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SUMMARY
CD4+ T follicular helper cells (Tfh) are key drivers of antibody development. During Plasmodium falciparum
malaria in children, the activation of Tfh is restricted to the Th1 subset and not associated with antibody
levels. To identify Tfh subsets that are associated with antibody development in malaria, we assess Tfh
and antibodies longitudinally in human volunteers with experimentalP. falciparum infection. Tfh cells activate
during infection, with distinct dynamics in different Tfh subsets. Th2-Tfh cells activate early, during peak
infection, while Th1-Tfh cells activate 1 week after peak infection and treatment. Th2-Tfh cell activation is
associated with the functional breadth and magnitude of parasite antibodies. In contrast, Th1-Tfh activation
is not associated with antibody development but instead with plasma cells, which have previously been
shown to play a detrimental role in the development of long-lived immunity. Thus, our study identifies the con-
trasting roles of Th2 and Th1-Tfh cells during experimental P. falciparum malaria.
INTRODUCTION

Malaria caused by Plasmodium falciparum remains one of the

most important infectious diseases globally, with >200 million

clinical cases and up to 500,000 deaths annually.1 Antibodies

play a major role in naturally acquired and vaccine-induced

protective immunity to malaria, but factors that determine their

optimal induction and maintenance over time are poorly

understood. The first licensed malaria vaccine, RTS,S, prevents

infection by inducing antibodies that target sporozoites,2–4 and

large-scale Phase IV implementation trials of RTS,S have

recently commenced in parts of Africa. Despite this, RTS,S

has only moderate efficacy and short-lived protection in the

target population of infants and young children.4 Thus, under-

standing the induction and maintenance of protective anti-

bodies is crucial for developing vaccines with greater efficacy

and durability.

Antibody production, both during infection and vaccination, is

driven by CD4+ T follicular helper (Tfh) cells, which promote the

development of memory and class-switched, affinity-mature

antibody-producing B cells.5 Due to the central importance of

Tfh cells in antibody induction, the optimized targeting of these

cells has been proposed as a key avenue to develop improved
Cell Repor
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malaria vaccines.6,7 Tfh cells primarily function within germinal

centers (GCs).5 However, in humans, subsets of peripheral blood

circulating CD4+ T cells, which express CXCR5 and pro-

grammed cell death protein 1 (PD1) molecules, share pheno-

typic, functional, and transcriptional profiles of and significant

clonal overlap with lymphoid Tfh cells.8–11 Upon activation,

circulating Tfh (cTfh) cells express the co-stimulatory marker

ICOS, which is crucial for development and function,12–14 as

well as other activation markers, including CD38 and Ki67.15

cTfh can be segregated into 3 different T helper (Th)-like subsets

based on CXCR3 and CCR6 expression: Th1 (CXCR3+CCR6�),
Th2 (CXCR3�CCR6�), and Th17 (CXCR3�CCR6+).11 Th2-cTfh

cells exhibit transcriptional profiles that are most closely related

to GC Tfh cells,10 and, along with Th17-cTfh cells, have the

greatest capacity to activate naive B cells in vitro.11 The relative

importance of specific cTfh cell subsets in driving antibody re-

sponses appears to be influenced by the type of pathogen and

context of the exposure. For example, Th2-cTfh cells have

been associated with the acquisition of broadly neutralizing an-

tibodies against HIV,10 while Th1-cTfh cells are linked to the in-

duction of antibodies following viral infection and vaccination,

including influenza, HIV, and severe acute respiratory syn-

drome-coronavirus-2 (SARS-CoV-2).16–19
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Figure 1. Gating Strategy for Tfh in Whole Blood

Gating strategy to identify cTfH, activation, and subsets.Whole blood was stained and analyzed by flow cytometry, and CD45+ lymphocytes were gated as T cells

on CD3. CD4 T cells were gated as CD4+CD8� and cTfh analyzed based on PD1+CXCR5+ cells. cTfh cell subsets were analyzed based on CXCR3 and CCR6

staining into Th1 (CXCR3+CCR6�), Th17 (CXC3�CCR6+), and Th2 (CXCR3�CCR6�). Activation was gated as ICOS+ andCD38+ ‘‘and’’ gatesweremade to assess

activation markers within subsets. Data are representative of 157 samples (40 individuals at days 0, 8, and 14/15 and 37 individuals at EOS).
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cTfh cell activation duringP. falciparum infection in humans has

only been investigated in a single study of Malian children.20 This

study reported that during P. falciparummalaria, cTfh cell activa-

tion was restricted to Th1-cTfh cells, and activation was not

correlatedwithanti-malarial immunoglobulinG (IgG) responses.20

Th1-cTfh cells have been linked to the development of atypical

memory B cells,21 which have exhausted phenotypes during ma-

laria.22,23 Furthermore, murine models have shown that Th1-Tfh

skewing by malaria-induced inflammation is detrimental to GC

formation and antibody induction.24 These data support the hy-

pothesis that thepreferential activationofTh1-Tfhcellsduringma-

laria slows the acquisition of protective anti-malarial antibodies.25

However, protective antibodies tomalaria do develop over time in

exposed populations, and it remains unknown whether cTfh cell

activation plays a role in antibody acquisition and maintenance

in humans.

We hypothesized that Th2-cTfh cell activation during

P. falciparum infection, rather thanTh1-cTfH, is required topromote

effective anti-malarial antibody production. To test this hypothesis,

we experimentally infected malaria-naive Australian adult volun-

teers using the inducedbloodstagemalaria (IBSM)system.This al-
2 Cell Reports Medicine 1, 100157, December 22, 2020
lowed us toevaluate the immune response induced following a sin-

gle P. falciparum infection, without the influence of prior malaria

exposure or other comorbidities observed in endemic populations

that can confound the analysis and interpretation of findings.26 We

quantified cTfh cell activation and antibody magnitude, type, and

functional activity during experimental P. falciparum infection in a

group of 40 volunteers and assessed the associations between

cTfh and antibody induction. Our results identify cTfh cell subsets

andphenotypes that are associatedwith the induction of functional

antibodies required for protection from human malaria infection.

RESULTS

cTfh Cells Upregulate Multiple Activation Markers
during IBSM
To assess cTfh cells during malaria infection, we quantified

cTfh cell activation and subset distribution by flow cytometry

in a large cohort of IBSM participants (n = 40) (Figure 1). The

activation of cTfh cells was assessed with the commonly

used activation markers ICOS and CD38. While the frequency

of cTfh cells among circulating CD4+ T cells remained



A

C

E

B

D

F

Figure 2. cTfh Are Activated in P. falciparum Infection

(A) cTfh (PD1+CXCR5+CD4) T cells were assessed by flow cytometry at days 0, 8, and 14/15, and EOS.

