
Seeking an optimal dosing regimen for OZ439-1

DSM265 combination therapy for treating uncompli-2

cated falciparum malaria3

Saber Dini1,#, Sophie G Zaloumis1, David J Price1,2, Nathalie Gobeau3, Anne Kümmel4,4

Mohammed Cherkaoui3, Joerg J Moehrle3, James S McCarthy5, Julie A Simpson1,#5

1 Centre for Epidemiology and Biostatistics, Melbourne School of Population and6

Global Health, University of Melbourne7

2 Doherty Institute for Infection and Immunity, University of Melbourne and Royal8

Melbourne Hospital9

3 Medicines for Malaria Venture, Geneva, Switzerland10

4 IntiQuan, Basel, Switzerland11

5 QIMR Berghofer Medical Research Institute, Brisbane,QLD, Australia12

# Address correspondence to Saber Dini, saber.dini@unimelb.edu.au, or13

Julie A. Simpson, julieas@unimelb.edu.au.14

1

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 3, 2020. ; https://doi.org/10.1101/2020.11.02.366112doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.02.366112
http://creativecommons.org/licenses/by-nc-nd/4.0/


Abstract15

The efficacy of Artemisinin-based Combination Therapies (ACTs), the first-16

line treatments of uncomplicated falciparum malaria, has been declining in malaria17

endemic countries due to the emergence of malaria parasites resistant to these com-18

pounds. Novel alternative therapies are needed urgently to prevent the likely surge19

in morbidity and mortality due to failing ACTs. This study investigates the efficacy20

of the combination of two novel drugs, OZ439 and DSM265, using a biologically21

informed within-host mathematical model that accounts for the pharmacodynamic22

interaction between the two drugs. Model parameters were estimated using data23

from healthy volunteers infected with falciparum malaria collected from four trials:24

three that administered OZ439 and DSM265 alone, and the fourth a combination25

of OZ439-DSM265. Posterior predictive simulations of the model were performed26

to determine efficacious dosing regimens. One such regimen that predicted at least27

90% of infected individuals cured 42 days after the administration of the drugs,28

while within the tolerable dose range, is 800 mg of OZ439 and 450 mg of DSM265.29

Our model can be used to inform future phase 2 and 3 clinical trials of OZ439-30

DSM265, fast-tracking the deployment of this combination therapy in the regions31

where ACTs are failing.32
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Introduction33

Artemisinin-based Combination Therapies (ACTs) have been the first-line treatment of34

uncomplicated falciparum malaria in most malaria-endemic countries for more than two35

decades [1]. During this period, ACTs have played a central role in malaria control and36

the decline in clinical cases and malaria attributable deaths. Alarmingly, the efficacy of37

ACTs has declined below 50% in some regions [2], due to the emergence and spread of38

parasites resistant to the artemisinins across the Greater Mekong Region [3, 4, 5]. This39

worrying trend threatens to reverse the recent progress against Plasmodium falciparum40

(P. falciparum) achieved by widespread availability of ACTs and, of greater concern,41

highlights the prospect of untreatable falciparum malaria in the absence of efficacious42

alternative antimalarial treatments.43

Various alternative treatments have been suggested, such as combining a failing ACT44

with an already available partner drug, known as Triple Artemisinin-based Combination45

Therapy (TACT) [6, 2], or producing novel synthetic antimalarials [7]. Key features46

of a successful treatment include a dosing regimen that is highly effective and easy to47

adhere to, so that sub-therapeutic concentrations are avoided, and combining drugs with48

different modes of action to prevent the development of resistance to each individual drug49

[8, 9].50

OZ439 (also known as artefenomel) is a novel antimalarial drug with a mechanism51

of action similar to artesunate, i.e. activation of an endoperoxide bond which in turn52

damages various proteins of the parasite using free radicals and reactive intermediates53

[10]. However, unlike artesunate which has an elimination half-life of ∼1 h (500 mg54
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dose) [11], OZ439 features a significantly longer elimination half-life (∼260 h (500 mg55

dose) [12]), thus exposing the parasites to OZ439 concentrations for a long duration56

after a single dose. The favourable pharmacokinetic (PK) properties of OZ439 as well57

as its safety and tolerability at relatively high doses, and in vitro data suggesting that58

it is active against artemisinin-resistant parasites [13] make it a potential candidate to59

replace the artemisinins in regions where resistance to this drug has risen.60

DSM265 is another novel synthetic antimalarial drug with a long elimination half-61

life (between 86 and 118 h) and satisfactory safety and tolerability [14, 15]. Similar62

to OZ439, the long presence of this drug in the blood plasma allows administration63

of a single-dose regimen, whereas current dosing regimens for ACTs recommend daily64

administration (and for artemether-lumefantrine twice daily) for three days. DSM26565

kills the parasites by inhibiting Plasmodium dihydroorotate dehydrogenase (DHODH)66

which is a vital enzyme for pyrimidine biosynthesis of the parasite [16]. None of the67

currently administered antimalarials has this mechanism of action, making DSM265 an68

attractive candidate for a new antimalarial drug.69

The promising pharmacological characteristics of OZ439 and DSM265 described above70

suggest that these drugs may be suitable candidates as a combination antimalarial treat-71

ment. A recent trial evaluating the OZ439-DSM265 combination in healthy volunteers72

infected with blood-stage falciparum malaria found satisfactory safety and tolerability73

and promising antimalarial activity [7]. Relatively low doses were intentionally adminis-74

tered in the trial to allow parasitaemia recrudescence which provides important insights75

into the parasitological responses and is more informative for pharmacometric studies.76

