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Abstract 54 
 55 
The role of humoral immunity on the efficacy of artemisinin combination therapy (ACT) has not been investigated, 56 
yet naturally acquired immunity is key determinant of antimalarial therapeutic response. We conducted a therapeutic 57 
efficacy study in high transmission settings of western Kenya, which showed artesunate-mefloquine (ASMQ) and 58 
dihydroartemisinin-piperaquine (DP) were more efficacious than artemether-lumefantrine (AL). To investigate the 59 
underlying prophylactic mechanism, we compared a broad range of humoral immune responses in cohort I study 60 
participants treated with ASMQ or AL, and applied machine-learning (ML) models using immunoprofile data to 61 
analyze individual participants’ treatment outcome. We showed ML models could predict treatment outcome for 62 
ASMQ but no AL with high (72-92%) accuracy. Simulated PK profiling provided evidence demonstrating specific 63 
humoral immunity confers protection in the presence of sub-therapeutic residual mefloquine concentration. We 64 
concluded patient humoral immunity and partner drug interact to provide long prophylactic effect of ASMQ.  65 
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Introduction 110 
Therapeutic efficacy studies (TESs) are used to monitor efficacy of antimalarial drugs including assessment of clinical 111 
and parasitological outcome for artemisinin-based combination therapies (ACTs), the first-line treatment for 112 
uncomplicated Plasmodium falciparum malaria in most endemic countries (1). TESs conducted at regular intervals in 113 
the same location can be used for the detection in the decline of drug efficacy over time. Key indicators monitored 114 
during ACTs TESs for the treatment of P falciparum malaria include proportion of patients who are parasitemic on 115 
day 3, and treatment failure by days 28 or 42 (1). It is important, however, to carefully interpret TESs results because 116 
they can be influenced by factors originating from the host, the parasite and/or the drugs. Naturally acquired immunity 117 
is a key determinant of antimalarial therapeutic response (2), which is highly influenced by transmission intensity (3), 118 
and age of the patient (4). It is plausible that TES data may be misinterpreted as population immunity shifts with 119 
decline in transmission due to improved malaria control and elimination efforts (5). Pharmacokinetics (PK) and 120 
pharmacodynamics of artemisinin derivatives and partner drugs in ACTs are also important when interpreting TES 121 
data.  122 
Artemether-lumefantrine (AL) is the most widely used ACTs in sub-Saharan Africa (sSA), followed by artesunate-123 
amodiaquine (ASAQ) (6). A study that investigated clinical determinants of early parasitological response to ACTs 124 
in African patients found that risks of persistent parasitemia on the first and the second day were higher in patients 125 
treated with AL compared to those treated with dihydroartemisinin-piperaquine (DP) and ASAQ (7). However, on the 126 
third day, the difference was not apparent. Artesunate-mefloquine (ASMQ) has been extensively used in Asia and 127 
Latin America but not in sSA because of the availability of other more affordable ACTs (8), concerns for mefloquine 128 
resistance seen in Southeast Asia (SEA) (9), and side effects such as excessive vomiting in children (10). In addition, 129 
AL and ASAQ remain highly efficacious (6), and there has not been conclusive evidence or motivation for the need 130 
to introduce ASMQ (11). Nonetheless, the World Health Organization (WHO) has recommended ASMQ be 131 
reconsidered for the treatment of uncomplicated malaria in sSA (1).  132 
Even though ACTs remain highly efficacious in sSA (6), a recent study conducting genetic analysis to evaluate P 133 
falciparum parasite genomes across Africa identified recent signature of selection on chromosome 12 with candidate 134 
resistance loci against artemisinin derivatives evident in Ghana, and Malawi (12). This calls for continued surveillance 135 
on the efficacy of ACTs across Africa while refining approaches and tools used because of the heterogeneous nature 136 
of transmission across the continent. One such strategy that has been proposed is the use of multiple or alternating 137 
first-line ACTs in order to extend lifespan of these drugs (13). This will require availability and deployment of 138 
additional ACTs. To this end, we conducted a TES in western Kenya, a high transmission region where we compared 139 
efficacy of ASMQ and DP to AL, the first-line treatment for uncomplicated malaria in Kenya. Protein microarray with 140 
more than a thousand P falciparum antigens were used to identify malaria antigen-specific antibody responses that 141 
were significantly different between study participants with respect to ASMQ and AL treatment outcomes on days 28 142 
and 42. Machine learning and statistical modeling were used to assess the degree to which the humoral immunity to 143 
malaria could be used to make individualized predictions of treatment outcomes when ASMQ and AL are used.  144 
 145 
Materials and Methods 146 
Study design and participants 147 
This was a randomized, open-label, two-cohort trial, each with two arms conducted in western Kenya, a high 148 
transmission, holoendemic region. Cohort I study was conducted between June 2013 and November 2014, and 149 
assessed ASMQ and AL, while cohort II study was conducted between December 2014 and July 2015, and assessed 150 
DP and AL. Patients aged between 6 months and 65 years presenting with uncomplicated malaria at the local outpatient 151 
referral hospital were recruited into the study. Potential study participants were identified from malaria rapid 152 
diagnostic test (mRDT) positive patients. Screening procedures were undertaken only after obtaining informed 153 
consent/assent from the participants, parents or legally authorized representatives. In order to be considered for 154 
enrollment, the study participants had to demonstrate willingness and ability to comply with the study activities for 155 
the duration of the study, including willingness to become in-patient for the first three days following enrolment. 156 
Consort figure (Figure 1) provide additional details. Further, study details are described in the Supplementary material.  157 
 158 
Study procedures 159 
Enrolled participants were given one of the malaria treatments that were being investigated based on the randomization 160 
schemes: DP (Duo-cotecxin® - Holly Cotec Pharmaceuticals, Beijing, China), ASMQ (available as separate 161 
artesunate and mefloquine tablets obtained from the WHO, Geneva, Switzerland) or AL (Coartem® - Novartis Pharma 162 
Ag, Basel, Switzerland). DP and AL were administered orally at the standard dosage per the drug package insert 163 
according to the pre-defined weight bands for each of the drugs. ASMQ was administered orally in a staggered fashion:  164 
 165 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


