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Additional Materials for Malaria Infant Study


Additional Methods

Additional Experimental Methods

Inclusion and exclusion criteria
The inclusion criteria required: age within 2-24 months for young children and 18 years or older for adults; individuals seen at the Kamuzu Central Hospital (KCH) outpatient clinic in Lilongwe, Malawi. The exclusion criteria included: any patient who has received a malaria vaccination in the past; any patient who exhibits signs of severe complications of malaria, including signs of seizure, altered mental status, coma, sepsis or systemic inflammatory response syndrome. Furthermore, among the paediatric patients, infants and young children with severe anaemia (haemoglobin <8.0 g/dL and haematocrit < 18%) were excluded at the discretion of the attending physician/nurse if a blood sample of 3 mL would be deemed unacceptable because it could present a potential associated health risk for the infant.

Anti-malarial chemotherapy
Patients were given a 3-day course of artemether–lumefantrine combination tablets (20 mg artemether plus 120 mg lumefantrine per tablet), for 6 doses in total taken at 0, 8, 24, 36, 48 and 60 hours. The doses were determined by body weight as follows: 5-14 kg (1 tablet/dose); 15–24 kg (2 tablets/dose); 25–34 kg (3 tablets/dose); > 35 kg (4 tablets/dose).


Stage-specific gametocytaemia
To detect mature parasite infection based on estimated gametocyte load, quantitative real-time PCR (qRT-PCR) was used. Total DNA and total RNA were isolated from subjects’ dried blood spots at V1 using nucleic acid purification kits (Norgen Biotek #35300, #36000), and cDNAs were used in qRT-PCR assays [79, 80]. These cDNAs were used to measure RNA expression levels of P. falciparum gametocyte-specific genes, including Pfs25 (mature gametocyte), Pfs16 (early gametocyte) [81], and Pfs230, which encodes a gametocyte antigen important for eliciting host antibodies that inhibit parasite transmission to a mosquito host [82, 83].

Additional statistical methods
Parametric analysis of analytes
[image: ]In order to properly transform the data prior to using a linear mixed model, heteroskedasticity of the residuals was resolved using a power transform based on a Box-Cox analysis. First, the data were fit using a linear model:
(1) 
where the values for ε are i.i.d. normal. This fit was then used to determine the value of with the maximum log likelihood, where represents the exponent and divisor in the following data transform:
[image: ]
				     (2)

where log is the natural log, according to [84], implemented in the R package MASS [26]. After finding approximate optimal values of lambda, the transforms used for each phenotypes are as follows, where fractions represent the values of lambda used, “none” represents no transformation, and “log” is the natural log transformation:

[image: ]
The quantile-quantile (Q-Q) plots are shown before and after the power transformations are applied in Figure S6. A linear mixed model was then applied to the transformed data, according to the same model in equation (1), but adding individual-level random slopes (for visit).

Additional Results

Stage-specific gametocytaemia
In the human host, Plasmodium falciparum traverses through several life stages. During bloodfeeding at the dermis of a naive host, an infected female Anopheles mosquito transmits parasites to the host bloodstream as sporozoites. They mature into schizonts in the liver, rupture from liver cells as merozoites, and grow as ring-stage trophozoites which then enter a schizont-merozoite-trophozoite cycle [85, 86]. A proportion of blood-stage parasites develop into gametocytes, which are the haploid, sexual stage parasites that can subsequently be transmitted to a new female mosquito during bloodfeeding. Whereas it is blood stage parasites that primarily drive clinical disease, gametocytes are important for human-to-mosquito transmission.

In order to determine the effect of age on stage-specific gametocyte levels in patients’ blood at V1, P. falciparum gametocyte levels in subjects’ blood were estimated using qRT-PCR. Gametocyte stage-specific primers were used to quantify gene expression of Pfs16, Pfs25 and Pfs230 from cDNAs prepared from dried blood spots taken during V1. These quantities are not significantly correlated (p > 0.08), indicating that they are likely marking different gametocyte populations in this data set. Whereas, using the Pfs16 (Figure S2A) and Pfs230 (Figure S2C) primers, the estimated number of gametocytes did not differ significantly between age groups, young children had significantly higher levels of Pfs25-expressing gametocytes (median 0.465 gametocytes/µL) compared with adults (0.255/µL) (p = 0.00685) (Figure S2B). No gender-based differences in gene expression for Pfs16, Pfs25 or Pfs230 were observed.  

Gametocytaemia detected in individuals with no microscopically-detected parasitaemia at V1
A number of individuals in the study tested positive by RDT and exhibited clinical symptoms of malaria but nevertheless had no microscopically detectable asexual parasitaemia in their blood. However, levels of gametocytaemia at V1 did not differ between individuals who had parasite counts = 0 and those who had parasite counts > 0 (Figure S3), controlling for age and gender, suggesting that active malaria infection was ongoing in these individuals despite the lack of detection of asexual parasites.

Results for sCD40L and IL-1
[bookmark: _GoBack]Soluble CD40 ligand (sCD40L, also known as sCD154) has been shown to induce DC maturation following Plasmodium infection in vitro, which can result in release of TNF and IL-12(p70) [87]. There was a marginal visit effect (p = 8.783×10-3), with higher levels post-treatment, as well as a marginal gender-specific effect on sCD40L (p = 6.734×10-3), with higher overall levels in males. However, the distribution of phenotypes was near the upper detection limit for this cytokine, which may have reduced the power of the assay to detect differences based on treatment, age, and gender. IL-1β levels in plasma increased significantly after treatment (p = 9.162×10-4), and there were no other significant effects. This cytokine was at the lower limit of detection, which may have also reduced power to detect significant effects.