(B) cTfh cells as a frequency of total CD4 T cells after infection.

(C) Representative flow cytometry gating of activated (ICOS+) cTfh cells following infection.

(D) Activated cTfh (ICOS+) cells as a frequency of CD4 T cells.

(E) Representative histograms of CD38 expression on activated (ICOS+) and non-activated (ICOS�) cTfh cells.

(F) CD38 positivity as a frequency of activated ICOS+ cTfh cells. Flow cytometry-based assays were performed once on whole-blood samples tested in singles.

Data are from 40 individuals at days 0, 8, and 14/15 and 37 individuals at EOS. (A), (C), and (E) are representative data from a single individual. For (B), (D), and (F),

paired Wilcoxon signed-rank tests compared to day 0 are indicated. Boxplots are Tukey style, with median and interquartile range (IQR). Whiskers are to data

point no further than 1.5 3 IQR; dots are outlying points. Paired data are joined by lines. See also Figures S1 and S2.
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unchanged (Figures 2A and 2B), ICOS was upregulated at peak

infection, and further increased by day 14/15 and end of study

(EOS) (Figures 2C and 2D). There was no correlation between

pre-infection levels of ICOS and the magnitude of upregulation

during infection (Figure S1A). Furthermore, ICOS upregulation

was not correlated with parasite biomass, which varied sub-

stantially among participants (Figures S1B and S1C). ICOS+

cTfh cells but not ICOS� counterparts also expressed the acti-

vation marker CD38, which increased following treatment at

day 14/15 (Figures 2E and 2F). Ki67 and human leukocyte anti-

gen-DR isotype (HLA-DR) expression was also evident among

cTfh and was higher on ICOS+ compared to ICOS� cTfh cells
indicating that multiple activation markers were increased dur-

ing infection (Figure S2).

Th2-cTfh Cells Are Activated Early in Infection, whereas
Th1-cTfh Cells Are Activated after Drug Treatment
When divided into Th1, Th2, and Th17 subsets based on CXCR3

and CCR6 expression (Figure 1), the proportion of Th2-cTfh cells

increased at day 8 (peak infection) compared to pre-infection.

However, after drug treatment, the proportion of Th2-cTfh cells

returned to baseline, whereas there was a marked increase in

the proportion of Th1-cTfh cells (Figure 3A). Similarly, there

was an increase in activated ICOS+ and CD38+ Th2-cTfh cells
Cell Reports Medicine 1, 100157, December 22, 2020 3
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but not in Th1-cTfh cells at peak infection (Figures 3B and 3C).

CD38+ but not ICOS+ Th17-cTfh cells were also increased at

peak infection (Figures 3B and 3C). In contrast, following drug

treatment, there was a large increase in ICOS+ and CD38+

Th1-cTfh, but this was not observed for the other subsets (Fig-

ures 3B and 3C). While significant changes were detected

among the population, it should be noted that there was sub-

stantial variation in the subset composition of cTfh cell activation

between individuals (Figure 3D). These data indicated that in

contrast to reports in Malian children with P. falciparum malaria,

in which cTfh activation is restricted to Th1-cTfh cells,20 during

experimental P. falciparum infection multiple cTfh cell subsets

were phenotypically activated, but activation occurs with

different kinetics. Our results demonstrate that Th2-cTfh cells

were predominantly activated early, during peak infection (day

8 post-infection), while Th1-cTfh cell activation occurred post-

treatment (day 14/15 post-infection and EOS), and subsequently

dominated the cTfh cell response.

Memory Distribution between Tfh Subsets and Changes
following Malaria Infection
To further investigate cTfh phenotypes during infection, subse-

quentanalysisofTfhduring IBSMwasperformedonasinglecohort

(n = 6) of participants with available peripheral bloodmononuclear

cell (PBMC) samples (at days 0, 8, and EOS). Thememory pheno-

type of cTfh cells was assessed by CD45RA and CCR7

and memory phenotypes were classified as central memory (CM,

CD45RA�CCR7+),effectormemory (EM,CD45RA�CCR7�), termi-

nally differentiated effector memory (TEMRA, CD45RA+CCR7�),
and naive subsets (N, CD45RA+CCR7+). cTfh cells were predomi-

nately CM and EM cells (Figure 4A). The memory distribution

differed between cTfh subsets, with Th1-cTfh cells being domi-

nated by EM cells, and Th2-cTfh and Th17-cTfh cells being domi-

nated by CM cells (Figures 4B and 4C). For all Tfh subsets, there

was a decrease in CM and an increase in EMmemory phenotypes

after infection (Figure4D). Thedifferingdistributionofmemoryphe-

notypesbetweencTfhsubsets inmalaria-naive adults is in contrast

to the reportedmemoryphenotypesofcTfhcells inMalianchildren,

in which both CXCR3+ (Th1-like) andCXCR3� (Th2/Th17-like) cTfh

were ~50%CM cells.20

P. falciparum Stimulation of PBMCs from Malaria-Naive
Adults Recapitulates ExperimentalMalaria byActivating
All Subsets of cTfh Cells
To further support data showing that experimental malaria infec-

tion in adults activates all cTfh cell subsets, we stimulated
Figure 3. Th2-cTfh Are Activated Early in P. falciparum Infection

cTfh (PD1+CXCR5+ CD4) cells were differentiated into subsets based on CXCR3

Th17-like (CXCR3�CCR6+) cell subsets.
(A) Subsets as a frequency of cTfh cells after infection.

(B) Activated ICOS+ subsets as a frequency of cTfh cells after infection.

(C) Activated CD38+ subsets as a frequency of cTfh cells after infection.

(D) Activated ICOS+ subsets as a frequency of cTfh cells for each individual stud

based on the frequency of ICOS+ cTfh cells before infection. For participants 6,

cytometry-based assays were performed once on whole-blood samples tested

Data are from 40 individuals at days 0, 8, and 14/15 and 37 individuals at EOS. For

are Tukey style, with median and IQR. Whiskers are to data point no further than 1

