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REVIEW

Correlates of malaria vaccine efficacy
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ABSTRACT
Introduction: An effective vaccine against malaria forms a global health priority. Both naturally 
acquired immunity and sterile protection induced by irradiated sporozoite immunization were 
described decades ago. Still no vaccine exists that sufficiently protects children in endemic areas. 
Identifying immunological correlates of vaccine efficacy can inform rational vaccine design and poten-
tially accelerate clinical development.
Areas covered: We discuss recent research on immunological correlates of malaria vaccine efficacy, 
including: insights from state-of-the-art omics platforms and systems vaccinology analyses; functional 
anti-parasitic assays; pre-immunization predictors of vaccine efficacy; and comparison of correlates of 
vaccine efficacy against controlled human malaria infections (CHMI) and against naturally acquired 
infections.
Expert Opinion: Effective vaccination may be achievable without necessarily understanding immuno-
logical correlates, but the relatively disappointing efficacy of malaria vaccine candidates in target 
populations is concerning. Hypothesis-generating omics and systems vaccinology analyses, alongside 
assessment of pre-immunization correlates, have the potential to bring about paradigm-shifts in malaria 
vaccinology. Functional assays may represent in vivo effector mechanisms, but have scarcely been 
formally assessed as correlates. Crucially, evidence is still meager that correlates of vaccine efficacy 
against CHMI correspond with those against naturally acquired infections in target populations. Finally, 
the diversity of immunological assays and efficacy endpoints across malaria vaccine trials remains 
a major confounder.
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1. Introduction

An effective vaccine against Plasmodium falciparum, the most 
important cause of human malaria, remains a global health 
priority. A malaria vaccine would form an invaluable tool to 
complement other public health control measures such as 
vector control (e.g., insecticide-impregnated bed nets and 
indoor residual spraying) and case management (i.e., prompt, 
accurate diagnosis and appropriate treatment) in addressing 
recently stagnating reductions in the global burden of disease 
and death [1]. A vaccine would almost certainly be required to 
help achieve elimination.

Despite many decades of research on malaria vaccines, RTS, 
S/AS01 (MosquirixTM) remains the only candidate product to 
have received a positive opinion from a regulatory body, the 
European Medicines Agency (EMA) in 2015. Prior to advising 
on widespread implementation, the World Health 
Organization (WHO) requested that RTS,S undergo further 
evaluation in phase 4 clinical trials, currently underway and 
due to last until 2024, in order to address, amongst other 
issues, rare safety signals [2]. However, it is already apparent 
that RTS,S/AS01, at least in its current form and schedule [3], 
does not achieve the WHO’s target of a 75% effective malaria 

vaccine [4]. Progress with malaria vaccine development and 
impediments thereto have been reviewed recently and com-
prehensively by others, e.g [5–7].

A fundamental obstacle, in this regard, is our still- 
incomplete understanding of malaria immunology, both in 
the context of naturally acquired immunity (NAI) and vaccine- 
induced immunity. Establishing immunological correlates of 
protection can not only contribute to the rational design of 
novel vaccine strategies but can also accelerate clinical vac-
cine development if such correlates are validated as substitute 
endpoints in the context of clinical trials. Evidence for the 
ability of immunological endpoints to predict malaria vaccine 
efficacy, impediments to establishing this, and the extent to 
which immunological correlates have contributed to malaria 
vaccine development were recently reviewed [8].

Here we will expand upon this topic, by addressing emer-
ging data on immunological correlates derived from state-of- 
the-art omics technologies and systems vaccinology 
approaches, as well as from a growing suite of functional 
assays. We will also discuss the concept of baseline correlates 
of vaccine efficacy and the importance of addressing asso-
ciated sources of heterogeneity in the vaccine-induced 
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immune response. Finally, we will address the extent to which 
immunological correlates of vaccine efficacy identified in 
human challenge models also hold in the context of protec-
tion against naturally acquired infections in field trials. We end 
by summarizing the various outstanding challenges relating to 
immunological correlates of malaria vaccines and recommen-
dations on how to address these.

2. Omics, other high-throughput assays and systems 
vaccinology

Identification of immunological correlates of vaccine efficacy has 
traditionally been largely hypothesis-driven, employing assays 
that assess responses against a limited number of selected anti-
gens, with a limited number of available immunological read-outs. 
A clear drawback of such approaches is that one only ever finds 
what one think to look for. Moreover, outcomes may present 
a unidimensional impression of the immune response and may 
fail to capture relevant complexities within the system.

Rapid technological innovation has brought ‘omics’ 
approaches e.g., genomics, transcriptomics, proteomics and 
others, firmly to the center of life science research. These 
platforms allow high-throughput assessment of a wide range 
of targets and/or pathways, including previously unidentified 
ones, in an unprejudiced, hypothesis-generating approach.

Benefitting from the large datasets generated by omics 
approaches, a further relevant development has been the rise 
of systems immunology, or systems vaccinology. These 
approaches aim to integrate immunological data from different 
modalities to create a broader and more complex view of 
immunity and identify important cross-links. Although most 
frequently incorporating transcriptomics datasets, systems 
approaches may also integrate data from more traditional 
immunological assays, including functional assays, most notably 
in the field of systems serology where high-throughput meth-
ods have been relatively easier to establish. Several studies over 
the recent years have employed the above approaches to dis-
sect immunological correlates of malaria infection and vaccina-
tion, as reviewed comprehensively in e.g [9,10]. Not surprisingly 
given its extensive clinical development, most data assessed in 
these studies derive from clinical trials of RTS,S.

2.1. Transcriptomics

Vahey et al. [11] assessed ex vivo transcriptomics of peripheral 
blood mononuclear cells (PBMCs) from a randomized con-
trolled trial comparing the efficacy of RTS,S formulated with 
either AS01 or AS02 adjuvant against controlled human 
malaria infection (CHMI) in malaria-naïve adult volunteers 
[12]. Differential expression of individual genes was poorly 
predictive of protection. However, gene set enrichment analy-
sis (GSEA) identified an association between expression of 
components of the immunoproteasome at two weeks follow-
ing the final vaccine dose and protection against subsequent 
challenge, suggesting RTS,S-induced protection involves the 
major histocompatibility complex (MHC) class 1a pathway.

Reassessment of this dataset by Rinchai et al. [13] using 
a modular approach, revealed that upregulation of the inter-
feron module response at one day after the third immunization, 
relative to the response one day prior to the third immunization, 
was associated with protection. In contrast, downregulation of 
this response at day three and day fourteen after the third 
immunization was associated with susceptibility to subsequent 
challenge. The authors further suggested that such downregu-
lation may be due to the prior development of antigen-specific 
IgE-responses in non-protected volunteers, resulting in 
a decreased response to interferon-inducing stimuli.

Van den Berg et al. [14], using multiway partial least 
squares discriminant analysis (N-PLS-DA) on the same dataset, 
also pointed to a protective role of IFNγ responses, as well as 
the NFκB pathway. Moreover, of the 110 genes identified as 
potentially contributing to models of protection, fourteen 
were involved in the IFNγ-signaling pathway and 29 were 
related to NFκB-signaling pathway. These transcriptome 
results are supported by the finding that serum IFNγ levels 
following the third immunization were also associated with 
protection. The authors suggest that of the two co-formulated 
adjuvants in the original trial, AS01 is particularly potent at 
driving such IFNγ responses [15]; this was also the adjuvant 
that was later taken forward into further clinical development 
of RTS,S.

Investigating blood-transcriptome signatures derived from 
the above, plus four other [16–19] RTS,S trials assessing 

Article highlights

● An effective vaccine is almost certainly required to help achieve 
eradication of malaria, yet the most advanced malaria vaccine, RTS, 
S/AS01, achieves only moderate efficacy in the field. A more effective 
malaria vaccine is needed.

● Establishing immunological correlates of vaccine efficacy may con-
tribute to the rational design of novel vaccine strategies and accel-
erate clinical vaccine development if such correlates can be validated 
as substitute endpoints.

● The application of ‘Omics’ platforms into vaccine trials allows assess-
ment of a wide range of immune targets and/or pathways in an 
unprejudiced, hypothesis-generating approach. Systems vaccinology 
enables integration of this data, along with that from high- 
throughput read-outs of more conventional immunological assays, 
for a broader and more in-depth understanding of immune effector 
functions to identify novel correlates of protective immunity.

● There are a growing number of functional assays used to represent 
in vivo anti-parasite immune effector mechanisms. They may be more 
predictive of protective immunity than simple quantitative measures, 
but they have scarcely been formally evaluated as correlates of 
vaccine efficacy.

● Pre-vaccination correlates of vaccine efficacy may lead to a better 
understanding of the immunological mechanisms underlying protec-
tive immunity and the development thereof and may help to identify 
individuals in whom vaccine efficacy will be sub-optimal. We cur-
rently have a limited understanding of baseline predictors of malaria 
vaccine efficacy.

