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MALARIA

Mapping functional humoral correlates of
protection against malaria challenge following

RTS,S/AS01 vaccination
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Vaccine development has the potential to be accelerated by coupling tools such as systems immunology analyses
and controlled human infection models to define the protective efficacy of prospective immunogens without
expensive and slow phase 2b/3 vaccine studies. Among human challenge models, controlled human malaria
infection trials have long been used to evaluate candidate vaccines, and RTS,S/AS01 is the most advanced malaria
vaccine candidate, reproducibly demonstrating 40 to 80% protection in human challenge studies in malaria-naive
individuals. Although antibodies are critical for protection after RTS,S/AS01 vaccination, antibody concentrations
are inconsistently associated with protection across studies, and the precise mechanism(s) by which vaccine-
induced antibodies provide protection remains enigmatic. Using a comprehensive systems serological profiling
platform, the humoral correlates of protection against malaria were identified and validated across multiple
challenge studies. Rather than antibody concentration, qualitative functional humoral features robustly predicted
protection from infection across vaccine regimens. Despite the functional diversity of vaccine-induced immune
responses across additional RTS,S/AS01 vaccine studies, the same antibody features, antibody-mediated phago-
cytosis and engagement of Fc gamma receptor 3A (FCGR3A), were able to predict protection across two additional
human challenge studies. Functional validation using monoclonal antibodies confirmed the protective role of
Fc-mediated antibody functions in restricting parasite infection both in vitro and in vivo, suggesting that these
correlates may mechanistically contribute to parasite restriction and can be used to guide the rational design of

an improved vaccine against malaria.

INTRODUCTION

Malaria, a mosquito-borne disease caused by Plasmodium spp., was
responsible for 405,000 deaths in 2018, with almost an additional
4 billion people at risk of disease (I). Although insecticide-treated
bed nets, mosquito control, and antimalarial drug distribution
programs have substantially reduced mortality associated with the
disease, 228 million infections across 87 countries were reported in

"Ragon Institute of MGH, Harvard, and MIT, Cambridge, MA 02139, USA. %Institute
for Medical Engineering and Science, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA. *Thayer School of Engineering, Dartmouth College,
Hanover, NH 03755, USA. “PATH’s Malaria Vaccine Initiative, Washington, DC
20001, USA. >GSK Vaccine, 1300 Wavre, Belgium. ®Malaria Research Institute, Johns
Hopkins Bloomberg School of Public Health, Baltimore, MD 21205, USA. ’Malaria
Vaccine Branch, Walter Reed Army Institute of Research, Silver Spring, MD 20910,
USA. 8Janssen Vaccines & Prevention B.V., 2333CN Leiden, Netherlands. *Koch Institute
for Integrative Cancer Research, Cambridge, MA 02139, USA. %Broad Institute,
Cambridge, MA 02139, USA. ""Howard Hughes Medical Institute, Chevy Chase, MD
20815, USA. 12Department of Medicine, Brigham and Women'’s Hospital, Boston,
MA 02115, USA. "*Department of Biological Engineering, Massachusetts Institute
of Technology, Cambridge, MA 02139, USA.

*These authors contributed equally to this work.

1Present address: SeromYx Systems, Cambridge, MA 02139, USA.

$Present address: Center for Systems Immunology, Departments of Immunology
and Computational & Systems Biology, University of Pittsburgh School of Medicine,
Pittsburgh, PA 15213, USA.

§Corresponding author. Email: galter@mgh.harvard.edu (G.A.); erik.x.jongert@gsk.
com (E.J.); uwille-reece@path.org (U.W.-R.)

Suscovich et al., Sci. Transl. Med. 12, eabb4757 (2020) 22 July 2020

2018, disproportionately in African countries (I). The development
of a vaccine that can block infection is critical to the ultimate
eradication of this parasite, particularly in light of the emergence of
drug-resistant parasites (2-4). However, although the malaria
vaccine RTS,S/AS01 has demonstrated partial efficacy in phase 3
trials (5-8) and pilot vaccination programs using RTS,5/AS01 have
begun in three countries (9), rational vaccine improvement, aimed
at driving enhanced protection, have lagged because of our in-
complete understanding of the protective immune response against
the parasite (10).

RTS,S/ASO01 is a subunit vaccine consisting of a fusion protein
constructed from the central NANP repeat region of Plasmodium
falciparum circumsporozoite protein (CSP); the C-terminal, T cell
epitope-rich region of CSP; and the hepatitis B virus surface antigen,
adjuvanted with GlaxoSmithKline’s proprietary AS01 adjuvant
(liposomes with monophosphoryl lipid A and QS21 purified from
the bark of the Quillaja saponaria tree) (11). In controlled human
malaria infection (CHMI) studies, the RTS,S/AS01 vaccine has
shown 40 to 80% vaccine efficacy in malaria-naive individuals
(12-17). The vaccine also showed a 36.3% reduction in clinical
malaria and a 32.2% reduction in severe malaria over about 4 years
of follow-up in a phase 3 trial in African children receiving a four-
dose vaccination regimen who started their vaccination between
5 and 17 months of age (5).
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In CHMI studies, a number of features have been linked to
protection from infection, including elevated antibody concentra-
tions (14), interferon-y (IFN-y) production by immune cells (18),
phagocytic antibodies targeting the CSP repeat region but not the
C-terminal domain (19), transcriptional signatures at the time of
vaccination (20), and both IFN-y serum concentrations and IFN-y-
related transcriptional signatures on the day of challenge (21, 22).
However, each correlate has emerged in a single CHMI study, and
the resulting correlates have translated poorly as predictors across
additional studies and have not been linked to clearance of parasites
or infected cells (23-26). Thus, further vaccine improvement has
been hampered by the absence of a consistent functional correlate
across RTS,S CHMI and field studies.