40 individuals at days 0, 8, and 14/15 and 37 individuals at EOS.
PBMCs from healthy malaria-naive adults with P. falciparum in-

fected and uninfected red blood cells (RBCs) (iRBCs, uRBCs)

for 5 days. In vitro stimulation of PBMCs from malaria-naive

adults has previously been shown to induce FoxP3+ T regulatory

cells.27,28 Consistent with ex vivo data of cTfh cells during exper-

imental malaria infection, Th1- and Th2- but not Th17-cTfh cells

showed an increase in activation/proliferation markers Ki67,

ICOS, and CD38 following in vitro stimulation with iRBCs

compared to uRBCs. As seen ex vivo following experimental

infection, Th1-cTfh had higher levels of activation/proliferation

than Th2-cTfh (Figure 5). The activation of both Th1- and Th2-

cTfh subsets in malaria-naive adult PBMC samples is in contrast

to the in vitro stimulation of PBMCs from malaria-exposed chil-

dren, in which activation/proliferation of cTfh is restricted to

Th1-cTfh cells.20

Isotype-Switched and Functional Antibodies Are
Induced following Experimental Malaria Infection
To examine the relationship between cTfh cell activation and the

development of protective humoral immunity following

experimental P. falciparum infection, we analyzed parasite-spe-

cific antibodies. We measured antibody responses in all of the

participants on days 0, 8, and 14/15, and EOS to intact merozo-

ites, the parasite stage that invades RBCs.29 Responses peaked

at EOS for both IgG and IgM, with a significant increase observed

from day 14/15 (Figure S3). We further characterized the anti-

body response at EOS by assessing IgG subclasses and

IgM,30 along with the magnitude of functional antibodies, which

have roles in protective immunity that fixed complement factor

C1q31,32 that is the first step in classical complement activation,

bind Fcg-receptors (FcgR) that are involved in opsonic phagocy-

tosis and antibody-dependent cellular cytotoxicity,33,34 and

mediate opsonic phagocytosis (OPA) by THP-1 monocytes.35

We measured responses to intact merozoites and to the abun-

dant and immunodominant merozoite antigen and vaccine

candidate, MSP2.36–39 Following infection, IgM and all IgG sub-

classes specific for merozoites and recombinant MSP2 were

increased at EOS (Figures 6A and 6B). The proportion of individ-

uals responding was highest for IgM and IgG1. Similarly, all of the

functional antibody responses were significantly increased after

infection except for antibody-promoting FcgRIIa binding to mer-

ozoites (Figures 6C and 6D). The prevalence of functional anti-

bodies was highest for antibodies that crosslinked FcgRIII to

merozoites and MSP2. Functional responses (FcgR binding,

C1q fixation, and OPA) were moderately and significantly

correlated with IgG1 (r = 0.49–0.76), and less commonly with
and CCR6 expression into Th1 (CXCR3+CCR6�), Th2 (CXCR3�CCR6�), and

y participant following experimental malaria infection. Participants are ranked

507, 6,505, and 6,506, no sample was available at EOS time point (NA). Flow

in singles.

(A)–(C), Wilcoxon signed-rank tests compared to day 0 are indicated. Boxplots

.53 IQR; dots are outlying points. Paired data are joined by lines. Data are from

Cell Reports Medicine 1, 100157, December 22, 2020 5
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Figure 4. Memory Phenotypes of Tfh Subsets during Infection

(A) cTfh (PD1+CXCR5+CD4) cells were differentiated into memory phenotypes based on CD45RA and CCR7 expression into central memory (CM

CD45RA�CCR7+), effector memory (EM CD45RA�CCR7�), terminal differentiated effector memory (TEMRA CD45RA+CCR7�), and naive (CD45RA+CCR7+)

phenotypes.

(B) cTfh subsets (Th1, Th2, Th17, based on CXCR3 and CCR6 expression) had different distributions of memory phenotypes.

(C) Mean memory phenotypes across subsets at day 0, before inoculation.

(D) Proportion of CM and EM phenotypes within cTfh subsets after infection. Flow cytometry-based assays were performed once on cryopreserved PBMC

samples tested in singles.

Data are from 6 individual study participants from days 0, 8, and EOS (cryopreserved PBMC day 14/15 samples were not available). (A) and (B) are representative

data from 1 individual. (C) is the median of eachmemory phenotype in each subset. (D) Boxplots are Tukey style, with median and IQR.Whiskers are to data point

no further than 1.5 3 IQR, dots are outlying points. Paired data are joined by lines. Wilcoxon signed-rank test compared to day 0 are indicated.
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IgG3 (r = 0.32–0.46). However, each functional response was

only moderately correlated to other functions, indicating that

functional responses were not equally co-acquired (Figure 6E).

IgG1, IgG2, IgG3, and IgM responses but not IgG4 and functional

responses were correlated between merozoites and MSP2

(Spearman r 0.32–0.68). To understand the overall breadth

and composition of an individual’s response, each antibody

response was categorized as negative (below positive threshold)

or low/high (based on below/above median value of all positive

responses). The overall composition of induced antibody re-

sponses between individuals was diverse; however, there was

a clear hierarchy of antibody acquisition (Figure 6F).

Antibody Induction Is Associated with Th2-cTfh Cell
Activation during Peak Infection
To calculate a single measure of antibody development to cap-

ture the breadth and magnitude of responses across all individ-

uals, regardless of antibody composition, we calculated an

antibody score; for each antibody variable (IgG/IgM and func-

tions), responses were scored as 0, 1, and 2 based on their cate-

gorized responses of negative/low/high (Figure 6F) and then
6 Cell Reports Medicine 1, 100157, December 22, 2020
summed for all merozoite and MSP2 antibodies. The antibody

score was normally distributed across the cohort (Figure 7A).

To investigate links between cTfh cell activation and antibody

score, the change in ICOS+ cTfh cells was calculated for total

cTfh between day 0 and subsequent time points and correlated

with antibody score. The strongest relationship between anti-

body score and increase of ICOS+ cTfh cells occurred at day 8

(Figure 7B, frequency change r = 0.3, p = 0.065; Figure S4B,

fold change r = 0.31, p = 0.048), suggesting that early activation

was most important for antibody induction. This is consistent

with an important role for the early activation of cTfh cells in initial

phases of GC formation, as previously reported for HIV vaccina-

tion in rhesus macaques.40 To assess the impact of individual

subsets at this early day 8 time point, the change in ICOS+

cTfh for each subset was calculated; activation was moderately

correlated across subsets (Figure S4A). The positive association

between antibody score and ICOS+ cTfh cells at day 8 was

restricted to the Th2-cTfh cell subset, suggesting that Th2-cTfh

activation is the most important factor in antibody development

(Figures 7C and S4C). Neither antibody score nor antibody vari-

ables were associated with parasite biomass during infection
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Figure 5. P. falciparum In Vitro Stimulation Activates All Subsets of Tfh

PBMCs from malaria-naive healthy donors (n = 10) were stimulated with P. falciparum-infected RBCs or uninfected RBCs (iRBCs, uRBCs) for 5 days. Each

individual was tested once.

(A and B) ICOS, (C and D) CD38, and (E and F) Ki67 expression on each Tfh subset was compared between uRBC- and iRBC-stimulated cells. (A), (C), and (E) are

representative data. (B), (D), and (F) Boxplots are Tukey style, with median and IQR.Whiskers are to data point no further than 1.53 IQR; dots are outlying points.