● The Controlled Human Malaria Infection model (CHMI) is commonly 
used to evaluate the efficacy of malaria vaccine candidates in 
malaria-naïve individuals prior to field trials. Currently, there is scarce 
evidence that correlates of vaccine efficacy against CHMI are repre-
sentative of those of protection against naturally acquired infections 
in malaria-exposed populations.

● The diversity of immunological assays and efficacy endpoints across 
malaria vaccine trials forms a key obstacle to the identification of 
robust immunological correlates of vaccine efficacy.
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protection against CHMI in malaria-naive volunteers, Du et al. 
[20] first identified ratios between individual transcripts and 
transcript modules post-third immunization that were signifi-
cantly predictive of protection in subjects receiving the stan-
dard 0-1-2 month 3-dose RTS,S vaccine regimen (RRR). The 
most frequently selected transcripts were paired with the 
interferon response module. Amongst 247 individual tran-
script ratios selected for significant prediction of protection 
in RRR subjects, the authors next identified a single transcript 
ratio (MX2/GPR183) that also predicted protection in subjects 
receiving alternative RTS,S vaccine regimens. MX2 is 
a canonical interferon-response gene [21], whereas the oxy-
sterol receptor GPR183 is a negative regulator of interferon 
responses [22]. Interestingly, the MX2/GPR183 transcript ratio 
was not associated with pre-challenge antibody titers against 
the circumsporozoite protein (CSP) -the most frequently stu-
died immunological correlate of RTS,S- in either RRR or alter-
native regimen recipients. However, a combined model 
incorporating both correlates was significantly more predictive 
of protection than anti-CSP antibody titers alone, in both sets 
of volunteers.

Finally, Dunachie et al [23] assessed in vitro-stimulated 
antigen-specific PBMC transcripts from a trial involving an 
RTS,S-prime, CSP-expressing modified vaccinia virus 
Ankara (MVA)-boost regimen [24] and a trial involving 
a multiple epitope-thrombospondin-related adhesive pro-
tein (ME TRAP)-encoding DNA prime/MVA boost regimen 
[25]. Although the RTS,S/CSP-MVA trial could not be ana-
lyzed separately due to its small number of participants, 
modules related to interferon induction and antigen pre-
sentation modules were upregulated in protected subjects 
from the two studies combined, whereas modules relating 
to hematopoietic stem cells, regulatory monocytes and 
myeloid lineage were downregulated.

Despite considerable differences in study populations, vac-
cine regimens, bioinformatics and other methodology, the 
general pattern emerging from these transcriptomics studies 
in malaria-naïve adults is that the MHC class-I, NFκB-signaling 
and particularly interferon pathways play a central role in RTS, 
S-induced protection against CHMI.

Less research so far has focused on transcriptomic cor-
relates of RTS,S-induced protection against naturally- 
acquired malaria in prior-exposed populations. Using 
GSEA on in vitro recall responses against CSP by PBMCs 
collected post-immunization from African children and 
infants enrolled in the phase 3 RTS,S trials [3], Moncunill 
et al [26] identified various blood transcriptional modules 
(BTM) that were upregulated in protected vs unprotected 
volunteers, including DC activation, cell cycle, comple-
ment, inflammatory/TLR/chemokines, IFN/antiviral sensing, 
monocytes, and neutrophils. Several of these were also 
upregulated overall compared to pre-immunization in 
RTS,S-recipients, but some (i.e., inflammatory/TLR/chemo-
kine responses, monocytes and neutrophils) were down-
regulated overall, suggesting vaccination has 
a detrimental effect on these pathways, which protected 
individuals are able to relatively counteract.

Relatively little has also been published on the transcrip-
tomics of malaria vaccines other than RTS,S. In the Dunachie 

et al study, transcripts in the ME-TRAP DNA/MVA arm were not 
formally assessed separately from those in the RTS,S/CSP-MVA 
arm, as only 1 out of 8 was sterilely protected following 
challenge [27]. In the first trial assessing the protective efficacy 
of the radiation attenuated Plasmodium falciparum sporozoite 
vaccine (PfSPZ Vaccine) against naturally-acquired infection in 
lifelong-exposed adults [28], Zaidi et al [29] found that Vγ9 
and Vδ2 genes ranked as the most upregulated in protected 
vaccinees 3 days after their final immunization, corroborating 
flow cytometry results showing the Vδ2 subset of γδT cells to 
be specifically upregulated in protected vaccinees post- 
immunization. Other highly upregulated genes included 
TGM2 and SIPR5 (associated with regulation of proliferative 
responses), SLAMF7 (expressed by plasma cells and activated 
γδT cells) and NCR1 (an activating receptor for NK cells.

In a trial involving immunization through exposure to 
P. falciparum sporozoite-infected mosquitoes under chemo-
prophylaxis (CPS) [30], Tran et al [31] found that subjects 
who were protected against challenge were characterized by 
upregulation of whole blood transcript modules related to 
T cells, NK cells, and mitochondrial processes (together sug-
gestive of cytotoxic activity) four weeks after the first inocula-
tion, immediately prior to the second. The finding that 
subjects who develop protective immunity do so rapidly is 
discussed in section 4. In contrast, unprotected subjects were 
characterized by transcript dynamics after the third immuniza-
tion and after treatment, involving upregulation of interferon 
and innate inflammatory modules and downregulation of 
B-cell modules, similar to those observed following CHMI 
[32,33]. Protected subjects also revealed richer interactions 
between blood transcript modules.

Using GSEA on in vitro recall responses against 
P. falciparum-infected red blood cells (pRBCs) by PBMCs col-
lected post-immunization in this same and another CPS trial 
[34], Moncunill et al [26] identified various BTMs that were 
upregulated in protected vs unprotected volunteers, including 
antigen presentation, DC activation, B cells, T cells, cell cycle, 
extracellular matrix and migration, inflammatory/TLR/chemo-
kines, signal transduction, and monocytes. Curiously, some of 
these modules (antigen presentation, monocytes, inflamma-
tory/TLR/chemokines and signal transduction) were downre-
gulated overall in post- compared to pre-immunization 
samples, potentially implying that CPS immunization is detri-
mental to such pathways, e.g. through the induction of reg-
ulatory responses, particularly in those individuals who fail to 
achieve protection. Similarly, some modules upregulated over-
all in post-immunization recall responses against CSP, were 
found to be relatively downregulated in protected vs unpro-
tected volunteers. Finally, many BTMs associated with immu-
nogenicity and protection appear to be shared between CPS 
and RTS,S [26], suggesting their universal role in the immunol-
ogy of malaria.

2.2. Other high-throughput assays

Technological advances have also resulted in high-throughput 
forms of traditional immunological assays, particularly in ser-
ology. Microarray and suspension bead array approaches allow 

EXPERT REVIEW OF VACCINES 145



assessment of both the quantity and quality (e.g., isotype and 
IgG-subclass, affinity) of antibody responses against multiple 
vaccine epitopes or (other) antigens, as has been performed in 
the context of RTS,S [35–37], see also sections 4.1 and 5.1. 
A variety of functional antibody responses including comple-
ment fixation, Fcγ-receptor (FcγR)-binding and opsonization 
have also been adapted to medium- and high-throughput 
formats. In an RTS,S trial comparing the protective efficacy of 
a standard RRR regimen with a regimen comprised of a PfCSP- 
encoding adenovirvus-35 (Ad35) prime, followed by two boos-
ter doses of RTS,S (ARR regimen) [16], antibody titers alone 
were unable to sufficiently account for the observed levels of 
protection [16]. Combining data from a panel of serological 
assays in a systems serology approach, Suscovich et al [38] 
showed that a set of (functional) antibody features including 
Fc gamma receptor engagement on amongst others NK cells, 
rather than simple titers, best explained protection both 
amongst individual participants within each arm and between 
the two arms (discussed further in 3.1).

2.3. Systems vaccinology

Taking an even broader approach, Kazmin et al. [39], applied 
full systems vaccinology to interrogate effectors of protection 
in this trial, including transcriptomic data, serological and 
cellular responses. Whereas the authors found anti-CSP titers, 
as measured three weeks after the third immunization imme-
diately prior to challenge, to represent the correlate of protec-
tion in the RRR group, protection in the ARR group was linked 
to polyfunctional CD4+ T-cell responses measured two weeks 
after the initial priming with Ad35. In RRR subjects, PBMC 
transcripts representative of B and plasma cells correlated 
tightly with antibody titers. In contrast, in ARR subjects, pro-
tection was associated with transcripts indicative of innate 
immunity and activation of dendritic cells. At apparent odds 
with the importance attributed to IgG-NK cell interactions by 
Suscovich et al, NK cell transcripts were negatively correlated 
with protection in both study arms, although this discrepancy 
may be indicative of NK cell sequestration to target tissues.

