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Maintaining high-affinity antibodies after vaccination may be
important for long-lasting immunity to malaria, but data on
induction and kinetics of affinity is lacking. In a phase
1 malaria vaccine trial, antibody affinity increased following a
second vaccination but declined substantially over 12 months,
suggesting poor maintenance of high-affinity antibodies.
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Trials Registry ACTRN12607000552482.
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There remains an ongoing need for malaria vaccines with high
efficacy to accelerate malaria control and elimination [1].
Greater understanding of protective immune mechanisms
and their kinetics are needed to achieve highly efficacious
and long-lasting vaccines in the future. Antibodies are a key
mediator of immunity for many malaria vaccine candidates, in-
cluding the RTS, S and R21 vaccines that were recently recom-
mended by the World Health Organization for implementation
in young children in malaria-endemic regions [1, 2]. Antibody
affinity refers to the strength of interaction between an
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antibody and antigen and may influence the functional activity
of antibodies and protective immunity. Affinity increases with
somatic hypermutation of immunoglobulin G (IgG), whereby
higher affinity typically reflects an immune response that has
undergone affinity maturation following infection or vaccina-
tion. High IgG affinity is associated with vaccine efficacy for
some bacterial diseases [3, 4], and generating high affinity is of-
ten a focus of vaccine development. The importance of anti-
body affinity in malaria immunity has not been established,
but an association between antibody affinity and RTS, S vaccine
efficacy was reported in vaccinated children [5]. There is a pau-
city of data on the induction of affinity and whether it is main-
tained over time. Knowledge of the kinetics of affinity after
vaccination is important given that current malaria vaccines
have substantial waning of efficacy within 12 months [6].

In the current study, we quantified vaccine-induced antibody
affinity over time in a phase 1 trial of a Plasmodium falciparum
vaccine based on merozoite surface protein 2 (MSP2-Cl).
MSP2 is an abundant merozoite surface protein and a target
of naturally acquired immunity [7]. Our earlier study found
that naturally acquired, high-affinity antibodies to MSP2
were associated with protection from infection in a cohort of
children and adults [8]. Although anti-MSP2 antibodies have
a weak ability to directly inhibit host-cell invasion, they can
function through antibody complement-dependent inhibition
of invasion, opsonic phagocytosis, and antibody-dependent
cellular inhibition [9, 10]. MSP2 is polymorphic and can be
grouped into 2 major allelic families, 3D7 and FC27. The
MSP2-C1 vaccine described in the current study contained
both the 3D7 and FC27 isoforms to cover diversity present in
populations [10].

METHODS

A double-blinded, placebo-controlled phase 1 clinical trial was
performed in healthy, malaria-naive Australian adults (Australian
New Zealand Clinical Trials Registry ACTRN12607000552482,
registered 26 October 2007) [10]. Adult participants (aged
18-45 years) were vaccinated with equal amounts of the 3D7
and FC27 isoforms of recombinant MSP2 expressed in
Escherichia coli (10 ug or 40 ug of protein) formulated with
Montanide ISA720 as the adjuvant (n =7 and n = 10 completed
vaccination in the 10- and 40-ug dose group), or adjuvant alone as
a placebo (n = 4). Three doses were given at 12-week intervals for
the 10-ug cohort, while the 40-ug cohort was given the vaccine on
2 occasions with a 12-week interval. Blood samples were drawn at
days 0,28, 112, and 336 (and at day 196 for the 10-pg dose group).
Plasma samples were stored at —80°C until use in immunoassays
[10]. Ethics approval was obtained from Queensland Institute of
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Medical Research Human Research Ethics Committee and Alfred
Health Human Research Ethics Committee, Australia.

Plasma samples were evaluated in immunoassays using the
same recombinant 3D7 and FC27 MSP2 proteins used in the
vaccine. Antibody affinities were estimated using dissociation
rates (kq values) in a Biacore 3000 measuring surface plasmon
resonance (SPR) under flow [8, 11]. Recombinant MSP2 proteins,
0.01 mg/mL in 10 mM NaAc pH4.8, were bound to CM5 sensor
chips (Biacore, GE Health Care) using N-terminal amine coupling
(Amine coupling kit, Biacore, N-hydroxysuccinimide (NHS)/1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and etha-
nolamine) at 5 uL/minute. Plasma samples were diluted in run-
ning buffer (HBSEp, Biacore; 0.01 M Hepes pH 7.4, 0.15M
NaCl, 3 mM EDTA, 0.0005% Surfactant P20) and used at 2 dif-
ferent plasma dilutions (1:7.5 and 1:15), flow 30 uL/minute,
and we confirmed that similar k4 values were obtained irrespec-
tive of concentration (see [8, 11] for further details on method-
ology, including examples of sensorgrams). The correlation
between Ky values for samples measured at the different con-
centrations was very high; r=0.972 (P <.001). The average
variance between the 2 measurements was 2.1%. Evaluation
of antibody affinity to tetanus toxoid among the same subjects
was performed for comparison.

