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Supplemental Materials and Methods 1 

 2 

Total IgG ELISA 3 

Total IgG concentrations in purified pre-immunization IgGs, post-immunization IgGs and CSP-4 

depleted post-immunization IgGs were determined by total IgG-ELISAs, as described below 5 

(see CSP-IgG ELISA) with small adaptations. Briefly, polystyrene flat-bottom 96-well plates 6 

were coated overnight with 1 ug/ml goat anti-human IgG (ImmunoPure, ThermoFischer 7 

Scientific). Purified IgGs were diluted 1:2,000 in PBS containing 0.05% Tween20 and 1% milk 8 

(PBST/1% milk) and a seven-point 1:3 dilution series was carried out for each IgG sample. As 9 

a standard and positive control, purified malaria-naive IgGs with a fixed concentration (5.7 10 

mg/ml) were diluted 1:2,000 in PBST/1% milk and included on every plate in a seven-point 11 

1:3 dilution series in duplicate. IgG concentrations were calculated in relation to the positive 12 

control.  13 

 14 

CSP-IgG ELISA 15 

Levels of P. falciparum circumsporozoite protein (CSP)-specific antibodies in purified IgGs 16 

were determined by ELISAs as previously described with small adaptations (8). Briefly, 17 

polystyrene flat-bottom 96-well plates were coated overnight with 1 ug/ml CSP in PBS 18 

(Gennova Biotechniques Pvt. Ltd., India). Purified IgG samples were diluted 1:50 in PBST/1% 19 

milk and a seven-point 1:2 dilution series was carried out for each IgG sample. As a standard 20 

and positive control, a plasma pool from 100 Tanzanian hyper-immune adults living in a 21 

highly malaria-endemic area (HIT) was diluted 1:200 in PBST/1% milk and included on every 22 

plate in a seven-point 1:2 dilution series in duplicate.  23 
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 24 

CSP-IgM ELISA 25 

Levels of P. falciparum circumsporozoite protein (CSP)-specific IgM antibodies were 26 

determined by ELISAs that have previously been optimized for type of blocking buffer, 27 

concentrations of IgM horseradish peroxidase (HRP) detection antibodies and plasma 28 

sample dilutions. Polystyrene flat-bottom 96-well plates were coated overnight with 0.5 29 

ug/ml CSP in PBS (Gennova Biotechniques Pvt. Ltd., India). Plates were washed four times 30 

prior to blocking with PBS/3% BSA for one hour at room temperature. Citrated pre- and 31 

post-immunization plasma samples were diluted 1:50 in PBS containing 0.05% Tween20 and 32 

1% BSA (PBST/1% BSA) and a four-point 1:3 dilution series was carried out for each sample. 33 

For CSP-IgM ELISAs the same standard and positive control was used as for CSP-IgG ELISAs;  34 

HIT serum was diluted 1:200 in PBST/1% milk and included on every plate in a seven-point 35 

1:2 dilution series in duplicate. After a three hour incubation step at room temperature, 36 

plates were washed four times with PBS. Goat anti-human IgM-HRP detection antibody 37 

(Dako; P0215) diluted 1/6,250 in PBST was added to each well and after an one hour 38 

incubation step, plates were washed four times with PBS. Bound IgG and IgM antibodies 39 

were detected with a horseradish peroxidase (HRP)-conjugated detection antibody, followed 40 

by development with HRP substrate (tetramethylbenzidine). HRP substrate development 41 

was stopped by the addition of 0.2M sulfuric acid (H2SO4). 42 

 43 

CSP-specific Ig subclass ELISA 44 

Polystyrene flat-bottom 96-well plates were coated overnight at 4 °C with 0.5 ug/ml CSP in 45 

PBS (Gennova Biotechniques Pvt. Ltd., India). Plates were washed three times with PBST 46 

(PBS containing 0.05% Tween20), blocked for 2 hours at 37 °C with 10% milk in PBS, and 47 
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again washed three times with PBST. Pre- and Post-immunization plasma samples from CPS-48 

immunized volunteers (n=15) were diluted 1:100 in PBST/5% milk and a four-point 1:2 49 

dilution series was carried out for each sample. As a standard and positive control, HIT was 50 

diluted 1:100 in PBST/1% milk and included on every plate in a seven-point 1:2 dilution 51 

series in duplicate. Plasma samples were incubated for 2 hours at room temperature and 52 

subsequently washed three times with PBST. IgG subclass antibodies recognizing CSP were 53 

detected by adding 1:1,000 dilution of biotinylated IgG1 (MabTech, 3851-6-250), IgG2 54 

