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 38 



Supplementary Figure 1. Clinical characteristics of the mild malaria cohort in the 18-39 

month longitudinal study: (A) Table with participant characteristics and clinical parameters at 40 

enrollment in the study, categorized by participants’ age. Median and IQR values, and p-value 41 

determined by two-way ANOVA statistical analysis across participant’s groups is indicated. (B) 42 

Average number of days between clinical reinfection episodes (>2,500 parasites/µl blood) and 43 

age (years) of each participant that completed the study within the protected (≤1 clinical 44 

reinfection, n=41) and susceptible groups (≥3 clinical reinfections, n=33). (C) Number of 45 

afebrile asymptomatic reinfections (<2,500 parasites/µl blood, temperature <37.5°C) and 46 

submicroscopic episodes (Pf  PCR+) two sided Student’s t-test was conducted between indicated 47 

groups, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (D) Table participant enrollment 48 

characteristics by clinical immunity status and age. (E) Parasitemia (left axis), temperature (right 49 

axis) and Pf PCR status of a subset of susceptible, <13 yr, protected, <13 yr and protected, ≥13 50 

yr at each clinical visit over the 18-month longitudinal study. Data are presented as 51 

means ± SEM (B,C). 52 

  53 



 54 

Supplementary Figure 2. Pf specific antibody responses in participants determined by Pf 55 

antigen array: (A) Heatmap of normalized intensity of IgG reactivity to 372 Pf antigens (rows) 56 



in plasma from individual participants (columns) within susceptible, <13 yr, protected, <13 yr 57 

and protected, ≥ 13 yr groups during malaria illness. Surface and non-surface Pf antigens are 58 

indicated. (B) Venn diagram indicating overlapping Pf IgG reactivity to 372 Pf Ags by 59 

susceptible n=32, protected age-matched (n=20) and protected > 13 yr groups (n=21). Total Pf 60 

Ags recognized by each group is indicated next to the group label. (C) Pf merozoite opsonization 61 

assay with YOYO1+ Pf merozoites incubated with or without indicated plasma (1:9 dilution, 62 

duplicate wells) and co-cultured with THP1 cells in the presence or absence of FcR block or 63 

Cytochalasin D (n=2). Mean and SEM of the % YOYO1+ THP-1 cells are shown. Statistics is 64 

two sided Welch’s unpaired t-test between indicated groups *p<0.05. Data are presented as 65 

means ± SEM (C).  66 
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Supplementary Figure 3. CyTOF immunophenotyping panel and gating strategy of 68 

immune cell populations: (A) Participant PBMCs were immunophenotyped with a 33 marker 69 



mass cytometry antibody panel with indicated heavy-metal tags. (B) Gating strategy for live cells 70 

among PBMCs immunophenotyped by CyTOF. A density plot that is a representative sample 71 

during malaria illness is shown. (C) Contour plots with gating strategy for innate and adaptive 72 

immune cell populations among PBMCs stained with the antibody panel in (A).   73 



 74 

Supplementary Figure 4. Single-cell (sc) transcriptomic analysis of memory and naive 75 

CD4+ T cells from protected participants during malaria illness: (A) Dot plots show the 76 

gating strategy for sorting live (L/D aqua negative), memory (CD45RO+) and naïve (CD45RO- 77 



CD27+) CD4+ T cells on the BD Aria III for scRNA-seq analysis. (B) Table of the characteristics 78 

of the three protected participants from which PBMC were used for sc transcriptomic and TCR-79 

seq. (C) UMAP visualization of scRNA-seq results on the memory CD4+ T cells from each of 80 

the 3 protected participants during malaria infection. (D) UMAP visualization of scRNA-seq 81 

results on isolated naïve versus memory CD4+ T cells from 3 protected participants during 82 

malaria infection. (D) UMAP visualizations of i) memory (CD45RO+) clusters as defined in 83 

Figure 5A (left) and ii) overlay of naive and memory CD4+ T cell distributions from the 3 84 

protected participants during malaria infection (right).   85 
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Supplementary Figure 5. Additional characterization of expanded memory CD4+ T cell 87 

clones of the 3 protected participants: (A) Variable region sequences of the TCRα and TCRβ 88 

chains in expanded memory CD4+ T cell clones and their frequencies in protected malaria 89 

participants (n=3), defined by single-cell TCR-seq. (B) Relative expression of indicated gene in 90 

each individual expanded memory CD4+ T cell clone. (C) Frequency of expanded memory CD4+ 91 

T cell clone among all memory CD4+ T cells that express the indicated gene in the 3 protected 92 

participants.   93 
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Supplementary Figure 6. AIM assay on ZEB2+ and ZEB2neg  memory CD4+ T cells in 95 

participants during illness: (A) Table summarizing the characteristics of the study participants 96 

whose PBMC were used for the AIM assay. (B) Representative FACS dot plots of CD25 and 4-97 

1BB expression by ZEB2+ memory CD4+ T cells in i) Healthy controls (HC) stimulated with 98 

control antigen (ctrl Ag) (n=3) or all Pf Ag (Circumsporozoite Protein (CSP), Merozoite Surface 99 

Protein-1 (MSP-1), Apical Membrane Antigen 1 (AMA-1), Erythrocyte Binding Antigen 175 100 

(EBA-175) (n=3) and in ii) Malaria Patients (MP) stimulated with ctrl Ag (n=6) or all Pf Ag 101 

(n=6). (C) Representative FACS dot plots of CD25 and OX40 expression by ZEB2neg memory 102 

CD4+ T cells in i) HC stimulated with ctrl Ag (n=3) or all Pf Ag (n=4) and in ii) MP ctrl Ag 103 

(n=7), all Pf Ag (n=13) or Pf CSP (n=5). Bar graphs pool 3 independent experiments across 104 

distinct participants, each symbol is one participant. Two-sided Student’s t-test was conducted 105 

between indicated groups ns- non-significant, *p<0.05, **p<0.01, ***p<0.001. (D) Spectral flow 106 

cytometry panel (Aurora, Cytek) used for phenotypic characterization of PBMCs in Figures 7 107 

and 8. (E) Table summarizing the characteristics of the study participants who gain or do not 108 

gain clinical immunity during the study.  109 
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