Antibodies are the primary correlates of protection after most
clinically approved vaccines (27), and antibody concentrations are
linked to protection from CHMI after RTS,S/AS01 vaccination
(14). Beyond simply binding to pathogens, antibodies coordinate
the direct destruction of pathogens and infected cells through their
ability to activate the innate immune system via binding to Fc
receptors, complement, and lectin-like proteins (28, 29). These
functional activities of antibodies, including induction of antibody-
dependent phagocytosis, antibody-dependent complement deposition,
and antibody-dependent cytotoxicity, are increasingly recognized as
important in antibody-mediated protection from infection (30-34).
As efforts to improve vaccine-induced immunity, focused on altering
vaccine regimens or scheduling, suggest that antibody titers are
an imperfect correlate of protection, qualitative (i.e., antibody func-
tionality), rather than quantitative (i.e., antibody titers), differences
in vaccine-induced antibodies may play a critical role in protection
against malaria. Therefore, we aimed to broadly and comprehen-
sively capture the innate immune-recruiting functions of CSP-
specific antibodies across individuals who were protected or became
infected after CHMI, focusing on a unique CHMI study where
similar frequencies of protection were observed after challenge
despite substantial differences in vaccine-elicited antibody con-
centrations (14).

RESULTS

Limited power of individual antibody features in predicting
protection after vaccination with RTS,S/AS01

Here, we aimed to deeply profile the functional humoral responses
after RTS,S/AS01 vaccination to define potential conserved cor-
relates of protection. We focused on a unique CHMI trial [MALO68;
NCT01366534 (14)] with two vaccine arms: (i) a three-dose RTS,S/
ASO01 arm (RRR; #n = 21, 11 protected/10 infected) and (ii) an
adenovirus 35 (Ad35).PfCSP prime and two doses of RTS,S/AS01
arm (ARR; n = 25, 11 protected/14 infected). Similar frequencies of
protection from infection were observed across both groups [ARR:
44%; 95% confidence interval (CI), 21% to 60%; RRR: 52%; 95% CI,
25% to 70%]. Although antibody concentrations were associated
with protection from infection within each arm, the magnitude of
antibodies induced in the ARR arm were significantly lower than
those in the RRR arm (14), suggesting that antibody concentrations
alone are insufficient to predict protection from infection.

To explore qualitative differences in vaccine-induced antibodies
that explain protection from infection, we applied systems serology
(35) to broadly analyze the biophysical and functional characteristics
of vaccine-induced antibodies present in the serum of vaccinated
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individuals on the day of malarial challenge, 3 weeks after the final
vaccination. More than 120 antibody features were measured per
subject against full-length CSP, the central NANP repeat region
(NANPS), or the C-terminal (Pf16) region of P. falciparum (Fig. 1A).
These features incorporated both the biophysical characteristics of
antigen-specific antibodies, including vaccine-induced antibody
isotypes and immunoglobulin G (IgG) subclasses, binding to C1q
and Fc receptors, and Fc glycosylation, as well as the functional
activity of these antibodies, including the ability to activate natural
killer (NK) cells and the complement pathway and induce phagocytosis
by various innate immune cell populations. Although differences in
antibody functions and features between infected and protected
individuals were observed (Fig. 1B and fig. S1), after correction for
multiple comparisons, a limited number of features, including
antigen-specific antibody binding to activating Fcy receptors (FcyRs)
and activation of NK cells, reached statistical significance (g < 0.05),
suggesting that specific Fc features and functions may be linked to
protection after vaccination with RTS,S/ASO01.

RRR-specific multivariate signatures of protection point

to the importance of antibody function, rather than quantity
alone, in protection from malaria infection

Antibody titers in the RRR group that became infected were equiv-
alent to antibody titers in the protected ARR subjects (14). Thus,
antibody titer only provides a cursory measurement of the immune
parameters associated with protection. Therefore, to begin to define the
specific antibody features that track with protection across each
vaccine arm, a multivariate model was built. After vaccination,
changes in antibody function, subclass selection, and glycosylation
occur simultaneously to the evolution of the humoral immune
response and the rise in antibody titers (35). Thus, to avoid overfitting,
a conservative feature downselection methodology [least absolute
shrinkage and selection operator (LASSO)] that probes the correla-
tion structure of the overall dataset and then selects the minimal
number of features that capture the overall variation in the dataset
was applied (36). These downselected features were then used in a
multivariate classification to determine whether the minimal features
could resolve protected vaccinees from those that succumbed to
infection after challenge. Focusing initially only on vaccinees in the
RRR arm, protected and infected individuals could be accurately
separated (Fig. 2A) using a model built on only 2 of the 128 original
antibody features (Fig. 2B): repeat region (NANP6)-specific antibodies
able to bind to FCGR3A, the activating Fc receptor involved in
NK cell activation, and NANP6-specific antibodies able to induce
monocyte phagocytosis.