Linear mixed model analysis of analytes
Subtle differences in the main results are expected based on the model selected. To determine whether the findings are sensitive to model type and specification, a linear mixed model was applied in addition to the nonparametric model reported in the main results. The majority (9 of 16) of the significant effects identified by the nonparametric model, presented in Figure 6, were also found using a LMM, as described above (Supplemental Table S5). Using ANOVA on the LMM (package: lmerTest), three additional significant effects were found for IL-6 (gender, p = 0.041) and IL-10 (age, p = 0.0096; age-by-gender, p = 0.020) [88]. 
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[image: ]
Figure S1. Manual gating strategy for quantifying monocyte subsets. (A) Monocyte cell counts and percentages are derived for CD14++CD16— traditional monocytes, as designated by quadrant (a), CD14++CD16+ inflammatory monocytes, as designated in quadrant (b), and CD14+, CD16++ patrolling monocytes, as designated in quadrant (c), shown here for an example healthy, uninfected adult. A population of monocytes with intermediate CD14 brightness is designated in quadrant (d). (B) Example of flow cytometric phenotypic characterization of monocyte subsets in a Plasmodium-infected young children (“infant”) and adults is shown before and after treatment.
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Figure S2: Young age is associated with increases in blood-stage mature gametocytaemia during acute infection. Gametocytaemia was measured in young children (“infant”) and adults using quantitative real-time PCR on cDNAs prepared from dried blood spot RNA, and gametocyte quantification was based on stage-specific expression of the following Plasmodium falciparum genes during acute infection: Pfs16 (early gametocyte) (B); Pfs25 (mature gametocyte) (C); and Pfs230 (candidate gametocyte gene for transmission-blocking vaccine) (D), presented as gametocytes/μL blood. Circular data points indicate female subjects, and triangles indicate male subjects.



[image: ]
Figure S3. Levels of gametocytaemia are similar in subjects with and without detected parasitaemia. The relationship of detectable parasitaemia, by microscopy, and gametocytaemia (gametocytes/μL blood) in study subjects, as measured by Pfs16 (A); Pfs25 (mature gametocyte) (B); and Pfs230 (C). No significant differences were detected, using the Wilcoxon-Mann-Whitney two-sample rank-sum test, controlling for age and gender.



[image: ]
Figure S4. Plasmodium-specific antibody levels higher in adults compared with young children regardless of visit. (A) The test result proportions for overall circulating anti-malarial IgG and IgM, measured by ELISA test of blood samples, are shown. The change in test result status between visit 1 and 2 is shown for (B) young children (“infant”) and (C) adults. Colours indicate positive (red), uncertain (grey), and negative (yellow) test results; subjects for which tests were not completed (ND) are shown in white.



[image: ]

Figure S5. Correspondence between acute and post-treatment phenotypes. The log(base=10) values of phenotypes from Figure 1B and Figure 2 are presented, with values at Visit 1 (acute) provided along the x-axis, and values for Visit 2 (post-treatment) along the y-axis. The black line in each figure indicates y = x. Circles indicate females and triangles indicate males. Red indicates young children and black indicates adults. The five darker coloured dots in each plot indicate phenotypes for individuals with apparent treatment failure.



[image: ]
Figure S6. Q-Q plots of analyte phenotypes (A) before and (B) after Box-Cox-assisted power transformation.



[image: ]
Table S1: Clinical characteristics of study participants (median, interquartile range).
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Table S2: Results from anti-malarial antibody detection. Values indicate the proportion of samples within each age-visit group that received a given result for total Ig (IgG and IgM), where: “grey” indicates that the sample result was indeterminate and “N/A” indicates that the sample or result is missing. 



[image: ]
Table S3: Table of p-values for main effects and interaction effects on blood analytes and cellular phenotypes, analysed using a nonparametric longitudinal model.
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Table S4: Table of p-values for main effects and interaction effects on blood analyte ratios.