The extent to which concomitant humoral and cellular 
immune responses induced by a standard RTS,S immunization 
schedule contribute to protection against CHMI has also been 
modeled by White et al. [40]. The authors estimate that vac-
cine-induced anti-CSP antibodies prevent ~32% of infections, 
whereas the addition of CSP-specific CD4+ T cell responses 
increases protection to ~40%.

These two studies also illustrate the important concept that 
there may be different immunological routes toward immu-
nity against P. falciparum. Potential routes may be determined 
by both the vaccine construct and host factors and consist of 
unique or shared components, of which the relative propor-
tions may differ. Such heterogeneity needs to be factored in 
when assessing immunological correlates of malaria vaccines 
[27,30–33], see also sections 4 and 6.1.

3. Functional assays

Atangential development in malaria vaccinology is aimed at 
understanding immune effector functions in more depth. 

Assays that assess the quality of immune responses through 
final functional effects on immunological targets are likely to 
be more informative and predictive of protective immunity 
than simple quantitative measurements or upstream proxies.

Since remarkably little is still known about the mechanisms of 
anti-Plasmodial activity of the immune system in humans in vivo, 
such ‘functional’ assays typically evaluate antibody-dependent 
mechanisms of parasite growth inhibition/parasite clearance 
identified in vitro that could feasibly contribute to protective 
immunity. These antibodies can function in different ways: (1) 
neutralization of the parasite to block binding and invasion into 
the cell; (2) opsonization of the parasite to allow uptake and 
destruction by phagocytic cells and (3) fixation of complement 
to enable direct parasite lysis or uptake and destruction by 
phagocytic cells. However, in vitro assays may not fully recapitu-
late the in vivo response and it is also possible that multiple 
effector mechanisms working together in vivo may facilitate 
a different anti-parasite immune response than is measured 
in vitro.

Numerous assays have been developed that measure func-
tional antibodies targeting the different parasite life-cycle 
stages. There are no functional assays evaluating parasite- 
specific cellular immune responses that have been routinely 
applied into clinical studies (Box 1).

3.1. Sporozoites

Antibodies against sporozoites can function by reducing spor-
ozoite motility, reducing traversal through hepatocytes, redu-
cing hepatocyte invasion, fixing complement to sporozoites 
and mediating opsonic phagocytosis. There is a suite of in vitro 
assays that can be used to measure functional antibodies 
against the whole sporozoite, and these have been differen-
tially employed in vaccine studies. The conduct of these assays 
has historically been limited to laboratories with insectary 
facilities to provide sporozoites that have been freshly isolated 
from mosquito salivary glands. More recently, methods have 

Box 1. Functional assays per lifecycle stage.

Pre-erythrocytic: 

● Inhibition of sporozoite (spz) gliding
● Inhibition of hepatocyte traversal by spz
● Inhibition of hepatocyte invasion by spz (ISI)
● Inhibition of liver-stage development (ILSDA)
● Complement fixation on spz (with or without lysis), or with recombinant spz 

antigens
● Opsonic phagocytosis of spz, or spz antigen-coated beads

Blood-stage: 

● Asexual growth inhibition assay (GIA)
● Complement fixation on merozoites or pRBC (with or without lysis)
● Opsonic phagocytosis of merozoites or pRBC
● Antibody-dependent cellular inhibition (ADCI)
● Antibody-dependent respiratory burst (ADRB)
● Prevention of schizont egress
● Inhibition of tissue receptor binding (e.g. CSA)

Sexual-stage: 

● Direct Skin Feeding (DSFA)
● Direct Membrane Feeding (DMFA)
● Standard Membrane Feeding (SMFA)

146 D. I. STANISIC AND M. B. B. MCCALL



been developed to reliably cryopreserve and thaw sporo-
zoites, which ensures that they are more widely available for 
research [41]. For a given assay, freshly prepared and cryopre-
served sporozoites should initially be tested in parallel to 
ensure that cryopreserved sporozoites are compatible with 
the assay [42]. Antibody functions including complement fixa-
tion, FcγR-binding and opsonization can also be studied using 
recombinant antigens as a proxy for whole sporozoites, an 
approach amenable to high-throughput.

The inhibition of sporozoite invasion (ISI) assay is the most 
widely used in vitro assay for evaluation of functional antibo-
dies against sporozoites. This antibody-mediated inhibition of 
sporozoite invasion of primary hepatocytes/hepatic cell line 
can be measured using a flow cytometer [43] or laser scanning 
cytometer [44]. Significant IgG-mediated inhibition of sporo-
zoite invasion in vitro has been demonstrated for PfSPZ 
Vaccine [45]. For the CPS immunization approach, this inhibi-
tion was enhanced when complement was included in 
a modified version of the assay [43]. When utilizing antibodies 
cloned from RTS,S/AS01 vaccinees, the addition of innate 
immune cells (NK cells or neutrophils) into this hepatocyte- 
sporozoite invasion assay resulted in increased inhibition for 
some antibodies [38]. Functional assays that encompass multi-
ple immune effector mechanisms need to be more broadly 
assessed in the context of clinical studies as potential corre-
lates of protective immunity. It is also possible to evaluate the 
antibody-mediated inhibition of sporozoite development in 
primary hepatocytes using the inhibition of liver-stage devel-
opment assay (ILSDA) [46], although this has not yet been 
widely applied into clinical studies.

Sporozoite gliding motility is essential for traversal through 
the dermis and antibody-mediated inhibition is assessed by 
incubating serum with sporozoites and measuring the gliding 
trails of CSP [47]. The utility of this particular assay is somewhat 
limited as quantifying the trails is subjective [48] and it has 
demonstrated considerable intra- and inter-assay variability 
[47]. The capacity of antibodies to inhibit sporozoite traversal 
through human hepatocytes in vitro [47] can be evaluated in 
a flow cytometry-based assay that detects dextran incorporated 
by traversed, wounded cells. IgG induced by CPS immunization 
significantly inhibits sporozoite traversal; this inhibition was 
enhanced when complement was added into the assay [43].

Antibody deposition on sporozoites (i.e., antibody opsoni-
zation) can facilitate phagocytosis through Fc receptors (Fc-R) 
on phagocytic cells [49] or fix complement [50] to induce 
direct lysis of the sporozoite [43] which could contribute to 
parasite clearance. An in vitro flow cytometry-based assay has 
been developed to assess sporozoite damage due to comple-
ment activation in the presence of antibodies [43]. To evaluate 
sporozoite lysis, it relies on the use of a fixable viability dye to 
measure membrane integrity. IgG induced by CPS immuniza-
tion in the presence of active complement significantly 
enhanced membrane permeability [43]. Interestingly, anti-
body-independent complement-mediated lysis of sporozoites 
was also identified as an effector function, albeit at lower 
levels. This assay has not yet been routinely applied into 
clinical studies. A flow cytometry-based assay using live/cryo-
preserved sporozoites, serum and the FcR-expressing human 

monocytic cell line THP-1 has been developed to measure 
opsonic phagocytosis of sporozoites [42], although it has 
also not yet been widely used.

When used in clinical studies, these functional sporozoite 
assays have demonstrated immunogenicity, with increased 
functional activity associated with increased sporozoite dose 
in the vaccine (e.g [44,45]). In most instances, they have not 
been formally assessed as correlates of vaccine efficacy. In 
malaria-naïve individuals who underwent repeated intrave-
nous inoculation of P. falciparum sporozoites under chloro-
quine prophylaxis (PfSPZ-CVac), inhibition of sporozoite 
invasion, as measured by the ISI assay, did not correlate 
with protection [44]. For the PfSPZ Vaccine, the ISI assay 
has formed an inconsistent correlate of vaccine efficacy, 
with one study demonstrating that inhibition of sporozoite 
invasion was significantly higher in protected (n = 6) than 
non-protected (n = 3) individuals [45] whereas further studies 
determined that the antibodies could not discriminate 
between those that were protected and non-protected fol-
lowing challenge [51,52]. In the aforementioned RTS,S trial 
comparing RRR and ARR regimens [16], however, antibodies 
recognizing in particular the central NANP-repeat of CSP and 
associated with opsonization by monocytes, FcγR3-binding 
and activation of NK cells were associated with protection in 
both arms individually, as well as in the overall dataset. 
Moreover, opsonization and FcγR3-binding following RTS, 
S-immunization also predicted protection in two other 
CHMI studies [38].

