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Background. Complement-fixing antibodies are important mediators of protection against Plasmodium falciparum malaria. 
However, complement-fixing antibodies remain uncharacterized for Plasmodium vivax malaria. P. vivax merozoite surface protein 
3α (PvMSP3α) is a target of acquired immunity and a potential vaccine candidate.

Methods. Plasma from children and adults with P. vivax malaria in Sabah, Malaysia, were collected during acute infection, 7 and 
28 days after drug treatment. Complement-fixing antibodies and immunoglobulin M and G (IgM and IgG), targeting 3 distinctive 
regions of PvMSP3α, were measured by means of enzyme-linked immunosorbent assay.

Results. The seroprevalence of complement-fixing antibodies was highest against the PvMSP3α central region (77.6%). IgG1, 
IgG3, and IgM were significantly correlated with C1q fixation, and both purified IgG and IgM were capable of mediating C1q fixation 
to PvMSP3α. Complement-fixing antibody levels were similar between age groups, but IgM was predominant in children and IgG3 
more prevalent in adults. Levels of functional antibodies increased after acute infection through 7 days after treatment but rapidly 
waned by day 28.

Conclusion. Our study demonstrates that PvMSP3α antibodies acquired during P. vivax infection can mediate complement 
fixation and shows the important influence of age in shaping these specific antibody responses. Further studies are warranted to un-
derstand the role of these functional antibodies in protective immunity against P. vivax malaria.
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Plasmodium vivax malaria is a major contributor to global ma-
laria burden and remains a challenge for elimination and eradi-
cation efforts [1]. Morbidity from malarial infections arises from 
blood-stage replication, and its control is critical for the preven-
tion of clinical disease [2]. Reduction of blood-stage infection 
also limits gametocyte formation, thus reducing transmission 
[3, 4]. The first step in each replication cycle of blood-stage ma-
laria is merozoite invasion of red blood cells. Blood exposure of 

merozoites to immune mediators and chemical inhibitors make 
this parasite stage a key therapeutic target [2, 5].

Antibodies are key mediators of malarial immunity. 
Functional antibodies can fix complement at the merozoite to 
prevent red blood cell invasion, and this immune mechanism 
is associated with protection from Plasmodium falciparum ma-
laria [6–9]. In addition, complement-fixing antibodies have 
been associated with better artemisinin treatment efficacy [10]. 
Multiple antigen targets of complement-fixing antibodies that 
mediate protection have been identified in P. falciparum [8], and 
both immunoglobulin G (IgG) and immunoglobulin M (IgM) 
antibodies mediate complement fixation to the parasite [6, 9]. 
However, complement-fixing antibodies were more strongly as-
sociated with protection than total IgG or IgM responses [9], 
suggesting that it is the quality and not only the quantity of 
the antibody response that is important in protection. A study 
published in 2018 provided initial evidence for the acquisition 
of complement-fixing antibodies against P.  vivax merozoites 
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[11]. However to our knowledge, no other studies have inves-
tigated complement-fixing antibodies targeting P.  vivax, and 
the impact of protein regions and age on complement-fixing 
antibodies, kinetics of acquisition and decay, and the specific 
antibody isotypes and subclasses associated with functional 
complement-fixing antibodies are unknown.

P. vivax merozoite surface protein 3α (PvMSP3α) is a member 
of the PvMSP3 family characterized by an alanine-rich central 
domain containing a series of heptad repeats that are predicted 
to form coiled-coil structures involved in protein-protein inter-
actions [12]. The carboxy terminal (C-terminal) and hydrophilic 
amino (N-terminal) domains of PvMSP3α are relatively con-
served, whereas the central domains (block I and II sequences) 
are highly polymorphic [13]. In malaria-endemic regions, nat-
urally occurring antibodies to PvMSP3α (C-terminal and cen-
tral regions) have been associated with protection from P. vivax 
malaria in different populations [14, 15]. Antibodies that target 
PvMSP3α are predominately cytophilic IgG1 and IgG3 [14]. 
These IgG subclasses have strong complement fixation poten-
tial [2], suggesting that complement-fixing antibodies may play 
an important role in immunity targeting PvMSP3. To date, no 
studies have investigated IgM reactivity against PvMSP3α, and 
recent work has shown that IgM mediates complement fixation 
and prevention of clinical P. falciparum [9]. Whether IgM me-
diates a similar functional complement mechanism in P. vivax 
malaria remains to be determined.