[image: ]
Table S5: Table of p-values for main effects and interaction effects on blood analytes, analysed using a linear mixed model. P-values for model intercepts were all highly significant (ranging in scale from 10-17 to 10-31) and were omitted from this table.
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Figure S1: Manual gating strategy for quantifying monocyte subsets. (A)
Monocyte cell counts and percentages are derived for CD14++CD16— traditional
monocytes, as designated by quadrant (a), CD14++CD16+ inflammatory mono-
cytes, as designated in quadrant (b), and CD14+, CD16++ patrolling monocytes, as
designated in quadrant (c), shown here for an example healthy, uninfected adult. A
population of monocytes with intermediate CD14 brightness is designated in quad-
rant (d). (B) Example of flow cytometric phenotypic characterization of monocyte
subsets in a Plasmodium-infected young children and adults is shown before and
after treatment.
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Figure S2: Young age is associated with increases in blood-stage mature ga-
metocytemia during acute infection. Gametocytemia was measured in young
children and adults using quantitative real-time PCR on cDNAs prepared from
dried blood spot RNA, and gametocyte quantification was based on stage-specific
expression of the following Plasmodium falciparum genes during acute infec-
tion: Pfs16 (early gametocyte) (B); Pfs25 (mature gametocyte) (C); and Pfs230
(candidate gametocyte gene for transmission-blocking vaccine) (D), presented as
gametocytes/µL. Circular data points indicate female subjects, and triangles indi-
cate male subjects.
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Figure S3: Levels of gametocytemia are similar in subjects with and without
detected parasitemia. The relationship of detectable parasitemia, by microscopy,
and gametocytemia (gametocytes/µL) in our subjects, as measured by Pfs16 (A);
Pfs25 (mature gametocyte) (B); and Pfs230 (C). No significant differences were
detected, using the Wilcoxon-Mann-Whitney two-sample rank-sum test, controlling
for age and sex.
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Figure S4: Plasmodium-specific antibody levels higher in adults compared
with young children regardless of visit. (A) The test result proportions for overall
circulating antimalarial IgG and IgM, measured by ELISA test of blood samples,
are shown. The change in test result status between visit 1 and 2 is shown for (B)
young children and (C) adults. Colors indicate positive (red), uncertain (grey), and
negative (yellow) test results.
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Figure S5: Correspondence between acute and post-treatment phenotypes.
The log (base=10) values of phenotypes from Figure 2A and Figure 3 are presented,
with values at Visit 1 (acute) provided along the x-axis, and values for Visit 2 (post-
treatment) along the y-axis. The black line in each figure indicates y = x. Circles
indicate females and triangles indicate males. Pink or red indicate young children
and grey or black indicate adults. The five darker colored dots in each plot indicate
phenotypes for individuals with apparent treatment failure.










Mau ri zi o et al. Pa g e i x o f xiv

012345

0

1

2

3

4

5

parasites

●

0.60.8 1.0 1.2

0.9

1.0

1.1

1.2

haemoglobin

●

1.0 1.5 2.0 2.5

1.4

1.6

1.8

2.0

2.2

2.4

nitric oxide

●

1.0 1.5 2.0

0.6

0.8

1.0

1.2

1.4

1.6

1.8

TNF

●

0.5 1.5 2.5

0.6

0.8

1.0

1.2

1.4

1.6

1.8

IFN−

g

●

0.51.01.52.02.5

0.6

0.8

1.0

1.2

1.4

1.6

1.8

IL−6

●

0.5 1.0 1.5 2.0

0.6

0.8

1.0

1.2

1.4

1.6

1.8

IL−12 p40

●

0.5 1.0 1.5 2.0

0.6

0.8

1.0

1.2

1.4

1.6

1.8

IL−12 p70

●

0.5 1.5 2.5 3.5

0.5

1.0

1.5

2.0

IL−10

●

0.5 1.0 1.5 2.0

0.5

1.0

1.5

2.0

GM−CSF

●

Fi gu r e S5:Correspondencebetweenacuteandpost-treatmentpheno t y p es .

T h e l o g ( base=10)valuesofphenotypesfromFigure2AandFigure3are p r e s e n te d ,

w i th va l u esatVisit1(acute)providedalongthex-axis,andvaluesforVis i t 2 ( p o s t-

tr e a tm e n t)alongthey-axis.Theblacklineineachﬁgureindicatesy= x .C i r c l e s

i n d i c a te f emalesandtrianglesindicatemales.Pinkorredindicateyo

u

n g c h i l d r e n

a n d g r e y orblackindicateadults.Theﬁvedarkercoloreddotsineach

p

l o t i n d i c a te

p h e n o t yp esforindividualswithapparenttreatmentfailure.