3.2. Asexual blood-stage parasites

Functional antibodies against merozoites and pRBCs can 
directly inhibit parasite growth (i.e., invasion and replication) 
or act via engagement with immune cells and/or comple-
ment. Opsonization of merozoites and pRBCs can facilitate 
Fc-R mediated phagocytosis or phagocytosis via complement 
fixation and clearance through the complement receptor 
(reviewed in [53]). Similar to sporozoites, antibody- 
dependent complement fixation on merozoites can also 
result in direct lysis of the parasite [54]. Opsonized parasites 
interacting with phagocytes can also trigger the release of 
soluble factors e.g. tumor necrosis factor (TNF) and free 
radicals that inhibit parasite growth in vitro through anti-
body-dependent cellular inhibition (ADCI) and antibody- 
dependent respiratory burst (ADRB) [55,56]. Antibodies that 
target antigens on pRBCs can prevent schizont egress [57] 
and prevent adhesion to tissue receptors, facilitating clear-
ance by the spleen.

The most widely used in vitro assay for the evaluation of 
functional antibodies against blood-stage parasites is the 
Growth Inhibitory Activity (GIA) assay. This is despite incon-
sistent associations between GIA and protection against clin-
ical malaria in longitudinal cohort studies of NAI (reviewed in 
[58]). GIA has also been examined for antibodies induced by 
blood-stage vaccine candidates, with varying levels of GIA and 
varying correlations with protection observed (e.g. [59,60] and 
reviewed in [8]). This assay broadly assesses the impact of 
antibodies on parasite growth in standard erythrocyte cultures 
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over one or two cycles of replication. The antibodies may 
function by inhibiting merozoite invasion of erythrocytes, schi-
zont rupture or intraerythrocytic development. High through-
put flow cytometry-based assays have been developed for the 
rapid screening of samples [61]. A robust method for the 
purification of viable merozoites has also enabled the devel-
opment of GIA assays that specifically measure the invasion- 
inhibitory activity of antibodies [62]. While GIA assays have 
generally been undertaken in the absence of Fc receptor (FcR)- 
expressing cells and complement, a recent study demon-
strated that prevalence and capacity of inhibitory antibodies 
was greater in the presence of complement [54]. This suggests 
that a modified GIA assay including complement may more 
accurately capture the functional activity of antibodies target-
ing blood-stage parasites.

There are three published functional assays that are used to 
assess parasite-killing mediated by interactions between anti-
body and immune cells (e.g. monocytes, neutrophils), and 
these have been variably applied into cohort studies of NAI 
and vaccine studies. Antibody-mediated opsonic phagocytosis 
of merozoites [63–65] is associated with protection against 
clinical malaria in cohort studies of NAI. Vaccination with 
merozoite surface protein 2 (MSP2) also induces antibodies 
that promote phagocytosis [66]; assessment of this as 
a correlation of protection has not been undertaken. Opsonic 
phagocytosis can be directly measured in vitro using mero-
zoites [63,67] or pRBCs [68] in combination with serum and 
the FcR-expressing human monocytic cell line THP-1 in a flow 
cytometry-based assay. The use of an undifferentiated cell line, 
rather than using monocytes from different donors, enables 
standardization and reproducibility. The presence of comple-
ment has been shown to enhance antibody-mediated phago-
cytosis [69].

Combining monocytes, serum and P. falciparum pRBCs, 
an ADCI assay measures the overall effect of antibodies and 
monocytes on the growth of parasites in vitro. Ideally the 
monocytes are derived from a limited number of unrelated, 
healthy donors to limit inter-assay variation [70]. Vaccines 
containing merozoite antigens such as merozoite surface 
protein 3 (MSP3) and/or glutamate rich protein (GLURP) (e. 
g [71,72].) and MSP2 [59] induce antibodies with ADCI 
activity in humans. Assessment of ADCI as a correlate of 
protection has not been undertaken in vaccine studies so 
far, however in a longitudinal cohort study of NAI, high 
ADCI activity was associated with a reduced risk of malaria 
[73]. This suggests that it may be useful as a correlate of 
protective immunity in blood-stage vaccine studies. The 
ADCI assay has been difficult to standardize, which has 
limited its use in clinical studies. Optimized ADCI assays 
using flow cytometry rather than microscopy have been 
developed to enable high throughput and an operator- 
independent readout method [59,74].

Opsonized merozoites can be phagocytosed by neutrophils 
which triggers the production of soluble mediators such as 
reactive oxygen species (ROS), which are toxic for blood-stage 
parasites, in a process termed ADRB. This was associated with 
protection from clinical malaria in a cohort study of NAI [56] 
and with IgG targeting different merozoite antigens (e.g. 

merozoite surface protein 5 (MSP5) [75] and the 19kDa 
C-terminal region of merozoite surface protein 1 (MSP1-19) 
[76]) in naturally exposed individuals. Antibodies induced by 
MSP1 vaccination also simulate ADRB [77], although its associa-
tion with protection has not been assessed in vaccine studies. 
Together these data suggest it may also be useful as a correlate 
of protective immunity for blood-stage vaccine candidates. 
These neutrophil respiratory bursts can be quantified via che-
miluminescence-dependent detection of ROS in an ADRB assay 
combining neutrophils from healthy donors with pre-incubated 
merozoites and serum [56]. Recent optimization and standardi-
zation of this assay should facilitate wider application into 
clinical studies [78].

3.3. Asexual blood-stage parasites and 
pregnancy-associated malaria

During pregnancy-associated malaria (PAM), P. falciparum 
pRBCs sequester in the placenta and this is mediated by 
VAR2CSA, the PfEMP1 protein variant that binds to the pla-
cental receptor chondroitin sulfate A (CSA). Protection against 
pregnancy-associated malaria is thought to predominantly 
involve antibodies that prevent adhesion of pRBCs to CSA 
and opsonize pRBCs for phagocytosis. The presence of natu-
rally acquired anti-adhesion antibodies is associated with 
reduced placental malaria and improved birth outcomes 
[79,80]. Vaccination with fragments of VAR2CSA, using the 
vaccine candidates PRIMVAC and PAMVAC, has also been 
shown to induce functional antibodies that block the binding 
of pRBCs to CSA in vitro [81,82]. The binding inhibition activity 
of antibodies to CSA-binding P. falciparum isolates is generally 
measured using a static assay which involves adding pre- 
incubated plasma and pRBCs onto CSA-coated spots on 
a petri dish/96 well plates and enumerating the number of 
bound pRBCs [83]. Flow-based assays have also been devel-
oped, using channels or chambers coated with CSA, CSA- 
expressing cell lines or primary trophoblast. pRBCs, pre- 
incubated with serum, flow through the channels and adhere 
under conditions which may more accurately reflect the 
in vivo environment of blood vessels [84]. A placental perfu-
sion model has also been developed for this purpose [85].

Opsonic phagocytosis assays are also used to measure the 
ability of antibodies in pregnant women to opsonize CSA- 
binding pRBCs in vitro [83,86] and may prove to be a useful 
correlate of protective immunity. These assays are performed 
as described above using the THP-1 cell line in a flow cyto-
metry-based assay to enable high throughput testing of sam-
ples [87].

Evaluation of these PAM-specific functional assays as 
potential correlates of protective immunity in vaccine trials 
has not yet been undertaken. To-date, no malaria vaccine 
has ever been intentionally evaluated in pregnant women, 
although there is clearly a need to demonstrate the safety 
and efficacy of both PAM and non-PAM malaria vaccines in 
this population. A recent publication discussed the prepara-
tion of a clinical development plan for the eventual evaluation 
of malaria vaccine products in pregnant women [88].
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3.4. Gametocytes

Antibodies play a key role in sexual-stage immunity by inhibit-
ing parasite development in the mosquito. The Standard 
Membrane Feeding Assay (SMFA) is the gold standard for 
measuring the functional activity of antibodies induced by 
transmission-blocking vaccines (TBV) [89]. It is performed 
under controlled conditions and involves feeding Anopheline 
mosquitoes on cultured gametocytes in the presence of whole 
plasma/serum or purified IgG through a membrane feeding 
apparatus and then dissecting the mosquitoes to measure 
the percent inhibition in either the prevalence of infected 
mosquitoes (transmission-blocking activity, TBA) or mean 
oocyst count per mosquito (transmission-reducing activity, 
TRA) [90]. Inconsistency in reporting SMFA results has made 
it challenging to compare different studies. However, TBA is 
considered the most relevant measure of vaccine efficacy 
under field conditions as even one oocyst can generate 
a large number of sporozoites [91]. It is unclear however, 
what level of TBA/TRA is required to prevent malaria transmis-
sion in the field and this is further complicated by the higher 
oocyst density in laboratory-reared mosquitoes compared 
with field-caught mosquitoes. The SMFA is associated with 
inter-and intra-assay variability; reproducibility is greatest at 
high levels of inhibition [92]. Scalability can be increased by 
using transgenic parasites in a chemiluminescence assay to 
visualize parasites in the mosquito mid-gut rather than relying 
on dissection [93]. Phase I/II trials with Pfs25 vaccines have 
demonstrated induction of varying levels of TRA or TBA 
[94–97].