Paired data are joined by lines. Wilcoxon signed-rank test indicated comparing uRBC to iRBC stimulation in each individual.

Article
ll

OPEN ACCESS
(Figures S5A and S5B), in contrast to previous reports.41–43

Furthermore, antibody induction was not associated with EOS

time point nor with infection cohort (Figures S5C–S5E). It has

been hypothesized that short-lived plasma cell differentiation

may be driven by Th1-cTfh cells.44 Consistent with this hypoth-

esis, there was a positive association between activated Th1-

cTfh cells and total plasma cell expansion at day 14/15 (Fig-

ure 7D); we have previously shown that plasma cells are induced

at day 14/15 in experimental infections within the same study

participants.45 Plasma cell expansion at day 14/15was not asso-

ciated with antibody responses at EOS (r = 0.078, p = 0.63).

DISCUSSION

Despite decades of research, the most advanced malaria vac-

cine, RTS,S, has only ~30% efficacy in target populations. As

antibodies are key mediators of protective human immunity to
malaria, it is crucial to understand how antibody responses are

induced and maintained. Tfh cells are the key drivers of antibody

induction, and optimized activation of Tfh cells during vaccina-

tionmay boost malaria vaccine efficacy.6,7 Here, we investigated

the role of Tfh activation in antibody responses to malaria infec-

tion during experimental P. falciparum infection in malaria-naive

adults. This experimental human infection model is a powerful

system that allows for the longitudinal study of immune re-

sponses in previously naive individuals, free of confounding envi-

ronmental factors commonly seen in malaria-endemic cohort

studies. In contrast to Malian children with P. falciparummalaria,

in whomcTfh cell activation is restricted to Th1 cell subsets,20 we

showed that following experimental infection, the dynamics of

cTfh activation are subset specific, with Th2-cTfh cells activated

early at peak infection and Th1-cTfh cells activated following

treatment. Importantly, we report that the activation of Th2-

cTfh cells during peak infection is positively associated with
Cell Reports Medicine 1, 100157, December 22, 2020 7
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Figure 6. Antibodies to Merozoite and MSP2 Were Induced following IBSM

(A–D) IgG subclasses and IgM responses and functional capacity to fix complement (C1q), bind dimeric FcgRIIa or FcgRIIIa (surrogates for IgG antibody capacity

to crosslink cellular receptors), and promote opsonic phagocytosis (OPA) to merozoites (A and C) and MSP2 (B and D) were assessed before inoculation and at

EOS time points (n = 40 study participants). The positive threshold for each response is indicated by the dotted line (calculated as mean ± 3 SD of day 0 re-

sponses) and the proportion of positive responders are indicated in the bottom right of each panel. The Wilcoxon signed-rank test is <0.001 for all of the

comparisons of antibody responses at day 0 to EOS, except for merozoite FcgRIIa, which was not significant (p = 0.11). The phagocytosis index for OPA refers to

the percentage of THP-1 monocytes with ingested MSP2 beads. Assays were performed twice independently, with samples tested in duplicates. Boxplots are

Tukey style, with median and IQR. Whiskers are to data point no further than 1.5 3 IQR; dots are outlying points. Paired data are joined by lines.

(E) Spearman correlation matrix of all antibody responses to merozoites and recombinant MSP2. Only correlations <0.05 are indicated. Correlations between the

same subclass/function of responses comparing merozoite and MSP2 responses are indicated by black squares.

(legend continued on next page)
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the magnitude and functional breadth of induced anti-malarial

antibodies. In contrast, Th1-cTfh cell activation after anti-malaria

drug treatment was associated with plasma cell development,

which we have previously shown has negative effects on the

acquisition of long-lived and memory humoral responses.45

Thus, we identify contrasting protective and detrimental roles

for cTfh cell subset activation during P. falciparum malaria.

Understanding the drivers of functional antibody responses

will assist in the development of vaccines with the highest pro-

tective efficacy. Despite undergoing a relatively low dose of pri-

mary infection, our findings show that participants in the clinical

trials were able to mount a robust antibody response, including

functional antibodies that could fix complement, crosslink FcR,

and promote opsonic phagocytosis. Our findings open avenues

to identify strategies for generating more potent malaria vac-

cines. Targeted Tfh cell activation is beginning to be explored

as an avenue to improve malaria vaccine efficacy, and antigen-

specific cTfh has been identified as one predictor of RTS,S effi-

cacy.46 Strategies such as using a glycopyranosyl lipid adjuvant/

emulsion have been shown to increase the quantity of Tfh cell

activation (without changing the composition of the response),

resulting in increased magnitude and longevity of induced anti-

malarial antibodies in humans.47 Our results suggest that adju-

vants that can also manipulate the composition of Tfh cells to

specifically boost Th2-cTfh cell responses may result in further

improvements to antibody induction. Precise targeting of Th2-

cTfh cells may be necessary; while we cannot formally exclude

a positive role of Th1-cTfh in antibody development due to the

correlated activation of Tfh subsets, both our results here and

previous findings suggest that Th1-cTfh cell activation is not

associated with the induction of protective antibodies,20 but

instead disrupts immune acquisition via disruption of GC forma-

tion24,45 and induction of atypical memory B cells.21 The data

presented here suggest that Th1-cTfh may also have a role in

disrupting the induction of protective immunity via contributing

to the expansion of plasma cells.45 The majority of blood circu-

lating plasma cells that emerge following vaccination/infection

are short lived,48 and we have shown that during experimental

Plasmodium infection, these short-lived plasma cells are not

involved in the control of parasite replication, but instead act

as a nutrient sink that disrupts GC formation and long-lived re-

sponses.45 While we were unable to investigate long-lived re-

sponses following experimental infection in humans due to the

lack of long follow-up time points of participants, the expansion

of plasma cells was not positively associated with antibody in-

duction, consistent with a potential negative role of Th1-cTfh

and plasma cell expansion in the acquisition of protective anti-

malarial immunity. This finding also may indicate that plasma

cells induced during experimental infectionmay include non-ma-

larial specific responses. Further highlighting the importance of

specific Th2-cTfh targeting in vaccine optimization, the co-

administration of viral vectored vaccines with RTS,S skewed

the cTfh cell response toward Th1-cTfh cell activation, to the

detriment of functional antibody induction and vaccine effi-
(F) Heatmap of composition of induced antibodies following categorization as n

value of all positive responses). Subjects are ranked in order of total breadth and

See also Figure S3.
cacy.49 In contrast, multiple studies have shown that Th1-Tfh

cells are associated with antibody induction to viral infections

and vaccinations, including SARS-CoV-2,16–19 highlighting that

distinct vaccine approaches may be required for malaria vac-

cines compared to viral pathogens.