Subsequent trials are required to investigate the efficacy of higher doses of OZ439 and77
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DSM265 in this combination treatment. A selected efficacious dosing regimen must also78

satisfy safety and tolerability constraints – both drugs have shown good safety and tol-79

erability profiles up to relatively high does [15, 17]. In addition, the exposure profiles of80

drugs must overlap to a large extent to reduce the likelihood of resistance selection by81

the parasites due to their exposure to sub-therapeutic levels of only one drug.82

This study focuses on the efficacy of the OZ439-DSM265 compound using a biologi-83

cally informed pharmacodynamic (PD) mathematical model that accounts for the stage-84

specific killing action of the drugs [18, 19, 20, 21]. The PD interaction between OZ43985

and DSM265 was determined and accommodated in the model. Data from four separate86

trials of healthy volunteers inoculated with blood-stage falciparum malaria (OZ439 and87

DSM265 given alone and the OZ439-DSM265 combination therapy) were analysed. A88

Bayesian approach was used for parameter estimation which enabled us to use the infor-89

mation from modelling the mono-therapy trials data as prior information for estimating90

the parameters of the combination therapy. Simulations of the fitted model at different91

OZ439-DSM265 doses were performed to propose regimens required to cure (within 4292

days of follow-up) at least 90% of individuals infected with uncomplicated P. falciparum.93

This work was aimed at informing the selection of dose regimens to investigate in future94

clinical trials of the OZ439-DSM265 combination.95

Results96

Data collected from volunteers infected with P. falciparum in mono-therapy trials of97

OZ439 and DSM265 and the OZ439-DSM265 combination therapy trial were used for98
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model fitting; Table 1. The measured drug concentrations of the volunteers were first99

used to estimate the population PK model parameters and between-subject variability.100

A sequential PK-PD modelling approach was then performed where PK profiles were101

simulated for each volunteer based on the post-hoc individual PK parameter estimates,102

which were subsequently substituted into the PD model; see the Materials and Methods103

section for further details.104

Pharmacokinetics105

A two-compartment PK model with first and zero order absorption rates best described106

the OZ439 and DSM265 drug concentrations, respectively (Materials and Methods sec-107

tion). Table 2 summarises the estimated PK parameters for the data from the combina-108

tion therapy trial. Figure 1 shows the observed and simulated drug concentration profiles109

of the 13 volunteers; see Figure S1 of Supplementary Material for the PK profiles of the110

volunteers receiving OZ439 and DSM265 alone. The profiles show significantly higher111

concentration of DSM265 in the blood plasma of volunteers compared with OZ439.112

Pharmacodynamics113

The antimalarial activities of the drugs were modelled using the mathematical model de-114

fined in equation (1). The model accounts for differential action of the drugs on different115

stages of the parasite life cycle and PD interaction between the drugs. Initially, the PD116

model was fitted to the measured parasitaemia of volunteers in the OZ439 and DSM265117

mono-therapy trials (results shown in Section Mono-therapies in the Supplementary Ma-118
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terial). The estimated posterior distributions were then used to inform the estimation of119

Emax, γ, EC50 and ke0 in the OZ439-DSM265 model fitted to the data of the combination120

therapy trial (see the Materials and Methods section).121

Figure 2 shows the observed parasitaemia profiles for the 13 volunteers (black lines122

and dots), overlaid with the posterior predictive distributions (red line: median; shaded123

region: 95% credible interval). The results show that the PK-PD model captures the124

dynamics of the observed parasitaemia well for all individuals.125

The estimated PD parameters for the combination therapy are summarised in Table126

3; Tables S1 and S2 of the Supplementary Material include the details of the posterior127

distributions of the PD parameters estimated from modelling of the mono-therapy trials128

data. R̂ and neff metrics (see Table S3 of the Supplementary Material) indicate the129

convergence of the Hamiltonian Monte Carlo (HMC) Markov chains: R̂ values are close130

to one, and neff values are large; see Materials and Methods section. Other model fit131

diagnostics for the four trials are illustrated in Section 4 of the Supplementary Material.132

The results in Table 3 show that the posterior mean of the initial parasite load133

(sum of circulating and sequestered parasites) at the time of first parasitaemia mea-134

surement (on average 49.3 hours before administration of OZ439-DSM265), N0, was135

1.91 × 106(95% Credible Interval (CrI): 1.16 × 106, 2.85 × 106). The estimated initial136

age-distribution indicate that the majority of the parasites at the time of the first mea-137

surement were at the ring blood stage of the parasite ∼48 h lifecycle (the posterior mean138

of µ0 is 5.55 hours (95% CrI: 2.46, 9.5)) with a spread (σ0) of 10.13 hours (95% CrI:139

8.43, 11.72). The initial decline in parasitaemia of many of the volunteers confirms these140
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results, since ageing of the cluster of ring parasites (observed in the blood) into tropho-141

zoites/schizonts (not observed in the blood) would lead to a temporary decline in the142

observed parasitaemia.143

Parasite multiplication factor (PMF; the number of newly infected red blood cells by144

merozoites released from a ruptured shizont) was estimated to be 10.56 (95% CrI: 6.92,145

17.6). Emax of DSM265 and OZ439 were estimated to be (0.63 (95% CrI: 0.53, 0.75)) and146

(0.35 (95% CrI: 0.34, 0.38)), respectively. Note that OZ439 is assumed to kill parasites147

at all stages [22] while DSM265 only kills trophozpoites [16], and the stage-specific action148

of these drugs was incorporated into the PD model (see Section Pharmacodynamics).149