In the current study, we investigated the induction of 
antibody-mediated complement fixation after acute P.  vivax 
malaria episodes from a low-malaria-endemic setting in Sabah, 
Malaysia. To increase our knowledge on the factors influencing 
development of functional complement-fixing antibodies 
targeting P. vivax malaria, we investigated the influence of age, 
antigenic region, and antibody composition of responses on an-
tibody responses in children and adults with P. vivax malaria.

METHODS

Detailed methods are provided in the Supplementary Material.

Ethics Statement

Written and informed consent was obtained from all study 
participants, with consent obtained from parents or guardians 
in the case of children. Studies were approved by the Ethics 
Committee of Menzies School of Health Research and the 
Medical Research and Ethics Committee, Ministry of Health 
Malaysia.

Study Cohort

Plasma samples were obtained from patients with polymerase 
chain reaction (PCR)–confirmed P.  vivax malaria with fever, 
who were seeking treatment and subsequently enrolled on di-
agnosis in malaria cohort studies in Sabah, Malaysia [16, 17], 
a region of low P. vivax endemicity [18]. Patients were treated 

according to hospital guidelines. Uninfected control plasma 
samples were obtained from visitors or patient’s relatives with 
no history of fever in the last 48 hours, who were blood film 
negative by microscopy and confirmed negative for Plasmodium 
infection by PCR. Samples were grouped as from children (aged 
≤15 years) or adults (aged >15 years).

Recombinant Antigens

Proteins representing different regions of PvMSP3α were used: 
N-terminal (nucleotides 73–309), central region (block I–II; nu-
cleotides 316–2058), and C-terminal (nucleotides 2059–2523). 
Proteins were PCR amplified from P. vivax (Belem strain) and 
expressed in a vector containing a C-terminal 6His-Tag [14].

Enzyme-Linked Immunosorbent Assays

Enzyme-linked immunosorbent assays were performed as de-
scribed elsewhere [6, 8]. Plates were coated with PvMSP3α 
antigens (0.5 µg/mL), blocked, and incubated with plasma (1:250 
dilution). Total IgG was quantified with horseradish peroxidase 
(HRP)-conjugated sheep anti-human IgG (1:2000 dilution) (Life 
Technologies). For IgM and IgG subclasses, monoclonal mouse 
anti-human IgM and IgG antibodies (Life Technologies) and 
goat polyclonal anti-mouse IgG-HRP (Merck Millipore) were 
added (1:2000  dilution). For C1q fixation, recombinant C1q 
(10 µg/mL; Quidel) was added after human plasma, and C1q 
was detected with 1:2000 dilution  rabbit anti-C1q antibodies 
(Dako) and 1:4000 dilution goat anti-rabbit HRP (Bio-Rad).

Malaria-unexposed control sample were obtained from 
Australian donors. Positive responses were defined as absorb-
ance greater than the average of 7 malaria-unexposed controls 
plus 3 standard deviations.

Antibody Purification

Plasma samples from P.  vivax–infected patients (n  =  5) and 
malaria-unexposed control samples (n = 15) were pooled sepa-
rately and immunoglobulins precipitated from each pool using 
saturated ammonium sulfate, and then dialyzed in phosphate-
buffered saline. Purification of IgG and IgM was performed 
using NAb Protein G Spin Column (Thermo Scientific) ac-
cording to the manufacturer’s instructions. The IgM fraction 
refers to non-IgG fraction from the column. Both IgG and IgM 
fractions were dialyzed overnight in phosphate-buffered saline 
and concentrated using 10-kDa spin columns (Amicon; Merck 
Millipore).

Statistical Analysis

All analyses were performed using Stata (version 15.0; StataCorp) 
and GraphPad Prism (version 7.03) software. Differences in an-
tibody magnitudes between age groups were compared using 
the Mann-Whitney nonparametric test. For comparisons be-
tween antigen regions and follow-up time points, Friedman and 
Wilcoxon-matched pair tests were used, and χ 2 tests were used 
to compare seroprevalence between antigen regions.
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RESULTS

Prevalence of Complement-Fixing Antibodies in Adults and Children With 

Acute P. vivax Malaria

Antibodies against PvMSP3α were assessed in 21 uninfected 
subjects and 52 patients with P. vivax malaria (24 children and 
28 adults; Table 1). The median level of parasitemia were similar 
in adults and children (P = .45).