The association between Th2-cTfh cell activation and antibody

acquisition during experimental P. falciparum infection is consis-

tent with previously reported properties of Th2-cTfh cells as the

cTfh subset with the greatest capacity to activate naive B cells11

and most similar transcriptionally to GC Tfh cells.10 Here, we

show that Th1- and Th2-Tfh subsets also differ in distribution of

memory; Th1-cTfh cells have a predominately central memory

phenotype, while Th2-cTfh cells are predominately effectormem-

ory cells. After infection, effector memory cells increased in both

Th1 and Th2 subsets. Effectormemory phenotypes have been re-

ported to indicate bonafide Tfh activity in previous studies.50

Memory phenotype differences and changes in Tfh subsets

may affect the capacity to traffic to and the relative positioning

of subsets within lymphoid tissues, and thus involvement of

different Tfh subsets in activation of naive and memory B cell

populations. In contrast between the positive association be-

tween Th2-cTfh and antibody induction, total antigen load was

not associated with antibody development, in contrast to previ-

ous reported findings.41–43 These differences between studies

may be due to differences in experimental infection models

(blood stage versus sporozoite stages) and differences in analyt-

ical approaches (including methods to define parasite exposure

and antibodies tested). The results seen here indicate that para-

site load alone cannot explain antibody development, which is

instead governed by individual immune activation, including

Th2-cTfh cells. These findings are consistentwith our previous re-

ports that suggest that individual intrinsic capacity to respond to

infection is important in determining immune responses.36 Multi-

ple immune factors, including host genetics, age, and prior infec-

tions likely contribute to the induction of antibody responses, and

future studies are needed to fully understand the factors govern-

ing optimal antibody induction during P. falciparum infection.

During experimental P. falciparum infection, the dynamics of

Th2- and Th1-cTfh cell activation appear to be distinct. Th2-

cTfh cell activation was detected early at peak infection, while

Th1-cTfh cell phenotypic activation was not seen until 1 week af-

ter parasite treatment. Clonal analysis of Tfh subsets suggest that

Th2- and Th1-cTfh cells are clonally divergent,8 consistent with

distinct development lineages. Little is known regarding the spe-

cific induction of Th2-cTfh cells during infection, but transcrip-

tional factor Ets1 has been reported to be a negative regulator

of Th2-Tfh cells.51 For Th1-Tfh cell activation, preferential induc-

tion during Plasmodium infection is thought to be mediated by a

parasite-driven type I interferon (IFN)-associated IFNg produc-

tion.20,24 We have previously shown that IFNg production by

CD4+ T cells peaks 1week after treatment in human experimental

infection,52 which is consistent with the peak of Th1-cTfh activa-

tion seen here. Whether the switch in cTfh activation profiles from

Th2 to Th1 dominance between days 8 and 14/15 is dependent
egative (below positive threshold) or low/high (based on below/above median

magnitude of response.
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Figure 7. Th2-Tfh Cells Are Associated with

Antibody Induction, and Th1-Tfh Cells Are

Associated with Plasma Cell Expansion

(A) To assess total breadth and magnitude of

antibody response, responses were categorized

as negative (0) or low (1) and high (2) responses

and combined to calculate a total antibody score.

(B) Association between antibody score and the

frequency change of ICOS+ cTfh cells compared

to day 0 at each time point.

(C) Association between antibody score and the

frequency change of each subset of ICOS+ cTfh

cells at day 8.

(D) Association between plasma cell induction and

ICOS+ cTfh cells at day 14/15 following infection.

(B–D) Red line is loess. Spearman correlation and

r are indicated. For (B) and (C), p-adj indicates

adjusted p values using the Bonferroni-Holm

method for the 6 Tfh comparisons with antibody.

See also Figures S4 and S5.
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on the treatment or other factors is unknown. It is possible that the

Th1-cTfh dominance after treatment occurs because of

increased inflammatory responses following parasite death. The

distinct dynamics of Th2- and Th1-cTfh cell activation during

infection may explain why our longitudinal study with pre-inocu-

lation, peak infection and post-treatment time points detected

cell activation in both Th1- and Th2-cTfh subsets, while previous

reports in Malian children during a single time point of malaria

have observed activation restricted to Th1-cTfh cells.20 The abil-

ity to investigate cTfh activation at specific time points after infec-
10 Cell Reports Medicine 1, 100157, December 22, 2020
tion relatively free of other confounders

that occur in field studies is a significant

strength of our study. However, it is also

possible that other factors such as prior

exposure, age, or parasite density during

infection may play important roles in

cTfh cell activation. Shown here in ma-

laria-naive adults, both Th1 and Th2 sub-

sets were activated and proliferated in

response to in vitro stimulation with

P. falciparum, in contrast to the restricted

activation/proliferation of Th1-Tfh subsets

in P. falciparum-stimulated PBMCs from

Malian children.20 Further studies are

required to identify the factors that control

the activation and development of Th2-

cTfh cells distinct from Th1-cTfh cells. In

addition, further studies are needed to

expandour findings to othermalaria infec-

tion settings and vaccination models.

In conclusion, our findings demonstrate

a link between a specific subset of Tfh

cells and the induction of robust and func-

tional anti-malarial antibodies. These

studies improve our understanding of

the dynamics of Tfh cell activation during

P. falciparum infection in humans and
have led to the identification of Th2-cTfh cells as specific Tfh sub-

sets driving anti-malarial antibody production. Due to the central

role of functional antibodies in mediating vaccine-induced and

naturally acquired protective immunity against malaria, our data

have identified Th2-cTfh cells as the key Tfh cell subset that

can be targeted to improve anti-malarial vaccine efficacy.

Limitations of Study
Our study uses standard and widely published approaches to

identify Th1, Th2, and Th17-cTfh subsets.10,11,17,20 This strategy
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identifies Th2-cTfh as CXCR3�CCR6�, and there is currently no

alternative gating strategy to identify Th2-cTfh subsets based

on positive marker expression. As such, it is possible that this

population contains underappreciated heterogeneity and/or early

differentiating cells that may mask the detection of important Tfh

subsets involved in antibody induction. Furthermore, wewere un-

able to analyze cellular responses in absolute densities as whole

blood counts were not available in our cohorts. Therefore, our re-

sults may be confounded by different cell densities across indi-

viduals. Moreover, our analysis was limited to peripheral blood

samples, and further studies are required to confirm these find-

ings within active germinal centers. While our analysis of func-

tional antibody responses was extensive, we did not make an

exhaustive screen of antigen targets and/or functional response;

as such, our measure of antibody score is not a true representa-

tion of total antibody breadth targetingmalaria antigens.Wewere

also unable to analyze antibody and cTfh responses >1month af-

ter malaria inoculation and thus cannot comment on the longevity

of induced responses. Furthermore, future studies using more

unbiased approaches, such as single-cell RNA sequencing

(RNA-seq), and/ormore in-depth analysis of Tfh subsets and anti-

body response, along with longer-term follow-up may reveal bet-

ter protective Tfh correlates of antibody induction and longevity.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-human IgG HRP-conjugate Thermo Fisher Scientific Cat#62-8420; RRID:AB_2533962