Therefore, the lower estimated value of Emax for OZ439 compared with DSM265 does150

not mean that it is less potent in reducing the parasitaemia. In fact, the average of Emax151

over all the ages of the parasite’s lifecycle is 0.18 which is higher than that of DSM265152

(0.14); the killing windows of DSM265 and OZ439 span 11 and 39 hours, respectively, of153

the 48 hours lifecycle, and the killing effect of OZ439 was halved for parasites aged 6–25154

and 37–44 hours (equations (5) and (6)).155

The estimated EC50 of OZ439 (23.62 (95% CrI: 19.02, 27.01)) [ng/mL] was signifi-156

cantly lower than that of DSM265 (1354.4 (95% CrI: 1088.94, 1741.38)) [ng/mL]. The157

average area under the curve (AUC) above EC50 for OZ439 were 96.4 and 103 [ng day/mL]158

for subjects of Cohorts A and B (OZ439 dose: 200 mg), respectively, and for DSM265159

were 210.9 and 5.3 [ng day/mL] for Cohorts A (DSM265 dose: 100 mg) and B (DSM265160

dose: 50 mg), respectively. The posterior median of the rate of transition between the161

blood plasma compartment to the effect site (hypothesised) compartment, ke0, was 0.07162

(95% CrI: 0.05, 0.11) [1/h] for OZ439. For DSM265, the posterior median of ke0 was 5.11163
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(95% CrI: 2.5, 7.84) [1/h]. However, the distributions of prior and posterior samples for164

this parameter were fairly similar (Figure S5 of Supplementary Material), implying that165

these data were not informative for estimating ke0 of DSM265.166

The estimated values of the OZ439-DSM265 PD interaction parameter, α, shows a167

trend toward antagonistic interaction (2.25 (95% CrI: 0.9, 4.06)). The General Pharma-168

codynamic Interaction (GPDI) model [23] similarly indicated an slight antagonistic inter-169

action (α = 1.38 (95% CrI: 0.95, 1.95)), when the drug-drug interaction was incorporated170

by altering Emax (equation (8a)); however, when drug-drug interaction was incorporated171

by varying EC50 (equation (8b)), the estimated interaction was not significantly different172

from zero-interaction, i.e. α = 1.09 (95% CrI: 0.69, 1.69).173

Prediction of the optimal dosing regimen174

To determine a dosing regimen that provides the WHO recommended 42-day cure rate175

of at least 90%, the model was simulated using the posterior samples of the individual176

parameters for different combinations of single doses of OZ439 and DSM265; see Materials177

and Methods section. For the parasitaemia at the time of treatment (t = 0), the actual178

values observed in malaria-endemic regions were used: the recorded parasitaemias of179

1,241 patients (age range: 6 months–65 years) across 15 sites in 10 countries (Africa and180

South-East Asia) had a median of 52,250 (range: 2560–605,329) parasites/mL [3]. Note,181

only parasitaemia after drug administration is simulated, i.e. the parasitaemia growth182

phase was not simulated.183

Figure 3 shows the mean 42-day cure rates over 20 datasets each comprised of 100184
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simulated hypothetical patients (2000 patients in total) who received different combina-185

tions of OZ439 and DSM265 doses; the patients whose parasitaemia got below the Lower186

Limit of Quantification (LLOQ: 10 [parasites/mL]) over 42 days of follow-up were con-187

sidered cured. The lower and upper limits of the 42-day cure rates are shown in Figure188

S6 of the Supplementary Material. The dose combinations that yielded 42-day cure rates189

above 90% are outlined with black. The selection of the simulated doses shown in the190

figure fall within current evidence for safe and tolerable dosing of both drugs. OZ439 is191

shown to be safe and well tolerated up to 1200 mg administered as a capsule and up to192

1600 mg when administered as an oral dispersion [17]. The safety profile of DSM265 is193

seemingly not as good as OZ439, as the number of adverse effects was higher in infected194

volunteers who received DSM265 compared to those who received placebo [15], although,195

the number of adverse events were not correlated with the administered dose.196

The results in Figure 3 show that the 42-day 90% cure rate cannot be achieved for197

doses up to 200 mg of OZ439 and 100mg of DSM265. Various dose combinations achieve198

a ≥ 90% 42-day cure rate, however, considering safety and tolerability of each drug, we199

recommend the combination of 800 mg of OZ439 and 450 mg of DSM265 be investigated200

in further trials. This dosing regimen also provides high drug concentrations of OZ439201

in the blood plasma, covering the exposure duration of DSM265 for up to 42 days.202

The initial distribution of the age of parasites for each simulated patient was assumed203

to follow that estimated from the volunteers. A sensitivity analysis, where the mean of204

the initial parasite age distribution was assumed to follow a uniform distribution over205

(0, 48 h), was performed (see Figure S7 of the Supplementary Material). The results206

showed that predicted cure rates can vary slightly by changing the initial parasite age207
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distribution, however, for 800 mg of OZ439 and 450 mg of DSM265 the predicted 42-day208

cure rate remained above 90%, confirming the robustness of this dosing regimen.209

Discussion210

We proposed a within-host mathematical PK-PD model for the combined antimalarial211

activity of two novel drugs: OZ439 and DSM265. Our model incorporated the parasite212

age-specificity of killing action of the drugs, parasite sequestration and PD interaction be-213

tween the drugs. Using a Bayesian hierarchical framework, our model provided a good fit214

to parasitaemia data collected pre- and post-administration of OZ439 and DSM265 from215

healthy volunteers innoculated with P. falciparum malaria. Simulating parasitological216

outcomes using the estimated PD parameters determined the safe and tolerable dosing217

regimens of 800 mg for OZ439 and 450 mg for DSM265 can yield the WHO recommended218

