RBC levels by preventing the accumulation of large numbers of reticulocytes and
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an explosive second wave of infection in these cells (Figure 4). It is interesting to speculate
whether prolonged exposure to infection and chronic anemia in endemic areas may serve to
damp down the erythropoietic response to anemia, an effect that may ultimately contribute to

non-specific resistance to infection.

A number of studies involving iron supplementation of children in developing countries have
shown an increase in malaria related adverse effects and malaria risk (Sazawal et al., 2006;
Smith et al., 1989), reviewed in (Iannotti et al., 2006; Oppenheimer, 2001). In addition, inci-
dence of malaria is reportedly lower in mildly anemic (Michon et al., 2007) and iron deficient
(Nyakeriga et al., 2004) children. Different reasons for the relationship between iron status
and disease have been postulated: i) Lower iron levels limit parasite growth (Fritsch et al.,
1987; Raventos-Suarez et al., 1982); ii) A defect in immunoglobulin production results from
iron deficiency which protects against malaria (Nyakeriga et al., 2004); iii) Iron can block the
synthesis of nitric oxide which in turn would contribute to pathogen death (Sazawal et al.,
2006); iv) Iron supplementation causes increased levels of reticulocytes which are preferen-
tially infected (Nyakeriga et al., 2004). The modelling results presented here lend support to
this final hypothesis. Increased red blood cell production as a result of iron supplementation
could lead to an increase in parasitemia and anemia. In contrast, the lower RBC production
rates in iron deficient or mildly anemic children could result in an RRR closer to the optimal

RRR presented in this paper, and so protect them from severe malarial episodes.

Additional support for the conclusion that a lower RRR can be protective against malarial
anemia is found in a study showing that SMA is most prevalent in children at ages when the
EPO response to anemia is highest (O'Donnell et al., 2007). A high EPO response to anemia
should correlate with a high RRR. Therefore early in life children have a high RRR and this
is when SMA is its most severe. As children mature their RRR decreases, and so does their
susceptibility to SMA.

Further experimental work is required to study the erythropoietic response to anemia in in-
fected and uninfected individuals in malaria endemic areas, and understand both reticulocyte
production and its effects on parasitemia and disease outcome. Measurement of hemoglobin,
reticulocyte and parasite levels during some of the iron supplementation studies could give

the necessary data to validate the results obtained here through modelling.
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LEGEND TO FIGURES

Figure 1 Model of malaria infection Kinetics.

Processes included in the model are red blood cell production, parasitisation and destruction
as well as merozoite creation, invasion and death. Reticulocytes (R,) enter the system from
the top left in an uninfected state. These cells can either be cleared due to natural processes,
become parasitized (R,) through contact with a merozoite (m), or mature into an erythrocyte
(E,). Erythrocytes can also become parasitized (E,) through contact with a merozoite. Parasi-
tized cells rupture, producing merozoites, which then either decay, or go on to parasitize

more cells.
Figure 2 Examples of intermediate RRR curves.

Curves show reticulocyte replacement rate curves for various intermediate values between
baseline and normal production. Curves show number of reticulocyte produced per ml of
blood volume in a single day, given different levels of anemia. Baseline production is a flat
line. Normal RRR is given by the highest curve (maximum of 10 times baseline). Reduced

RRR show intermediate maximum production rates at low RBC numbers.

Figure 3 Graphs showing the course of infection for different reticulocyte preferences in
the presence of normal reticulocyte replacement.

Pink curves are plotted on left hand axes and show RBC counts as a percentage of normal
RBC. Parasite curves are plotted on right hand axes and give number of parasitized cells/ml.
Total parasite numbers (blue) are a sum of parasitized reticulocytes (red) and parasitized
erythrocytes (green).

A) Normal reticulocyte production and equal invasion of erythrocytes and reticulocytes by
the parasite;

B) Normal reticulocyte production and a 15 fold preference of the parasite for invading re-
ticulocytes. Initial parasite growth is in erythrocytes, leading to a peak in erythrocyte para-
sitemia. This is followed by wave of parasites in reticulocytes once sufficient numbers of

them have been produced.

Figure 4 Graphs showing effect of altering RRR in the presence of a preference for re-

ticulocytes.

Legend is as for Figure 3, except in Figures C and D, parasite curves are plotted on the left
hand axis.
A) Baseline reticulocyte production and a 15 fold preference of the parasite for invading re-

ticulocytes. Since there are never a large number of reticulocyte present for the parasite to
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invade, the preference of the parasite for reticulocytes does not cause a significant rise in
parasitemia;

B) Elevated reticulocyte production (6 fold increase from baseline) and a preference value of
p=15 of the parasite for invading reticulocytes. This scenario is similar to the one shown in
B, but we can see a hump in parasitemia which arises as we switch from seeing more para-
sites in erythrocytes to seeing more parasites in reticulocytes;

C) Enlargement of the section in Figure 4B centred at the first hump in parasitized RBCs;

D) Data for P. berghei infected mice adapted from (Cromer et al., 2006).

Figure 5 Effect of RRR and reticulocyte preference on minimum levels of unparasitized
cells.

For a fixed reticulocyte preference initially the minimum RBC level attained increases with
increasing RRR. It reaches a maximum at the threshold RRR, marked with a black dotted line
and thereafter further increases in RRR lead to a rapid drop in the minimum unparasitized
RBC level. The blue starred line indicates a reticulocyte preference of 5 and corresponds to

the plot in Figure 6A.
Figure 6 Effect of altering RRR on four key features.

Dotted lines are equilibrium cell levels, solid lines are minimum level of unparasitized cells
(A) and maximum level of parasitized cells (B).

A) Minimum and equilibrium unparasitized RBC levels for a reticulocyte preference of 5 and
varying RRRs. The minimum RBC curve corresponds to the starred blue line marked in
Figure 5. Also indicated is the threshold RRR and the corresponding minimum RBC level.
B) Maximum and equilibrium parasitemias for a reticulocyte preference of 5. Also indicated

is the critical RRR for maximum parasitemia.

Figure 7 Unparasitized RBCs as a percentage of the original RBC count for three re-

ticulocyte replacement rates and a reticulocyte preference of 5.



TABLES
Symbol Description (at time t)
H(t) Total Red Blood Cells (H for Hemoglobin)
R (1) Unparasitized reticulocytes
R, ..(0) Unparasitized reticulocytes becoming parasitized
R, .1 Unparasitized reticulocytes maturing into erythrocytes
R, jecs(D) Unparasitized reticulocytes decaying
R (1) Parasitized reticulocytes
R, .(D) Parasitized reticulocytes maturing into parasitized erythrocytes
R,..(1) Parasitized reticulocytes rupturing
R, 4oy () Parasitized reticulocytes decaying
E (1) Unparasitized erythrocytes
E, .1 Unparasitized erythrocytes becoming parasitized
E, 1., (D) Unparasitized erythrocytes decaying
E (1) Parasitized erythrocytes
E, ..t Parasitized erythrocytes rupturing
E, ..,(1) Parasitized erythrocytes decaying
M(t) Merozoites
M, () Merozoites created
M, (1) Merozoites used up
M, () Merozoites decaying
s(t, 1) Unparasitized cells born at time ¢,
c(t,1,1) Parasitized cells born at time #, and parasitized at time 7,

Table 1 Variables used in the model
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Figure 3 Course of infection for varying reticulocyte preference
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Figure 4 Effect of altering RRR in the presence of a preference
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Figure 5 Effect of RRR and preference on unparasitized cells
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Figure 6 Effect of altering RRR on four key features
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Figure 7 Unparasitized RBCs for three RRRs and a preference of 5
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