 166 
 167 
 168 
 169 
 170 
 171 

 172 

 173 
 174 
 175 
 176 
 177 
 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
 186 
 187 
 188 
 189 
 190 
 191 
 192 
 193 
 194 
 195 
 196 
 197 
 198 
 199 
 200 
 201 
 202 
 203 
 204 
 205 
 206 
Figure 1. Consort Figure.  207 
 208 
Consort figure. Detail information on recruitment and execution of the study.  209 
 210 
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artesunate was administered on its own at hour 0, 24 and 48 at the standard dose of 4mg/kg; mefloquine was then 221 
administered at hour 72 (at 15mg/kg) and hour 96 (at 10 mg/kg), thus totaling to 25mg/kg.  222 
During the treatment phase of the studies, blood samples were collected at hours 0, 4, 8, 12, 18, 24, and thereafter, 6 223 
hourly until 2 consecutive negative smears for malaria were obtained. Upon completion of study treatment, 224 
participants were followed up weekly from day 7 through day 42. During these follow-up visits, blood samples were 225 
collected for malaria testing. Participants found to have malaria during the weekly follow-up visits were treated as per 226 
the National Guidelines for the Diagnosis, Treatment and Prevention of Malaria in Kenya. 227 
 228 
Study outcomes 229 
WHO definitions for treatment outcomes in malaria drug efficacy studies were used (1). The primary study endpoint 230 
was the time to parasitemia clearance from day 0 after treatment initiation. Parasite clearance rates were calculated 231 
using the Worldwide Antimalarial Resistance Network (WWARN), Parasite Clearance Estimator (PCE) tool located 232 
at http://www.wwarn.org/toolkit/data-management/parasite-clearance-estimator). Log transformed parasite density 233 
was plotted against time in hours to generate the slope half-life which is defined as the time needed for parasitemia to 234 
be reduced by half.  235 
 236 
Laboratory procedures 237 
Malaria microscopy was performed on thick and thin smears prepared using standardized procedures. Quantification 238 
was done based upon a complete blood count of a sample drawn on the same day as the smear. The complete blood 239 
counts were performed using validated Coulter AcT 5diff hematology analyzers (Beckman Coulter, Pasadena, CA). 240 
The findings of two (or three in case of discrepancies) independent expert microscopists were considered.  241 
In vitro drug sensitivity testing was conducted on day 0 pre-treatment samples as well as on samples collected from 242 
participants who had reappearance of parasites on follow-up visits utilizing the malaria SYBR Green technique as 243 
previously described (14). Details on how molecular tests were performed can be found in the Supplementary Material.  244 
 245 
Protein microarrays and Ab profiles 246 
A protein microarray containing a total of 1087 P falciparum antigens were produced by Antigen Discovery Inc. (ADI, 247 
Irvine, CA, USA) from the 3D7 proteome as previously described (15). A detailed description of production as well 248 
as execution of the experiments are provided in Supplementary material. Blood samples collected at enrollment before 249 
the initiation of treatment were used in microarray experiments. Due to resource limitations and personnel attrition 250 
that are not uncommon in resource-challenged study environments such as those of sSA (where the study was 251 
conducted), immunoprofiling was carried out for cohort I only (ASMQ and AL arms). Subsequent bioinformatics, 252 
data analysis and modeling were performed only for cohort I, which the challenges and shortcoming have been 253 
highlighted in the discussion.  254 
 255 
Bioinformatics, data analysis and modeling 256 
Detailed bioinformatics, data analysis and modeling methods can be found in the Supplementary material. Briefly, to 257 
identify antibody signal intensities that differed with respect to different treatment outcome, univariate analysis was 258 
conducted for each antibody signal in the immunoprofile. ASMQ and AL study arms were analyzed separately. Within 259 
each arm, participants were further classified as treatment success or treatment failure based on non-PCR-corrected 260 
Adequate Clinical and Parasitological Response (nPC-ACPR) on day 28 and day 42 per World Health Organization 261 
(WHO) definition and guidance for the treatment of malaria (1). Each antibody signal was compared between 262 
treatment success (nPC-ACPR = 1) and treatment failure (nPC-ACPR = 0). Random forest and logistic regression 263 
were applied to build machine learning models using all antibody signals to predict individual participants’ treatment 264 
outcome (nPC-ACPR). To evaluate the predictive accuracy of random forest models, cross-validation was utilized, 265 
where data samples were subsampled by up-sampling. This aggregation for training and prediction performance was 266 
evaluated on data samples that were not used in training. Models’ performance was expressed as both a percentage of 267 
correctly predicted outcomes with a Cohen’s kappa value, and as the area under the curve of the receiver operating 268 
characteristic (AUCROC). Cohen’s kappa statistic is a measure that can handle imbalanced class problems. A kappa 269 
value > 0.4 can indicate that the classifier is performing better than a classifier that guesses at random according to 270 
the frequency of each class. To assess the statistical significance of the models and check the overfitting that might 271 
occur in the machine learning process, AUCROC-based permutation tests were carried out. Relative importance scores 272 
of each antibody signal were calculated using random forest models. Principal component analysis (PCA) was applied 273 
to all the antibody signals with relative importance scores > 50. Antibody signal intensities of participants in the 274 
ASMQ arm were plotted using principal component (PC)1 and PC2. We constructed one-compartment PK models for 275 
artemether, artesunate, lumefantrine and mefloquine, respectively, using the linpk R package. The values of PK 276 
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parameters, including bioavailable fraction, central clearance, central volume, and first-order absorption rate, were 277 
obtained from a previous study (16). All statistical analyses were performed using the R stats package and STATA 278 
version 13 (StataCorp) while machine learning was carried out using the R caret package. 279 
 280 
Results 281 
ASMQ and DP outperforms AL in parasite clearance 282 
A total of 956 (586 in cohort I and 370 in cohort II) potential study participants were recruited, 236 were enrolled in 283 
the study, 118 in each cohort. Out of 236 study participants, 200 (84.7%) completed 42-day follow-up, 100 from each 284 
cohort. The consort figure provides a full breakdown of study participants recruitment and execution (Figure 1). There 285 
were no notable differences in the baseline characteristics of the enrolled participants (Supplementary Table 1).  286 
There were no cases of early treatment failure observed in both study cohorts (Supplementary Figure 1), and all study 287 
participants achieved 100% PCR-corrected ACPR (PC-ACPR) rates at day 28 and day 42 (Table 1). There were no 288 
significant differences in the parasite clearance half-lives between the study arms regardless of the treatment used 289 
(Table 2). The maximum parasite clearance slope half-lives observed for both cohorts were 4.2 (AL arm in cohort I) 290 
and 4.3 (AL arm in cohort II) hours (Table 2), which falls within the WHO recommended cut-off of five hours for 291 
suspected artemisinin resistance (1). However, PC50 and PC99 data which is defined as the time taken for the initial 292 
parasite density to fall by 50% or 99% clearly showed ASMQ and DP outperformed AL by clearing parasites much 293 
faster (Table 2). In cohort I, ASMQ cleared 99% of the parasites on average 5.3 hours fasters than AL, with maximum 294 
time of 25.6 hours compared to 33.0 hours in AL. In cohort II, DP cleared 99% of the parasite on average 3.0 hours 295 
faster than AL, with maximum time of 27.9 hours compared to 30.5 hours in AL. Further, participants who received 296 
ASMQ and DP achieved better nPC-ACPR at day 28 and day 42 compared to those who received AL (Table 1), with 297 
significant difference present in cohort I for ASMQ vs AL on day 28 (p = 0.042) but not on day 42 (p = 0.280), and 298 
in cohort II, significant difference was present for DP vs AL on day 28 (p = 0.001) and on day 42 (p = 0.008). 299 
 300 
Study participants experienced minimal adverse events 301 
Table 3 lists some of the adverse events that occurred. With exception of anemia, tinea capitis and respiratory tract 302 
infections, frequency of adverse events were extremely low, mild and self-limiting. Of note, we did not have a single 303 
participant vomit, show mental or neurological side-effects, including those in ASMQ arm.  304 
 305 
In vitro and molecular parasite analyses 306 
In vitro susceptibility testing to AL component drugs (artemether and lumefantrine) was successfully performed in 307 
some of the parasite isolates (Supplementary Figure 2). The parasite isolates IC50 values for both drugs remained 308 
unchanged and they were within range of previous published IC50 values of parasite isolates from this region (17). 309 
K13 mutations were present in some of the parasite isolates, with N632K being the most prevalent in cohort I and 310 
L663I in cohort II. However, none of the K13 mutations identified as markers of artemisinin resistance in SEA were 311 
present in these samples. Interestingly, the type, amount and proportion of K13 mutations were significantly different 312 
in samples from the two cohort studies, indicating that these mutations are transient and not related to ACT drug 313 
pressure. None of the K13 mutations were associated with increased parasite slope half-lives (Supplementary Figure 314 
3). 315 
 316 
We investigated the polymorphisms in pfcrt (K76) and pfmdr1 (N86, 184F and D1246), and pfmdr1 copy numbers 317 
which are associated with AL selection in sSA parasites (17). In cohort I study, 97% of the samples carried wildtype 318 
pfcrt K76 and pfmdr1 N86, 82% carried wildtype D1246, and 41% carried mutant pfmdr1 184F. In cohort II, 100% 319 
of the samples carried wildtype pfcrt K76, 99% carried wildtype pfmdr1 N86, 89% carried wildtype D1246, and 43% 320 
carried mutant pfmdr1 184F. These frequencies are similar to what has previously been reported for parasites from 321 
this region (17). None of these mutations or haplotypes were associated with increased parasite slope half-lives 322 
(Supplementary Figure 4). There was no difference in pfmdr1 copy number variation between the two cohort studies, 323 
with 90% and 92% of the parasites carrying a single copy of the gene in cohort I and II, respectively.  324 
 325 
Higher humoral immunity confers better nPC-ACPR outcome in ASMQ arm  326 
Once we had established that the variances in the response to drug treatment were not due to differences in parasite 327 
genetic diversity profiles, we sought to determine whether distinct immunoprofiles in participants treated with the 328 
different drug combinations impacted the clinical and parasitological outcome in cohort I. Serological 329 
immunoprofiling using Pf1000 protein microarrays was successfully performed for 91 (46 in ASMQ and 45 in AL) 330 
of the 104 participants who completed day 28 follow-up, and 87 (45 in ASMQ and 42 in AL) of 100 participants who 331 
completed day 42. We carried out univariate analyses to compare antibody signals to the 1087 antigens contained in  332 
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 333 
 334 
 335 
Table 1: Rates of adequate clinical and parasitological response (ACPR) with and without PCR corrections  336 
 337 
 338 
 339 

 

 

ASMQ 

 

 

AL 

 

Difference % 

(95% CI) 

 

DP 

 

 

AL 

 

Difference % 

(95% CI) 

