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Summary of each model 

Molineaux et al. (1): The model was developed to reproduce spontaneously cured malaria 

infection observed in 35 patients of the malariatherapy dataset who were not treated 

throughout the course of the therapy. The primary aim of the model was to incorporate 

realistic host immune responses and parasite dynamics, and to eventually include the model 

in a population transmission model at a later date. 

The model described by Molineaux et al. is the first model in which immune responses 

against infection were divided into three components, i) the innate immune response, ii) the 

variant specific immune response and iii) the general adaptive immune response (variant 

transcending) (for details see Table S2). It is a discrete model with a 2-day time step to align 

with the merozoite’s 48 hour replication cycle, and the model allows for up to 50 variants of 

the parasite population. At each time step the observed parasite growth increases as a result 

of the intrinsic parasite multiplication rate and is reduced by the effect of the three immune 

responses (with each response ranging between 1 = no effect to 0 = maximum effect). Each 

infection begins with all 50 variants (denoted by i = 1,2,…,50) with initial densities set at 0, 

except one variant set at 0.1 PBRC/µl. At each time step parasites switch to different variants, 

with variant specific switching probabilities defined by a constant switching rate. The 

different probability of switching to each of the variants follows a geometric distribution and 

is modulated by the variant specific immune responses. 

The innate immune response is thought to be triggered early in the infection (first few 

weeks), and its effect is proportional to the total parasite density at a given time, conditional 

on a host specific critical density. The variant specific immune response is triggered by the 

variant specific parasite density, effective after a certain delay (8 days), and persists with a 

decaying intensity. In addition, the switching mechanisms are controlled by the variant 

immune response, with the probability to switch to given variant increasing with high total 

immune responses against each of the 50 variants and decreasing with high immune response 

against that specific variant. The variant specific immune response, and the capacity of the 

parasite to switch to new variants, are thought to be a major cause for the different waves of 

parasitemia, and the chronic pattern of infection. The general adaptive immune response 

builds up slowly against the conserved part of the parasite, and acts against all variants of the 

parasite equally. It is effective after a delay (8 days), conditional on a host specific critical 
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density, and responds to the cumulative parasite density with no decay in time. The general 

adaptive immune response is assumed to be the main cause of infection clearance, and this is 

confirmed by simulations except for a few simulations with chronic infection a result of 

stochasticity in several variant growth rates (see Fig 4 in the main). 

In this discrete model, the authors include both patient specific and stochastic parameters to 

represent the high variability in infection dynamics among the 35 malariatherapy patients 

(see parameters Pm and Pc, in Table S1). Variant specific parasite multiplication rates are 

drawn from a Normal distribution with a mean of 16 (truncated at a minimum of 1), leading 

to different multiplication rates for each of the 50 variants and for each simulation, but 

constant throughout the infection and different in each simulation. The inter-individual 

variability is captured by two patient specific parameters representing the critical densities for 

the innate immune response and the general adaptive immune response. The critical densities 

are calculated using the first local maximum density, and the length of the infection directly 

observed for each patient in the dataset. 

Molineaux et al. additionally added a measurement error and thus were able to reproduce the 

35 infections with their model by selecting, as a final step and not included in this analysis, 

one simulation from a pool of 50 simulations, a pool generated after trial and error, that best 

fit the min, median, max of the nine summary statistics, using !!	 test, for each for the 35 

patients. This final step makes it difficult to reproduce the authors selection, but general 

infection dynamics for each patient are possible to reproduce. 

Johnston et al. (2): The model was directly adapted from Molineaux et al. in order to be 

included in an individual-based model (IBM), with four parameters re-fitted via 

bootstrapping method to fit the minmedian and max of the nine summary statistics as well as 

duration o infection (more details in Table S3). This transmission model was used to 

understand the human component of the reproductive number R0, and to investigate the 

impact of drug treatment (through Pharmacokinetic and Pharmacodynamic (PKPD) models) 

and drug resistance on transmission (2). To include an adapted Molineaux et al. model in a 

transmission model, they modified the within host model to avoid the two patient specific 

parameters. Instead, these parameters were drawn from appropriate distributions to maintain 

inter-individual variability. The authors re-parametrized the patient specific parameters by 

using the log Normal distribution (for estimates of the first local maximum density) and the 

Gompertz distribution (for estimates of the length of infection) defined in previously 
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published literature (3). To maintain the parasite multiplication rates in Johnston et al.within 

a smaller range, and thus a biologically more realistic range compared to Molineaux et al., 

the Normal distribution was truncated not only at 1, but also on the upper end at 35.  