Mouse anti-human IgG1 subclass (clone

HP6069)

Thermo Fisher Scientific Cat# A-10630; RRID:AB_2534049

Mouse anti-human IgG2 subclass (clone

HP6002)

Thermo Fisher Scientific Cat#05-3500; RRID:AB_2532258

Mouse anti-human IgG3 subclass (clone

HP6050)

Thermo Fisher Scientific Cat#05-3600; RRID:AB_2532261

Mouse anti-human IgG4 subclass (clone

HP6025)

Thermo Fisher Scientific Cat#A10651; RRID:AB_2534053

Mouse anti-human IgM (clone HP6083) Thermo Fisher Scientific Cat#054900; RRID:AB_2532927

Goat anti-mouse IgG HRP-conjugate Merck Millipore Cat#AP308P; RRID:AB_92635

Goat anti-rabbit IgG HRP-conjugate Abcam Cat#AB97051; RRID:AB_10679369

Rabbit anti-human C1q In-house Boyle et al.27

Strepavidin HRP-conjugate Thermo Fisher Scientific Cat#21130

IBSM whole blood panel

Mouse anti-human CD20 BUV395 (Clone

2H7)

BD Biosciences Cat#563782; RRID:AB_2744325

Rat anti-human CXCR5 BV421 (Clone

RF8B2)

BD Biosciences Cat#562747; RRID:AB_2737766

Mouse anti-human CD4 V500 (Clone RPA-

T4)

BD Biosciences Cat#560768; RRID:AB_1937323

Mouse anti-human CCR6 BV650 (Clone

11A9)

BD Biosciences Cat#563922; RRID:AB_2738488

Mouse anti-human CD38 BV786 (Clone

HIT2)

BD Biosciences Cat#563964; RRID:AB_2738515

Mouse anti-human CXCR3 APC (Clone

1C6)

BD Biosciences Cat#550967; RRID:AB_398481

Mouse anti-human CD27 APC-R700 (Clone

M-T271)

BD Biosciences Cat#565116; RRID:AB_2739074

Mouse anti-human CD8 APC-Cy7 (Clone

SK1)

BD Biosciences Cat#557834; RRID:AB_396892

Mouse anti-human CD19 FITC (Clone

HIB19)

BD Biosciences Cat#55412

Mouse anti-human CD45 PerCP-Cy5.5

(Clone 2D1)

BD Biosciences Cat#340953; RRID:AB_400194

Mouse anti-human ICOS PE (Clone DX29) BD Biosciences Cat#557802; RRID:AB_396878

Mouse anti-human CD3 PE-CF594 (Clone

UCHT1)

BD Biosciences Cat#562280; RRID:AB_11153674

Mouse anti-human PD-1 PE-Cy7 (Clone

EH12.1)

BD Biosciences Cat#561272; RRID:AB_10611585

IBSM PBMC panel

Mouse anti-human CD45RA BUV563

(Clone HI100)

BD Biosciences Cat#612926; RRID:AB_2870211

Mouse anti-human CD4 BUV737 (Clone

OKT4)

BD Biosciences Cat#612748; RRID:AB_2870079

Rat anti-human CXCR5 BV421 (Clone

RF8B2)

BD Biosciences Cat#562747; RRID:AB_2737766

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse anti-human CCR6 BV650 (Clone

11A9)

BD Biosciences Cat#563922; RRID:AB_2738488

Mouse anti-human PD-1 APC(Clone

EH12.1)

Biolegend Cat#329908; RRID:AB_940475

Mouse anti-human CD3 FITC (Clone

UCHT1)

BD Biosciences Cat#555332; RRID:AB_395739

Mouse anti-human CCR7 PerCP-Cy5.5

(Clone 150503)

BD Biosciences Cat#561144; RRID:AB_10562553

Mouse anti-human CXCR3 PE-CF594

(Clone 1C6)

BD Biosciences Cat#562451; RRID:AB_11153118

Mouse anti-human Ki67 BUV395 (B56) BD Biosciences Cat#564071; RRID:AB_2738577

Mouse anti-human HLA-DR APC-H7 (G46-

6)

BD Biosciences Cat#561358; RRID:AB_10611876

Live Dead Zombie Aqua Biolegend Cat#423102

In vitro pRBC stim panel- control PBMC

Mouse anti-human CXCR3 Pacific Blue

(Clone G025H7)

Biolegend Cat#353724; RRID:AB_2561442

Mouse anti-human CXCR5 BV711 (Clone

12G5)

Biolegend Cat#356934; RRID:AB_2629526

Mouse anti-human CCR6 BV650 (Clone

11A9)

BD Biosciences Cat#563922; RRID:AB_2738488

Mouse anti-human CD3 AF532 (Clone

UHCT1)

Invitrogen Cat#58003842

Mouse anti-human CD4 PerCP-Cy5.5

(Clone OKT4)

Biolegend Cat#317428; RRID:AB_1186122

Mouse anti-human PD-1 PE-Cy7 (Clone

EH12.1)

BD Biosciences Cat#561272; RRID:AB_10611585

Hamster anti-human ICOS APC-Cy7 (Clone

C398.4A)

Biolegend Cat#313530; RRID:AB_2566128

Mouse anti-human Ki67 FITC (Clone B56) BD Biosciences Cat#584071

Mouse anti-human CD38 BV480 (Clone

HIT2)

BD Biosciences Cat#566137; RRID:AB_2739535

Live Dead Zombie NIR Biolegend Cat#423106

Biological Samples

Human serum samples QIMR-Berghofer McCarthy et al.39

Human PBMCs QIMR-Berghofer McCarthy et al.39

Chemicals, Peptides, and Recombinant Proteins

Merozoite Surface Protein 2 (MSP2) HEK293 Freestyle cells McCarthy et al.39

FcgR binding - rsFcgRIIa H131 ectodomain

dimer

HEK293 Freestyle cells Wines et al.34

FcgR binding - rsFcgRIIIa V158 ectodomain

dimer

HEK293 Freestyle cells Wines et al.34

Purified complement C1q Merck Millipore Cat#204876

Experimental Models: Organisms/Strains

Humans inoculated with P. falciparum 3D7-

parasitised erythrocytes

QIMR-Berghofer McCarthy et al.39

Software and Algorithms

R Studio Version 1.1.456 https://rstudio.com/

GraphPad Prism Version 7 https://www.graphpad.com/

scientific-software/prism/

Flowjo Version 10.6 https://www.flowjo.com/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michelle