Day 42 
 

n = 52 

 

n = 48 
 

 

n = 50 

 

n = 50 
 

PC-ACPR 52(100%) 48(100%)  50(100%) 50(100%)  

nPC-ACPR 30(57.7%) 21(43.8%) -13.9%(-33.4 to 5.5) 39(78.0%) 21(42.0%) -36%(-53.8 to -18.1) 

       

Day 28 n = 53 n = 51  n = 53 n = 51  

PC-ACPR 53(100%) 51(100%)  53(100%) 51(100%)  

nPC-ACPR 45(84.9%) 32(62.8%) -22.2%(-38.6 to -5.8) 50(96.2%) 36(70.6%) -25.6%(-39.1 to -12.0) 

 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
                Table 2: Parasite clearance rates 351 
 352 

Parameters ASMQ AL-I DP AL-II 

Total Analyzed for 

T1/2  
58 50 57 53 

Slope half-life 

Median(IQR) 
2.3(1.8-2.7) 2.5(2.2 – 3.0) 2.2(1.9-2.5) 2.3(2.0-2.9) 

Slope half-life  

Mean(range) 
2.2(0.98-3.6) 2.6(1.5-4.2) 2.2(1.2-3.6) 2.4(1.4-4.3) 

PC50  

Median(IQR) 
4.0(2.6 – 6.0) 7.4(4.8 – 9.6) 4.1(3.2 – 6.0) 6.7 (4.4 – 8.8) 

PC50 

Mean(range) 
4.2(0.28-11.1) 7.4(0.5-15.3) 4.6(0.27-11.3) 6.5(0.24-11.6) 

PC99  

Median(IQR) 
17.0(13.4 – 19.2) 21.5(18.3 – 24.8) 16.8(14.6 – 19.5) 20.1(17.5 – 22.1) 

PC99 

Mean(range) 
16.6(6.5-25.6) 21.9(10.0-33.0) 17.0(7.3-27.9) 20.0(9.1-30.5) 

 353 
 354 
 355 
Data shows parasite slope half-lives and parasite clearance rates for cohort I (ASMQ and AL-I) and cohort II (DP 356 
and AL-II) in hours.  357 
 358 
 359 
 360 
 361 
 362 
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 363 
                          Table 3: Adverse events  364 
 365 

  

ASMQ 

 

 

AL 

 

 

DP 

 

 

AL 

 

Number of patients 
 

n = 59 

 

n = 59 

 

n = 62 

 

n = 56 

Anemia 15(25.4%) 9(15.3%) 7(11.3%) 10(17.9%) 

Diarrhea 0 0 1(1.6%) 0 

Abdominal pain 1(1.7%) 0 1(1.6%) 0 

Gastroenteritis 1(1.7%) 0 2(3.2%) 0 

Tinea capitis 5(8.5%) 3(5.1%) 4(6.5%) 4(7.1%) 

Respiratory tract 

infection 
3(5.1%) 15(25.4%) 12(19.4%) 9(16.1%) 

Rash 2(3.4%) 1(1.7%) 0 3(5.4%) 

Dizziness 1(1.7%) 0 0 0 

Fatigue 0 1(1.7%) 0 0 

Headache 1(1.7%) 1(1.7%) 5(8.1%) 1(1.8%) 

Fever 0 0 1(1.6%) 0 

Nausea 1(1.7%) 0 0 0 

 366 
 367 
Some of the adverse events that occurred in study participants. None of the study participant vomited, all adverse 368 
events were mild, at low frequency and resolve spontaneously.  369 
 370 
 371 
 372 
 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


the microarrays between participants who achieved nPC-ACPR vs those who did not in ASMQ and AL arms, on day 391 
28 and day 42. Significant nPC-ACPR associated differences were present in the ASMQ arm (Figure 2A and B), but 392 
not in the AL arm (Figure 2C and D). In the ASMQ arm, antibody responses to 277 antigens with P < 0.05 and adjusted 393 
P < 0.1 (Figure 2A) were significantly different between participants that showed nPC-ACPR on day 28 compared to 394 
those who did not. On day 42, significant differences were observed for antibody responses to 10 antigens with P < 395 
0.05 and adjusted P < 0.1 (Figure 2B). The right-skewed pattern in the volcano plots (Figure 2A and B) indicates that 396 
participants maintaining nPC-ACPR in the ASMQ arm had higher humoral immunity to P falciparum antigens 397 
compared those who did not. The specific antigens that correspond to these antibody responses are listed in 398 
Supplementary Table 2, ranked by corresponding Benjamini-Hochberg adjusted P values. When we investigated the 399 
stages of the P falciparum lifecycle for the 277 antigens associated with ASMQ treatment outcome, we found they 400 
were overrepresented in sporozoites and trophozoites stages (Supplementary Table 3).  401 
 402 
To determine whether distinct immunoprofiles are associated with parasitological outcome, all microarray and clinical 403 
data were integrated and a PCA performed. In the ASMQ arm, participants clustered separately based on their 404 
treatment outcome, showing clear systematic differences in immune responses (Figure 3A and 3B). However, there 405 
was no separation in the AL arm (Figure 3C and 3D).  406 
 407 
Antibody responses associated with nPC-ACPR are age dependent  408 
To investigate the magnitude of immune responses with age, we compared antibody signal intensities of the study 409 
participants in different age groups in the ASMQ arm. Overall, signal intensities of younger participants were lower 410 
than those of older participants. Normalizing the mean signal intensities to P falciparum proteins from participants at 411 
varying ages against the mean intensities for the oldest subject group revealed that the magnitude of antibody responses 412 
to these antigens increased with age (Figure 4). Among antibody responses associated with nPC-ACPR on day 28, 413 
children (participants < 12 years) showed approximately half the magnitude of antibody responses as older participants  414 
(≥ 12 years), as indicated by the slope. This effect was more pronounced in antibody responses associated with nPC-415 
ACPR on day 42, where children showed approximately a third of the magnitude of responses as older participants. 416 
These findings suggest that antibody responses associated with nPC-ACPR are acquired over time through repeated 417 
exposures as children age into adults, thus corroborating previous studies (4, 18, 19).  418 
 419 
Machine learning can predict treatment outcome for ASMQ using humoral immunity data  420 
Machine learning methods were used to assess the degree to which humoral immunity to malaria could be used to 421 
make individualized predictions of treatment outcome. Data presented here was generated using random forest model 422 
but was confirmed by running logistic regression models that provided similar findings. For the ASMQ arm, 100 423 
random forest models were built for predicting treatment outcomes using antibody signals that were significantly 424 
different between participants that showed nPC-ACPR compared to those who did not. Models built for predicting 425 
treatment outcomes on day 28 achieved 85% accuracy (Kappa: 0.40) with an average AUCROC of 0.85 (Figure 5), 426 
and on day 42, the accuracy was 72% (Kappa: 0.43) with an average AUCROC of 0.83 (Figure 5). Models built on 427 
top two antibody signals (rifin [PF3D7_0900200_e2s1_19] and GTP binding protein [PF3D7_1411600_383]) 428 
achieved 92% accuracy for both day 28 and 42 (Supplementary Figure 5). Randomly shuffled nPC-ACPR outcomes 429 
across participants to remove any possible link between humoral immunity and outcome were used as negative control 430 
for the machine-learning analysis to test for overfitting. The average AUCROC for using the randomly shuffled data 431 
for day 28 and 42 in ASMQ arm were 0.54 and 0.53 (Figure 5C and D), indicating that the day 28 and day 42 ASMQ 432 
models were not over-fitted. In the AL arm, machine learning models could not predict nPC-ACPR outcome on day  433 
28 or day 42, achieving accuracies of 53% (Kappa: 0.02) and 61% (Kappa: 0.05), respectively, with an average 434 
AUCROC of 0.51, indicating an accuracy no better than random chance (Figure 6).  435 
 436 
Simulation of ASMQ and AL PK profiles  437 
To explore how humoral immunity and treatment interact, we simulated PK profile of ASMQ and AL out to day 28 438 
and day 42. The PK profiles of both regimens show that the concentration of artemisinin derivative drugs clears within 439 
6 days post-treatment. In the AL regimen, lumefantrine is cleared by day 11 post-treatment, therefore is unlikely to 440 
have a major impact on day 28 and day 42 outcomes (Figure 7A and Supplementary Figure 6). By comparison, in the 441 
ASMQ regimen, mefloquine has a much longer apparent half-life, with concentrations relative to peak concentration 442 
of 30.9% at day 28, and 3.3% at day 42 (Figure 7A), representing 3- and 30-fold reductions from the peak 443 
concentrations. 444 
 445 
 446 
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 447 