Because LASSO selects a minimal set of predictive markers that
each track with additional humoral variables that differ with protection,
we further probed the features correlated with the two in the model
to gain deeper biological insights into humoral functions that may
be important for protection. Network analyses (Fig. 2C) identified
a single dense network of nearly entirely repeat region-specific
functions and Fc receptor-binding features, linking NANP6-specific
antibody binding to FCGR3A directly to antibody-dependent NK
cell degranulation and chemokine production. Thus, although
FCGR3A can be expressed on additional innate immune cell types,
the network clearly illustrated the importance of this feature in
marking enhanced NK cell activity as a key functional response
linked to protection. In addition, repeat region-specific antibody-
dependent cellular phagocytosis (ADCP) activity was linked solely
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Fig. 1. Univariate profiling of MAL068 vaccinees. (A) The heatmap illustrates all systems serology-acquired data. The color indicates the median Z-scored value across
individuals who went on to become infected or who were protected for all subjects in the MALO68 trial (overall; n=46, 22 protected and 24 infected), RRR vaccinees
(middle; n=21, 11 protected and 10 infected), or ARR vaccinees (right; n=25, 11 protected and 14 infected) for CSP-specific (blue text), repeat region-specific (purple
text), or C-terminal peptide-specific (pink text) responses. Data were analyzed using a Kruskal-Wallis test followed by a Bonferroni correction for multiple comparisons.
Significant features, defined as g < 0.05, where q is the P value adjusted for multiple comparisons, are indicated in bold. (B) The violin plots illustrate the distribution of the
data for a subset of individual features and functions. Median values are indicated with the dashed line, and quartiles are indicated with dotted lines. Data were analyzed
using a Mann-Whitney U test, and significance was determined after Holm-Sidak correction for multiple comparisons. Corrected P values for significant differences are
reported. FCGR2A (H), FCGR2A 131H variant; FCGR3A (V), FCGR3A 157V variant; ADNP, antibody-dependent neutrophil phagocytosis; ADCP, antibody-dependent cellular

phagocytosis; ADCD, antibody-dependent complement deposition; ADNKA, antibody-dependent NK cell activation.

to neutrophil-mediated phagocytosis, suggesting that these phago-
cytic functions may be interchangeably elevated among protected
individuals. Although the network demonstrates that a minimal set
of two vaccine-specific antibody features are sufficient to stratify
protected and infected subjects using LASSO/partial least-squares
discriminant analysis (PLSDA), it is critical to note that the co-correlate
networks represent the entire spectrum of humoral measurements
associated with protection. Combined, these data highlight the
protective nature of functional, repeat region-specific immune
responses in RRR vaccinees. Furthermore, although both features
were highly predictive on their own (Fig. 2D), prediction using a
linear combination of both variables was more accurate, with a
median classification accuracy greater than 90% in a 10-fold cross-
validation framework [latent variable 1 (LV1) area under the receiver
operating characteristic (AUROC) = 0.91; 75% CI, 0.84 to 0.99]
that was further validated using random or permutation testing in a
matched cross-validation framework (fig. S2). These results point to
the critical importance of antibody functions, specifically binding to
FCGR3A and ADCP activity, rather than antibody concentrations
alone, as critical predictive biomarkers of protection. Linked to the
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network analysis highlighting the strong relationship of FCGR3A
binding with NK cell functions and ADCP with antibody-dependent
neutrophil phagocytosis (ADNP) activity, these data clearly link
NK cell, monocyte, and neutrophil activity as critical functional
antibody-associated predictors of protection.

ARR-specific multivariate functional signatures, rather than
antibody concentrations, associated with protection

from malaria infection

Protection in ARR was observed at significantly lower antibody
concentrations than those observed in RRR vaccinees in the
MALO68 trial (fig. S3; P = 0.026) (14). Thus, we speculated that the
functional profile of antibodies that tracked with protection would
vary from those observed in RRR vaccinees. As expected, antibody
profiles were not as clearly divergent among protected and infected
vaccinees in the ARR arm. However, individuals who were infected
clustered more tightly in the PLSDA plot (Fig. 3A). Using feature
downselection (LASSO), we were able to build a predictive model
using only 5 of the 128 features that, collectively, were able to separate
the protected and infected individuals with an AUROC greater than
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Fig. 2. RRR-specific correlates of protection in the MAL068 study. (A) The partial least-squares (PLS) latent variable (LV) score biplot depicts protected (dark shade) and
infected individuals (light shade) in the RRR arm; LVs were constructed using LASSO-selected features that stratified vaccinees on the basis of their protection status.
Ellipses correspond to 75% confidence intervals (Cls) for each group. (B) The bar graphs depict the variable importance scores of the LASSO-selected features that were
required to resolve protected and infected individuals in the RRR arms. The magnitude of the bar represents the relative importance of that feature in driving separation,
and the color and direction of the bar indicate whether the feature is enriched in protected (red, right) or infected individuals (blue, left). (C) The correlation network
depicts the antibody features that are significantly correlated with the LASSO-selected, minimal features required to accurately separate protected individuals from
infected individuals in the RRR arm. Spearman correlations between all pairs of features were computed, and the significance of the correlations was assessed using the
false discovery rate (FDR; i.e., P values corrected for multiple comparisons using the Benjamini-Hochberg method). A correlation was defined as significant only if it passed
both an effect size threshold (|r| > 0.7) and a statistical significance threshold (FDR < 0.01). Networks are centered around the LASSO-selected features (indicated with a
star), with the shape of the node corresponding to the antigen (hexagon, Pf16; circle, NANPS6; triangle, full-length CSP) and the color of the node corresponding to the
antibody feature. Positive correlations are indicated by an orange line, whereas a green line indicates a negative correlation. (D) The bar graphs capture the predictive
power, defined as the area under the ROC curve (AUROC), for the composite LV1, which is composed of the LASSO/PLS-selected features (yellow) compared to the
individual features making up LV1 for the RRR arm. LV1, AUROC: 0.91 (75% Cl: 0.84 to 0.99); ADCP:NANP6, AUROC: 0.87 (75% Cl: 0.77 to 0.97); FCGR3A:NANP6, AUROC: 0.87
(75% Cl: 0.78 to 0.96).