(MabTech, 3852-6-250), IgG3 (MabTech, 3853-6-250) or IgG4 (MabTech, 3854-6-250) 55 

antibodies for 1 hour at room temperature. Following a wash step with PBST, streptavidin-56 

HRP (MabTech, 3310-9) was added to each well at a 1:1,000 dilution. Wells were washed 57 

three times with PBST, followed by three times with PBS, and developed with HRP substrate 58 

(tetra-methyl-benzidine). The reaction was stopped with 0.2M sulfuric acid. As a technical 59 

control for the detection of IgG1, IgG2, IgG3 and IgG4 antibodies, polystyrene flat-bottom 60 

96-well plates were coated overnight at 4 °C with 1:50 dilution of a malaria-naive donor, 61 

followed by detection steps as described in the previous section.  62 

 63 

For all ELISAs as described above, all samples from each volunteer were measured on the 64 

same plate. Spectrophotometrical absorbance at 450 nm was measured using the iMark 65 

Microplate Absorbance Reader (Bio-Rad). Antibody levels were expressed as arbitrary units 66 

(AU) in relation to the positive control, set at 100 AU (11). ELISA data analysis was performed 67 

with Auditable Data Analysis and Management System for ELISA (ADAMSEL, version 1.1) as 68 

previously described (16). 69 

  70 
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IgG and IgM antibody opsonization of whole sporozoites 71 

P. falciparum NF54 or NF135.C10 sporozoites collected in Leibovitz culture medium were 72 

added to v-bottom 96-well plates (CoStar) at a concentration of 5x104 sporozoites/well and 73 

PBS was topped up to 200 ul/well. Samples were centrifuged at 3,220 g for 5 minutes at  74 

room temperature (Eppendorf Centrifuge 5810 R). Sporozoites were incubated with 10% 75 

heat-inactivated pre- or post-immunization serum and 10% heat-inactivated normal human 76 

serum (inactive complement) diluted in PBS for 30 minutes at 37 ˚C in duplicate (50 ul/well 77 

with 20% total serum in each well). Unstained sporozoites served as an internal control and 78 

were incubated in PBS alone. Other single compensation controls were incubated in the 79 

presence of 10% heat-inactivated post-immunization serum and 10% inactive complement. 80 

Following incubation, samples were washed with PBS and centrifuged at 3,220 g for 5 81 

minutes at room temperature. Subsequently, sporozoites were stained with fluorescently 82 

labeled antibodies targeting sporozoite circumsporozoite protein (CSP; 3SP2-Alexa Fluor-488 83 

at 1:1,000 dilution, labeled in house), IgG antibodies (IgG-PerCP at 1:50 dilution, Jackson 84 

ImmunoResearch laboratories) and IgM antibodies (IgM-Alexa Fluor-647 at 1:1,000 dilution, 85 

Jackson ImmunoResearch laboratories) diluted in PBS/2% bovine serum albumin (BSA), for 86 

30 minutes in the dark at 4 ˚C. Unstained sporozoites were taken up in PBS/2% BSA and 87 

single compensation controls were taken along (sporozoites stained with only one single 88 

antibody; 3SP2-Alexa Fluor-488, IgG-PerCP or IgM-Alexa Fluor-647). After incubation, 89 

samples were washed with PBS, centrifuged at 3,220 g for 5 minutes at room temperature, 90 

and subsequently fixed with 1% paraformaldehyde (PFA) for 20 minutes in the dark at 4 ˚C. 91 

Lastly, samples were washed with PBS, centrifuged at 3,220 g for 5 minutes at room 92 

temperature and resuspended in 200 ul PBS. Samples were kept at 4 °C in the dark until flow 93 

cytometric analysis. Flow cytometric analysis was performed with a LSRII flow cytometer (BD 94 
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BioSciences) and data analysis was performed with FlowJo software (version 10.0.8, Tree 95 

Star). 96 

 97 

In vitro complement deposition and sporozoite damage assay 98 

P. falciparum NF54 or NF135.C10 sporozoites collected in Leibovitz culture medium were 99 

added to v-bottom 96-well plates (CoStar) at a concentration of 5x104 sporozoites/well and 100 

PBS was topped up to 200 ul/well. Plates were centrifuged at 3,220 g for 5 minutes at room 101 

temperature. Sporozoites were incubated with 10% heat-inactivated pre- of post-102 

immunization serum and 10% fresh normal human serum (active complement) or 10% heat-103 

inactive complement diluted in 1x veronal buffer (Lonza BioWhittaker) for 30 minutes at 37 104 