To facilitate the evaluation of TBV on locally circulating 
parasite strains in naturally infected gametocyte carriers, two 
mosquito feeding assays have been developed in which 
patient blood is used as a source of gametocytes instead of 
cultured parasites [98]. In direct skin feeding assays, labora-
tory-reared mosquitoes are placed directly on the skin 
whereas in a direct membrane feeding assay (DMFA), 
a whole blood sample from a naturally infected individual is 
fed to the mosquitoes through a membrane.

4. Pre-vaccination correlates

An interesting new field of research that has emerged in part 
from systems immunology approaches such as described 
above, relates to immunological and other signatures present 
prior to immunization that are predictive of vaccine immuno-
genicity and/or protective efficacy. Such signatures may be 
genetically determined, shaped by an individual’s prior expo-
sure to the pathogen, other environmental exposure(s), or 
both. Regardless, they may lead to a better understanding of 
the immunological mechanisms underlying the acquisition of 
protection. Moreover, they may help identify individuals or 
groups of recipients in whom vaccine immunogenicity will 
be sub-optimal and suggest potential strategies to tailor ‘per-
sonalized’ vaccine approaches and/or improve one-size–fits-all 
approaches. Baseline signatures have been identified that pre-
dict responses to amongst others influenza [99–102] and 
hepatitis B vaccination [103–105]. Evidence is even emerging 
that common baseline signatures may predict responses to 

diverse vaccines [106]. Our understanding of baseline predic-
tors of malaria vaccine efficacy is still somewhat fragmentary, 
however (Box 2).

4.1. Humoral responses

Longitudinal serological assessment of the African pediatric 
RTS,S trials revealed, at first sight perhaps paradoxically, that 
pre-immunization antibody titers against CSP and other 
P. falciparum antigen were associated with increased suscept-
ibility [35], presumably because such responses also correlate 
with prior exposure to malaria. If malaria transmission is spa-
tially heterogeneous, then measures of an individual’s prior 
exposure are likely to be predictive of their level of future 
exposure [107] and thus their relative chance of vaccine failure 
(see also 6.5). Prior malaria exposure may moreover induce 
a state of immune tolerance, suppressing (protective) 
responses to vaccination (e.g. [108–112]). Additionally, preex-
isting anti-CSP antibodies specifically, particularly those in 
infants acquired passively by placental transfer, may neutralize 
vaccine antigen, impeding its presentation and thus also dam-
pening immunogenicity [113]. In contrast, baseline antibody 
responses against HBsAg were predictive of protection, 
although the pathway(s) underlying this association remain 
poorly understood.

Direct data on genetic correlates of antibody-mediated 
protection induced by RTS,S is scarce. However, investigating 
anti-homotypic affinity maturation of anti-CSP NANP-repeat 
antibody responses induced in subjects immunized with 
PfSPZ-CVac, Imkeller et al. hypothesized that polymorphism 
within the immunoglobulin heavy chain (IGH) locus may affect 
an individual’s ability to develop protective anti-NANP anti-
bodies following vaccination [114], e.g. with RTS,S.

4.2. Cellular responses

In a post-hoc analysis of data from a subset of phase II trials of 
RTS,S in African infants, Warimwe et al. showed that recipients’ 
monocyte-to-lymphocyte (ML) ratio at baseline was negatively 
correlated with vaccine efficacy (as determined by time to first 
clinical malaria episode), independently of age and prior 
malaria exposure [115]. The authors had previously shown 
the ML ratio to also correlate with susceptibility to clinical 
malaria episodes in a longitudinal cohort of non-vaccinated 
Kenyan children [116] and they suggest that inflammatory 
monocytes, in particular, may predispose to clinical 

Box 2. Baseline predictors malaria vaccine efficacy.

● preexisting (e.g., maternally-acquired) antibodies against CSP and other P. f. 
antigens [↓RTS,S]

● monocyte-to-lymphocyte (ML) ratio [↓RTS,S]
● HLA A*01, B*08 and DRB1*15/*16 [↑RTS,S]; HLA A*03, B*53 and DRB1*07 

[↓RTS,S]
● CSP-specific TLR4 upregulation [↑RTS,S]
● CSP-specific canonical and non-canonical NFκB activation [↑CPS]
● T cell inhibitory ligand expression [↓CPS]
● Vδ2+ T cell frequency [↑PfSPZ Vaccine]
Notes in square brackets and italics indicate an association with increased (↑) or 

decreased (↓) efficacy of the malaria vaccine shown. 
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manifestations and inhibit the development of protective 
adaptive responses to vaccination.

Whereas γδT cells are known to be strong innate respon-
ders to malaria parasites and to expand markedly following 
infection or attenuated whole sporozoite immunization (e.g. 
[117,118]), Ishizuka et al showed that the frequency of Vδ2+ 

T cells even at baseline was predictive of protection following 
immunization with the PfSPZ Vaccine in malaria-naïve volun-
teers [119]. Protected subjects in the aforementioned field trial 
of PfSPZ Vaccine in Mali also tended to have higher γδT cell 
frequencies at baseline [28].

Nielsen et al. [120] explored associations between HLA 
genotype and vaccine-induced protection against challenge 
across six RTS,S trials in malaria-naïve adult volunteers. They 
found two class I (HLA-A*01, HLA-B*08) allele groups and one 
class II (HLA-DRB1*15/*16) allele group to be associated with 
protection, providing indirect evidence that in humans 
CD8 + T cell responses are indeed also involved in protection 
in addition to CD4 + T cell responses. Two other class I (HLA- 
A*03, HLA-B*53) allele groups and one class II (HLA-DRB1*07) 
allele group were associated with elevated susceptibility. 
Although HLA-genotype does not represent a modifiable phe-
notype in its own right, it may be possible to tailor vaccine 
epitopes to suit individuals with non- or insufficiently respon-
sive HLA-types. Of particular concern, in this regard, is that the 
protective HLA allele groups identified are less prevalent in 
African populations.

Using mathematical network models based on the tran-
scriptome of PBMCs stimulated with P. falciparum antigens at 
baseline, Moncunill et al. revealed various transcripts including 
TLR-4 to be associated with RTS,S-induced protection in 
African children. In a parallel analysis in malaria-naïve adults, 
transcripts relating to amongst others the NFκB canonical 
pathway and activation of the NFκB non-canonical pathway 
induced by CSP-stimulation at baseline were associated with 
protection induced by CPS-immunization [26]. Both are sug-
gestive of immune systems that are primed at baseline to 
develop IFNγ-related protective immune responses upon sti-
mulation by vaccination.

The concept is supported by a recent finding that the level 
of inhibitory ligand expression, in particular CTLA-4 and TIM-3, 
on CD4+ and γδT cells of malaria-naïve volunteers at baseline 
is inversely correlated with the induction of cellular IFNγ 
responses against P. falciparum-infected red blood cells follow-
ing a first round immunizing exposure to P. falciparum spor-
ozoite-infected mosquitoes in the CPS approach. Subjects with 
low inhibitory ligand expression at baseline and consequently 
higher cellular effector responses following the first round of 
immunization required fewer rounds of immunizing exposure 
before developing sterilizing immunity [121].

These intriguing initial findings hold great promise for the 
field and may start to explain the phenomenon of heteroge-
neity in malaria vaccination. Clearly, validation in additional 
settings will be necessary to distil a consistent pre-vaccination 
signal of protection, whereby such signals may differ not only 
between vaccines, but also between populations, based on 
factors such as age, prior exposure and co-infections [122]. 
Understanding the mechanisms through which such signals 

act, may allow manipulation thereof through targeted inter-
ventions to improve malaria vaccine efficacy. Priming with 
BCG has been proposed as one such potential intervention, 
as it has been shown to have beneficial nonspecific effects on 
the immune system (reviewed in e.g [123]). Indeed, in a subset 
of subjects receiving BCG before undergoing CHMI, this 
resulted in earlier phenotypic NK cell and monocyte activation, 
which in turn was associated with better control of parasite-
mia [124].

5. Immunological correlates in CHMI vs field studies

Within the broader field of infectious disease, malaria vaccine 
development is ‘blessed’ with the availability of a human 
challenge model, generally referred to as CHMI. Human chal-
lenge models have the potential to markedly accelerate vac-
cine development [125], since the controlled nature of 
exposure allows efficacy trials of candidate vaccines to be 
performed in far fewer subjects and over a shorter timeframe, 
than would be possible under conditions of unpredictable 
natural exposure. The recent licensure of the cholera vaccine 
VaxChora set a global precedent by being based on efficacy 
data from only a human challenge model [126], not field data. 
The licensure of the conjugate typhoid vaccine Typbar-TCV 
was also based in part on efficacy data from a human chal-
lenge study [127]. Even if regulators do ultimately also require 
evidence from phase 3 trials under natural exposure, human 
challenge models accelerate this process by helping to down- 
select the most promising vaccine candidates entering time- 
and funding-intensive field trials. Human challenge models 
may also facilitate the discovery of immunological correlates 
of vaccine efficacy, thus also accelerating clinical vaccine 
development indirectly if such correlates are accepted as pri-
mary evidence for regulatory approval.