ADCP:
NANP6

FCGR3A:
NANP6

1gG glycan

0.85 (Fig. 3B). Two of the five features were directly related to the
RRR protective signature. NANP6-specific ADCP activity was
associated with protection in both the RRR and ARR arms. In addi-
tion, NANP6-specific antibody-mediated activation of chemokine
secretion by NK cells was identified as the top correlate in the ARR
arm and was linked to NANP6-specific antibody binding to
FCGR3A in the RRR network. The remaining three ARR fea-
tures were uniquely up-regulated in protected individuals in
the ARR arm (Pf16-specific IgA2 and IgG2 concentrations and
NANP6-specific IgA1 concentrations; Fig. 3B). Network analysis of
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the identified features resulted in an overall network topology that
was very similar to the network observed in the analysis of the RRR
arm, with many shared features. Deeper inspection of the co-correlates
of the LASSO-selected features again highlighted a dense network
of NANP6-specific NK cell features, including binding to FCGR3A
and induction of NK cell degranulation, and an enrichment of
NANP6-specific IgA signatures among protected individuals (Fig. 3C).
Although the individual LASSO-selected features provided variable
predictive accuracy alone, a latent variable built on all five features pro-
vided robust prediction accuracy (Fig. 3D), statistically outperforming
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Fig. 3. ARR-specific correlates of protection in the MAL068 study. (A) The PLS LV score biplot depicts protected (dark shade) and infected individuals (light shade) in
the ARR arm; LVs were constructed using LASSO-selected features that stratified vaccinees on the basis of their protection status. Ellipses correspond to 75% Cl for each
group. (B) The bar graphs depict the variable importance scores of the LASSO-selected features that were required to resolve protected and infected individuals in the
ARR arms. The magnitude of the bar represents the relative importance of that feature in driving separation, and the color and direction of the bar indicates whether the
feature is enriched in protected (red, right) or infected individuals (blue, left). (C) The correlation network depicts the antibody features that are significantly correlated
with the LASSO-selected, minimal features required to accurately separate protected individuals from infected individuals in the ARR arm. Spearman correlations
between all pairs of features were computed, and the significance of the correlations was assessed using the false discovery rate (i.e., P values corrected for multiple
comparisons using the Benjamini-Hochberg method). A correlation was defined as significant only if it passed both an effect size threshold (|r| > 0.7) and a statistical
significance threshold (FDR < 0.01). Networks are centered around the LASSO-selected features (indicated with a star), with the shape of the node corresponding to the
antigen (hexagon, PF16; circle, NANPS; triangle, full-length CSP) and the color of the node corresponding to the antibody feature. Positive correlations are indicated by
an orange line, whereas a green line indicates a negative correlation. (D) The bar graphs capture the predictive power, defined as the AUROC, for the composite LV1,
which is composed of the LASSO/PLS-selected features (yellow) compared to the individual features making up LV1 for the ARR arm. LV1, AUROC: 0.86 (75% Cl: 0.77 to
0.94); ADCP:NANP6, AUROC: 0.60 (75% Cl: 0.45 to 0.76); MIP1B:NANP6, AUROC: 0.80 (75% Cl: 0.70 to 0.90); IgA1:NANP6, AUROC: 0.57 (75% Cl: 0.44 to 0.71); IgG2:Pf16,
AUROC: 0.70 (75% Cl: 0.56 to 0.85); lgA2:Pf16, AUROC: 0.66 (75% Cl: 0.52 to 0.80).
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random or permuted data in a 10-fold cross-validation framework
(fig. S4). Thus, these data point again to antibody quality (NK cell
activation, phagocytic function, and subclass/isotype selection
differences), rather than antibody concentrations, as predictors of
protection.

A converging set of humoral correlates predict protection
irrespective of vaccine arm

The presence of similar functional predictors of protection across
vaccine arms in MAL068 vaccinees pointed to a potential converging
functional signature of protection, irrespective of vaccine modality
and antibody concentration. To test this hypothesis, data for all
vaccinees in the MAL068 trial, irrespective of vaccine arm, were
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combined and a multivariate model was built after feature down-
selection. Despite the differences in antibody concentrations across
vaccine arms, a LASSO model built using the vaccine-induced antibody
Fc features from the combined arms was able to discriminate
protection status (Fig. 4A). Only five features were required to
separate protected and infected individuals (Fig. 4B), with a single
feature (CSP-specific IgM concentrations) selectively enriched in
infected individuals, pointing to a potential marker of susceptibility
to infection. The remaining four features were enriched in individuals
who were protected, and three of these features were identified in the
RRR and ARR analysis (Fig. 4B). Specifically, NANP6-specific anti-
body binding to FCGR3A, NANP6-specific antibodies able to induce
NK cell chemokine secretion, and NANP6-specific antibodies able to
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induce phagocytosis were critical discriminators of protected indi-
viduals, reinforcing the critical importance of NK cell-like and
phagocytic functions in protection against malaria. In addition,
C-terminal peptide (Pf16)-specific IgA2 concentrations, a feature
previously observed in protected ARR vaccinees, again emerged,
pointing to a potentially protective role for antibodies targeting the
C-terminal domain of the RTS,S antigen.