image9.emf



Maurizio et al. Page x of xiv



A



●●



●



●



●



●●



●



●



●
●



●



●



●



●●



●



●



●



●



●



●



●



●



●



●
●



●
●●



●
●



●



●



●
●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●



●



●
●



●



●
●



●●



●



●



●



●
●●



●●
●



●



●



●



●●



●



●



●



●



●



●
●



●●
●



●



●●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●●
●



●



●



●



●



−2 −1 0 1 2



−1
0



1
2



3
4



5



GMCSF



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
91



33



109



● ●
●



● ●●●
●



●
●



●



●
●



●



●



●
●



●



●



●



●●
●●
●



●



●



●



●



●



●●
●



●●



●
●



●



●



●
● ●●



● ●
●●



●



● ●



●



●



●



●● ●



●



●● ●



●



●
●



●● ●● ●



●



●● ●
●



●



●●
●



●●



●



●●● ●●



●



●



●



●●
●



●



● ●●
●●●●
●●●● ●●



●



●



●



●
●●



●
●



●



●



●



−2 −1 0 1 2



0
2



4
6



8



IFNg



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
51



83



118



●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●



●



●



●●



●



●



●



●● ●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



● ●



●



●



●



●



●



−2 −1 0 1 2



0
2



4
6



IL10



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
75



13
118



●●
●



●●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●
●



●



●



●
●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●●



●



●



●



●●●



●



●



●



● ●
●



●



●



●



●



●



●●



●



●



●



●●



●
●●



●



●



●



●



●
●



●
●



●●
●



●



●



●



●



●



●



●



●



●



●●



●



● ●●



●



●



●



−2 −1 0 1 2



−1
0



1
2



3
4



IL12p40



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
7983



109



●
●



●
●



●



●



●



●



●●



●



●
●



●



●
●



●



●



●
●



●
●



●
●



●



●



●



●●
●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●
●



●



●



●



●



●



●
●



●



● ●



●
●



●



● ●



●●



●



●



●
●



●



●



●



●



●



●



●



● ●



●



●
●



●



●



●
●



●



●●



●



●



●



●
●



●



●
●



●
●



●



●



●



●



●



●



●●●



●



●



● ●



−2 −1 0 1 2



−2
0



2
4



IL12p70



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
51



117
33



●● ●●● ●



●



●
●



●



●



●



●



●



●



●



●



●
●●



●
●



●



●



●



●



●



●



●



●



●



●



●



● ●
●



●



●



●



●●



●



●
●



●
●



●



●



●
●



●



●



●



●
●



●



●



●
●



●



●



●



●



●●
●



●
●



●



●
●



●



●



●



●



●



●



●



●● ●



●



●



●



●
●



●



●



●



●



●
●



●



●



●



●



●



●



●●
●



●



●



●



●



●



●



●



●



●● ●●
●



●



●



−2 −1 0 1 2



0
2



4
6



8



IL6



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
75



110
13



●



●



●



●



●●●



●



●●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●
●



●
●



●



●



●



●



●



●
●



●



●



●



●



●●



●
●



●●



●



●



●



●



●



●



●



● ●



●



●



●



●



●
●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●
●



●
●●



●



●



●



●



●



● ●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



−2 −1 0 1 2



−2
−1



0
1



2
3



4



TNFa



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
75
1383



●



●



●



●



●



●● ●



●



●



●



●



●●●



●●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●●
●



●



●



●
●



●



●



●
●●



●



●
●



●



●



●



●



●



●



●
●



●
●



●



●
●



●



●●



●
●



●



●



●



●



●
●



●



●



●



●



●



●●●



●



●



●



●



●



●



●



●



●



●
●



●



●
●●●



●



●



●



●
●



●



●



●



●



●



●



●



●



−2 −1 0 1 2



−2
−1



0
1



2
3



4



Hb



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
12



36 70



●



●
●



●



●
●●



●



● ●



●



●



●
●



●●●
●



●●



●



●
●●



●



●



●



●



●



●



●



●



●●
●



●



●



●



●



●



●●
●



● ●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●●



●



●



●
●



●●
●



●



●
●



●
●



●



●



●●●
●



●



●



●



●



●



●●



●



●



●



●●



●



●



●



●
●



●
●●



●●



●



●



●



−2 −1 0 1 2



−2
0



2
4



Nitrate.570



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
89



64
12



B



●●
●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●●



●



●



●



●



●



●
●



●



●



●
●



●



●



●
●



●



●●



●



●



●



●



●
●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●
●
●



●



●



●



●



●



●



●



●



●



●
●



●



●



●●



●



●



●



●●



−2 −1 0 1 2



−2
−1



0
1



2



GMCSF.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q



94108
50



●●



●



●



●●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●
●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



−2 −1 0 1 2



−2
−1



0
1



2



IFNg.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
5183



56



●



●



●



●●



●



●



●



●



●



●



●



●
●



●



●



●



●



●
●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●●



●



●



●
●●●



●



●



●



●
●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●●



●



●



●



●



●
●



●



●



●



●



●



●



●



●●



●
●



●



●



●



●



●
●



●



●



●



●●



−2 −1 0 1 2



−3
−2



−1
0



1
2



IL10.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q



52



111
95



●●



●



●



●



●



●



●



●●



●



●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



● ●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●



●
●



●



●



●



●



●



●●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



−2 −1 0 1 2



−1
0



1
2



IL12p40.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
7983



59



●



●



●



●



●



●



●



●



●
●



●



●●



●



●



●



●



●



●



●



●



●



●●
●



●



●



●
●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●
●



●



●



●
●



●



●



●



●



●●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●
●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●



−2 −1 0 1 2



−2
−1



0
1



2
3



IL12p70.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
51



94



117



●



●



●



●
●



●●



●



●



●



●



●



●●



●



●



●



●



●●



●



●



●



●



●



●
●



●



●



●



●



●



●



●
●



●



●



●



●



●



●●



●



●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●
●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



−2 −1 0 1 2



−2
−1



0
1



2



IL6.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
75



11 15



●



●●



●



●
●



●
●



●
●



●



●



●



●



●



●



●
●



●●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●



●



●



●



●



●
●



●●



●



●●



●



●



●●



●



●
●



●



●



●



●



●
●



●
●



●



●



●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●



●
●●



●



●



●



●
●



●



●



●



●



●



●



−2 −1 0 1 2



−3
−2



−1
0



1
2



3



TNFa.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q



11



75



30



●



●



●



●



●



●● ●



●



●



●



●



●●●



●●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●●
●



●



●



●
●



●



●



●
●●



●



●
●



●



●



●



●



●



●



●
●



●
●



●



●
●



●



●●



●
●



●



●



●



●



●
●



●



●



●



●



●



●●●



●



●



●



●



●



●



●



●



●



●
●



●



●
●●●



●



●



●



●
●



●



●



●



●



●



●



●



●



−2 −1 0 1 2



−2
−1



0
1



2
3



4



Hb.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q
12



36 70



●



●



●



●
●



●●



●



●●



●



●



●



●



●
●



●
●



●



●



●



●●●



●



●



●



●
●



●



●



●



●



●
●



●



●



●



●



●



●●



●



●●



●



●



●



●



●



●



●



●



●



●



●●



●



●



●



●



●



●



●



●
●



●



●



●



●



●



●
●



●



●



●



●



●●



●



●
●



●



●
●



●



●



●●



●



●



●



●



●



●



●



●
●



●



●



●



●●



●



●



●



●
●



●



●
●



●
●



●



●



●



−2 −1 0 1 2



−3
−2



−1
0



1
2



Nitrate.570.bc



Theoretical Quantiles



St
an



da
rd



ize
d 



re
si



du
al



s



Normal Q−Q



30



11
31



Figure S6: QQ-plots of analyte phenotypes (A) before and (B) after Box-
Cox-assisted power transformation.
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Young children Adults
Acute
Haemoglobin, g/dL blood 9.70 (2.30) 14.10 (2.15)
Parasite load, µl