In CHMI studies, volunteers are exposed to Plasmodium 
parasites by either mosquito bite, or injection of either spor-
ozoites or infected erythrocytes (reviewed in e.g [128]). Until 
several years ago, such studies could only be performed at 
a limited number of insectary-equipped specialized centers in 
non-endemic settings. Initial assessment of candidate vaccines 
against CHMI in malaria-naïve adult volunteers, if successful, 
would then be followed by field trials assessing protection 
against naturally acquired infections in endemic populations: 
typically first adults, followed by children and finally infants. 
Over the past decade, however, the availability of aseptic, 
purified, cryopreserved P. falciparum sporozoites (PfSPZ 
Challenge), administered by direct venous inoculation, has 
facilitated the conduct of CHMI trials in life-long exposed 
adults in endemic settings [129–132]. These in turn can start 
to bridge the gap between CHMI and field studies and open 
up more direct routes for the clinical development of vaccines 
aimed at these populations. Strengths and weaknesses of 
CHMIs for predicting vaccine efficacy, including aspects such 
as route of administration, choice of homologous/heterolo-
gous strain, dose, endpoints and statistical modeling, have 
been discussed elsewhere (e.g [8,128,133]). Here we will 
address the related question to what extent immunological 
correlates of vaccine-induced protection against CHMI, as 
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identified in trials involving generally malaria-naïve adult 
volunteers, correspond with correlates of protection against 
naturally acquired infections, as identified in field trials invol-
ving life-long exposed populations generally consisting of 
children and infants (Box 3).

5.1. RTS,S

As is the case for other questions relating to immunological 
correlates of malaria vaccine efficacy, most available data 
derive from studies of RTS,S. RTS,S itself was developed with 
the rationale of recapitulating CSP-specific immune responses 
that were associated with protection in subjects immunized by 
exposure to irradiated sporozoites in seminal studies in the 
1970s. These included antibodies, in particular those targeting 
the conserved central Asparagine-Alanine-Asparagine-Proline 
(NANP-) repeat region of CSP [134], as well as T cell 
responses [135].

Correspondingly, anti-NANP antibody titers have formed 
the most consistently assessed immune response in RTS,S 
trials and indeed have been identified as a correlate of protec-
tion in the majority of [12,16,17,136–139], if not all [140], 
evaluations of malaria-naïve adults undergoing CHMI. 
Similarly, anti-circumsporozoite antibodies were identified as 
a correlate in most adult [141] and pediatric [3,37,113,142,143] 
field trials of RTS,S, suggesting they could represent 
a universal correlate. Nevertheless, vaccine-induced anti- 
NANP titers failed to associate with protection in some ana-

lyses involving older infants and children [3,144,145], indicat-
ing the situation may be more complex.

Systems serology analysis of samples from an RTS,S CHMI 
study suggested that in particular NANP-specific FcγR-binding 
cytophilic (IgG1 and IgG3) isotypes are important for protec-
tion, but also identified IgA responses against the CSP 
C-terminal as a correlate [38]. In contrast, in one other RTS,S 
trial in malaria-naïve adults, IgG4- rather than IgG1/IgG3- 
mediated responses were associated with protection against 
CHMI [146]. RTS,S-induced cytophilic antibody responses were 
nonetheless also shown to associate with protection in natu-
rally-exposed African children, whereas non-cytophilic (IgG2 
and IgG4) responses were associated with increased suscept-
ibility [35]. In addition, RTS,S-induced IgG antibodies against 
the C-terminal of CSP [35], as well as the avidity thereof [37], 
were associated with protection in this population. Thus, anti-
body sub-class and fine-specificity may differentially associate 
with protection in CHMI and field studies.

Various functions of RTS,S-induced antibodies have been 
identified as correlates of protection against CHMI. These 
include: complement fixation (e.g. [147] and indirectly also 
identified in [38]), FcγR-binding [38,147] and opsonization 
[49,147], although paradoxically others found opsonophago-
cytic index to be a negative predictor of protection [146,148]. 
Invasion inhibition was assessed in at least one study, without 
a clear association [136]. In contrast, data on RTS,S-induced 
antibody functionality in field trials is extremely scarce. One 
such study quantified the complement-fixing capacity of RTS, 
S-induced antibodies, but did not assess this as a correlate of 
protection against naturally-acquired infection [50].

A wide variety of assays have been applied to assess RTS, 
S-induced cellular responses as correlates of protection 
(reviewed in [8,149]). In part due to methodological differences 
between trials and immunological methods (e.g. cell popula-
tions, antigenic stimulus and read-out), it is difficult to distil 
a consistent correlate, even amongst CHMI studies. Although 
antigen-specific pro-inflammatory cytokine production (e.g. 
IFNγ, TNFα, IL-2) identified by a range of immunological read- 
outs (e.g. ELISA, ELIspot, ICS, transcriptomics) in CD4+ T cells 
[12,39,150,151], CD8+ T cells [150] and mixed leukocyte popula-
tions [12–14,139,150] were found to correlate with protection 
across several such studies, other studies failed to identify similar 
correlations [12,16,137,140]. Other immunological correlates 
have included CD40-ligand expression by CD4+, but not CD8+, 
T cells [12] and IL-21-secreting CSP-specific follicular T helper 
cells [152]. Although one study identified CSP-specific prolifera-
tion as a correlate in a subset of RTS,S recipients [139], other 
studies failed to replicate this finding [137,140], or to implicate 
cellular cytotoxicity [137]. Finally, as discussed above, transcrip-
tomic signals associated with amongst others MHC class 1, NFκB 
and interferon pathways have also been identified as correlates 
in CHMI studies [11,13,14,20,23].

Whereas various studies have explored the cellular immu-
nogenicity of RTS,S in field trials, they often do not report on 
corresponding protection data, and/or are of too small a size 
to meaningfully assess correlates of protection (e.g [153–158]). 
The few that have, have reported protective vaccine-induced 
cytokine responses, often by specific T cell subsets (e.g. TNFα+ 

[159,160] and IL-2+ [160] CD4+ T cells, or IL-2 [161], IFNγ, IL-15 

Box 3. Correlates of vaccine efficacy in CHMI and field studies.

CHMI Field

RTS,S ● anti-CSP NANP-repeat antibody 
titers [almost all studies]; 
cytophilic subclasses, 
compliment fixation and 
opsonization [contrasting 
evidence across studies]

● pro-inflammatory cytokine 
production (e.g. IFNγ, TNFα, IL- 
2) by CSP-specific T cells (par-
ticularly CD4+) or mixed leu-
kocyte populations 
[inconsistent evidence across 
studies]

● transcriptomic signatures of 
MHC Class 1, NFκB and inter-
feron pathways

● anti-CSP NANP-repeat [most 
studies, but not some involving 
children and older infants] and 
anti-CSP C-terminal 
antibodies, particularly 
cytophilic subclasses

● pro-inflammatory cytokine 
production (TNFα, IL-2) by CSP- 
specific CD4+ T cells or mixed 
leukocytes [inconsistent evi-
dence across studies]

● transcriptomic signatures of 
Toll-like receptor, NFκB and 
interferon pathways

PfSPZ 
Vaccine

● anti-CSP or anti-sporozoite 
antibody titers [occasionally 
and inconsistently across 
studies]

● IFNγ+ production by PfSPZ- 
specific (CD8+) T cells or PBMCs 
[inconsistent evidence across 
studies]; frequency of 
Vδ2± T cells at baseline and 
post-immunization

● anti-CSP or anti-sporozoite 
antibody titers [infrequently 
and inconsistently across 
studies]

● proportion of Vδ2± T cells post- 
immunization

ME- 
TRAP

● TRAP-specific IFNγ+ T cells 
[almost all studies]

● Generally no association with 
protection

Notes in square brackets and italics indicate inconsistent or contradictory evidence 
across studies. 
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and GM-CSF [162] production by mixed leukocyte popula-
tions). These same studies have tended not to find such 
associations for other cell-cytokine combinations [159–162], 
the relevance of which remains unclear. A single transcrip-
tome-based study identified Toll-like receptor (TLR), NFκB 
and interferon pathways associated with protection [26]. As 
with CHMI studies, methodological differences make direct 
comparisons between field studies difficult to interpret, let 
alone between field studies and CHMI.