Further co-correlates analysis of the LASSO-selected features
(Fig. 4C) highlighted isotype-restricted relationships for IgA and
IgM, where the protective Pf16-specific IgA2 response was tied
to concordantly higher concentrations of Pf16-specific IgA1, high-
lighting a potential role for pan-IgA-driven Pf16 peptide-specific
immune responses in protection against infection. By contrast, the
nonprotective CSP-specific IgM signature was associated with repeat
region-specific IgM, suggesting that incomplete class switching
may function as an indicator of a nonprotective vaccine-induced
immune response. Last, the three NANP6-specific antibody features
(binding to FCGR3A, NANP6-specific antibody-driven chemokine
secretion by NK cells, and NANP6-specific ADCP) were all tightly
linked to additional repeat region-specific functional activities
(antibody-dependent complement deposition, ADNP, and antibody-
dependent NK cell degranulation) and enhanced binding to other
FcyRs and complement (Fig. 4C). When examined individually, the
features provided limited predictive power; however, LV1, which
combines all five features, was able to robustly classify vaccinees by
protection status, regardless of arm-specific differences in antibody
concentration (Fig. 4D; LV1 AUROC = 0.86, 75% CI, 0.79 to 0.92),
again statistically outperforming random or permuted data in a 10-fold
cross-validation framework (fig. S5). These results highlight the im-
portance of antibody functional quality as a critical predictor of protection
against infection across all vaccinees. Models based exclusively on
either CSP- or hepatitis B virus surface antigen—specific antibody con-
centrations were less robust in classification accuracy compared to models
using antibody Fc-associated readouts (figs. S6 and S7). Thus, these
data clearly argue for a convergent and consistent titer-independent
functional antibody profile associated with protection against malaria
in the MALO068 vaccine trial, with FCGR3A/NK cell and phagocytic
antibody functions emerging as key predictors of protection.

RRR correlates predict protection across

independent studies

The consistent identification of NANP6-specific antibody features
within and across both vaccine arms in the MALO068 trial argued for
a broader correlate of protection after RTS,S/AS01 vaccination. To
test this hypothesis, we next aimed to determine whether the most
stringent, minimal set of correlates, derived from the RRR arm,
could predict protection in two additional RTS,S CHMI studies.
Although these studies were originally focused on the role of adju-
vants (MAL027; NCT00075049) (15) or changes in vaccine dose/
timing (MALO071; NCT01857869) (13), both of these trials included
an RRR arm identical to that in the MAL068 trial. Thus, these addi-
tional arms offered a unique opportunity to evaluate the accuracy
of the correlates of protection identified in the RRR arm of the
MALO068 study. Using a highly stringent approach where both the
correlate identification and model training were done using only
data from the RRR arm of the MAL068 study, we tested whether
this two-feature model could predict protection for RRR vaccinees
in the MAL027 (Fig. 5A) and MALO71 (Fig. 5B) trials. Examined
individually, the two features demonstrated complementary predictive
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power across the additional studies with NANP6-specific antibody
binding to FCGR3A providing more predictive power in the MAL027
study and NANP6-specific ADCP activity providing more predictive
power in the MALO71 study (Fig. 5C). Critically, despite differences
in the overall magnitude, coordination, and structure of the vaccine-
induced immune responses across the additional two studies (fig. S8),
the two-feature MAL068 RRR signature robustly predicted protection,
with AUROC:s of 0.83 (75% CI: 0.72 to 0.94; P = 0.01) for MAL027
RRR arm and 0.68 (75% CI: 0.52 to 0.83; P = 0.04) for MAL071 RRR
arm. Beyond simple classification of individuals as infected or pro-
tected, the correlates were also tested for their ability to predict time
to infection for the three CHMI trials. This model was again built
using only the MALO68 data, testing the value of these correlates on
MALO027 and MALO71 in a highly stringent cross-prediction on
these orthogonal datasets. The correlates were highly predictive of
time to infection across the three CHMI trials (Fig. 5D), further
confirming the conservation of the functional biomarkers across
trials. Collectively, these data suggest that the MAL068 RRR func-
tional humoral correlates have predictive power that extends beyond
the MAL068 CHMI trial.

NK cells inhibit in vitro sporozoite invasion in the presence
of antibodies

Emerging data point to a potential role for antibodies that are directly
cytotoxic (37) or directly block sporozoite invasion in protection
from infection (38-40). However, whether antibodies that leverage
innate immune effector functions could similarly provide protec-
tion against sporozoite infection of hepatocytes is incompletely
understood. Specifically, although previous data have demonstrated
that antibodies can induce phagocytosis of sporozoites (41), it is
unclear whether antibody-dependent NK cell activation or phago-
cytosis could also limit sporozoite infectivity. Thus, we sought to
determine whether antibodies cloned from RTS,S/AS01 vaccinees
that could induce NK cell degranulation and phagocytosis of sporo-
zoites could restrict P. falciparum infection of human hepatocytes
in vitro in the presence of innate immune effector cells. Two
NANP6-specific antibodies were selected for the analysis (14, 42);
MAB311 and MAB250 conferred protection against PfCSP-expressing
Plasmodium berghei infection in mice (fig. S9A), but only MAB250
was able to block invasion of hepatocytes by P. falciparum in vitro
(fig. S9B). Both antibodies activated NK cells to a similar degree,
with MAB311 inducing more phagocytosis (fig. S9C).