In order to obtain a reasonable fit to the dataset following modification to the critical 

densities for the innate immune response and the general adaptive immune response, 

Johnston et al. re-fitted three additional parameters. All other parameters were fixed to values 

from Molineaux et al.. The refitted parameters are, i) the decay parameter of the acquired 

variant specific immune response (s) was increased from 0.02 to 0.15, and ii) a constant (km) 

allowing the calculation of the critical density threshold used for the general adaptive 

immune response (Pm) was reduced from 0.04 to 0.025, and iii) a constant (kc) allowing the 

calculation of the critical density threshold used for the innate immune response (Pc) was 

reduced from 0.2 to 0.164. By increasing the decay rate of the acquired variant specific 

immune response by almost ten-fold, Johnston et al. effectively increased infection length as 

an increased variant specific immunity decay rate (compared to Molineaux et al.) leads to a 

less efficient variant specific immune response. In contrast, parameters km and kc in Johnston 

et al. are coupled to Pm and Pc and potentially increase the strength of the innate and general 

immune response (see Table S2 for full details). 

Challenger et al. (4): Challenger et al.  adapted the model from Johnston et al., with the aim 

to assess the impact of treatment adherence and treatment failure (adding PKPD). The main 

adaptation of Johnston et al., by Challenger et al. was reduction of the 50 variant specific 

parasite densities to a single total parasitemia, thereby reducing the number of equations from 

50 to 1, simplifying the model and reducing computational time and memory requirements. 

The variant specific immune response in Challenger et al. is thus a function that represents 

the response to all variants instead of being the sum of responses to each variant. Early in the 

infection, the variant specific immune response is modeled similarly to the innate immune 

responses of Johnston et al. and Molineaux et al., except for a different critical density 

threshold (constant for the innate immune response, stochastic for the variant specific 

immune response, see Table S2). During the time course of the infection, the variant specific 

immunity in this model responds not only to the parasite density eight days before (due to 

assumed delay in activation), but also to earlier time points. Thus Challenger et al., in 

contrast to Molineaux et al. and Johnston et al., implicitly assume immunological memory to 
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previously expressed variants and cross-reactivity (4), despite not tracking all 50 variants (see 

Fig. S1 and Table S2). 

Since Challenger et al. do not track 50 variants, unlike Molineaux et al. and Johnston et al., 

the model considers an overall multiplication rate across all variants expressed at each time. 

This overall multiplication rate is computed for each time step, drawn from a Normal 

distribution around 16 while being positively correlated to the previous time step, implying 

that this stochastic, but correlated, parasite multiplication rate is the result of the emergence 

and disappearance of variants during the time course of an infection (4). 

The model of Challenger et al. was fitted to the same 35 malariatherapy patients as in 

Molineaux et al., fitting the parameters of the overall variant specific immune response and 

the overall multiplication rate, and re-fitting the constant allowing the calculation of the 

critical density threshold for the general adaptive immunity (km). The authors used Markov 

chain Monte Carlo method u(Metropolis-Hasting algorithm) to generate random walks in 

parameter space and fitted the model to the nine summary statistics (see Table S3). A 

constant that allowed the calculation of the critical density threshold for the general adaptive 

immunity (km) was reduced from 0.0250 to 0.021 which leads to a slightly stronger general 

adaptive immune response in Challenger et al. compared to Molineaux et al.. Additionally, 

the critical density threshold of the innate immune response function (Pc) was drawn from a 

log Normal distribution with s = 1.2 instead of s = 1.148 as in the other models. All other 

parameters are identical to the model in Johnston et al.. 

Gatton & Cheng (5): Gatton & Cheng (5) is a model adapted from a previously published 

probabilistic model of Paget-McNicol et al. (6). The model was fitted to the malariatherapy 

data differentiated by the P. falciparum I strain used. The model was fitted using sets of 100 

simulations, altering 6 parameters in the model. They compared the model output to four 

variables, namely maximum parasitemia, number of days with fever, number of days with 

parasitemia higher than 10/microliter, and number of days with parasitemia higher than 

10000/microliter (see Table S3). 