�1
blood (⇥103) 2.53 (74.28) 0.577 (7.91)



Gametocytaemia, µl
�1



blood



Pfs16 16.00 (35.5) 28.00 (37.75)
Pfs25 0.465 (0.65) 0.255 (0.198)
Pfs230 25.00 (64.25) 50.00 (21, 756.00)



Post-treatment
Haemoglobin, g/dL blood 10.70 (2.10) 13.50 (2.55)
Parasite load, µl



�1
blood (⇥103) 0.00 (0.00) 0.00 (0.00)



Table S1: Clinical characteristics of study participants (me-
dian, interquartile range).
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Result adult-visit-1 adult-visit-2 young-child-visit-1 young-child-visit-2



1 positive 0.793 0.655 0.500 0.441



2 grey 0.035 0.069 0.059 0.029



3 negative 0.172 0.241 0.382 0.382



4 N/A 0.000 0.035 0.059 0.147



5 Total 1.000 1.000 1.000 1.000



Table S2: Results from antimalarial antibody
detection. Values indicate the proportion of sam-
ples within each age-visit group that received a
given result for total Ig (IgG and IgM), where:
"grey" indicates that the sample result was inde-
terminate and "N/A" indicates that the sample or
result is missing.
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Analyte Age Gender Visit Age:Gender Age:Visit Gender:Visit Age:Gender:Visit



TNF 1.200e-07 4.569e-02 1.282e-07 3.633e-01 4.842e-01 5.443e-01 7.726e-01



IFN-� 1.391e-01 2.048e-02 8.164e-01 1.844e-01 2.069e-01 8.839e-01 3.851e-03



IL-6 4.632e-01 6.416e-02 1.907e-02 6.059e-01 5.987e-02 6.954e-02 4.721e-01



IL12(p40) 3.549e-01 2.410e-01 8.155e-02 9.803e-01 6.300e-01 8.602e-01 3.475e-02



IL12(p70) 2.641e-01 1.291e-02 3.483e-06 9.633e-01 4.315e-01 3.689e-01 9.690e-01



IL-10 3.305e-07 3.055e-01 2.566e-15 5.364e-01 9.228e-01 6.009e-01 7.045e-02



GM-CSF 4.867e-01 6.934e-02 1.151e-03 3.555e-01 4.518e-01 4.510e-01 2.546e-01



haemoglobin 3.860e-15 5.592e-03 2.845e-01 7.950e-02 3.134e-04 8.303e-01 8.445e-01



nitric oxide metabolites 1.191e-10 6.485e-01 8.767e-01 5.313e-01 6.629e-01 1.525e-01 5.243e-01



CD33
+



, % of live 1.234e-01 3.144e-01 6.351e-02 8.146e-01 5.770e-01 3.976e-01 5.409e-01



mDC, % of live 4.666e-02 9.955e-01 6.032e-08 2.024e-01 4.282e-02 7.180e-01 7.882e-01



monocytes, % of live 1.903e-01 3.264e-01 1.303e-01 9.151e-01 4.617e-01 3.037e-01 5.550e-01



infl. monocytes, % of CD163
+



1.269e-01 3.639e-01 7.735e-01 9.002e-01 1.780e-01 5.000e-01 5.468e-01



patr. monocytes, % of CD163
+



7.971e-01 4.551e-01 1.168e-05 3.814e-01 1.104e-01 2.660e-01 9.464e-01



trad. monocytes, % of CD163
+



1.072e-01 1.738e-01 7.886e-01 9.705e-01 8.510e-01 6.950e-01 9.854e-01



CD14
low



, % of traditional 4.337e-01 9.392e-01 1.648e-02 2.313e-01 4.256e-01 3.040e-01 2.756e-01



Table S3: Table of p-values for main effects and interaction effects on
blood analytes and cellular phenotypes, analyzed using a nonpara-
metric longitudinal model.