To examine the protective role of innate immune-activating
antibodies, a hepatocyte-sporozoite invasion assay (43) was modified
to include primary NK cells, THP-1 cells (a phagocytic cell line),
or primary neutrophils as well as sporozoites and antibodies (Fig. 6,
A and B). NK cells were added in a transwell to prevent heter-
ologous hepatocyte lysis, whereas THP-1 cells and neutrophils were
added directly to the hepatocytes. In the absence of antibodies,
there were no significant differences in the number of intrahepatocyte
sporozoites, suggesting that alone, innate immune cells cannot
restrict hepatocyte invasion. The addition of MAB250 blocked sporo-
zoite invasion on its own, nearly completely preventing sporozoite
infection in the absence of any effector cells. By contrast, MAB311
was unable to block sporozoite invasion of hepatocytes in vitro
alone but significantly inhibited hepatocyte infection in the presence
of NK cells (P < 0.001), THP-1 cells (P = 0.0360), or neutrophils
(P = 0.0317; Fig. 6C). Although previous reports demonstrate that
some antibodies are able to prevent sporozoite motility (40, 44), no
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difference was observed in total sporozoite numbers that crossed
the transwell into the hepatocyte chamber in the NK cell assays, as
equivalent numbers of sporozoites were observed in the lower
chamber under all conditions (fig. S9D). Thus, reduced sporozoite
invasion in the presence of antibody and NK cells is likely the result
of restriction of sporozoite infectivity, rather than simply retention
of sporozoite-immune complexes in the presence of antibody.
These data suggest that antibodies capable of leveraging an array of
innate immune effectors do not simply block sporozoite transit but
directly restrict hepatocyte infection. In further support of these
findings and given the unexpected influence of NK cells in sporo-
zoite restriction, scanning electron microscopy revealed direct
interactions between NK cells and sporozoites in the presence of
antibodies (Fig. 6D), and NK cells readily degranulated in vitro in
response to sporozoites in the presence of antibodies (Fig. 6E). Last,
to further demonstrate the importance of Fc-mediated antibody
effector functions in the in vivo protection afforded by MAB311, an
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Fc variant that lacked all antibody functionality (N297Q) was
generated, and the ability of this variant to prevent infection of mice
with P. berghei sporozoites expressing P. falciparum CSP was com-
pared to wild-type MAB311 (Fig. 6F). Whereas wild-type MAB311
effectively restricted infection (average reduction in parasite burden =
84.6%), ablation of Fc-mediated antibody function with the N297Q
mutation resulted in a significant decrease in the protection afforded by
MAB311 (average reduction in parasite burden = 54.6%, P = 0.0079).
Combined, these data highlight the potential mechanistic role for
Fc-leveraged innate immune cell-activating antibody functions as
mechanistic contributors to the prevention of infection and not just
as simple biomarkers of protection after RTS,S/AS01 vaccination.

DISCUSSION
Despite a clear role for antibodies in protection against malaria
infection after RTS,S vaccination, antibody concentrations are
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inconsistently associated with protection. A consistent correlate of
immunity, able to reproducibly predict protection across vaccine
studies, could substantially accelerate vaccine development. Both
natural and vaccine-induced immunity to Plasmodium spp. has been
associated with diverse antibody effector functions (19, 37, 45, 46).
Specifically, individual studies have linked phagocytic functions to
vaccine-mediated pre-erythrocytic protection (14), whereas neutro-
phils, complement, opsonophagocytic, and NK cell-activating
antibodies have all been linked to blood stage protection (45, 47-49).
As mentioned above, in some studies, antibody concentrations have
been associated with RTS,S-induced protection, and IFN-y enzyme-
linked immunospot and CD4 T cell responses have also provided
enhanced resolution of protection in CHMI trials exploring the
utility of adjuvants (24). Subsequent work pointed to the critical
role of IFN-y and NK cell signatures in protected vaccinees (21, 22).
Moreover, evidence that interleukin-2-producing CD4 T cells could
stimulate NK cells to produce IFN-y led to a hypothesized role for
NK cells in RTS,S/AS01-induced protection (21, 22). However, the
specific mechanism(s) by which NK cells could be selectively lever-
aged to drive protection remained unclear. The data presented here
reconcile this large body of work, providing a mechanistic bridge by
which vaccine-induced NK cell-activating antibodies appear to provide
specificity to NK cells, as well as other innate immune players, to drive
parasitic clearance. Whether NK cells are also tuned after vaccination
to become more responsive to these antibodies, in an autologous
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plasma/NK cell system, is unknown, but collectively, the data argue
for a critical role for innate immune-recruiting antibodies in pro-
tection against infection after RTS,S vaccination.

Given that antibody functions are likely to be co-correlated, a
penalty-based LASSO-driven feature reduction approach was used to
select the minimal number of features that could account for the
greatest level of variance across the dataset. Ultimately, only two key
features, ADCP (linked to ADNP) and FCGR3A binding (linked to
NK cell activity), were identified as key predictors of protection in
MALO068 RRR vaccinees, and these features were also associated
with protection in ARR vaccinees. Previous analyses have suggested
a protective role for NANP6-specific antibodies in the MAL068
RRR vaccinees and a deleterious association with Pf16-specific
phagocytosis (19). Whereas this association was not observed here,
this inconsistency is likely due to the to the modeling approach that
was used in the previous study in which Pf16-specific phagocytic
activity was inferred by dividing CSP-specific phagocytosis by titers
to the different RTS,S epitopes rather than by directly measuring
epitope-specific antibody functions. These discrepancies emphasize
the critical importance of measuring epitope-specific functionality,
rather than simple antibody concentrations, in future malaria
vaccine studies to fully deconvolute the nature of the protective
immune response to malaria.