42-day cure rates (≥ 90%).219

Our model simulations put forward a set of potential OZ439-DSM265 dose combina-220

tions that are predicted to be efficacious and are within the safety and tolerability limits221

[15, 17]. Among these dose combinations, one must be selected for deployment that does222

not lead to development of parasite resistance to one of the drugs due to long durations of223

sub-therapeutic exposure. The significantly longer exposure time of DSM265 (see Figure224

1) reinforces the possibility of resistance development to this drug, if the parasites are225

not simultaneously exposed to another drug. In fact, a study by Llanos-Cuentas et al.226

2018 [24] found evidence of selection of resistance to DSM265 through a mutation in227

the DHODH enzyme target in Peruvian patients who were administered a single dose of228
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DSM265. Therefore, the selected dose of OZ439 must be sufficiently high such that it229

exposes the parasites for long enough timespans during which the parasites are exposed230

to DSM265 as well. As a result, the selection of higher doses of OZ439 must be favoured231

from the set of all efficacious, safe and tolerable doses (Figure 3), e.g. 600mg or 800mg232

of OZ439, combined with 400 mg or 450mg of DSM265.233

We proposed a novel model of the combined action of the drugs based on the Bliss234

independence concept [25]. Fitting the model to the parasitological data showed that235

OZ439 and DSM265 have a slight antagonistic interaction, which was also confirmed using236

a GPDI model for drug interaction; however, the antagonistic interaction was not strong237

enough to significantly nullify their combined effect, and the combination compound was238

still able to produce cure rates above 90%. We showed that the predicted cure rates239

can be influenced by the assumption about the initial age distribution of the parasites240

– highlighting the significant influence that synchronicity of infection at admission can241

have on treatment’s efficacy and the importance of incorporating that into a mathematical242

model – however, the suggested dosing regimen (800mg of OZ439 combined with 450mg243

of DSM265) still provided a ≥ 90% cure rate.244

The PK-PD model proposed in this work can be used to guide phase 2 and 3 clinical245

trials evaluating the efficacy of OZ430–DSM265 regimens, helping to reduce the financial246

and logistical costs of these trials. The model did not include the potential contribution247

of host immunity to parasite clearance [26] since it was validated on volunteers who had248

not been previously exposed to malaria infection. However, the influence of immunity on249

parasite clearance would augment drug effect therefore resulting in an overestimate of the250

minimal efficacious dose, and thereby result in a greater safety margin. The efficacy of the251

12

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 3, 2020. ; https://doi.org/10.1101/2020.11.02.366112doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.02.366112
http://creativecommons.org/licenses/by-nc-nd/4.0/


suggested dosing regimen in reducing gametocytaemia, and thereby transmission, was not252

investigated in this work. This will be considered in future work based on a model we have253

developed for within-host transmission dynamics [27]. Further, a more mechanistic model254

of the combined action of the drugs that accommodates the underlying processes of drug255

interaction could be used [28]. However, to do so would require a greater understanding256

of the drug-drug interactions that is yet unavailable, requiring more sophisticated in vitro257

parasite susceptibility experiments, e.g. checkerboard assays, that focus particularly on258

the combined effect of the drugs.259

P. falciparum parasites resistant to ACTs are rapidly spreading across South-East260

Asia, impeding the goal of WHO to achieve malaria elimination by 2030 in this region.261

The combination of OZ439 and DSM265, administered according to the suggested effi-262

cacious and well tolerated regimens, appears to be a promising alternative treatment to263

replace the failing ACTs.264

Materials and Methods265

Data266

Data from four separate studies of volunteers innoculated with P. falciparum malaria267

were used for estimating the parameters in this work: (i) OZ439 mono-therapy (doses:268

100, 200 and 500 mg) [12]; DSM265 mono-therapy (doses: (ii) 150 mg [14] and (iii) 400 mg269

[15]);(iv) OZ439-DSM265 combination therapy (doses: 200 mg of OZ439 combined with270

50 and 100 mg of DSM265) [7]; details of these studies are summarised in Table 1. The271
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data from the mono-therapy studies were used for constructing the prior distributions of272

the PD parameters, as detailed in the Model fitting and simulation section.273

In the studies of OZ439 mono-therapy and OZ439-DSM265 combination therapy, the274

volunteers were initially inoculated with ∼1800 P. falciparum-infected red blood cells275

and were admitted and confined for 48 hours before the compounds were administered,276

after their parasitaemia reached ≥ 1000 parasites/mL or clinical symptoms appeared277

(whichever occurred first). In the DSM265 mono-therapy where 150 mg dose was ad-278

ministered, the volunteers were inoculated with ∼1800 and the threshold for admission279

was considered to be 800 parasites/mL [15]. In the other DSM265 mono-therapy where280

400mg of DSM265 was administered, the volunteers were inoculated with ∼ 2800 viable281

P. falciparum parasites and were treated on day 7 [14]. A single dose of the compounds282

were administered in all of the studies. All the volunteers received rescue treatment283

on a certain day following the drug administration or after parasitaemia recrudescence;284

only the parasitaemia measurements before the rescue treatment was administered were285

included in the analyses.286

Mathematical model287

The within-host PD model fitted to the parasitaemia data was based on the models288

of [20, 21], which include the stage-specificity of drug action, shown in susceptibility289

experiments to significantly impact killing effect of antimalarial drugs [29, 30]. Interaction290

between the PD action of the drugs was also incorporated in the model to capture the291

combined effect of OZ439 and DSM265.292
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Pharmacokinetics293