As with Molineaux et al., it tracks 50 different variant specific parasites, starts the infection 

with only one variant expressed, tracks the parasites in 2-day time steps, and includes three 

different types of immune responses. The model describes the total number of asexual 

parasites via a flowchart which acts more like a decision tree with triggers different equations 
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for given parasite numbers (5) (see equations in the Table S2). At each time step the parasites 

undergo replication with a multiplication rate of 16, and the probability of success of the 

replication is computed from Binomial distribution dependent on the general adaptive and 

variant specific immune response. Thus, in the absence of any immune response, the 

parasites have a constant growth rate of 16.  

The innate immune response in Gatton & Cheng is activated after reaching a threshold and is 

assumed to increase with a higher number of parasites until a maximum effect is reached. 

The effect of the variant specific immune response is modeled as being inversely proportional 

to the number of antibodies produced, the latter being computed at each time step. The 

magnitude of the antibody response is dependent on whether this antibody has previously 

been produced during the infection, as well as cross-reactivity (so that an antibody response 

against a specific variant also has a small effect on all other variants). The general adapted 

immune response is only dependent on the time of infection, thus not changing with parasite 

numbers, nor does it differ between individuals (see Table S2). Additional biological 

differences between the model of Gatton et al. compared to Molineaux et al. and Johnston et 

al. is the switching mechanism from one variant to another, which in Molineaux et al. and 

Johnston et al. is assumed to depend on the variant specific immune response, whereas in 

Gatton & Cheng it is completely independent from the host’s immune response. In addition, 

Gatton & Cheng assumes two populations of variants, either fast or slow switching, with 10 

variants considered fast switching (rate ~ 0.5-4.5%) and 40 in the slow switching group (rate 

~ 9.10-11.8 %) , compared to 0.02% in Molineaux et al. and Johnston et al.. Switching 

dynamics were previously investigated by the author (7) and based on ex-vivo analysis of var 

gene transcripts of parasites isolated two volunteers who underwent challenge infection (8).  

Eckhoff (9): A summary and illustration of this model can be found on (10). This model has 

both discrete and continuous components, to represent discrete events such as schizont 

rupture in a two-day interval and the antibody response against merozoites, and to represent 

the continuous immune components acting on infected red blood cells (iRBCs). This model is 

more complex in the immune response mechanisms described, compared to the Molineaux et 

al. and Molineaux adapted models, as it explicitly includes antibody responses to PfEMP1 

and with smaller effect to minor epitopes, it includes immunological memory of the antibody 

response, and it includes continuous and discrete immune responses.  
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The blood-stage immune response is divided into four components, namely the innate 

immune response, the antibody immune response against each PfEMP-1 variant, and each 

shared minor epitope, and the antibody immune response against merozoite proteins (such as 

MSP-1 and AMA-1). As for the Molineaux et al. and Molineaux adapted models, the innate 

immune response is assumed to limit the maximum parasite density (first peak). This innate 

immune response acts against both iRBCs (continuous component) and against ruptured 

schizonts (discrete component). Its effect is activated by a pyrogenic threshold, and it 

decreases with increased antibody levels. The antibody response is dependent on the capacity 

to generate specific antibodies, which depends on the concentration of the variant specific 

parasite and on the immune memory to the parasite. Similarly, to other models, the antibody 

response decays once the corresponding parasite population is absent, but the antibody 

production capacity keeps an immunological memory. Thus, once exposed again to the same 

variant, the antibody response will reach higher levels faster. The immune response against 

merozoite proteins has a similar effect as the general adaptive immune response in the other 

models. It increases in time and leads to a decrease of the parasite peaks amplitude in time. 

The PfEMP1 variant specific immune response eventually clears the infection.  