However, beyond the previous support for a role for NANP-specific
ADCP activity in RTS,S-induced protection (19), the data presented
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experiments testing the impact of NK cells and antibodies on sporozoite invasion of hepatocytes, NK cells were separated from the nonautologous hepatocytes with a
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U test. WT, wild type.

here also strongly implicate a collaborative role for NK cells and
phagocytes, potentially working in a complementary manner, in
protection against the parasite. Although the combination of the
two features only provided a small increase in prediction accuracy
of protection for MAL068 vaccinees, the LASSO model selected
both features despite the penalty associated with adding an additional
feature. Thus, these functional features likely captured distinct
levels of variability in antibody profiles across all vaccinees. The
importance of this variability in vaccine-induced immune responses
was most apparent in the study cross-validation analysis, where
each functional feature provided complementary predictive power
across the MAL027 and MALO71 trials (i.e., high/low in one or
the other study). Given the complementary importance of both
FCGR3A and FCGR2A in driving NK cell and phagocytic function,
respectively, these data point to the importance of vaccine-induced
antibody recruitment of multiple functions to ensure complete
sporozoite eradication and prevention of infection.

Transit of the parasite from the site of infection to the liver
occurs rapidly, with the traversal from the skin to the liver occur-
ring in as few as 20 min (50, 51). Thus, skin-resident phagocytic
cells, blood monocytes, and liver-resident phagocytic cells could
contribute to the rapid and effective clearance of antibody-opsonized
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sporozoites. Reports that FCGR3A is expressed on subsets of effector
memory CD8" T cells (52), CD8" mucosal-associated invariant
T cells (53), and CD56"CD3" NKT-like cells (54) suggest that
antibody-dependent restriction of sporozoites could also be mediated
by additional peripheral or liver-resident T cell populations. However,
the role of NK cells in sporozoite control has been raised but was
more controversial (20, 55). Although less abundant than neutro-
phils or monocytes in the blood, circulating NK cells are remarkably
effective in eliminating antibody-opsonized pathogens upon contact.
Moreover, NK cells account for up to 50% of liver-resident lympho-
cytes, representing a highly enriched effector cell population poised
to attack antibody-opsonized sporozoites arriving in the liver (56).
However, given that NK cells, neutrophils, and monocytes all had
some effect in limiting sporozoite invasion in vitro, these data argue
that a collective of innate immune cells may rapidly respond to
antibody-opsonized parasites that, if decorated with the correctly
functionalized antibodies, may be highly vulnerable to attack and
destruction. Direct killing of sporozoites by NK cells has not been
previously observed, possibly because of the lack of investigation
into a role for antibodies in leveraging NK cell activity against
sporozoites. Instead, NK cells have been shown to play an important
role in the direct elimination of other human parasites, including
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Toxoplasma gondii (57), Cryptosporidium spp. (58), Leishmania
spp- (59), and blood-stage P. falciparum (45). Here, we demonstrate
antibody-directed interactions between NK cells and sporozoites
that led to inhibition of sporozoite invasion in vitro and tracked
with protection in a mouse model. Although the assay used here
only interrogates the antiparasitic function of NK cells on free spo-
rozoites, it is also plausible that antibodies may also target infected
hepatocytes for elimination by liver-resident NK cells, thereby pre-
venting infection at both the prehepatic and pre-erythrocytic stages
of the disease.

Similar to previous immune correlates analyses performed in
the phase 3 vaccine trial, where, in addition to titer (25), parasite
genomic variation (60), measures of antibody avidity (61), and IgG
subclass selection (62) have been recently shown to associate with
protection in immunized infants in Africa, the data presented here
from CHMI studies highlight the importance of antibody quality as
a critical biomarker of effective immunity to malaria. However,
whether the CHMI correlates identified here will associate with
protection in the field is of great interest, given the critical differ-
ences between the phase 3 study in children and malaria-naive adult
participants in CHMI studies, including differences in endemic ex-
posure (63) and geography-associated changes in the composition
of the immune system in children, particularly in the humoral
immune response (64). Given our emerging appreciation for the
robust activity of NK cells in the first weeks/months of life (65), at a
time when other immune subsets are dysfunctional (66, 67), it is
plausible that NK cell-activating antibodies may provide a critical
barrier for invading pathogens in this vulnerable population. However,
despite these differences in field and CHMI studies, CHMI studies
still provide great value. Although animal models have been used
extensively for decades to shape the development of vaccines, providing
a clean in vivo system for immune dissection and further therapeu-
tic refinement, these animal models have provided less progress for
some pathogens (e.g., malaria, typhoid, shigella, and tuberculosis).
The CHMI model provides an indispensable advance, specifically
allowing the rapid testing of novel products, safely, in the model
that matters most, humans. Coupled with advanced immune profiling
techniques, these trials now offer an opportunity to profile the spe-
cific correlates of immunity after these interventions to downselect
assays, perhaps, for phase 3 testing, or to help develop mechanistic
hypotheses to rationally design products that may have greater
efficacy in the field.