Analyte Proportion Age Gender Visit Age:Gender Age:Visit Gender:Visit Age:Gender:Visit



TNF/IFN-� 9.121e-02 5.852e-01 2.680e-03 2.673e-02 8.262e-03 5.840e-01 1.691e-02



TNF / IL-6 2.857e-03 6.443e-01 6.791e-01 9.455e-02 2.693e-02 1.370e-01 6.000e-01



TNF / IL12(p70) 5.861e-08 4.937e-01 3.807e-18 3.270e-01 4.423e-01 3.774e-01 4.588e-01



TNF / IL10 2.706e-02 6.958e-01 4.555e-16 8.375e-01 2.540e-01 9.063e-01 4.831e-02



TNF / GMCSF 1.907e-05 4.098e-01 8.120e-13 8.466e-01 5.674e-01 9.900e-01 2.218e-01



IFN-� / IL-6 3.077e-01 9.418e-01 1.782e-03 9.354e-01 3.535e-01 1.892e-02 3.071e-01



IFN-� / IL-12(p70) 1.128e-03 7.762e-01 5.501e-06 1.244e-01 2.191e-02 4.324e-01 8.849e-04



IFN-� / IL-10 1.034e-03 6.961e-01 2.844e-19 6.569e-01 6.257e-01 8.150e-01 5.466e-01



IFN-� / GM-CSF 2.533e-02 3.089e-01 1.093e-03 3.406e-02 3.338e-01 9.142e-01 9.116e-04



IL-6 / IL-12(p70) 2.524e-01 8.248e-01 1.500e-11 6.402e-01 1.385e-04 3.185e-01 1.507e-01



IL-6 / IL-10 5.282e-05 3.498e-01 3.055e-19 8.788e-01 5.374e-01 1.644e-01 1.252e-02



IL-6 / GM-CSF 3.188e-01 5.405e-01 1.493e-10 2.702e-01 8.994e-04 7.862e-02 3.733e-01



IL-12(p70) / IL-10 7.763e-06 5.190e-01 4.754e-22 8.536e-01 5.150e-01 7.358e-01 1.019e-01



IL-12(p70) / GM-CSF 6.258e-01 9.159e-01 9.159e-02 2.446e-01 4.148e-01 8.555e-01 3.113e-01



IL-10 / GM-CSF 2.796e-05 4.987e-01 1.242e-22 7.694e-01 6.191e-01 8.830e-01 7.485e-02



Table S4: Table of p-values for main effects and interaction effects on
blood analyte ratios.
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Analyte Age Gender Visit Age:Gender Age:Visit Gender:Visit Age:Gender:Visit



TNF 1.200e-07 4.569e-02 1.282e-07 3.633e-01 4.842e-01 5.443e-01 7.726e-01



IFN-� 1.391e-01 2.048e-02 8.164e-01 1.844e-01 2.069e-01 8.839e-01 3.851e-03



IL-6 4.632e-01 6.416e-02 1.907e-02 6.059e-01 5.987e-02 6.954e-02 4.721e-01



IL12(p40) 3.549e-01 2.410e-01 8.155e-02 9.803e-01 6.300e-01 8.602e-01 3.475e-02



IL12(p70) 2.641e-01 1.291e-02 3.483e-06 9.633e-01 4.315e-01 3.689e-01 9.690e-01



IL-10 3.305e-07 3.055e-01 2.566e-15 5.364e-01 9.228e-01 6.009e-01 7.045e-02



GM-CSF 4.867e-01 6.934e-02 1.151e-03 3.555e-01 4.518e-01 4.510e-01 2.546e-01



haemoglobin 3.860e-15 5.592e-03 2.845e-01 7.950e-02 3.134e-04 8.303e-01 8.445e-01



nitric oxide metabolites 1.191e-10 6.485e-01 8.767e-01 5.313e-01 6.629e-01 1.525e-01 5.243e-01



CD33
+



, % of live 1.234e-01 3.144e-01 6.351e-02 8.146e-01 5.770e-01 3.976e-01 5.409e-01



mDC, % of live 4.666e-02 9.955e-01 6.032e-08 2.024e-01 4.282e-02 7.180e-01 7.882e-01



monocytes, % of live 1.903e-01 3.264e-01 1.303e-01 9.151e-01 4.617e-01 3.037e-01 5.550e-01



infl. monocytes, % of CD163
+



1.269e-01 3.639e-01 7.735e-01 9.002e-01 1.780e-01 5.000e-01 5.468e-01



patr. monocytes, % of CD163
+



7.971e-01 4.551e-01 1.168e-05 3.814e-01 1.104e-01 2.660e-01 9.464e-01



trad. monocytes, % of CD163
+



1.072e-01 1.738e-01 7.886e-01 9.705e-01 8.510e-01 6.950e-01 9.854e-01



CD14
low



, % of traditional 4.337e-01 9.392e-01 1.648e-02 2.313e-01 4.256e-01 3.040e-01 2.756e-01



Table S3: Table of p-values for main effects and interaction effects on
blood analytes and cellular phenotypes, analyzed using a nonpara-
metric longitudinal model.



Analyte Proportion Age Gender Visit Age:Gender Age:Visit Gender:Visit Age:Gender:Visit



TNF / IFN-� 9.121e-02 5.852e-01 2.680e-03 2.673e-02 8.262e-03 5.840e-01 1.691e-02



TNF / IL-6 2.857e-03 6.443e-01 6.791e-01 9.455e-02 2.693e-02 1.370e-01 6.000e-01



TNF / IL12(p70) 5.861e-08 4.937e-01 3.807e-18 3.270e-01 4.423e-01 3.774e-01 4.588e-01



TNF / IL10 2.706e-02 6.958e-01 4.555e-16 8.375e-01 2.540e-01 9.063e-01 4.831e-02



TNF / GMCSF 1.907e-05 4.098e-01 8.120e-13 8.466e-01 5.674e-01 9.900e-01 2.218e-01



IFN-� / IL-6 3.077e-01 9.418e-01 1.782e-03 9.354e-01 3.535e-01 1.892e-02 3.071e-01