 448 
 449 
 450 
 451 
Figure 2. nPC-ACPR-associated differences in subjects’ humoral immunity to malaria in the ASMQ and AL arms. 452 
Univariate analyses were applied to identify differences in subjects’ humoral immunity associated with ASMQ 453 
outcomes on day 28 (A) and day 42 (B), and with AL outcomes on day 28 (C) and day 42 (D), respectively. Volcano 454 
plots were used to present analysis results. The x-axis is log2 ratio of malaria antigen-specific antibody signals of 455 
subjects presenting nPC-ACPR to those of subjects not presenting nPC-ACPR. The y-axis is P values based on –456 
log10. The green dots represent the antibody responses with P < 0.05 and Benjamini-Hochberg adjusted P < 0.1. 457 
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 470 
 471 
 472 
Figure 3. Principal Component Analysis (PCA) plots of treatment outcome-specific differences. (A) and (B). PCA 473 
used antibody signals with adjusted P < 0.1 to visualize treatment outcome-specific differences in the ASMQ arm, 474 
which were identified by univariate analyses applied to identify differences in subjects’ humoral immunity associated 475 
with ASMQ outcomes on day 28 and day 42, respectively. (C) and (D). PCA used the same antibody signals as (A) 476 
and (B) to visualize treatment outcome-specific differences in the AL arm. 477 
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 495 
 496 
Figure 4. Comparison of malaria antigen-specific antibody responses of subjects in different age groups. The mean 497 
antigen-specific antibody signal intensities to P falciparum proteins (identified through univariate analyses) from 498 
subjects in varying ages (y-axis) were plotted against the mean intensities for the oldest subject group (x-axis). (A) 499 
Scatterplot of mean antibody signal intensities of 277 P falciparum proteins associated with ASMQ outcomes on day 500 
28.  501 
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 536 
 537 
 538 
Figure 5. Performance evaluation of random forest models predicting ASMQ outcomes on day 28 and day 42. (A) and 539 
(B). Prediction accuracy, kappa, and confusion matrices. The rows of confusion matrices represent the predicted 540 
treatment outcomes, whereas the columns indicate the actual treatment outcomes. (C) and (D). Comparison of 541 
AUCROC values from 100 repetitions of 100 times repeated 5-fold cross-validation using actual (blue) versus 542 
permutated (yellow) nPC-ACPR labels. Dashed line represented the mean AUCROC values. Significance is 543 
determined using Mann-Whitney-Wilcoxon test. 544 
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 562 
Figure 6. Performance evaluation of random forest models predicting AL outcomes on day 28 and day 42. (A) and 563 
(B). Prediction accuracy, kappa, and confusion matrices. The rows of confusion matrices represent the predicted 564 
treatment outcomes, whereas the columns indicate the actual treatment outcomes. (C) and (D). Comparison of 565 
AUCROC values from 100 repetitions of 100 times repeated 5-fold cross-validation using actual (blue) versus 566 
permutated (yellow) nPC-ACPR labels. Dashed line represented the mean AUCROC values. Significance is 567 
determined using Mann-Whitney-Wilcoxon test. 568 
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 587 
 588 
 589 
 590 
 591 
Figure 7. PK profile of ASMQ and estimation of MIC of mefloquine. A) Simulated PK profile of ASMQ for artesunate 592 
(blue) and mefloquine (green). Estimated peak concentration, and average concentration between day 7 and day 28, 593 
and day 28 and day 42 are shown for mefloquine are labelled. B) Estimated disease-free probability for all ASMQ 594 
subjects classified as ‘susceptible’, ‘intermediate’, and ‘immune’ based on humoral immunity using the day 28 and 595 
day 42 predictive models. C) Relationship between humoral immunity and MIC of mefloquine based on ACPR 596 
outcome, univariate analysis, and simulated PK profiles.    597 
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 598 
These results led us to formulate the hypothesis that humoral immunity augments the efficacy of mefloquine when it 599 
is at sub-therapeutic concentrations. The minimum inhibitory concentration (MIC) of the drug required to be effective 600 
is likely to vary between individuals. Given that all participants showed nPC-ACPR at day 7, for participants that 601 
showed nPC-ACPR failure by day 28, the drug concentration necessarily fell below individual’s MIC between day 7 602 
and day 28. Based on our simulated PK profiles, the average mefloquine concentration during that time span was 2.35 603 
mg/l. Likewise, for participants that showed nPC-ACPR at day 28, but nPC-ACPR failure by day 42, the mefloquine 604 
concentration fell below their MIC within the time span of day 28 and day 42, during which an average concentration 605 
was estimated to be 0.25 mg/l. Therefore, based on our estimates, ‘vulnerable’ participants who had nPC-ACPR failure 606 
by day 28 have an average MIC > 2.35 mg/l, while immune participants who show nPC-ACPR even out to day 42 607 
have an average MIC of < 0.25 mg/l (Figure 7A). In addition, Cox regression analysis shows that there is a strong 608 
association (P < 0.01) between the time to malaria re-infection and classes of participants identified by machine 609 
learning models (Figure 7B).  610 
 611 
Discussion 612 
Our study provides crucial findings on the efficacy of ACTs in treatment of uncomplicated P falciparum in high 613 
transmission settings. To the best of our knowledge, this is the first study to demonstrate divergent impact of 614 
serological immune profiles on treatment outcomes based on ACT treatment. Using machine learning, we identified 615 
P falciparum antigens that are highly predictive of successful ASMQ treatment outcome. Our modeling data suggest 616 
that at sub-therapeutic concentrations, mefloquine act synergistically with malaria-specific antibody responses to 617 
provide extended protection against clinical and parasitological failure. In sSA, there is a need to deploy additional 618 
ACTs or new class of antimalarial drugs to avoid development of resistance to the current first-line treatments. By 619 
identifying specific antigens associated with, and predictive of treatment outcome for specific antimalarial drugs, our 620 
data support the notion of smart deployment of new ACTs and other antimalarial drugs, where decisions are informed 621 
by individual and population immune profiles, and strategically considered for each region or a country.  622 
 623 
This study was conducted in Kombewa district hospital under stringent, supervised conditions. Treatments were 624 
administered precisely in terms of dosage, timing and meal requirements in an in-patient hospital setting. The high 625 
efficacy of all the ACTs tested in this study can be attributed to high transmission rates resulting in high immune 626 
status, and in part to the rigor with which the study was conducted. This is especially true for ASMQ which was 627 
dispensed as a loose, non-fixed dose combination, which has been shown to elevate risk of poor treatment outcome 628 
(20). We showed ASMQ and DP outperformed AL on day 28, which became much more apparent on day 42, 629 
corroborating earlier studies (7, 11). This has previously been attributed to the long half-lives of mefloquine and 630 
piperaquine, which are thought to provide 4-6 weeks prophylaxis after treatment compared to 3-4 days for 631 
lumefantrine (21). Using PK modeling, we estimated mefloquine concentrations to be at 30% of peak concentration 632 
on day 28, while lumefantrine was completely cleared by 14 days, confirming the persistence of mefloquine, and its 633 
role in the apparent post-treatment prophylaxis observed in the ASMQ cohort. With changing and highly 634 
heterogeneous transmission in sSA, this study highlights the importance of considering transmission intensity when 635 
evaluating therapeutic efficacy of current, or new antimalarial drugs including combination therapies.  636 
 637 
Host immunity has previously been shown to be an important determinant of treatment outcome in P falciparum 638 
malaria infections (2), with the magnitude of immunological response increasing with age (4). In this study, we have 639 
shown the interaction between humoral immunity and residual mefloquine concentration is important in providing 640 
protection and predicting treatment outcome. This is supported by the following observations: First, if humoral 641 
immunity alone was sufficient for nPC-ACPR out to day 28 and day 42, then immunity would have predicted 642 
protection in AL arm as well; second, if residual mefloquine concentration alone was sufficient to determine nPC-643 
ACPR outcome, then humoral immunity wouldn’t have predicted outcome in ASMQ; and third, immunity is likely 644 
the only explanation for differences in nPC-ACPR based on age, as age-specific differences in PK profiles of AL and 645 
ASMQ have not been reported. Machine learning identified three classes of patients (vulnerable, susceptible, and 646 
immune) in the ASMQ arm based on immune data (Figure 7B). Our findings suggest that general humoral immunity 647 
to a wide range of malaria antigens is sufficient to provide protection in the presence of residual mefloquine 648 
concentrations out to day 28, while specific immunity to a handful of select antigens is necessary to provide protection 649 
in very low residual mefloquine concentrations out to day 42. Using PK modeling to estimate MICs, we found that 650 
this specific immunity results in a dramatic 10-fold reduction in mefloquine MICs. Given the highly variable nature 651 
of host immunity and its close link to transmission intensity, this study highlights the importance of considering host 652 
immunity and transmission intensity when evaluating the efficacy of new or existing antimalarial drugs.  653 
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 654 
P falciparum protein microarray have been used to investigate antibody responses predictive of protection from 655 
symptomatic malaria in high (22) and seasonal transmission (15) settings. These studies had few common antibodies 656 
that were identified as predictive of protection, some of which were similar to those present in our study 657 
(Supplementary Table 2). Notably, antigens considered as vaccine candidates provided conflicting results in these 658 
studies, where they were predicted as protective in one study (22) but not in the other (15). In our study, none of the 659 
vaccine candidate antigens were predicted to influence treatment outcome. Unlike the previous studies, we 660 
computationally integrated antibody profiles with clinical and parasitological outcome, and used machine learning to 661 
identify antigens associated with treatment outcomes at different time points.  662 
 663 
Reports of mefloquine side-effects including early vomiting, mental and neurological concerns might be contributing 664 
to the poor scale-up of ASMQ in Africa (10, 11, 23). However, studies that have reported ASMQ as fixed- or non-665 
fixed-dose combination have shown it is effective and well-tolerated, with minor advance events that seem to vary 666 
widely between studies (11, 23). Additionally, reports of elevated mefloquine side effects out of Africa (Nigeria and 667 
Malawi) are from monotherapy studies (24, 25), which have not been replicated elsewhere on the continent. It seems 668 
dosing and timing of when mefloquine is administered as a combination therapy is critical, which impacts drug 669 
efficacy, and the side effects experienced by the patient. Early vomiting is related to age, disease severity and a history 670 
of vomiting in the previous 24 hours, which is likely to be influenced by the immune status of the patient. Kuile et al., 671 
showed that in children ≤ 2 years, vomiting was reduced by 40% when mefloquine dose of 25 mg/kg was split over 672 
two days, and by 50% when given on the second day (10). By administering artesunate first, and then mefloquine 24 673 
hours later, this reduced vomiting because the patients had recovered clinically and were more likely to tolerate 674 
mefloquine. Further, delaying the dose of mefloquine for 24 hours after artesunate administration increases mefloquine 675 
oral bioavailability substantially probably due to rapid clinical improvement (26).  676 
 677 
In our study, we administered three doses of artesunate in the first 48 hours, and then mefloquine at hours 72 and 96, 678 
at 15 mg/kg and 10 mg/kg, respectively. This dosing scheme eliminated vomiting in the ASMQ arm and dramatically 679 
reduced reported side-effects. As a fixed-dose or non-fixed-dose combination therapy, ASMQ is given over a three-680 
day period once or twice daily (23, 27-29). Given the importance of dispensing medication as fixed-dose for improved 681 
compliance, we propose creation of a fixed-dose ASMQ combination that delivers mefloquine after the first 24 or 48 682 
hours (preferably) to allow ample time for clinical recovery of the patient, which is likely to improve treatment 683 
outcome. Further, since malaria symptoms and mefloquine side effects are difficult to distinguish, studies that 684 
investigate the short and long-term side effects in healthy immune and non-immune African populations (children and 685 
adults), as therapeutic or prophylaxis are warranted. 686 
 687 
This study had several limitations. Firstly, we did not perform microarray analysis of samples from cohort II study, 688 
and neither did we perform PK simulation using individual data from our study participants. This was mainly due to 689 
time and funding shortfalls. In the future, it will be important to repeat these analyses using other ACTs especially DP 690 
due to its high efficacy and the long prophylactic life-span of piperaquine. However, we are confident in the results 691 
of the PK analysis because data used was from a study conducted in western Kenya, the same patient population as 692 
those in our study.  693 
 694 
In conclusion, we have demonstrated that data integration, machine learning, and modeling provide a comprehensive 695 
approach capturing the underlying complexity of malaria control in sSA. Further, we have shown ASMQ is a highly 696 
effective drug in this setting, with treatment outcome dependent on patient immune status. By changing the dosing 697 
schedule, we have shown side effects associated with ASMQ can be drastically reduced. Genetic analysis revealed 698 
parasite population in this location remain highly susceptible to ACTs, and there are no genetic signatures associated 699 
with mefloquine resistance, making ASMQ an appropriate choice of possible first-line treatment in western Kenya, a 700 
region which account for most malaria transmission in the country.  701 
 702 
Acknowledgments 703 
We thank Dr Veronica Manduku, KEMRI Center for Clinical Research; LTC Claire A Cornelius, Dr Douglas Shaffer, 704 
Directors, USAMRD-A/K, and Dr. Steve Munga, KEMRI Center for Global Health Research, for supporting this 705 
study and giving their permission to publish these data. We also thank all clinical staff at Kombewa District Hospital 706 
for their assistance. But most importantly, we would like to pour our heartfelt gratitude to the study participants whom 707 
sacrifice a lot to participate in our studies for the betterment of the community, thank you!  708 
 709 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