Initially, the model was fitted to malariatherapy data, but contrary to Molineaux et al., the 

dataset includes patients with reinfection (as memory of immune response is modeled) and 

the perturbed ones to avoid selection biases. Parameters are either assumed through literature, 

or fitted to the malariatherapy dataset (details in (9)). The model outputs were compared to 

the first parasite density peak, lower secondary peaks, and lower peaks after 100 days, the 

possibility of reinfection with homologous strains, the interval between peaks, and the 

distribution of measured durations (9). The model has been re-fitted more recently using field 

data (11), and re-calibrated parameters included the number of PfEMP1 variants the 

switching rate, the number of MSP variants in the overall parasite population, the fraction of 

merozoites inhibited by maximum MSP1-specific antibody level, the number of minor 

epitope variants, and the kill rate of infected red blood cells due to antibody response to 

minor epitopes. As described in (11), a Dirichlet-multinomial distribution was used to 

compare simulation data with field data (12,13). 

Childs & Buckee (14): This is a deterministic discrete model with 2-day time steps. It tracks 

parasite population of 60 variants and includes four different immune mechanisms. The 

immune response includes innate, variant specific, general adaptive immune response, similar 
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to the other models, as well as a cross-reactive immune response. Parasite growth depends on 

the variant specific inherent multiplication rate, drawn from a Normal distribution, and 

parasite growth is limited by red blood cell availability. Similar to the other models, the 

innate immune response depends on the current number of parasites, the variant and cross-

reactive immune response depend on the variant specific (or group of variants for the cross-

reactive immune response) parasites, and the general immune response grows slowly during 

the course of an infection. Differing to the other models, the four immune responses are all 

capped by a maximum efficacy level, and the variant specific and cross-reactive immune 

response depend on the number of available immune cells. The cross-reactive immune 

response acts on groups of variants randomly grouped and pre-determined. The general 

immune response, instead of being dependent on time or cumulative parasite density like the 

other models, here increases each day that the number of parasites are above a certain 

threshold. 

Because the main aim of this model was to understand the key assumptions of the biological 

mechanisms included in the mechanistic within host model, the model’s main advantage 

compared to the others rely on the sensitivity analysis in the parameter values. Indeed, it is a 

deterministic model, but a wide range of values for all the parameters have been evaluated 

using the Latin Hypercube Sampling method. In addition, different switching networks, 

enabling parasites to switch from one variant to another, were evaluated. 

Gurarie et al. (15): This is a discrete 2-day time step model. In this model there is a 

continuous production and loss of uninfected RBCs, which can become infected by the 

release of merozoites, and parasite replication is inhibited by two immune effectors, innate 

and adaptive. The merozoite invasion depends on available RBCs so that when the ratio 

between the number of merozoite and the number of available RBCs becomes large, 

merozoites start competing for available RBCs. Despite this assumption, it is not clear RBC 

availability is important for human P. falciparum infection. The innate immune response 

depends on the number of infected cells, activated after reaching a certain parasite density 

threshold level, and reaching a maximum clearance level. The adaptive immune response is 

triggered by the product of infected RBCs, and the combined effector pool of the innate and 

adaptive response, which is a way to allow for adaptive immune memory, and it also depends 

on an activation threshold. Similar to the other models, the adaptive immune response takes 

more time to develop but has a slower decay time compared to the innate immune response. 
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Rather than explicitly modelling the different variant populations, the variant switching 

dynamics, and variant specific immune response, such as in other models, the model greatly 

simplifies the equations by using proxies of the more complex underlying mechanisms. First 

the model only includes innate and adaptive immune responses, making no distinction 

between the variant specific and general adaptive immune response. Second the parasite 

population is taken as a whole and does not differentiate between the variant-specific 

populations. Nevertheless, the variant switching and resulting decrease in an effective 

adaptive immune response is implicitly accounted for by forcing “random falls” at each 

replication cycle (where potentially parasites switched to a new variant) of the effective 

adaptive immune response. To implicitly account for the variant-transcending immune 

response, the amplitude of the random falls of the effective adaptive immune response 

decrease in time.  