Boyle (Michelle.Boyle@qimrberghofer.edu.au).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human studies
Induced Blood Stage Malaria (IBSM) inoculum preparation, volunteer recruitment, infection, monitoring and treatment were per-

formed as previously described.53 In brief, healthy malaria naive individuals underwent IBSM inoculation with 2800 viable

P. falciparum 3D7-parasitized RBCs, and peripheral parasitemia was measured at least daily by qPCR as described previously.54

Participants were treated with antimalarial drugs at day 8 of infection when parasitemia reaches approximately 20,000 parasites/

ml. Blood samples from 40 volunteers (from 4 studies across 6 independent cohorts) were collected prior to infection (day 0), at

peak infection (day 8) and 14 or 15 and 27-36 days (end of study, EOS) after inoculation (in analyses these time points are grouped

as 0, 8, 14/15 and EOS). Plasma was collected from lithium heparin whole-blood samples according to standard procedures, snap

frozen in dry ice and stored at�70�C. In some cohorts, PBMCswere isolated by Ficoll-Paque (Sigma, USA) density gradient centri-

fugation, isolated PBMCs were cryopreserved in 10% DMSO/FBS. Participants were healthy malaria naive adults (n = 40 (90%

male), age 25.5 [21.25-31], median[IQR]) with no prior exposure to malaria or residence in malaria-endemic regions. Clinical trials

were registered at ClinicalTrials.gov NCT02867059,55 NCT02783833,56 NCT02431637,57 NCT02431650.57 For trials

NCT02867059,55 NCT02783833,56 NCT0243163757 all participants received the same study drug (no-randomization). For

NCT02431650,57 participants were randomized 1:1 to receive study drug or control. Samples used here was from opportunistic

sampling from volunteers who consented to donate blood for immunological studies within the parent clinical trial. As such, no

sample size estimation was performed for this immunology study. All consenting individuals were used for Tfh and antibody anal-

ysis. 40 individuals were available at day 0, 8 and 14/15. 37 individuals were available at EOS. PBMCs from healthy non-infected

controls was collected by the same processes for P. falciparum in vitro stimulation for Figure 5 n = 10 (50% female), age 40 [33-55]

median[IQR]).

Written informed consent was obtained from all participants. Ethics approval for the use of human samples in the relevant studies

was obtained from the Alfred Human Research and Ethics Committee for the Burnet Institute (#225/19), and from the Human

Research and Ethics Committee of the QIMR-Berghofer Institute of Medical Research Institute (P1479, P3444 and P3445). Ethical

approval for the clinical trials from which the IBSM study samples were collected was likewise gained from the Ethics Committee

of the QIMR-Berghofer Medical Research Institute.

Plasmodium falciparum in vitro culture
P. falciparum 3D7 parasites were maintained in continuous culture in RPMI-HEPES medium supplemented with hypoxanthine

(370 mM), gentamicin (30 mg/ml), 25 mM sodium bicarbonate and 0.25% AlbuMAX II (GIBCO) or 5% heat-inactivated human sera

in O+ RBCs from malaria-naive donors (Australian Red Cross blood bank).30 Cultures were incubated at 37�C in 1% O2, 5% CO2,

94% N2 and used for antibody assays. Schizont stage parasites were purified by MACS separation (Miltenyl Biotec), followed by in-

cubation with the protease inhibitor E64 (10 mg/ml) to prevent rupture of the infected erythrocyte membrane. Upon complete

development, segmented merozoites were isolated by filtration (1.2 mm), counted by flow cytometry and coated onto ELISA plates

for antibody measurements.

Magnet purified infected RBCs (iRBCs) were stored at 1:2 in Glycerolyte 57 Solution (Baxter Healthcare Corporation) for in vitro

stimulation assays.

METHOD DETAILS

Analytical approaches
Whole blood flow cytometry was done during longitudinal blood collection. Individual samples were stained in singlets. Antibody

measures were completed concurrently on all study participants and analyzed in duplicate in two independent assays. Antibody

analysis and flow cytometry analysis was done independently and blinded and only linked after completion. Samples for this study

were provided through opportunistic sampling of parent drug clinical trials, as such sample-size estimation was not performed. All

available samples were included in study and individuals and data was included in analysis.
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Calculation of parasite density during infection
Area under the curve (AUC) were calculated using the trapezoidal method on serial log10 transformed parasites/mL data from 4 days

p.i. to each of the three defined time points (8, 14/15, and EOS as described previously.45 Equation 1 below describes the calculation,

with ti being each time point sampled, Pi being the log10 parasites/mL at that time, and TN being either 8 p.i., 14/15 p.i., or EOS.

AUCTN =

 Xti +1 =TN

ti = 4

ðPi +Pi + 1Þ3 ðti + 1 � tiÞ
2

!
; (Equation 1)

Samples where parasitemia was not detected were substituted with 0 on the log10 scale. The samples collected between the 4

defined time points (ranging from daily to twice daily before treatment, ranging from daily to every two hours after treatment, and

ranging from every four days to daily between time point 14/15 and EOS) were used in the calculation of AUC but not in any other

analyses.

Flow cytometry
Briefly, 200 mL of whole blood or thawed PBMCs (n = 6) were stained with antibodies using standard protocols. For whole blood,

samples were stained with surface antibodies (Key Resources Table) and RBCs were lysed with FACS lysing solution (BD) and re-

suspended in 2% FBS/PBS. PBMCs were stained with surface antibodies (Key Resources Table) and were washed with 2% FBS/

PBS. All samples were acquired on the BD LSRFortessaTM 5 laser cytometer (BD Biosciences). These data were analyzed using

FlowJo version 10.6 software (Tree Star, San Carlos, CA, USA) and all antibodies were purchased from BD Biosciences or Bio-

Legend. All samples were included in analysis.

P. falciparum stimulation of PBMCs from healthy adults
In vitro activation of Tfh subsets was assessed in 1 million PBMCs stimulated with parasite-infected RBCs (iRBCs) or uninfected

RBCs (uRBCs) (prepared as described in the previous section). PBMCs isolated from malaria naive donors were stimulated for

5 days at a ratio of 1:3 (PBMC: iRBC/uRBC), in culture media (10% FBS/ RPMI-HEPES) at 37�C, 5% CO2. After 5 days, cells

were stained with surface antibodies (Key Resources Table) to identify Tfh subset activation. Stained PBMCs were washed with

2% FBS/PBS, permeabilized (Fix Perm, Ebioscience) and stained with intracellular Ki-67 (B56). Data were acquired on an Aurora

3 (Cytek Biosciences, USA).