Disclaimer 710 
The opinions or assertions contained herein are the private views of the author, and are not to be construed as official, 711 
or as reflecting true views of the Department of the Army, the U.S. Department of Defense, or The Henry M. Jackson 712 
Foundation for Advancement of Military Medicine, Inc (HJF). The investigators have adhered to the policies for 713 
protection of human subjects as prescribed in AR 70–25. Material has been reviewed and approved for public release 714 
with unlimited distribution by the Walter Reed Army Institute of Research and HJF. 715 
Financial support: Funding for this study was provided by the Armed Forces Health Surveillance Branch (AFHSB) 716 
and its Global Emerging Infections Surveillance (GEIS) Section, Grant P0126_13_KY. The study sponsor had no role 717 
in study design; in the collection, analysis, and interpretation of data; in the writing of the report; and in the decision 718 
to submit the paper for publication.  719 
 720 
Competing interests 721 
Authors declares there are no competing interests.  722 
 723 
References 724 

1. Organization WH. Guidelines for the treatment of malaria. Geneva: World Health Organization 2015. 725 
2. Rogerson SJ, Wijesinghe RS, Meshnick SR. Host immunity as a determinant of treatment outcome in 726 
Plasmodium falciparum malaria. Lancet Infect Dis. 2010;10(1):51-9. 727 
3. Snow RW, Marsh K. New insights into the epidemiology of malaria relevant for disease control. Br Med 728 
Bull. 1998;54(2):293-309. 729 
4. Marsh K, Kinyanjui S. Immune effector mechanisms in malaria. Parasite Immunol. 2006;28(1-2):51-60. 730 
5. Fowkes FJ, Boeuf P, Beeson JG. Immunity to malaria in an era of declining malaria transmission. 731 
Parasitology. 2016;143(2):139-53. 732 
6. Orgnization WH. World Malaria Report 2018. Geneva: World Health Organization 2018. 733 
7. Das D, Price RN, Bethell D, Guerin PJ, Stepniewska K. Early parasitological response following 734 
artemisinin-containing regimens: a critical review of the literature. Malar J. 2013;12:125. 735 
8. Wells S, Diap G, Kiechel JR. The story of artesunate-mefloquine (ASMQ), innovative partnerships in drug 736 
development: case study. Malar J. 2013;12:68. 737 
9. Fontanet AL, Johnston DB, Walker AM, Rooney W, Thimasarn K, Sturchler D, et al. High prevalence of 738 
mefloquine-resistant falciparum malaria in eastern Thailand. Bull World Health Organ. 1993;71(3-4):377-83. 739 
10. ter Kuile FO, Nosten F, Luxemburger C, Kyle D, Teja-Isavatharm P, Phaipun L, et al. Mefloquine 740 
treatment of acute falciparum malaria: a prospective study of non-serious adverse effects in 3673 patients. Bull 741 
World Health Organ. 1995;73(5):631-42. 742 
11. Whegang Youdom S, Tahar R, Basco LK. Comparison of anti-malarial drugs efficacy in the treatment of 743 
uncomplicated malaria in African children and adults using network meta-analysis. Malar J. 2017;16(1):311. 744 
12. Amambua-Ngwa A, Amenga-Etego L, Kamau E, Amato R, Ghansah A, Golassa L, et al. Major 745 
subpopulations of Plasmodium falciparum in sub-Saharan Africa. Science. 2019;365(6455):813-6. 746 
13. Hastings I. How artemisinin-containing combination therapies slow the spread of antimalarial drug 747 
resistance. Trends Parasitol. 2011;27(2):67-72. 748 
14. Akala HM, Eyase FL, Cheruiyot AC, Omondi AA, Ogutu BR, Waters NC, et al. Antimalarial drug 749 
sensitivity profile of western Kenya Plasmodium falciparum field isolates determined by a SYBR Green I in vitro 750 
assay and molecular analysis. Am J Trop Med Hyg. 2011;85(1):34-41. 751 
15. Crompton PD, Kayala MA, Traore B, Kayentao K, Ongoiba A, Weiss GE, et al. A prospective analysis of 752 
the Ab response to Plasmodium falciparum before and after a malaria season by protein microarray. Proc Natl Acad 753 
Sci U S A. 2010;107(15):6958-63. 754 
16. Guidi M, Mercier T, Aouri M, Decosterd LA, Csajka C, Ogutu B, et al. Population pharmacokinetics and 755 
pharmacodynamics of the artesunate-mefloquine fixed dose combination for the treatment of uncomplicated 756 
falciparum malaria in African children. Malar J. 2019;18(1):139. 757 
17. Achieng AO, Muiruri P, Ingasia LA, Opot BH, Juma DW, Yeda R, et al. Temporal trends in prevalence of 758 
Plasmodium falciparum molecular markers selected for by artemether-lumefantrine treatment in pre-ACT and post-759 
ACT parasites in western Kenya. International journal for parasitology Drugs and drug resistance. 2015;5(3):92-9. 760 
18. Doolan DL, Dobano C, Baird JK. Acquired immunity to malaria. Clin Microbiol Rev. 2009;22(1):13-36, 761 
Table of Contents. 762 
19. O'Flaherty K, Maguire J, Simpson JA, Fowkes FJI. Immunity as a predictor of anti-malarial treatment 763 
failure: a systematic review. Malar J. 2017;16(1):158. 764 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