5.2. PfSPZ vaccine

The only other candidate malaria vaccine to date to have 
progressed to the cusp of phase 3 of clinical development is 
PfSPZ Vaccine [163,164]. Consisting of irradiated purified, 
aseptic, cryopreserved P. falciparum sporozoites of the 
NF54 strain that can be administered by direct venous 
inoculation, the immunological rationale for this vaccine is 
based on the same seminal irradiated sporozoite trials as 
RTS,S [165].

Anti-sporozoite and anti-CSP antibodies have been mea-
sured consistently in both CHMI and field trials of PfSPZ 
Challenge, by immunofluorescence (IFA) and ISI assays and 
by ELISA, respectively. Across CHMI studies involving malaria- 
naïve subjects, statistically significant correlations with protec-
tion have occasionally been found for sporozoite IFA [119], ISI 
[45] and anti-CSP ELISA [119,166], respectively, but not con-
sistently for all serological endpoints or across all trials [51,52]. 
In one trial assessing the protective efficacy of PfSPZ Vaccine 
against CHMI in Tanzanian adults, IFA (p = 0.0499), but not ISI 
or anti-CSP ELISA, was identified as a correlate [167], but this 
finding could not be confirmed in a subsequent trial [168]. In 
a field trial assessing protection against naturally acquired 
infections in Mali, fold-rise in anti-CSP titers following immu-
nization was associated with time-to-parasite positivity, but no 
statistically significant correlations were found for other sero-
logical measures or other measures of vaccine efficacy [28].

Considerable investigation into cellular correlates has also 
been conducted. An initial report suggested IFNγ production 
by PfSPZ-specific CD8+ T cells might represent a correlate of 
protection against homologous CHMI [45]. This finding could 
not be replicated in subsequent trials [51,52,119], although 
another study did identify protective PfSPZ-specific IFNγ+ 

and IFNγ+IL-2+ PBMC responses [166]. The frequency of circu-
lating γδT cells increases markedly following immunization 
with PfSPZ Vaccine [45,51,119] and in one study frequency of 
Vδ2+ T cells, both at baseline and prior to CHMI were predic-
tive of protection [119]. No cellular correlates of protection 
were identified in the two Tanzanian CHMI trials and, interest-
ingly, γδT cell frequency was not found to increase following 
immunization. In the trial assessing the protection against 
naturally acquired infection in Mali, protected subjects tended 
to have higher γδT cell frequencies at baseline and after each 
immunization [28] and the proportion of specifically Vδ2+ 

T cells two weeks after final immunization was significantly 
higher in protected vaccinees than in either unprotected vac-
cinees or unvaccinated controls [29]. Various other studies 
have investigated cellular immunogenicity of PfSPZ Vaccine 

in African adults [169,170] and children [170,171], but have not 
reported on protective efficacy.

5.3. ME-TRAP

The ME-TRAP family of vaccines encode the P. falciparum pre- 
erythrocytic Thrombospondin-related Adhesion Protein (TRAP) 
fused to a multiple epitope (ME) string consisting of 20 
selected, mainly CD8 + T cell, epitopes from a variety of pre- 
erythrocytic P. falciparum antigens [172], administered in var-
ious prime-boost schedules generally involving attenuated 
viral vectors. These have undergone extensive iterative testing 
involving CHMI and field studies (reviewed in [173]). Trials in 
malaria-naïve volunteers have fairly consistently identified 
TRAP-specific IFNγ+ and/or CD107a+ T cells as being protective 
against CHMI [25,172,174,175], although not in all trials [176] 
or across all different assays evaluated. Correlations with pro-
tection against naturally acquired infections have generally 
not been observed in field studies [177–179], with the excep-
tion of T cell responses against one specific TRAP peptide pool 
[180]. Various other trials of ME-TRAP vaccines in African chil-
dren and infants assessed only immunogenicity, not efficacy 
[181–183].

5.4. Asexual blood-stage vaccines

In malaria-naïve subjects immunized with the Apical 
Membrane Antigen-1 (AMA1) vaccine FMP2.1, neither anti- 
AMA1 antibodies nor AMA1-specific T cells were predictive 
of protection against blood-stage CHMI [184,185]. In Malian 
children immunized with the same vaccine, an increase in 
AMA-1 titers correlated with protection across one [186], but 
not two [187] transmission seasons. Neither AMA1-specific IgG 
avidity [188] or activity in a functional GIA [189], nor AMA-1 
specific T cells [190], were associated with protection.

The GMZ-2 vaccine, consisting of a fusion protein of 
P. falciparum MSP3 and GLURP, was never tested for efficacy 
against CHMI in malaria-naïve adults, but proceeded directly 
to efficacy trials in Africa [191]. In a CHMI trial in GMZ2- 
immunized lifelong-exposed Gabonese adults, remarkably 
only baseline anti-GMZ2 and anti-MSP3 IgG concentrations 
correlated with protection [192]. Moreover, above-median 
increase in soluble human leukocyte antigen (sHLA)-G follow-
ing immunization was associated with susceptibility, suggest-
ing regulatory responses may be interfering with protection 
[193]. In contrast, anti-GMZ2 IgG concentration was associated 
with protection against naturally acquired infection in African 
children [194].

6. Ongoing challenges

6.1. Heterogeneity in immunological correlates of 
malaria vaccines

As discussed variously above, it appears that correlates of 
protective immunity vary, at least in part: for vaccines target-
ing different life-cycle stages and/or different antigens; for 
different vaccine constructs (e.g. whole-parasite-based vs. 
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protein-based vs. viral vector-based [38,39]), including choice 
of adjuvant [15]; for different populations, e.g. infants vs. 
adults and malaria-naïve vs malaria-exposed [26]; and poten-
tially even for individuals within those populations, e.g. ‘fast’ 
vs ‘slow’ responders [121]. Vaccine-induced immune responses 
may moreover not correlate with protection against the many 
different endpoints that are used to evaluate vaccine efficacy, 
even for a given vaccine candidate: for example protection 
from infection vs. protection from clinical disease. Such het-
erogeneity forms a major obstacle to malaria vaccine design 
and clinical development, as it precludes bridging results from 
one vaccine, or one population, to another.

However, few studies until now have directly measured 
immunological correlates of vaccine efficacy across different 
vaccines, populations, or trials. In contrast, indirect comparison 
of immunological correlates between previously published 
studies is hampered by significant diversity in study design, 
immunological assays and efficacy endpoints.

6.2. Choice and standardization of immunological 
assays

A wide variety of assays assessing ‘classic’ immunogenicity, 
measuring a functional anti-parasitic effector mechanisms 
and/or involving unbiased omics technologies have been 
used to assess immunological correlates of malaria vaccine 
efficacy against either CHMI or naturally acquired infection. 
Indeed, there is seemingly little agreement within the field on 
which assays should be used, even within the clinical devel-
opment of a given vaccine candidate. Thus, although anti- 
NANP antibody titers were measured by ELISA [195] across 
the majority of RTS,S trials, other humoral and particularly 
cellular [149] assays have varied from study to study. 
Similarly, anti-CSP and anti-sporozoite antibody titers have 
been assessed across PfSPZ Vaccine trials, but cellular assays 
have varied. Perhaps this is not surprising, since without an 
established correlate it remains uncertain which immune 
responses should be investigated.

Some initiatives have recently been launched to at least 
standardize and validate given assays across centers (e.g [-
195–197]). Others have warned for pitfalls inherent to com-
monly used assays [198]. Further standardization of assays, 
encompassing standard operating procedures, common 
reagents and equipment, as well as agreement on which 
assays to apply, remains an ongoing challenge for malaria 
vaccine development, but should be prioritized to allow 
a direct and accurate comparison of malaria vaccine candi-
dates across multiple trials and research centers.

6.3. Relevance of immunological responses in peripheral 
blood

Evidence from both murine and non-human primate models 
suggests that tissue-resident leukocyte populations, particu-
larly antigen-specific CD8+ T cells in the liver, can play 
a central role in protection against malaria infection, as has 
been shown for the pre-erythrocytic vaccines discussed in 
section 5 (e.g [119,199,200]). In humans, interrogation of 
immune responses has typically been restricted to peripheral 

blood. It remains relatively unknown to what extent these are 
predictive of immunological activity at tissue level and 
whether or not this impedes the identification of correlates 
of vaccine efficacy.

6.4. Strain specificity of correlates of protection

Protection induced by immunization is generally at least par-
tially strain-specific, both in CHMI [52,166,201,202] and field 
studies [186,203] and relative heterologous efficacy may vary 
even for a given vaccine (e.g [51,52,166]). It remains as yet 
unresolved to what extent apparent strain-specific efficacy in 
the CHMI model is in fact determined by strain-specific infec-
tivity (challenge stringency) [204–207]. Only few studies have 
measured strain-specific vaccine-induced responses and 
attempted to correlate these with homologous vs. heterolo-
gous protection, e.g [51,189,190,202]. Addressing this hiatus 
thus remains a priority.