Given our emerging understanding of the role of adjuvants in
shaping the subclass/isotype and glycosylation profiles of vaccine-
induced antibodies (68), opportunities to tune antibody function
are clearly within sight. The data presented here argue that func-
tional properties of vaccine-induced antibodies, rather than IgG
concentrations alone, represent critical predictors of protection
from infection with Plasmodium spp. With the emerging ease to
validate the assays used to test ADCP, FCGR3A binding, and NK
cell activity of vaccine-induced antibodies, the rational design of
next-generation vaccines against malaria may be powered by immune
correlates. Whereas the study presented here reached across three
separate CHMI studies to define and confirm correlates of immunity,
these correlates were established and validated using a single
parasite strain and malaria-naive individuals. Ultimately, defining
field-specific correlates in malaria-endemic regions with multiple
circulating strains, particularly in children who suffer the majority
of disease, is absolutely essential. Thus, systems serology profiling,
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using complementary field and controlled human challenge models,
may provide an opportunity to overcome biases and define common,
overarching correlates that may effectively guide the development
of vaccines to prevent malaria or other diseases.

MATERIALS AND METHODS

Study design

The goal of this study was to use antibody Fc functional profiling
methods to identify immune correlates of protection against con-
trolled malaria challenge after vaccination with RTS,S/AS01. Serum
samples were obtained from a phase 2 clinical trial in which subjects
were primed with either RTS,S/AS01 or Ad35.PfCSP, boosted with
two monthly doses of RTS,S/AS01, and challenged 3 weeks later
with malaria-infected mosquitoes. Blood was drawn for serologic
analysis before vaccination and immediately before controlled
malaria challenge. High-throughput biophysical and immune func-
tional assays were used to measure more than 120 humoral immune
features per serum sample. For each assay, serum samples were tested
in technical or biological duplicates, as specified in Supplementary
Materials and Methods. Experimenters were blinded as to the vac-
cine group and protection status for each sample until all data had
been collected. Machine learning methods (PLSDA and LASSO)
were then used to analyze this high-dimensional dataset and identify
correlates of protection within each vaccine arm. We similarly
analyzed the vaccine-induced antibody responses in subjects from
two additional phase 2 trials in which participants received three
monthly doses of the RTS,S/AS01 vaccine before controlled chal-
lenge. We then assessed the cross-cohort predictive power of our
computational model using these additional datasets. To further
explore the antibody Fc-dependent effector functions that correlated
with protection in our serologic analyses, we tested the ability of
CSP-specific monoclonal antibodies to inhibit sporozoite infection
of human hepatocytes in vitro in the presence of human innate
immune cells. We also tested the ability of an aglycosylated, func-
tionally inert (non-FcyR-binding), CSP-specific monoclonal antibody
to inhibit sporozoite infection in mice. Primary data are reported in
data file S1.

Statistical analysis

Nonparametric tests were used to assess statistical significance
throughout the study. When comparing differences between two
groups, the Mann-Whitney U test was used with a Holm-Sid4k
correction for multiple comparisons. When comparing differences
between three or more groups, the Kruskal-Wallis test was used
with a Bonferroni correction for multiple comparisons. PLSDA and
LASSO were used to identify antibody features that best predict
protection status. The significance of these predictive models was
assessed by comparing them to control models based on either
permuted data or randomly selected antibody features, in a 10-fold
cross-validation framework, as described in the Supplementary
Materials. P values were computed as the tail probability of the true
classification accuracy in the distribution of control model classifi-
cation accuracies. The median P values across the independent
cross-validation replicates were reported. For each of these statisti-
cal tests, differences were considered significant if P value or q value
is <0.05. Correlation networks were generated to depict additional
antibody features that correlate strongly with the LASSO-selected
features that best predict protection status or discriminate between
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vaccine arms. Antibody features were included in these networks
only if they passed both an effect size threshold (those with [Spearman
rs| > 0.7) and a more stringent statistical significance threshold
(false discovery rate < 0.01). The code used for the identification
and evaluation of correlates is provided in data file S2.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/553/eabb4757/DC1

Materials and Methods

Fig. S1. Univariate humoral immune response comparisons across MALO68 vaccinees.

Fig. S2. Model performance in RRR vaccinees.

Fig. S3. Different concentrations of CSP-specific antibodies track with protection within arms.
Fig. S4. Model performance in ARR vaccinees.

Fig. S5. Performance of model separating protected from infected vaccinees, independent of
vaccine arm in the MAL068 study.

Fig. S6. Measurement of antibody concentrations alone cannot predict protection in the
MALO68 study.

Fig. S7. Measurement of hepatitis B virus—specific antibody concentrations cannot predict
protection in the MALO68 study.

Fig. S8. Architecture of immune responses in individuals vaccinated with RTS,S/ASO01

across studies.

Fig. S9. In vitro and in vivo activity of CSP-specific monoclonal antibodies.

Data file S1. Primary data.

Data file S2. Analysis code.
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Above and beyond antibody abundance

Vaccine development can be hampered by a lack of clear correlates of protection. Suscovich et al. applied
systems serology to samples from studies with the RTS,S/AS01 vaccine to understand which antibody functions
were associated with protection from controlled malaria challenge, as magnitude of antibody response alone was
not predictive. Systems serology revealed that a very small number of parameters involving engagement of innate
immune cells could predict protection; this was confirmed with data from two additional studies. Experiments with
antibodies in vitro or administered to mice further demonstrated the importance of Fc-mediated functions and
innate immunity for protection from malaria parasites. This study emphasizes that finding correlates of protection
requires investigation beyond measuring antibody abundance.
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