IFN-� / IL-12(p70) 1.128e-03 7.762e-01 5.501e-06 1.244e-01 2.191e-02 4.324e-01 8.849e-04



IFN-� / IL-10 1.034e-03 6.961e-01 2.844e-19 6.569e-01 6.257e-01 8.150e-01 5.466e-01



IFN-� / GM-CSF 2.533e-02 3.089e-01 1.093e-03 3.406e-02 3.338e-01 9.142e-01 9.116e-04



IL-6 / IL-12(p70) 2.524e-01 8.248e-01 1.500e-11 6.402e-01 1.385e-04 3.185e-01 1.507e-01



IL-6 / IL-10 5.282e-05 3.498e-01 3.055e-19 8.788e-01 5.374e-01 1.644e-01 1.252e-02



IL-6 / GM-CSF 3.188e-01 5.405e-01 1.493e-10 2.702e-01 8.994e-04 7.862e-02 3.733e-01



IL-12(p70) / IL-10 7.763e-06 5.190e-01 4.754e-22 8.536e-01 5.150e-01 7.358e-01 1.019e-01



IL-12(p70) / GM-CSF 6.258e-01 9.159e-01 9.159e-02 2.446e-01 4.148e-01 8.555e-01 3.113e-01



IL-10 / GM-CSF 2.796e-05 4.987e-01 1.242e-22 7.694e-01 6.191e-01 8.830e-01 7.485e-02



Table S4: Table of p-values for main effects and interaction effects on
blood analyte ratios.
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Analyte Age Gender Visit Age:Gender Age:Visit Gender:Visit Age:Gender:Visit



TNF 7.852e-05 4.299e-03 1.682e-02 6.426e-02 6.774e-01 5.274e-01 6.689e-01



IFN-� 4.406e-01 8.479e-02 9.331e-01 5.255e-01 7.562e-01 2.155e-01 6.223e-02



IL-6 6.177e-01 4.127e-02 2.161e-01 8.035e-01 2.432e-01 1.480e-01 6.531e-01



IL-12(p40) 1.144e-01 1.068e-01 9.536e-01 2.881e-01 2.896e-01 2.898e-01 1.201e-01



IL-12(p70) 9.197e-01 6.301e-02 3.518e-01 7.654e-01 7.349e-01 3.455e-01 5.923e-01



IL-10 2.306e-05 9.613e-03 4.598e-07 1.986e-02 2.178e-01 8.230e-02 6.527e-02



GM-CSF 9.948e-01 1.352e-01 3.964e-01 7.037e-01 8.984e-01 9.816e-01 8.491e-01



haemoglobin 3.866e-02 1.711e-02 3.956e-01 1.505e-01 3.248e-02 6.111e-01 8.220e-01



nitric oxide metabolites 5.558e-04 8.707e-01 5.654e-01 6.656e-01 8.911e-01 3.711e-01 7.026e-01



Table S5: Table of p-values for main effects and interaction effects on
blood analytes, analyzed using a linear mixed model. P-values for model
intercepts were all highly significant (ranging in scale from 10�17 to 10�31), and
were omitted from this table.
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Supplemental Materials for Malaria Infant Study



Supplemental Methods



Supplemental Experimental Methods
Inclusion and exclusion criteria
The inclusion criteria required: age within 2-24 months for young children and 18
years or older for adults; individuals seen at the Kamuzu Central Hospital (KCH)
outpatient clinic in Lilongwe, Malawi. The exclusion criteria included: any patient
who has received a malaria vaccination in the past; any patient who exhibits signs
of severe complications of malaria, including signs of seizure, altered mental status,
coma, sepsis or systemic inflammatory response syndrome. Furthermore, among the
paediatric patients, infants and young children with severe anemia (haemoglobin
<8.0 g/dL and hematocrit < 18%) were excluded at the discretion of the attending
physician/nurse if a blood sample of 3 ml would be deemed unacceptable because
it could present a potential associated health risk of the infant.



Antimalarial chemotherapy
Patients were given a 3-day course of artemether–lumefantrine combination tablets
(20 mg artemether plus 120 mg lumefantrine per tablet), for 6 doses in total taken at
0, 8, 24, 36, 48 and 60 hours. The doses were determined by body weight as follows:
5-14 kg (1 tablet/dose); 15–24 kg (2 tablets/dose); 25–34 kg (3 tablets/dose); > 35
kg (4 tablets/dose)



Stage-specific gametocytemia
To detect mature parasite infection based on estimated gametocyte load, we used
quantitative real-time PCR (qRT-PCR). Total DNA and total RNA were isolated
from subjects’ dried blood spots at V1 using nucleic acid purification kits (Norgen
Biotek #35300, #36000), and cDNAs were used in qRT-PCR assays [79, 80]. These
cDNAs were used to measure RNA expression levels of P. falciparum gametocyte-
specific genes, including Pfs25 (mature gametocyte), Pfs16 (early gametocyte) [81],
and Pfs230, which encodes a gametocyte antigen important for eliciting host anti-
bodies that inhibit parasite transmission to a mosquito host [82, 83].