20. Group WAbCTABS, Dahal P, d'Alessandro U, Dorsey G, Guerin PJ, Nsanzabana C, et al. Clinical 765 
determinants of early parasitological response to ACTs in African patients with uncomplicated falciparum malaria: a 766 
literature review and meta-analysis of individual patient data. BMC Med. 2015;13:212. 767 
21. Djimde A, Lefevre G. Understanding the pharmacokinetics of Coartem. Malar J. 2009;8 Suppl 1:S4. 768 
22. Dent AE, Nakajima R, Liang L, Baum E, Moormann AM, Sumba PO, et al. Plasmodium falciparum 769 
Protein Microarray Antibody Profiles Correlate With Protection From Symptomatic Malaria in Kenya. J Infect Dis. 770 
2015;212(9):1429-38. 771 
23. Sirima SB, Ogutu B, Lusingu JPA, Mtoro A, Mrango Z, Ouedraogo A, et al. Comparison of artesunate-772 
mefloquine and artemether-lumefantrine fixed-dose combinations for treatment of uncomplicated Plasmodium 773 
falciparum malaria in children younger than 5 years in sub-Saharan Africa: a randomised, multicentre, phase 4 trial. 774 
Lancet Infect Dis. 2016;16(10):1123-33. 775 
24. Slutsker LM, Khoromana CO, Payne D, Allen CR, Wirima JJ, Heymann DL, et al. Mefloquine therapy for 776 
Plasmodium falciparum malaria in children under 5 years of age in Malawi: in vivo/in vitro efficacy and correlation 777 
of drug concentration with parasitological outcome. Bull World Health Organ. 1990;68(1):53-9. 778 
25. Sowunmi A, Salako LA, Oduola AM, Walker O, Akindele JA, Ogundahunsi OA. Neuropsychiatric side 779 
effects of mefloquine in Africans. Trans R Soc Trop Med Hyg. 1993;87(4):462-3. 780 
26. Hellgren U, Berggren-Palme I, Bergqvist Y, Jerling M. Enantioselective pharmacokinetics of mefloquine 781 
during long-term intake of the prophylactic dose. Br J Clin Pharmacol. 1997;44(2):119-24. 782 
27. Agomo PU, Meremikwu MM, Watila IM, Omalu IJ, Odey FA, Oguche S, et al. Efficacy, safety and 783 
tolerability of artesunate-mefloquine in the treatment of uncomplicated Plasmodium falciparum malaria in four 784 
geographic zones of Nigeria. Malar J. 2008;7:172. 785 
28. Faye B, Ndiaye JL, Tine R, Sylla K, Gueye A, Lo AC, et al. A randomized trial of artesunate mefloquine 786 
versus artemether lumefantrine for the treatment of uncomplicated Plasmodium falciparum malaria in Senegalese 787 
children. Am J Trop Med Hyg. 2010;82(1):140-4. 788 
29. Sagara I, Diallo A, Kone M, Coulibaly M, Diawara SI, Guindo O, et al. A randomized trial of artesunate-789 
mefloquine versus artemether-lumefantrine for treatment of uncomplicated Plasmodium falciparum malaria in Mali. 790 
Am J Trop Med Hyg. 2008;79(5):655-61. 791 
 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