Antibodies to merozoites and recombinant MSP2
The level of antibody isotypes targeting merozoites were measured by standard ELISA methods as previously described.30 Briefly,

96-well flat bottomMaxiSorp� plates (Nunc) were coatedwith 50 ml ofP. falciparum 3D7merozoites (2.5 X 105merozoites/ml) or 50 ml

of 0.5 mg/ml MSP2 recombinant antigen53 in PBS overnight at 4�C. Plates were blocked with 150ml of 10% skim milk in PBS for mer-

ozoites or 1% casein in PBS (Sigma-Aldrich) forMSP2 for 2 hours at 37�C. Human serum samples were diluted in 0.1% casein in PBS

and incubated for 2 hours at room temperature. For total antigen specific IgG detection, plates were incubated with goat polyclonal

anti-human IgG HRP- conjugate (1/1000; Thermo Fisher Scientific) for 1 hour at room temperature. For detection of IgG subclasses

and IgM, plates were incubated with a mouse anti-human IgG1 (clone HP6069), mouse anti-human IgG3 (HP6050) or mouse anti-

human IgM (clone HP6083) at 1/1000 (Thermo Fisher Scientific) for 1 hour at room temperature. This was followed by detection

with a goat polyclonal anti-mouse IgG HRP-conjugate (1/1000; Millipore). For all ELISAs, plates were washed three times with

PBS-Tween 0.05% between antibody incubation steps. For ELISA plates coated with isolated merozoites, washes were performed

with PBSwithout Tween to prevent parasite lysis. Serumdilution used formerozoites was 1/100 for IgG, 1/250 for IgG subclasses and

IgM, 1/100 for C1q and FcgR. Serum dilution used for MSP2was 1/100 for IgG, 1/250 for IgG subclasses and IgM, 1/100 for C1q and

1/50 for FcgR. For detection of complement fixing antibodies, following incubation with human sera, plates were incubated with pu-

rified C1q (10 mg/ml; Millipore) as a complement source, for 30 min at room temperature. C1q fixation was detected with rabbit anti-

C1q antibodies (1/2000; in-house) and a goat anti-rabbit-HRP (1/2500;Millipore). TMB liquid substrate (Life Technologies) was added

for 1 hour at room temperature and the reaction was stopped using 1M sulfuric acid. The optical density (OD) was read at 450 nm.

Standardization of the assays was achieved using positive control plasma pools on each plate. Background values (wells with no

plasma) were subtracted from all values of other wells, and positivity was determined as the mean plus 3 standard deviations of

the OD from naive plasma samples at day 0 prior to inoculation. Assays were performed twice independently with samples tested

in duplicates. To investigate the relationship between antibody responses and Tfh cells, antibody responses below positive cut-

off threshold were set as negative, and remaining positive responses were used to calculate median and used to categorise re-

sponses into low (below median) and high (above median) responses. Antibody score was calculated by giving categories zero/

low/high a numerical score of 0/1/2 and then summing across all antibody responses. Calculation of antibody score was preformed

independently of Tfh analysis. All samples were included in analysis.

Fcg receptor-binding assay
A standard ELISA protocol wasmodified tomeasure the level of antibody-mediated FcgRbinding.33,34 100 mL of recombinant protein

at 0.5 mg/ml was coated on Maxisorp plates (Nunc) and incubated overnight at 4�C, followed by 3 washes with PBS-Tween 0.05%.
Cell Reports Medicine 1, 100157, December 22, 2020 e4
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The plates were then blocked with 200 mL of 1% BSA in PBS (PBS-BSA) at 37�C for 2 hours followed by 3 washes with PBS-Tween

0.05%. Serum samples were diluted at 1:100 in PBS-BSA and 100 mL of each sample was added to the ELISA plates in duplicate and

incubated at room temperature for 2 hours, followed by 3 washes in PBS-Tween. 100ul of biotin-conjugated rsFcgRIIa H131 or

rsFcgRIIIa V158 ectodomain dimer (0.2ug/ml) was added to each well and incubated at 37�C for 1 hour followed by 3 washes

with PBS-Tween. This was followed by a secondary horseradish peroxidase (HRP)-conjugated streptavidin antibody (1:10,000) in

PBS-BSA at 37�C for 1 hour followed by 3 washes with PBS-Tween 0.05%. Finally, 50 mL of TMB liquid substrate was added for

20 minutes to measure enzymatic reactivity. The reaction was stopped with 50 mL of 1M sulfuric acid solution. The level of binding

was measured as optical density at 450 nm. Pooled human IgG frommalaria-exposed adults (1/100) and rabbit was used as positive

controls. Individual sera from naiveMelbourne adults (1/100) were used as negative controls. Assays were performed twice indepen-

dently with samples tested in duplicates.

Coating fluorescent latex beads with antigen
Amine-modified fluorescent latex beads (Sigma) were washed twice with 400 mL of PBS and centrifuged at 3000 g for 3 min.33 400 mL

of 8% glutaraldehyde (diluted in PBS) was added to the beads and incubated on a roller overnight at 4�C. After washing with PBS,

1mg/ml of recombinant MSP2 was added to the mixture and incubated while vortexing for 4 hours. Following this, the mixture was

centrifuged, and the pellet was collected as the bound protein fraction. 200ul of ethanolamine was added to the pellet to quench

amine groups and incubated for 30min while vortexing. The pellet was subsequently washed in PBS and blocked with 1%BSA over-

night at 4�C. The antigen-coated beads were stored 4�C in the presence of 0.1% SDS and 0.02% sodium azide.

Opsonic phagocytosis of antigen-coated beads with monocytes
The density of latex beads coatedwith recombinantMSP2was adjusted to 5x107 beads/ml and opsonisedwith serum samples (1/10

dilution) for 1 hour.33,37 Samples were washed 3 times with RPMI-1640 before co-incubation with THP-1 monocytes for phagocy-

tosis. Phagocytosis was allowed to occur for 20 min at 37�C and samples were subsequently washed with FACS buffer at 300 g

for 4 minutes. The proportion of THP-1 cells containing fluorescent-positive beads was evaluated by flow cytometry (FACS CantoII,

BD Biosciences), analyzed using FlowJo software and presented as phagocytosis index (the percentage of THP-1 monocytes with

ingested MSP2 beads).

QUANTIFICATION AND STATISTICAL ANALYSES

Data analysis was performed in RStudio 1.1.456 or GraphPad Prism 7. Non-parametric analysis was performed for all comparisons

and assumptions of normality were not performed. Paired data of immune responses between time points was analyzed byWilcoxon

signed rank test. Correlations between responses were analyzed by Spearman’s correlation. Statistical details including the statis-

tical tests used, the exact value of n (representing the number of samples tested), definition of center and dispersion/precision mea-

sures can be found in the figure legends. Statistical significance is defined as the conventional significance level of less than 0.05.
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