It has generally been assumed that functional assays iden-
tify qualitatively, if not quantitatively, similar effector response 
against all P. falciparum strains. In one study assessing ISI as 
a correlate of CPS immunization, complement-inactivated sera 
from immunized subjects inhibited hepatocyte invasion by 
homologous strain sporozoites more strongly than by hetero-
logous sporozoites. In contrast, in the presence of active com-
plement, inhibition of heterologous sporozoites was nearly 
twice that of homologous sporozoites [43]. Robust validation 
of functional assays may therefore be required before they are 
applied to the identification of strain-specific correlates of 
vaccine efficacy.

6.5. Challenges related to vaccine correlates in field 
studies

Various additional challenges specific to the evaluation of 
correlates of vaccine efficacy in endemic areas exist. 
Preexisting immune responses, acquired actively through 
prior exposure to malaria parasites in vivo or in utero, or -in 
the case of infants- passively acquired antibodies, may mask 
vaccine-induced immune responses and vaccine efficacy. 
Preexisting immunity can also impact on vaccine-induced 
responses through ‘natural imprinting’, as was recently 
observed in a PfSPZ Vaccine study in Tanzanian adults [208]. 
These subjects’ seroreactivity profile remained largely 
unchanged following repeated vaccination, suggesting that 
only preexisting antibody responses were boosted. It remains 
unclear how this impacted vaccine efficacy and whether cel-
lular responses were similarly affected.

Heterogeneity in exposure to malaria parasites, across time 
and place, may also confound the analysis of vaccine efficacy 
and immunological correlates thereof. This issue has been 
singled out as a key confounder in the identification of corre-
lates of NAI [209,210]. Firstly, immunological correlates of prior 
exposure may be misidentified as correlates of susceptibility if 
an individual’s retrospective level of exposure, ceteris paribus, 
is predictive of their prospective level of exposure [107]. 
Indeed, in vaccine trials ‘history of malaria’ remains one of 
the strongest predictors of new episodes and serological ana-
lysis of samples from the phase 3 RTS,S trial identified anti-CSP 
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and anti-P. falciparum antibody titers prior to immunization as 
being associated with risk of malaria during subsequent fol-
low-up [35]. If exposure is both heterogeneous and low (i.e., 
<1 infectious bite per person over a given follow-up period for 
a substantial proportion of the population), then this can also 
diminish the power of study to detect vaccine efficacy or 
identify correlates thereof, as unexposed subjects will be iden-
tified as protected despite potentially lacking a true protective 
immune response. This issue will become more acute as 
transmission drops in malaria endemic areas. Unless non- 
exposed individuals can be identified and retrospectively 
excluded, study sizes will need to increase to restore power. 
The conduct of CHMI studies in these populations represents 
a valuable alternative in this regard. Ironically, if an immuno-
logic correlate of vaccine efficacy was already identified, it 
could be employed as a substitute trial endpoint, thereby 
circumventing the need for efficacy assessment altogether.

7. Concluding remarks

Although much exciting research has focused on dissecting 
known and novel immune responses induced by candidate 
malaria vaccines, relatively few studies have formally assessed 
such responses as correlates of vaccine efficacy. Where this 
has occurred, use of diverse immunological assays and efficacy 
endpoints hinders to a considerable extent a robust compar-
ison between studies. Since it appears that both vaccine pro-
duct and human recipient may contribute to heterogeneity in 
immunological correlates of vaccine efficacy, it is also note-
worthy that few studies have directly compared such corre-
lates between vaccines and/or between target populations. 
This clearly represents an important focus of future research.

That said, omics technology and high-throughput plat-
forms for more traditional immunological assays, coupled 
with systems vaccinology analyses and assessment of pre- 
immunization correlates, together hold promise for deeper 
understanding of protective immunity to malaria.

8. Expert opinion

Observations that life-long residents of highly endemic 
regions develop reduced clinical susceptibility to malaria and 
the ability to control parasitemia, i.e. the existence of NAI, 
have existed for well over a century (reviewed in [211]). The 
fact that malaria-naïve adult volunteers can develop sterile 
protective immunity through immunization with irradiated 
sporozoites has been known for almost 50 years [212]. In 
other words, we know beyond a doubt that the human 
immune system is capable of learning to control the compli-
cated apicomplexan parasites responsible for this pervasive 
disease, and almost certainly in more than one way. We just 
do not necessarily know very well how.

A lack of immunological correlates of vaccine efficacy, i.e. 
not knowing how a vaccine works, is not necessarily an impe-
diment to effective vaccination. Indeed, such correlates can by 
definition only be identified once a (semi-)protective vaccine 
exists. Thereafter they may still play an important role in 
accelerating iterative improvements, e.g. in vaccine formula-
tion, or bridging to other vaccine target groups. It may not 

even be necessary to understand correlates of NAI. Many of 
medicine’s oldest and most effective vaccines against infec-
tious diseases (e.g. smallpox, polio, measles, yellow fever, 
typhoid, cholera) were developed empirically, commonly by 
attenuating the causative pathogen, without an in depth 
understanding of the underlying immune mechanisms 
involved (reviewed e.g [213,214]). Vaccination may moreover 
protect through qualitatively different immune mechanisms 
that do not develop as part of NAI. Finally, the type of protec-
tion associated with NAI may be undesirable if the ultimate 
objective of vaccination is determined to be disease 
elimination.

With regards to the three most extensively clinically eval-
uated malaria vaccines, RTS,S was designed based in part on 
immunological correlates of irradiated sporozoite immuniza-
tion in man [134,135], PfSPZ Vaccine as a practical alternative 
to immunization with irradiated sporozoite-infected mosqui-
toes [165] and the ME TRAP family on immunological evidence 
in a murine model [215], in turn selected based on the 
imputed role of TRAP in hepatocyte invasion by sporozoites 
[216]. Both RTS,S and PfSPZ Vaccine induce considerable ster-
ile protective immunity against CHMI in malaria-naïve adults 
(e.g [45,137]), whereas ME-TRAP induces only moderate effi-
cacy (e.g [175]). However, the finding that these three vaccines 
tend to induce comparatively lower levels of protection 
against naturally acquired infections in endemic populations, 
especially in children and infants (e.g [3,28,141,179,180]) 
should give pause for thought. Part of this discrepancy may 
be explained by lower vaccine efficacy against heterologous 
naturally acquired strains [217]. But the finding that the immu-
nogenicity of these vaccines tends also to be lower in endemic 
pediatric populations (e.g [159,170,171,179]), suggests that 
host-intrinsic and -extrinsic factors must also be taken into 
account. Potential explanations for reduced immunogenicity 
include age [218,219], prior exposure [108–112] and co- 
infections [220–222]. The question therefore arises how to 
address such heterogeneity between vaccine target groups: 
should vaccine development strive to override limitations in 
children & infants’ immune systems in order to achieve ‘naïve 
adult CHMI-type’ protective immune responses, e.g. through 
addition of adjuvants, or rather try to identify and target 
protective responses that are more aligned with children’s 
immune systems? Resolving these issues will therefore require 
identifying and comparing correlates of vaccine efficacy 
between both populations. The ability to perform CHMI stu-
dies in endemic populations serves as an important scientific 
bridge in this regard, as well as reduces confounding due to 
the heterogeneity in exposure across study participants and 
across time that is inherent to field trials.

Omics platforms and systems vaccinology analyses hold 
great promise for the field, as the breadth of their scope 
reduces the risk of both false-negative and false-positive 
findings associated with traditional individual read-outs. 
These data sets also help to present and comprehend the 
fuller immunological picture, identifying pathways rather 
than individual parameters and generating novel hypoth-
eses. Similarly, identification of pre-vaccination correlates of 
vaccine immunogenicity and efficacy will teach us a great 
deal about the (failure of) development of immune 
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responses in individual recipients or whole groups – parti-
cularly relevant for understanding the intrinsically lower 
immunogenicity in children and infants in endemic settings. 
Functional assays, finally, are intended to be representative 
of ultimate in vivo effector mechanisms, but their formal 
value as correlates of vaccine efficacy has not yet been 
extensively assessed.

However, great diversity exists in immunological assays, as 
well as in efficacy endpoints, employed across malaria vaccine 
trials and across populations. This forms a major obstacle to 
synthesizing findings into a comprehensive immunological 
understanding of vaccine efficacy. No obvious candidate exists 
for a universal assay that predicts efficacy across multiple 
vaccines for a given lifecycle stage, let alone across multiple 
stages. Indeed, it is unlikely that the latter will ever be found. 
In lieu of validated correlates of vaccine efficacy, it would still 
be worth incorporating a minimum set of standardized, biolo-
gically plausible assays of immunogenicity across vaccine trials 
by way of comparison and to help quantify the immunomo-
dulatory effects of aforementioned host factors.
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