Supplementary Data  815 
 816 
 817 
 818 
Methods 819 
 820 
Study design and participants 821 
The study was conducted in Kombewa, a high transmission, holoendemic region located in western Kenya where 822 
malaria transmission occurs throughout the year with two seasonal peaks around April to August and October to 823 
December coinciding with long and short rainy seasons, respectively. This study was a randomized, open-label two-824 
cohort trial, each with two arms designed to capture the different transmission seasons. The cohort I study was 825 
conducted between June 2013 and November 2014, assessing AL and ASMQ, and the cohort II was conducted 826 
between December 2014 and July 2015, assessing AL and DP. Patients aged between 6 months and 65 years inclusive 827 
presenting with uncomplicated malaria at the outpatient clinic at the local referral hospital located in Kombewa were 828 
recruited into the study. Potential study participants were identified from malaria rapid diagnostic test positive patients. 829 
Screening procedures were undertaken only after obtaining informed consent/assent from the participants, parents or 830 
legally authorized representative. The study participants had to provide willingness and ability to comply with the 831 
study protocol for the duration of the study including willingness to remain in hospital for three days. Screening 832 
procedures included obtaining a blood sample for malaria parasite molecular identification, genetic analysis, 833 
quantification by microscopy and complete blood count. Participants who were enrolled were admitted at the local 834 
referral hospital for approximately three days for treatment administration and intensive blood sample collection. 835 
 836 
Sample size determination 837 
The primary objective for both cohorts was to determine parasitological clearance rates by microscopy within the first 838 
72-hour period after first ACT dose in patients with uncomplicated Pf malaria. At least 59 participants per arm 839 
(considering 20% loss to follow-up) had to be recruited into each arm. This sample size would give a power of 34.6% 840 
to detect a difference in the parasite clearance half-life (ΔK) of 0.01 between the study arms using a pairwise t-test. A 841 
precision of 20% (ΔK=0.02) would result in the following differences in parasite clearance time:  842 
K=0.1: half-life=3.01 hours, 90% clearance time =10.0 hours 843 
K=0.1+20%: half-life=2.51 hours, 90% clearance time= 8.33 hours 844 
 845 
Study procedures 846 
Enrolled participants were given one of the treatments for malaria that were investigated in the studies as per the 847 
randomization schemes: AL (Coartem® - Novartis Pharma Ag), ASMQ (available as separate artesunate and 848 
mefloquine tablets obtained from the World Health Organization) or DP (Duo-cotecxin® - Holly Cotec 849 
Pharmaceuticals). AL and DP were administered orally at the standard dosage as per the drug package insert according 850 
to the pre-defined weight bands for each of the drugs. ASMQ was administered orally in a staggered fashion: 851 
artesunate was administered on its own at hour 0, 24 and 48 at the standard dose of 4mg/kg; mefloquine was then 852 
administered at hour 72 (at 15mg/kg) and hour 96 (at 10 mg/kg), thus totaling to 25mg/kg. Treatment was repeated 853 
for participants who vomited within 30 minutes of administration. If they vomited a second time, they were withdrawn 854 
from the study and offered parenteral treatment as per the National Guidelines for the Diagnosis, Treatment and 855 
Prevention of Malaria in Kenya (1).  856 
During the treatment phase of the studies, blood samples for various tests (including microscopy, molecular and 857 
genetic testing, hematology and pharmacokinetic assays) were collected at hours 0, 4, 8, 12, 18, 24, and thereafter, 6 858 
hourly until 2 consecutive negative smears for malaria were obtained. Upon completion of study treatment, 859 
participants were followed up weekly from day 7 through day 42. During these follow up visits, blood samples were 860 
collected for testing as indicated above. Participants found to have malaria during the weekly follow-up visits were 861 
treated as per the National Guidelines for the Diagnosis, Treatment and Prevention of Malaria in Kenya (1). 862 
 863 
Study outcomes 864 
The World Health Organization (WHO) definitions for treatment outcomes in malaria drug efficacy studies were used 865 
(2). The primary study endpoint was the time to parasitemia clearance from day 0 after treatment initiation. Parasite 866 
clearance rates were calculated using the Worldwide Antimalarial Resistance Network (WWARN) tool for Parasite 867 
Clearance Estimator (PCE; located at http://www.wwarn.org/toolkit/data-management/parasite-clearance-estimator). 868 
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Log transformed parasite density was plotted against time in hours to generate the slope half-life which is defined as 869 
the time needed for parasitemia to be reduced by half.  870 
 871 
Laboratory procedures 872 
Microscopy: Malaria microscopy was done on one thick and one thin blood smear prepared from each sample collected 873 
using WHO standardized procedures (2). Parasitological assessments of thick and thin blood films were performed 874 
independently by two expert microscopists. Quantification was done based upon a complete blood count of a sample 875 
drawn on the same day as the smear. The complete blood counts were performed using validated Coulter AcT 5diff 876 
hematology analyzers (Beckman Coulter). The findings of 2 (or 3 in case of discrepancies) independent expert 877 
microscopists were considered.  878 
 879 
In vitro analysis: In vitro drug sensitivity testing was conducted on all day 0 pre-treatment samples as well as on 880 
samples collected from participants who had reappearance of parasites on follow-up visits using the malaria SYBR 881 
Green technique as previously described (3, 4).  882 
 883 
Molecular detection assays: Detection of Plasmodium was performed by real-time qPCR as previously described 884 
using QuantiFast PCR Master Mix (5). Mutations in the Kelch 13 (K13)-propeller domain were analyzed by 885 
sequencing as previously described (6). Single Nucleotide Polymorphisms (SNPs) associated with drug resistance 886 
including Plasmodium falciparum (Pf) chloroquine resistance gene (pfcrt 76) and Pf multidrug resistance gene 887 
(pfmdr1; 86, 184, and 1246), were screened using PCR-based single base extension on Sequenom MassARRAY 888 
system (Agena Bioscience, San Diego, CA, USA) as previously described (7). Data analysis was performed using 889 
CLC Main workbench 7 with reference to the PF3D7_1343700 control sequence retrieved from PlasmoDB 890 
(www.plasmodb.org). 891 
 892 
Recrudescence and re-infection assays: To distinguish between recrudescence and re-infection if treatment failure 893 
occurs, Pf obtained from blood samples collected during follow-up visits were compared to those taken at baseline 894 
using polymorphisms within three genes:  merozoite surface protein-1 (MSP1), merozoite surface protein-2 (MSP2), 895 
and glutamate-rich protein (GLURP).  MSP1 was typed in a nested PCR reaction for allelic typing for MAD20, for 896 
K1 and for R033 family alleles (8).  MSP2 allelic type was determined using a nested PCR assay targeting the FC27 897 
and 3D7 alleles (9).  Genotyping using the GLURP gene was done using hemi-nested PCR using as previously 898 
described (9). An outcome was defined as recrudescence if a subsequent sample contained identical alleles or a subset 899 
of the alleles present in the first sample. An outcome was defined as re-infection if a subsequent sample contained 900 
only new alleles. If a subsequent sample contained alleles present in the first sample and new alleles, the outcome 901 
initially was considered indeterminate. 902 
 903 
Protein microarrays and Ab profiles 904 
A protein microarray containing a total of 1087 Pf antigens were developed by Antigen Discovery Inc. (ADI, Irvine, 905 
CA, USA) from the 3D7 proteome as previously described (10). Briefly, proteins were expressed from a clone library 906 
generated at ADI in an E. coli cell-free in vitro transcription and translation (“IVTT”) system (Rapid Translation 907 
System, 5 Prime, Gaithersburg, MD, USA). Proteins were spotted on nitrocellulose-coated glass AVID microarray 908 
slides (Grace Bio-Labs, Inc., Bend, OR, USA) using an Omni Grid Accent robotic microarray printer (Digilabs, Inc., 909 
Marlborough, MA, USA). Microarrays were packed in padded slide boxes protected from light and shipped to 910 
USAMRD-A in Kisumu, western Kenya where the assay was performed as follows. The microarrays were blocked 911 
using 200 µl Blocking buffer (Whatman Inc, Sanford, ME) per well for 30-60 minutes on a slow platform rocker. 912 
Serum samples were diluted 1:100 in protein array blocking buffer and pre-absorbed in 10% DH5α E. coli lysate to 913 
block anti-E. coli antibodies that could bind to IVTT components on the spots and mask protein-specific responses. 914 
The slides were incubated over-night at 4°C with gentle agitation. Slides were washed using wash buffer and then 915 
incubated for one hour at room temperature with Biotin-conjugated goat anti-human IgG Fcγ fragment specific 916 
secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) diluted in 1:1000 blocking buffer. Tertiary 917 
detection was done by diluting Streptavidin-conjugated SureLight P-3 (Columbia Biosciences, Frederick, MD, USA) 918 
in 1:200 blocking buffer and then incubating for one hour at room temperature covered with aluminum foil in the 919 
dark. The slides were washed with wash buffer, then in ultra-pure water and air-dried by centrifugation for 5 minutes 920 
at 500 rpm. At this point, microarray slides were stored in padded slide boxes protected from light and return shipped 921 
to ADI for scanning and quantification of signals. Slides were scanned on a GenePix 4300A High-Resolution 922 
Microarray Scanner (Molecular Devices, Sunnyvale, CA, USA), and raw spot and local background fluorescence 923 
intensities, spot annotations and sample phenotypes were imported and merged in R, in which all subsequent 924 
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procedures were performed. Slide images were visually assessed for contaminations and evidence of drying during 925 
the assay and shipment, and where effects were present, spot signals were censored. Foreground spot intensities were 926 
adjusted by local background by subtraction, and negative values were converted to one. All foreground values were 927 
transformed using the base two logarithm. The dataset was normalized to remove systematic effects by subtracting 928 
the median signal intensity of the IVTT control spots on each array for each sample. With the normalized data, a value 929 
of 0.0 means that the intensity is no different than the background, and a value of 1.0 indicates a doubling with respect 930 
to background. 931 
 932 
Bioinformatics, data analysis and modeling 933 
Univariate analysis: To identify antibody (Ab) signal intensities that differed with respect to different treatment 934 
outcomes, univariate analysis was conducted for each Ab signal for cohort 1 study. AL and ASMQ study arms were 935 
analyzed separately. Within each arm, participants were further classified as treatment success or treatment failure 936 
based on non-PCR-corrected ACPR (nPC-ACPR) on day 28 and 42. Each Ab signal was compared between treatment 937 
success (nPC-ACPR = 1) and treatment failure (nPC-ACPR = 0) participants (nPC-ACPR day 28 = 1 vs. nPC-ACPR 938 
day 28 = 0, nPC-ACPR day 42 = 1 vs. nPC-ACPR day 42 = 0). Firstly, Shapiro-Wilks tests were carried out to 939 
determine if the to-be-compared Ab signal intensities were normally distributed in both treatment success and 940 
treatment failure groups. If both were normally distributed (P < 0.05 by the Shapiro-Wilks test), Student’s t-tests were 941 
applied between treatment success and failure groups. Otherwise, Wilcoxon signed-rank tests were performed. After 942 
P values were calculated for each antigen (Ag) signal in the data set, the Benjamini-Hochberg (BH) adjusted P values 943 
were calculated to correct for false discovery rate. Differences of Ab signal intensities were considered significant at 944 
P < 0.05 and BH adjusted P < 0.1. In addition, differences in Ab signal intensities were compared across age groups 945 
(< 5; ≥ 5 to < 12; and ≥ 12 y old).  946 
Enrichment analysis: Life cycle stages of Pf Ags on the microarray were determined using previously published mass 947 
spectrometry data obtained from PlasmoDB (www.plasmodb.org). Evidence of expression at the Sporozoite, 948 
Merozoite, Trophozoites, and Gametocyte stages were obtained from a comparative proteomics study on Pf clone 3D7 949 
(11). Stage expression information of liver stage antigens were inferred from mass spectrometry evidence of 950 
orthologues in P. yoelii (12). Enrichment analysis was carried out using hypergeometric tests (phyper function within 951 
the stats package in R) that were set at the 0.05 level for type I error. 952 
Prediction of outcome using machine learning: Random Forest (RF) was applied to build machine learning models 953 
using all Ab signals to predict participants’ nPC-ACPR. Model trainings and parameter tunings were carried out using 954 
repeated 5-fold cross-validation, subsampling the data set by 5-fold and resampling 100 times. The hyperparameter, 955 
mtry (number of variables randomly sampled as candidates at each split), was adjusted to identify the optimal out-of-956 
bag error, an unbiased estimate of the generalization error. To evaluate the predictive accuracy of the RF modeling 957 
approach, cross-validation was utilized, where data samples were subsampled by up-sampling. This aggregation for 958 
training and prediction performance was evaluated on those observations that were not used in training. To assess the 959 
statistical significance of the random forest models and check the overfitting that might occur in the machine learning 960 
process, AUCROC-based permutation tests were carried out. In permutation tests, the outcome labels of the training 961 
data were shuffled randomly. Each random forest model was rebuilt using the data with permuted labels repeatedly 962 
for 100 times. AUCROC was computed to evaluate prediction performance of permutation models. Based on 963 
AUCROC of permutation models, null distributions for AUC were also estimated. Logistic regression (LR) models 964 
were built to confirm the findings of RF models. The hyperparameters, alpha (the elasticnet mixing parameter) and 965 
lambda (the regularization parameter), were tuned using repeated 5-fold cross-validation to identify the optimal 966 
AUCROC.  967 
Principal component analysis: Principal component analysis (PCA) was applied to all the Ab signals with relative 968 
importance scores > 50. Ab signal intensities of participants in the ASMQ arm were plotted using principal component 969 
(PC)1 and PC2 that captured the most and second most variations from the data, which could determine if participants 970 
could be clustered by their treatment outcomes. Treatment outcomes on day 28 and day 42 were analyzed separately. 971 
Pharmacokinetic (PK) modeling: We constructed one-compartment PK models for artemether, artesunate, 972 
lumefantrine and mefloquine, respectively, using the R linpk package. The values of PK parameters, including 973 
bioavailable fraction, central clearance, central volume, and first-order absorption rate, were obtained from previous 974 
studies (13, 14). PK simulations were performed to produce PK concentration-time profiles of each medication for 42 975 
days post treatment. Artesunate and mefloquine were compared with respect to their relative concentrations 976 
(normalized by peak concentrations)-time profiles, so were artemether and lumefantrine.  977 
Cox regression analysis:  A Cox proportional-hazards model was built to investigate the association between the time 978 
to malaria reinfection and the classes of participants identified by machine learning modeling, using the R survival 979 
package. The time to malaria reinfection was determined by the malaria testing, weekly from day 7 through day 42.  980 
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All statistical analyses were performed using the R stats package and machine learning were carried out using the R 981 
caret package. 982 
 983 
 984 
 985 
 986 
 987 
 988 
 989 
 990 
 991 
 992 
 993 
 994 
 995 
 996 
 997 
 998 
 999 
 1000 
 1001 
 1002 
 1003 
 1004 
 1005 
 1006 
 1007 
 1008 
 1009 
 1010 
 1011 
 1012 
 1013 
 1014 
 1015 
 1016 
 1017 
 1018 
 1019 
 1020 
 1021 
 1022 
 1023 
 1024 
 1025 
 1026 
 1027 
 1028 
 1029 
 1030 
 1031 
 1032 
 1033 
 1034 
 1035 
 1036 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