Antigen-specific IgM and IgG subclasses were quantified
using established enzyme-linked immunosorbent assay (ELISA)
[12] plasma diluted 1:100. Individuals who received the placebo
vaccine were tested in SPR and ELISA but did not show significant
MSP2-specific antibody responses and were therefore not includ-
ed in this analysis.

Statistical analyses were performed using Graphpad Prism
and differences between paired and unpaired samples were eval-
uated using the Wilcoxon signed rank test and Mann-Whitney
U test, respectively. Correlations between ELISA and SPR were
evaluated using Spearman rank correlation.

RESULTS

Vaccination with MSP2-C1 induced peak IgG responses to
MSP2 after the second vaccine dose, measured on day 112 of
the study [10]. IgG1 was the predominant antibody response
(Figure 1A). There was also significant induction of IgG2 and
IgG3 to both isoforms of MSP2, apart from anti-3D7 IgG2
(P=.195) and IgG3 (P=.055) in the 10-pg dose group
(P < .01 for all other tests; Figure 1B and 1C). There was no in-
duction of antigen-specific IgG4 (Supplementary Figure 1A),
and marginal levels of IgM were detected after 2 vaccinations
(Supplementary Figure 1B). The 10-ug dose group was given
a third vaccination, but there were no substantial changes in
antibody magnitude measured on day 196. Responses tended
to be higher in the 40-ug dose group compared to the 10-ug
group, especially for IgGl (P=.044) and IgG2 (P=.044)
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Figure 1. IgG subclass responses to MSP2. Individuals received two 40-ug doses
(n=10) or three 10-pg doses (n =7) of the bivalent MSP2 vaccine. Serum sam-
ples collected on days 0, 28, 112, and 336 of the study (and day 196 for the 10-ug
dose group) were tested for IgG subclasses including IgG1 (A), IgG2 (B), and IgG3
(C). There was no substantial induction of MSP2-specific 1gG4 or IgM
(Supplementary Figure 1). The group median and IQR are shown (values are
0D) and reactivity between paired samples collected at days 0 and 112, and
days 112 and 336 were compared using the Wilcoxon signed rank test. D, IgG sub-
classes to each MSP2 isoform at days 28, 112, and 336 were compared between
the vaccine dosing groups using the Kruskal-Wallis test (median and IQR are
shown). Abbreviations: IgG, immunoglobulin G; IQR, interquartile range; MSP2,
merozoite surface protein 2; 0D, optical density.
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(Figure 1D). Notably, vaccine-induced IgGl, IgG2, and IgG3
had significantly decreased in magnitude by the end of the
study at day 336 compared to the peak response (P < .05 for
all tests; Figure 1A-C). The vaccine also induced low levels of
IgA, measured at day 112, which was previously reported [9].

Antibody affinity (measured as the dissociation constant, k)
was determined using SPR whereby a lower ky value represents
higher affinity. In the 40-pug dose group, IgG affinity to MSP2
3D7 and FC27 significantly increased after the second vaccine
dose (P=.031 and P =.031, respectively; Figure 2A and 2B).
Of note, antibody affinity subsequently declined significantly
from day 112 to the end of the study at day 336 in both dose groups
and for both MSP2 isoforms (P = .016 to .031; Figure 2A). IgG af-
finity to 3D7 and FC27 MSP2 was higher in the 40-pg dose group
than in the 10-ug group at day 112 (P =.077) and day 336
(P =.012; Figure 2B). To account for potential changes in antibody
affinity over time that was not specific to MSP2 responses, we also
measured affinity of antibodies to the tetanus toxoid antigen as all
participants had received this vaccine and were likely to have stable
antibody responses. In contrast to the declining affinity of antibod-
ies to MSP2, there were no changes in antibody affinity to tetanus
toxoid over time (Supplementary Figure 1C).