A two-compartment PK model with first-order absorption for OZ439 and zero-order ab-294

sorption for DSM265 best described the PK profiles of the volunteers. The pharmacoki-295

netics of each drug were not altered when the drugs were given in combination [7]. A296

delayed effect of the plasma drug concentration of both OZ439 and DSM265 on parasite297

killing was incorporated in the model. This was modelled as a transition between two298

compartments with rate ke0; see Supplementary Material for further information about299

the PK models. The concentrations at effect site, Ce(t), were substituted into the PD300

model to derive drug action, as detailed below.301

Pharmacodynamics302

The PD model in [6] was used for the time-evolution of the number of parasites in the303

body, N :304

N(a, t) =


N(a− 1, t− 1) (1− E(a− 1, t− 1)) , 1 < a ≤ 48,

N(48, t− 1) (1− E(48, t− 1))× PMF, a = 1,

(1)

where a is the parasite age, taking only integer values over the range 1 to 48, t is time,305

taking only integer values, and PMF is the parasite multiplication factor, which represents306

the number of merozoites released into the blood by a shizont at the end of its lifecycle307

which successfully invade red blood cells. E(a, t) is the killing effect of the drug, taking308

values between 0 and 1, and dependent upon the age of parasites during [t, t + 1). The309

subjects were assumed to be infected with an initial parasite load of N0 =
48∑
a=1

N(a, 0)310

15

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 3, 2020. ; https://doi.org/10.1101/2020.11.02.366112doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.02.366112
http://creativecommons.org/licenses/by-nc-nd/4.0/


which has a discretised normal distribution over age with the mean at µ0 hours and311

standard deviation σ0 hours (both on the continuous scale) andN(1, 0) = PMF×N(48, 0).312

To determine N(a, 0) by discretising a continuous normal distribution, n(a) ∼ N (µ0, σ0),313

the following formula was used314

N(a, 0) = N0
n(a)∑48
a=1 n(a)

1 ≤ a ≤ 48. (2)

The number of detectable parasites circulating in the blood, M(t), is determined by315

M(t) =
26∑
a=1

N(a, t), (3)

where it is assumed that the infected red blood cells in circulation (the parasitaemia316

measured by blood samples) constitute mostly of ring stage parasites, because the older317

parasites sequester in blood capillaries and are not visible in the blood samples [31]. The318

number of parasites per mL of blood (the unit of parasitaemia in the data) was determined319

by dividing M(t) by each patient’s blood volume in mL; the patients were assumed to320

have 70 mL/kg blood, hence patient’s blood volume was calculated as 70 mL/kg ×321

patient’s weight.322

We assumed Michaelis-Menten kinetics for E:323

E(a, t) = Emax
Ce(t)

γ

Ce(t)γ + ECγ
50

q(a), (4)

where Emax is the maximum killing effect of DHA; Ce(t) is the drug concentration at324

the effect site at time t; EC50 is the concentration at which 50% of the maximum killing325
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effect is obtained; γ is the sigmoidicity (also known as slope) of the concentration-effect326

curve. The stage specificity of the killing effect is applied using the q(a). A description327

of all the PD parameters are provided in Table 4.328

Previous in vitro experiments showed that OZ439 kills the parasites at all the stages of329

the blood lifecycle [13], and DSM265 only kills trophozoites [16]. It has also been shown330

that OZ439 has its maximum activity against trophozoites (reviewed in [22]). Therefore331

we considered the following step functions for the stage specificity of the killing action of332

the drugs:333

qD(a) =


1, a ∈ [26, 36],

0, otherwise,

(5)

and334

qO(a) =


1, a ∈ [26, 36],

0.5, a ∈ [6, 25] ∪ [37, 44],

0, otherwise,

(6)

where qD and qO are the stage-specificity functions for DSM265 and OZ439, respectively.335

Note, early ring and late schizont parasites were considered insensitive to OZ439, similar336

to artemisinin [32].337
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Combined killing effect338

An empirical approach was taken to model the combined effect of OZ439 and DSM265.339

Considering the unavailability of in vitro parasite susceptibility data, the number of340

interaction parameters were kept to a minimum. In addition, we selected a model where341

the combined effect monotonically increases with concentrations of OZ439 and DSM265,342

since, except in very rare cases, increasing the concentration of each drug must either343

increase the combined effect or the combined effect remains unchanged.344

To characterise the interaction between OZ439 and DSM265 and model their combined345

action, a zero-interaction framework must first be defined. Two widely used empirical346

frameworks for zero-interaction are Loewe additivity [33] and Bliss independence [25];347

the former is used when the drugs are believed to have similar modes of action and the348

latter is when the drugs act through completely different mechanisms; see [6, 34] for349

further information. Different types of drug-drug interaction (synergism/antagonism)350

can then be modelled by characterising deviation from the zero-interaction model and351

the combined killing action can be defined accordingly.352

OZ439 and DSM265 have different modes of action – the former kills the para-353

sites by activating the endoproxide bond [12] and the latter by inhibiting the parasite’s354

DHODH enzyme [15] – hence Bliss independence was selected as the base model for355

zero-interaction. The Bliss independence model was then modified to define the combine356

effect, EOD:357

EOD = (Eα
O + Eα

D − Eα
OE

α
D)

1
α , (7)

where EO and ED can be obtained using the Michaelis-Menten function (equation (4)),358
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and α is the interaction parameter. The values of α = 1, α > 1 and 0 < α < 1 correspond359

to zero-interaction, antagonism and synergism, respectively. The combined effect defined360

in this form is monotonically increasing and has a well-behaved form in regard to α.361