The model was fitted using the malariatherapy data (from 122 patients), and each 

malariatherapy patient was considered a random realization of a stochastic process. The 

fitting process was done in two steps to fit the first parasitemia peak assumed deterministic 

and a second stochastic step for parasitemia post first peak. The model outcome was 

compared to minimum and maximum of parasite density time-series for each patient, and 50 

simulations per patient were selected as an ensemble of best choices (Table S3). The 

calibration process of the model resulted in a range of parameter values that can be randomly 

chosen at each realization, and thus allow for variability in the parasite dynamics as observed 

in the malariatherapy dataset. These parameters relate to the invasion probability, the 

replication of parasites, immune response efficiencies and activation thresholds, and the 

assumed antigenically distinct variant clusters. 

McKenzie & Bossert (16) : This model is the only model studied here that uses differential 

equations rather than discrete equations to represent the malaria within host dynamics. The 

model includes merozoite replication and conversion of parasites into gametocytes and 

includes the effect of two types of immune responses, innate and adaptive. There is no 

distinction of variant specific parasites. Both immune responses are stimulated by the asexual 

density, with a stronger stimulus of the innate effectors, but the dynamic of the innate 

effectors assume the decay and the removal of the effectors, while the adaptive immune 

response grows with the asexual parasite density and has no decay or removal in time (note 
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that the equation for the adaptive effectors include a decay component, but its parameter w = 

0 in (16).).  

Although not explored in this study, the model tracks different genotypes, includes cross-

reactivity, and in addition, investigated several aspect of gametocyte dynamics. Cross-

reactivity is included by allowing for immune responses to one genotype to be stimulated by 

the asexual parasite density of another genotype.  

The model was fitted to data from 63 malariatherapy patients who were inoculated with the 

McLendon strain, including only the parasite densities in time before any drug was 

administered. The model was fitted to data from each of the 63 patients individually, using 

the steepest-descent algorithm and comparing model outputs to parasite density time-series 

(Table S3), and an average of the parameter values was reported and used for their 

transmission model.   
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Figure S1: Schematic illustration of an infection and variant specific immune responses at 

a given time point from models Molineaux et al., Johnston et al., and Challenger et al.. 

Example illustration of total parasite density in time (black) with an example of a single 

variant parasite density in orange. The parasite density affecting the variant specific immune 

response is represented by the coloured area in blue for Molineaux et al., in purple for 

Johnston et al., and in green for two examples at two different time points for Challenger et 

al.. At a given time point, represented by a red dot, the variant specific immune response in 

the Molineaux et al. (M) and Johnston et al. (J) model depend on the variant specific parasite 

density (orange) from eight days prior to the time point, and the effect of the parasite density 

decreases in time, with Molineaux et al. assuming a slower decay rate than Johnston et al.. 

For Challenger et al. (C), the total parasite density (black) in a given time frame eight days 

prior to the time point affect the variant specific immune response, with the time frame 

increasing further along in the infection, implicitly including immune memory, here 

represented by an example of two time points (red).
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a) Molineaux et al. 

 

b) Johnston et al 

 

c) Challenger et al. 

 
d) Gatton & Cheng 

 

e) Eckhoff 

 

 

Figure S2: Immune responses, multiplication rates and asexual parasite densities in different models. 

Each panel shows, from top to bottom, 1. the effect of the innate immune response, 2. the effect of the 

variant specific immune response (see methods for calculations), 3. the effect of the general adaptive 

immune response, 4. the average (across variants, see methods) multiplication rate, and 5. the log10 

asexual density. X-axis represents days of infection, solid line the median, shaded area the interquartile 

range (Q25-Q75) and the gray lines the minimum and maximum resulting from the 1750 simulations. 

The horizontal dashed green line represents an average multiplication rate of 16, the horizontal dashed 

black line indicate the threshold of positive density (10PBRC/µl). Results are shown for a) Molineaux et 

al., b) Johnston et al., and c) Challenger et al., d) Gatton & Cheng, and e) Eckhoff 

 
 
 
 

1. Non specific immune response 
 
2. Variant specific antibody 
response 
 
3. General antibody response 
 
4. Multiplication rate 
 
5  Parasite density 



 

14 

Figure S3: Distribution of infection length in the 

malariatherapy dataset and in the models. From 

top to bottom, the entire malariatherapy dataset as 

described by Collins et al (n=316 patients), the 35 

malariatherapy records used for the Molineaux 

model, and the 5 models. Simulation time was set to 

600 days, thus infections which did not end at 

simulation end appear a peak at day 600.  
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