We evaluated the relationship between peak IgG affinity and
antibody magnitude to the 3D7 and FC27 MSP2 isoforms mea-
sured on day 112 (Figure 2C and 2D). IgG affinity correlated
most strongly with the magnitude of 1gG1 (3D7, p —0.765;
FC27, p —0.800) and IgG2 (3D7, p —0.741; FC27, p —0.684;
P < .01 for all tests).

DISCUSSION

We found that affinity of vaccine-induced antibodies significantly
increased after the second vaccine dose compared to the first with
the higher dose of 40 pg, and the higher vaccine dose generated
higher antibody affinity. Such knowledge is valuable for under-
standing how to maximize affinity of antibodies induced by
vaccines. However, it was surprising that antibody affinity subse-
quently substantially declined over time postvaccination, which
may be relevant to how vaccine efficacy decays over time.
There were no differences between the 2 MSP2 isoforms in anti-
body levels and affinity, supporting the concept of using a multi-
ple antigen vaccine formulation. Our findings further suggest that
2 doses of this vaccine are at least as good as 3 doses, which has
potential advantages in terms of implementation and coverage.
Analyzing a phase 1 trial conducted in malaria-naive donors en-
abled the evaluation of antibody affinity without any confound-
ing that may be introduced by malaria exposure prior to
vaccination or during the follow-up period.

It is unclear why antibody affinity declined over time.
Antibodies in serum are produced by plasma cells (and other
antibody secreting cells) generated after vaccination. There
was an overall decline in IgG magnitude over time that likely
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Figure 2. Affinity of IgG induced by vaccination. A, Serum samples collected on
days 28, 112, and 336 of the study (and day 196 for the 10-pg dose group) were tested
for IgG affinity (data shown as 1/kq values); higher 1/kg values represent higher affinity.
The group median and IQR are shown and reactivity between paired samples collected
at days 28 and 112, and days 112 and 336 were compared using the Wilcoxon signed
rank test. B, IgG affinity measured to each MSP2 isoform at days 28, 112, and 336
were compared between the vaccine dosing groups using the Kruskal-Wallis test
(median and IQR are shown). Cand D, Correlations between antibody affinity and mag-
nitude of IgG1, IgG2, and IgG3 to the 3D7 (C) and FC27 (D) isoforms of MSP2, measured
at day 112 (peak response). The Spearman correlation coefficient (p) and linear line
of best fit are shown. Abbreviations: IgG, immunoglobulin G; IQR, interquartile range;
kg, dissociation rate; MSP2, merozoite surface protein 2.
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reflects an overall loss of IgG-secreting plasma cells over time.
However, the decline in IgG affinity suggests that there is a
greater loss of plasma cells that secrete high-affinity antibodies
over time, or perhaps other changes impact on the affinity of
antibodies being produced over time. Why this occurs is un-
clear. In contrast to our findings, a recent study of the kinetics
of naturally acquired immunity in a population following a rap-
id decline in malaria transmission found that antibody avidity
(measured using an ELISA-based method) increased over time
[13], suggesting a loss of low-avidity antibodies. The kinetics of
affinities of antibodies acquired through natural exposure ver-
sus vaccination may differ. Changes in affinity over time have
not been reported for malaria vaccines. We also observed
that vaccine-induced IgG magnitude correlated with affinity,
which suggests that subjects that generate the highest IgG re-
sponses also tend to generate higher affinity responses.

Estimating antibody affinity may be influenced by the method
used. In an ELISA-based method, which has been widely used,
proteins often bind to the plate with hydrophobic interactions,
and estimation of affinity is influenced by antibody and chaot-
rope concentration. In SPR, proteins are bound covalently and
antibody kq is measured as an indicator of affinity that is inde-
pendent of antibody concentration. SPR has been widely used
for analysis of monoclonal antibodies, and we recently reported
its utility for quantifying affinity of polyclonal antibodies against
Plasmodium antigens [8]. For another merozoite antigen, a
range of dissociation constants (Kp) measured for different nat-
urally acquired antibodies was mainly due to variations in disso-
ciation rates (kg) [14], indicating that the SPR method is useful
in measuring affinity of antibody mixtures.

Our results contribute important new knowledge of the ki-
netics of antibody affinity after vaccination in humans and in-
form malaria vaccine development. Further studies of the
kinetics of antibody affinity are needed for other vaccines in
clinical trials to better understand the maintenance of antibody
affinity over time after vaccination. Failure to maintain high-
affinity antibodies over time may be one contributing factor
to the difficulty in developing long-lasting malaria vaccines.
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