Figure 4 depicts the combined effect for three different types of drug-drug interaction.362

In addition to the previous approach for accommodating interaction (equation (7)), a363

simplified version of the GPDI model proposed by Wicha et al. [23] was examined. In their364

proposed model, EC50 and Emax are scaled depending on the concentration of the other365

drug and nature of the interaction (i.e. synergism/antagonism). However, the full form366

of their model was not used here due to potential non-identifiability of the parameters as367

well as non-monotonicity of the combined effects. To implement the simplified version of368

the GPDI model, Emax and EC50 are modulated as below369

Emax(α) =
Emax
α

, (8a)

370

EC50(α) = αEC50, (8b)

where α is the interaction parameter, and α = 1, α > 1 and 0 < α < 1 correspond to371

zero-interaction, antagonism and synergism, respectively. Emax(α) was bounded to be372

≤ 1 (see equation (1)).373

Model fitting and simulation374

A sequential approach was employed to fit the model to data: the PK parameters were375

first estimated to simulate drug concentration profiles which were then substituted into376
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the PD model to estimate the PD parameters. Fitting the PK models to the data377

was performed in a non-linear mixed effects modelling framework using Monolix [35] as378

follows. The individual PK parameters were estimated using the mode of the conditional379

distribution of the individual parameters. A total of 500 exploratory and 200 smoothing380

samples were generated using the Stochastic Approximation Expectation-Maximization381

(SAEM) method to estimate the population PK parameters. Finally, linearisation method382

was used to estimate the Fisher Information Matrix and the log-likelihood.383

The PD model was fitted in a Bayesian hierarchical framework that allowed estimating384

individual parameters and incorporating the prior information about the parameters. The385

likelihood function was formed by assuming that the log-transformed parasitemia of the386

subjects have a normal distribution with mean at the simulated parasitaemia and a certain387

standard deviation. For parasitaemia below the quantification level, the M3 method388

was used, by considering the data below the quantification level left-censored and using389

the cumulative normal distribution in the likelihood function [36]; see Supplementary390

Material for further information.391

The joint posterior distribution of the parameters was sampled using the Hamiltonian392

Monte Carlo (HMC) method [37]. Four chains were initialised randomly from different393

points to sample the posterior distribution. A total of 4,000 samples were generated by394

each chain, half of which were discarded as warm-up, leaving 8,000 samples in total from395

which to draw our inferences. The RStan package [38] in the R software [39] was used to396

implement the HMC method.397

The individual parameters were logistic transformed from their original bounded do-398
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main to a new unbounded domain, using399

φi = log

(
θi − a
b− θi

)
, (9)

where θi represents an individual model parameter in the original domain, and a and400

b are the lower and upper bounds of θi. A multivariate normal distribution with mean401

φ and covariance matrix Ω was considered for φi. The generated posterior samples of402

φi were mapped back using the inverse function of equation (9) to get θi over (a, b).403

The interaction parameter, α, was log-transformed in order to generate the same propor-404

tion of prior samples of α producing antagonistic and synergistic interactions, and then405

back-transformed to be used in equation (7); see the Supplementary Material for further406

information.407

The values of a and b for the combination therapy and mono-therapies are listed in408

Tables 3 and 4, respectively. In fitting the model to data of mono-therapy trials, wide409

ranges that contain all feasible values for parameters were used. For fitting the model410

of combination therapy to the data, the results of the mono-therapy models were used411

to set the prior bounds of Emax, γ, EC50 and ke0. To be specific, the 2.5% and 97.5%412

percentiles of the obtained posterior parameter samples in the mono-therapy models413

were used as a and b, respectively. This was considered assuming that the values of these414

parameters mostly depend on the activity of the individual drugs, hence their values in415

the combination therapy should be very close to those in the mono-therapies.416

Convergence of the HMC chains were assessed by evaluating the following metrics: i)417

the potential scale reduction statistic, R̂, which shows how well the chains are mixed –418
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satisfactory convergence of chains yields R̂ ≈ 1; ii) effective sample size, neff , is an esti-419

mate of the number of independent draws, after accounting for autocorrelation between420

the posterior samples.421

Model simulations for predicting the cure rates were performed using the posterior422

samples of individual parameters. The cure rate was defined as the proportion of 1000423

patients whose parasitaemias were below the LLOQ (10 [parasites/mL]) within 42 days424

were considered cured. For the individual PD parameters, first, 20 samples of φ and425

Ω were selected from the set of 8000 posterior samples – the last five posterior samples426

from each of the four HMC chains were used. Using the selected samples, 100 samples of427

φi were generated from a multivariate normal distribution with mean φ and covariance428

matrix Ω. The generated samples of φi were then back-transformed using the inverse429

function of equation (9) to get the original PD parameter samples, θi, which were used430

to simulate 20 cohorts/datasets each including 100 hypothetical patients. (see Section431

4 of Supplementary Material). Note, the total number of parasites was set to zero if it432

reached values below 1 in the simulations. For simulation of the PK profiles of OZ439433

and DSM265, samples were generated using the distributions, population parameters and434

between subject variabilities listed in Table 2.435

The parasitaemias observed in the field were used as the baseline parasitaemia in436

the simulations; according to [3], the distribution of parasitaemias of 1,241 patients437

across 15 sites in 10 countries had median of 52,250 parasites/mL and spanned the438

range of 2560–605,329 parasites/mL. Thus, a log-normal distribution with the geomet-439

ric mean at 52,250 parasites/mL and standard deviation on the log-scale of 0.78 =440