˚C in duplicate (total serum in each well: 20%). In case of purified IgGs, sporozoites were 105 

incubated with 10 mg/ml pre-immunization IgGs, post-immunization IgGs or post-106 

immunization IgGs depleted from CSP in the presence of 10% active complement and diluted 107 

in 1x veronal buffer, for 30 minutes at 37 °C in duplicate. Unstained sporozoites served as an 108 

internal control and were incubated in 1x veronal buffer. Other (single) compensation 109 

controls were incubated in the presence of 10% heat-inactivated post-immunization serum 110 

or 10 mg/ml post-immunization IgGs and 10% active complement in 1x veronal buffer. To 111 

inactivate complement, PBS/20 mM EDTA was added 1:1 to all samples (final concentration: 112 

PBS/10 mM EDTA) and plates were put at 4 ˚C for 5 minutes to inactivate complement. 113 

Subsequently, samples were washed with PBS and centrifuged at 3,220 g for 5 minutes at 114 

room temperature. Sporozoites were then stained with fluorescently labeled antibodies 115 

targeting sporozoite CSP (3SP2-Alexa Fluor-647 at 1:10,000 dilution), C3 complement protein 116 

deposition (C3-FITC at 1:500 dilution; Cappel, MP Biomedicals) and a fixable viability dye 117 

(eFluor 450 at 1:4,000 dilution; eBioscience) diluted in PBS/2% BSA, for 30 minutes in the 118 
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dark at 4 ˚C. Unstained sporozoites were resuspended in PBS/2% BSA and single 119 

compensation controls were taken along: sporozoites stained with 3SP2-Alexa Fluor-647, C3-120 

FITC or eFluor 450 detection antibodies. After incubation, samples were processed and 121 

analysed as described in the previous section. The geometric mean fluorescent intensity 122 

(MFI) and percent membrane-compromised sporozoites of post-immunization samples were 123 

corrected for that of pre-immunization responses by subtracting the MFI and percent 124 

membrane-compromised cells of pre-immunization responses from that of post-125 

immunization responses. 126 

 127 

In vitro sporozoite infectivity assay of a human hepatoma cell line 128 

Neutralization of P. falciparum sporozoite hepatocyte invasion in vitro by CPS-induced 129 

antibodies was assessed in a flow-cytometry based in vitro invasion assay. Freshly dissected 130 

P. falciparum NF54 or NF135.C10 sporozoites were pre-incubated with 10% heat-inactivated 131 

pre- or post-immunization CPS serum for 30 minutes at 4 ˚C. Subsequently, 5x104 132 

sporozoites/well were added in duplicate to flat-bottom 96-well plates containing 133 

monolayers of 5x104 HC-04 cells in the presence of 10% active or inactive complement. 134 

Samples were centrifuged at 3,000 rpm for 10 minutes at room temperature with a low 135 

brake and after 3 hours of incubation at 37 °C in 5% CO2, cells were gently washed three 136 

times with PBS to remove excess sporozoites and antibodies. Cells were trypsinized with 137 

0.05% Trypsin-EDTA for a couple of minutes at room temperature and trypsin activity was 138 

subsequently neutralized by adding 10% FBS in PBS. All cells were transferred to a 96-well v-139 

bottom plate and centrifuged at 1,700 rpm for 4 minutes at 4°C. Supernatant was carefully 140 

removed, samples were fixed and permeabilized with Fixation/Permeabilization buffer 141 

(eBioscience) for 30 minutes at 4 °C. Subsequently, samples were washed with 142 
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Permeabilization buffer (eBioscience) and centrifuged at 1,700 rpm for 4 minutes at 4 °C. 143 

Intracellular and invaded parasites were stained with an anti-CSP monoclonal antibody 144 

conjugated with fluorescent Alexa Fluor 488 (3SP2-Alexa Fluor-488; diluted 1:160 in 10% FBS 145 

in PBS), and incubated for 30 minutes in the dark at 4 °C. Samples were again washed with 146 

Permeabilization buffer and pellets were taken up in 1% PFA, transferred to micronic tubes 147 

(Micronic), and put at 4 °C in the dark until flow cytometric analysis on the same day. Flow 148 

cytometric analysis was performed with a Gallios (Beckman Coulter) flow cytometer and 149 

data were analysed with FlowJo software (version 10.0.8, Tree Star). The percentage of CSP-150 

positive sporozoites was first corrected for background reactivity by subtracting the 151 

background (uninfected HC-04 cells in the presence of 3SP2-Alexa Fluor-488 antibody). The 152 

percent invasion inhibition was calculated as follows: 1 - (average % CSP-positive cells in 153 

post-immunization cultures / average % CSP-positive cells in pre-immunization cultures) * 154 

100%.  155 
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