Supplemental Statistical Methods
Parametric analysis of analytes
In order to properly transform our data prior to using a linear mixed model, we
first handled heteroskedasticity of the residuals using a power transform based on
a Box-Cox analysis. We start by fitting our data using a linear model:



yraw = �age+�gender+�visit+�age:gender+�age:visit+�gender:visit+�age:gender:visit+"



(1)
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where the values for " are i.i.d. normal. We then use this fit to determine the value
of � with the maximum log likelihood, where � represents the exponent and divisor
in the follwing data transform:



y{�}i =



8
<



:
(y�i � 1)/� if y 6= 0



log(y) if y = 0
(2)



where log is the natural log, according to [84], implemented in the R package MASS
[26]. After finding approximate optimal values of lambda, the transforms used for
each phenotypes are as follows, where fractions represent the values of lambda used,
“none” represents no transformation, and “ log” is the natural log transformation:



analyte: GM-CSF IFN-� IL-10 IL-12(p40) IL-12(p70) IL-6 TNF-↵ hemoglobin nitric oxide metabolites



transform: �1/3 �1/2 �1/3 �1/3 [log] �1/2 [log] [none] [log]



The quantile-quantile (Q-Q) plots are shown before and after the power trans-
formations are applied in Figure S6. We then applied a linear mixed model to
the transformed data, according to the same model in equation (1), but adding
individual-level random slopes (for visit).



Supplemental Results
Stage-specific gametocytemia
In the human host, Plasmodium falciparum traverses through several life stages.
During bloodfeeding at the dermis of a naive host, an infected female Anopheles
mosquito transmits parasites to the host bloodstream as sporozoites. They ma-
ture into schizonts in the liver, rupture from liver cells as merozoites, and grow
as ring-stage trophozoites which then enter a schizont-merozoite-trophozoite cycle
[85, 86]. A proportion of blood-stage parasites develop into gametocytes, which are
the haploid, sexual stage parasites that can subsequently be transmitted to a new
female mosquito during bloodfeeding. Whereas it is blood stage parasites that pri-
marily drive clinical disease, gameotocytes are important for human-to-mosquito
transmission.



In order to determine the effect of age on stage-specific gametocyte levels in
patients’ blood at V1, we estimated P. falciparum gametocyte levels in subjects’
blood using qRT-PCR. We used gametocyte stage-specific primers to quantify gene
expression of Pfs16, Pfs25 and Pfs230 from cDNAs prepared from dried blood
spots taken during V1. These quantities are not significantly correlated (p > 0.08),
indicating that they are likely marking different gametocyte populations in our data
set. Whereas, using the Pfs16 (Figure 1B) and Pfs230 (Figure 1C) primers, the
estimated number of gametocytes did not differ significantly between age groups,
we found that young children had significantly higher levels of Pfs25 -expressing
gametocytes (median 0.465 gametocytes/µl) compared with adults (0.255/µl) (p =



0.00685) (Figure 1D). We observed no sex-based differences in gene expression for
Pfs16, Pfs25 or Pfs230.
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where the values for " are i.i.d. normal. We then use this fit to determine the value
of � with the maximum log likelihood, where � represents the exponent and divisor
in the follwing data transform:



y{�}i =



8
<



:
(y�i � 1)/� if y 6= 0



log(y) if y = 0
(2)



where log is the natural log, according to [84], implemented in the R package MASS
[26]. After finding approximate optimal values of lambda, the transforms used for
each phenotypes are as follows, where fractions represent the values of lambda used,
“none” represents no transformation, and “ log” is the natural log transformation:



analyte: GM-CSF IFN-� IL-10 IL-12(p40) IL-12(p70) IL-6 TNF haemoglobin nitric oxide metabolites



transform: �1/3 �1/2 �1/3 �1/3 [log] �1/2 [log] [none] [log]



The quantile-quantile (Q-Q) plots are shown before and after the power trans-
formations are applied in Figure S6. We then applied a linear mixed model to
the transformed data, according to the same model in equation (1), but adding
individual-level random slopes (for visit).



Supplemental Results
Stage-specific gametocytemia
In the human host, Plasmodium falciparum traverses through several life stages.
During bloodfeeding at the dermis of a naive host, an infected female Anopheles
mosquito transmits parasites to the host bloodstream as sporozoites. They ma-
ture into schizonts in the liver, rupture from liver cells as merozoites, and grow
as ring-stage trophozoites which then enter a schizont-merozoite-trophozoite cycle
[85, 86]. A proportion of blood-stage parasites develop into gametocytes, which are
the haploid, sexual stage parasites that can subsequently be transmitted to a new
female mosquito during bloodfeeding. Whereas it is blood stage parasites that pri-
marily drive clinical disease, gameotocytes are important for human-to-mosquito
transmission.



In order to determine the effect of age on stage-specific gametocyte levels in
patients’ blood at V1, we estimated P. falciparum gametocyte levels in subjects’
blood using qRT-PCR. We used gametocyte stage-specific primers to quantify gene
expression of Pfs16, Pfs25 and Pfs230 from cDNAs prepared from dried blood
spots taken during V1. These quantities are not significantly correlated (p > 0.08),
indicating that they are likely marking different gametocyte populations in our data
set. Whereas, using the Pfs16 (Figure 1B) and Pfs230 (Figure 1C) primers, the
estimated number of gametocytes did not differ significantly between age groups,
we found that young children had significantly higher levels of Pfs25 -expressing
gametocytes (median 0.465 gametocytes/µl) compared with adults (0.255/µl) (p =



0.00685) (Figure 1D). We observed no gender-based differences in gene expression
for Pfs16, Pfs25 or Pfs230.