References 1037 
 1038 
1. Sanitation MoPHa. National guidelines for diagnosis, treatment and prevention of malaria for health for 1039 
health workers. Nairobi, Kenya Control DoM; 2008. 1040 
2. Organization WH. Guidelines for the treatment of malaria. Geneva: World Health Organization 2015. 1041 
3. Akala HM, Eyase FL, Cheruiyot AC, Omondi AA, Ogutu BR, Waters NC, et al. Antimalarial drug 1042 
sensitivity profile of western Kenya Plasmodium falciparum field isolates determined by a SYBR Green I in vitro 1043 
assay and molecular analysis. Am J Trop Med Hyg. 2011;85(1):34-41. 1044 
4. Cheruiyot AC, Auschwitz JM, Lee PJ, Yeda RA, Okello CO, Leed SE, et al. Assessment of the Worldwide 1045 
Antimalarial Resistance Network Standardized Procedure for In Vitro Malaria Drug Sensitivity Testing Using 1046 
SYBR Green Assay for Field Samples with Various Initial Parasitemia Levels. Antimicrob Agents Chemother. 1047 
2016;60(4):2417-24. 1048 
5. Kamau E, Tolbert LS, Kortepeter L, Pratt M, Nyakoe N, Muringo L, et al. Development of a highly 1049 
sensitive genus-specific quantitative reverse transcriptase real-time PCR assay for detection and quantitation of 1050 
plasmodium by amplifying RNA and DNA of the 18S rRNA genes. J Clin Microbiol. 2011;49(8):2946-53. 1051 
6. de Laurent ZR, Chebon LJ, Ingasia LA, Akala HM, Andagalu B, Ochola-Oyier LI, et al. Polymorphisms in 1052 
the K13 Gene in Plasmodium falciparum from Different Malaria Transmission Areas of Kenya. Am J Trop Med 1053 
Hyg. 2018;98(5):1360-6. 1054 
7. Gabriel S, Ziaugra L, Tabbaa D. SNP genotyping using the Sequenom MassARRAY iPLEX platform. Curr 1055 
Protoc Hum Genet. 2009;Chapter 2:Unit 2 12. 1056 
8. Snounou G, Zhu X, Siripoon N, Jarra W, Thaithong S, Brown KN, et al. Biased distribution of msp1 and 1057 
msp2 allelic variants in Plasmodium falciparum populations in Thailand. Trans R Soc Trop Med Hyg. 1058 
1999;93(4):369-74. 1059 
9. Ayala D, Goff GL, Robert V, de Jong P, Takken W. Population structure of the malaria vector Anopheles 1060 
funestus (Diptera: Culicidae) in Madagascar and Comoros. Acta Trop. 2006;97(3):292-300. 1061 
10. Crompton PD, Kayala MA, Traore B, Kayentao K, Ongoiba A, Weiss GE, et al. A prospective analysis of 1062 
the Ab response to Plasmodium falciparum before and after a malaria season by protein microarray. Proc Natl Acad 1063 
Sci U S A. 2010;107(15):6958-63. 1064 
11. Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD, et al. A proteomic view of the 1065 
Plasmodium falciparum life cycle. Nature. 2002;419(6906):520-6. 1066 
12. Tarun AS, Peng X, Dumpit RF, Ogata Y, Silva-Rivera H, Camargo N, et al. A combined transcriptome and 1067 
proteome survey of malaria parasite liver stages. Proceedings of the National Academy of Sciences of the United 1068 
States of America. 2008;105(1):305-10. 1069 
13. Guidi M, Mercier T, Aouri M, Decosterd LA, Csajka C, Ogutu B, et al. Population pharmacokinetics and 1070 
pharmacodynamics of the artesunate-mefloquine fixed dose combination for the treatment of uncomplicated 1071 
falciparum malaria in African children. Malar J. 2019;18(1):139. 1072 
14. Kloprogge F, Workman L, Borrmann S, Tekete M, Lefevre G, Hamed K, et al. Artemether-lumefantrine 1073 
dosing for malaria treatment in young children and pregnant women: A pharmacokinetic-pharmacodynamic meta-1074 
analysis. PLoS medicine. 2018;15(6):e1002579. 1075 
 1076 
 1077 
 1078 
 1079 
 1080 
 1081 
 1082 
 1083 
 1084 
 1085 
 1086 
 1087 
 1088 
 1089 
 1090 
 1091 
 1092 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.248724doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248724


 1093 

 1094 
 1095 
Supplementary Table 1: Baseline characteristics of cohort I (ASMQ and AL-I) and cohort II (DP and AL-II) study 1096 
participants  1097 
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 1123 

Parasite Stage 

Percent of P falciparum  

proteins targeted by 277 

selected Ab immune responses, 

Day 28 (p-value) 

Percent of P falciparum  

proteins targeted by 10 selected 

Ab immune responses, Day 42 

(p-value) 

Percent of 1,087 P 

falciparum  proteins on 

microarrays 

Liver 14.9 (0.13) 10.0 (0.63) 12.8 

Sporozoites 43.5 (0.03) 30.0 (0.42) 38.6 

Merozoites 26.1 (0.41) 30.0 (0.53) 26.8 

Trophozoites 31.2 (0.48) 60.0 (0.05) 30.8 

Gametocytes 37.7 (0.16) 30.0 (0.51) 35.1 

 1124 
Supplementary Table 3: Percentage of P falciparum protein features with mass spectrometry evidence for 1125 
expression during each of the various parasite lifecycle stages. 1126 
 1127 
 1128 
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