(log(605329)− log(2560)) /7 were used for generating samples of baseline parasitaemia in441
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the simulations. The total circulating parasitaemia, M(0), was obtained by multiplying442

the generated samples from the log-normal distribution to average blood volume of the443

volunteers in the combination therapy trial, 5036.77 mL. To obtain the total parasite bur-444

den for an individual, i.e. sum of the sequestered and circulating parasites (N0), we used445

the posterior samples of µ0 and δ0 estimated for the volunteers as the mean and disperse446

of the initial age distributions. Finally, the age distribution and M(0) were substituted447

into equations (2) and (3) to obtain N0 for each simulated subject.448
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Tables690

Table 1: Dosing regimens of OZ439 and DSM265 administered in four clinical trials of
volunteers infected with P. falciparum.

Treatment∗ Cohort Dose [mg]
Drug

administration
time∗ [hours]

Parasitaemia
[no. parasites/mL]

at time 0
median (range)

OZ439 [12]
A (n=8) 100 0 5487 (939–7517)
B (n=8) 200 0 5676 (407–24152)
C (n=8) 500 0 4475 (953–10315)

DSM265† [14, 15]
A (n=7) 150 0 8442 (1676–13286)
B (n=7) 400 0 8457 (1235–62044)

OZ439-DSM265 [7]
A (n=8)

OZ439 200 0
1629 (289–7678)

DSM265 100 2

B (n=5)
OZ439 200 0

12364 (3495–27312)
DSM265 50 2

∗ See the Data section for further information about inoculation of the volunteers with P. falciparum

and their treatment.
† Data from two separate trials (Cohorts A [15] and B [14]) for DSM265 were used.
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Table 2: Parameter values of the PK models. A two compartment model with zero-order
and first-order absorption were used for DSM265 and OZ439, respectively.

Parameter Drug Estimate (RSE) BSV (RSE) Description

F
DSM265 1 (Fixed) 0.0897 (44.50%)

Relative bioavailability
OZ439 1 (Fixed) 0 (Fixed)

CL/F
DSM265 0.514 (3.20%) 0.232 (11%)

Apparent clearance [L/hour]
OZ439 43.2 (9.60%) 0.261 (16.40%)

Vc/F
DSM265 12.4 (14%) 0.66 (17.20%)

Apparent central volume [L]
OZ439 148 (12.50%) 0 (Fixed)

Q/F
DSM265 38.5 (8.24%) 0.25 (Fixed) Apparent intercompartmental

clearance [L/hour]OZ439 11.1 (8.66%) 0 (Fixed)

Vp/F
DSM265 61.8 (4.29%) 0.25 (Fixed)

Apparent peripheral volume [L]
OZ439 903 (12.20%) 0.276 (38.80%)

Tk0 DSM265 2.64 (5.86%) 0.413 (10.20%) Absorption time [hours]

ka OZ439 0.198 (6.85%) 0.106 (58.60%) Absorption rate parameter [1/hour]

Tlag
DSM265 0 (Fixed) 0 (Fixed)

Absorption lag time [hours]
OZ439 0.418 (2.92%) 0.107 (20.70%)

βF DSM265 -0.114 (22.20%) -
Coefficient of dose on F
Reference dose: 400mg

βV p DSM265 1.61 (16.90%) -
Coefficient of weight on F
Reference weight: 76.8kg

βCL DSM265 0.649 (34.10%) - Coefficient of dose on CL
Reference dose: 500mg (DSM265)
400mg (OZ439)

OZ439 -0.473 (18.20%) -

BSV: between subject variability
RSE: relative standard error defined as (standard deviation/mean) × 100
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Table 3: Estimated parameter values of the PD model fitted to the data of OZ439-
DSM265 combination therapy.

Parameter∗ Drug Prior bounds†
Posterior median‡

(95% credible interval)
BSV§

(95% credible interval)

N0 (5.04×104, 4.00×106) 1.91×106 (1.16×106, 2.86×106) 1.20 (0.41, 2.06)
µ0 [h] (1, 48) 5.55 (2.46, 9.5) 0.44 (0.01, 1.11)
σ0 [h] (4, 14) 10.13 (8.43, 11.72) 0.44 (0.01, 1.03)
PMF [1/48h] (5, 50) 10.56 (6.92, 17.6) 1.75 (0.94, 2.72)

Emax
OZ439 (0.33, 0.41) 0.35 (0.34, 0.38) 1.08 (0.04, 2.38)
DSM265 (0.49, 0.8) 0.63 (0.53, 0.75) 1.18 (0.05, 2.51)

EC50 [ng/mL]
OZ439 (16.25, 28.01) 23.62 (19.02, 27.01) 1.07 (0.04, 2.30)
DSM265 (989.1, 2085.46) 1354.4 (1088.94, 1741.38) 1.91 (0.69, 3.15)

γ
OZ439 (1.16, 2.84) 1.32 (1.19, 1.62) 0.97 (0.03, 2.21)
DSM265 (1.67, 7.27) 2.13 (1.77, 3) 1.35 (0.07, 2.70)

ke0 [1/h]
OZ439 (0.05, 0.17) 0.07 (0.05, 0.11) 1.13 (0.03, 2.52)
DSM265 (1.7, 8.73) 5.11 (2.5, 7.84) 1.01 (0.03, 2.30)

α OZ439-DSM265 (0.2, 5) 2.25 (0.9, 4.06) 1.54 (0.09, 2.78)
∗ Description of the parameters and details of the prior bounds are summarised in Table 4.
† Estimated posterior samples of mono-therapy models were used to set the prior boundaries of Emax, EC50, γ and
ke0.
‡ The median and 95% credible intervals are drawn from 8,000 posterior samples (after burn-in) generated by the
HMC algorithm; Supplementary Material includes the convergence metrics of HMC chains.
§ Between Subject Variability (BSV) is the standard deviation of individual PD parameters from the population
mean PD parameters on the logistic transform scale (see Model fitting and simulation section).
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Table 4: Description and selected prior bounds (mono-therapies) for each parameter of
the PD model.

Parameter Trial Prior bounds Description

N0
OZ439 (5.12×104, 8.02×106) initial number of parasites (circulating + sequestered)

lower bound : LLOQ × mean blood volume of
volunteers in the trial
upper bound : 2× maximum observed
parasitaemia at the first blood measurement × mean
blood volume of volunteers in the trial∗

DSM265 (5.18×104, 1.42×107)

µ0
OZ439

(1, 48) mean of initial parasites age distribution [h]
bounds: lowest and highest ages of parasites
in a 48h lifecycle

DSM265

σ0
OZ439

(4, 14)
standard deviation of initial age distribution [h]
bounds: selected to produce a wide range of
dispersion (narrow to dispersed) in initial
age distribution

DSM265

PMF
OZ439

(5, 50)
parasite multiplication factor [/48 h]
bounds: according to [40]DSM265

Emax
OZ439

(0.05, 1)
maximum killing effect
bounds: an arbitrarily wide range is selectedDSM265

EC50
OZ439 (0.5, 50) concentration producing Emax/2 effect [ng/mL]

bounds: according to [12] and
[16] for OZ439 and DSM265, respectively

DSM265 (500, 5000)

γ
OZ439

(1, 10)
sigmoidicity of the concentration-effect curves
bounds: selected to generate a wide range of sigmoidicitiesDSM265

ke0
OZ439

(0.01, 10) rate of drug transition from blood [1/h]
plasma compartment to the effect-site compartment
bounds: arbitrarily large range was selected

DSM265

α OZ439-DSM265 (0.2, 5) interaction parameter
bounds: the selected values produce
a wide range of interactions,
from strong antagonism to strong synergism

∗ see Section Model fitting and simulation for conversion of the observable circulating
parasitaemia (no. parasites/mL) to the total parasite biomass (circulating + sequestered)
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Figure 1: Pharmacokinetic profiles of OZ439 and DSM265 for the OZ439-DSM265 combi-
nation therapy. The points show the measured drug concentrations and the lines are the
generated simulations using the mode of the conditional distribution of the individual PK
parameters – the population parameters are listed in Table 2. A two-compartment model
with first and zero order absorption rates were used for OZ439 and DSM265, respectively.
Volunteers 1–8 received 200 mg of OZ439 and 100 mg of DSM265, and volunteers 9–13
received 200 mg of OZ439 and 50 mg of DSM265.
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Figure 2: Posterior predictive check of the within-host PK-PD model fitted to the paras-
taemia of volunteers in the combination therapy trial. The black circles are the observed
parasitaemia; the red line and the shaded area denote the median and 95% credible in-
terval (between 2.5th and 97.5th percentiles) of 8,000 simulations of the model using the
posterior samples of the individual PD parameters (see Materials and Methods section).
Volunteers 1 to 8 belong to Cohort A (OZ439: 200 mg; DSM265: 100 mg) and volun-
teers 9 to 13 to Cohort B (OZ439: 200 mg; DSM265: 50 mg); see Table 1 for details
of the cohorts. The grey vertical line at time = 0 shows the administration time of
OZ439; DSM265 was administered 2 hours after the OZ439 administration; see Table
1. The Lower Limit of Quantification (LLOQ), shown with the horizontal line, was 10
[parasites/mL].
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Figure 3: Expected cure rate within 42 days for different doses of OZ439 and DSM265
combination therapy. For each dose combination, simulations for 20 datasets each includ-
ing 100 (new/hypothetical) patients were generated. The simulations were performed
using the individual posterior predictive distributions of the PD parameters (see Table 3
and Section Model fitting and simulation) and the obtained 42-day cure rates averaged
over the 20 datasets are shown in the grid squares (the lower and upper limits of the
42-day cure rates are shown in Figure S6 of the Supplementary Material). The values of
parasitaemia at time of drug administration in the simulations were drawn from a log-
normal distribution constructed using the reported values in malaria-endemic countries:
median = 52,250 (range: 2560–605,329) parasites/mL [3]. Single doses of OZ3439 and
DSM265 were administered at times 0 and 2 h, respectively. The dose combinations that
yielded a 42-day cure rate ≥ 90% are outlined with black borders. Cure rate: proportion
of patients in each dataset that had parasitaemia below the LLOQ (10 [parasites/mL])
over 42 days of follow-up.
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Figure 4: Combined effect of OZ439 and DSM265, EOD in equation (7), for three different
types of interaction and the following arbitrarily selected set of PD parameter values:
Emax,D = Emax,O = 0.4; γD = 3; γO = 3;EC50,D = EC50,O = 100 [ng/mL], where O and
D in the sub-indices denote correspondence to OZ439 and DSM265, respectively. The
(1), (2) and (3) surfaces correspond to α = 0.3 (synergism), α = 1 (zero-interaction) and
α = 7 (antagonism).

42

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 3, 2020. ; https://doi.org/10.1101/2020.11.02.366112doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.02.366112
http://creativecommons.org/licenses/by-nc-nd/4.0/