We first assessed antibody-mediated complement fix-
ation, targeting 3 regions of PvMSP3α in children and 
adults presenting with acute P.  vivax malaria, and adults 
who were PCR negative for P. vivax infection [19] (Table 1). 
Uninfected adults in this cohort may have been previously 
exposed to malaria. We quantified the antibody fixation of 
C1q, the first serum component of the antibody-dependent 
classic activation pathway (it has been previously demon-
strated that C1q fixation is correlated with complement 
activation and formation of the membrane attack complex 
[8, 9]). The seroprevalence of C1q-fixing antibodies varied 
across antigen regions, with the highest overall prevalence 
against the central region (children, 82.6%; adults, 73.1%), 
followed by the C-terminal (children, 39.1%, adults, 57.7%) 
and N-terminal (children,17.4%; adults,  19.2%) regions 
(Figure 1A and Supplementary Figure 1A). 

There was no difference in seroprevalence of C1q fixation be-
tween infected children and adults (Figure 1A). Compared with 
uninfected individuals, P. vivax–infected individuals had higher 
prevalence of C1q-fixing antibodies regardless of age, except 
for antibody responses in children against the C-terminal do-
main (Figure 1A). Overall, the majority of infected individuals 
(82.6% of children and 80.8% of adults) had C1q-fixing anti-
bodies recognizing ≥1 of the PvMSP3α region, compared with 
only 52.4% of uninfected individuals (Figure 1B). Similarly, the 
magnitude of C1q-fixing antibodies did not differ between the 2 
infected age groups, with both being higher than in uninfected 
individuals (Figure 1C). Uninfected individuals had higher 
magnitudes of C1q-fixing antibodies to the central region 
than malaria-unexposed individuals (Supplementary Figure 
1B). The magnitudes of C1q-fixing antibodies were similar 
across PvMSP3α regions, except that responses for the central 
region were significantly higher than those for the C-terminus 
(Supplementary Figure 1B).

Age Dependence of Antibody Composition During Infection 

Both IgG and IgM antibodies have C1q-fixing capacity against 
P. falciparum antigens [6, 9]. To investigate the relative impor-
tance of IgG and IgM antibody isotypes in mediating comple-
ment fixation on PvMSP3α, we first quantified magnitudes of 
total IgG (pan–anti-IgG detecting all subclasses) and IgM in 
P.  vivax–infected patients and uninfected individuals. During 
P. vivax infection, both IgG and IgM seroprevalence was high 
across all PvMSP3α regions (IgG and IgM in children, 52%–61% 
and  96%–100%, respectively; in adults, 65%–69% and 58%–
77%) (Figure 2A and Supplementary Figure 2A). There was 
no difference in IgG seroprevalence between infected children 
and adults, but children had significantly higher IgM seroprev-
alence (Figure 2A). IgG seroprevalence was significantly lower 
in uninfected than in infected individuals. There was no overall 
difference in seroprevalence of IgG and IgM in infected indi-
viduals across the PvMSP3α regions (Supplementary Figure 
2A). A  large proportion of children and adults had IgG and 
IgM recognition to ≥1 PvMSP3α region (74%–81% for IgG and 
81%–96% for IgM) (Figure 2B). The breadth of IgM responses 
in children was higher than that of IgG, with 95.7% recognizing 
all 3 PvMSP3α regions as opposed to 34.8% for IgG (χ 2 test, 
P  <  .001). In uninfected individuals, IgM recognition to ≥1 
PvMSP3α region was also significantly higher than IgG recog-
nition (χ 2 test, P = .01).

Similarly, the magnitudes of IgG in infected children and 
adults were comparable, whereas the magnitude of IgM 
was significantly higher in children than in adults against all 
PvMSP3α regions (Figure 2C). Uninfected individuals had 
lower IgG and IgM than infected individuals, except for IgM 
to the N-terminal region which was comparable (Figure 2C). 
However, compared with unexposed controls, uninfected in-
dividuals had higher magnitudes of IgG antibodies (to central 
and C-terminal) and higher magnitudes of IgM antibodies to 
all regions, suggesting that the uninfected individuals had prior 
malaria exposure and some levels of maintenance of acquired 
antibodies (Supplementary Figure 2B). Overall, the magnitudes 
of both IgG and IgM were highest against C-terminal regions 
(Supplementary Figure 2B).

We next quantified the composition of the IgG subclass re-
sponses. Consistent with prior studies [14], IgG1 and IgG3 were 

Table 1. Demographic Parameters of Individuals Providing Sabah Study Samples

Parameter Uninfected Individuals (n = 21)

Patients With Plasmodium vivax Malaria 

Children (n = 24) Adults (n = 28)

Male sex, no. (%), y 12 (57) 14 (58) 24 (86)

Age, median (range), y 39 (18–67) 10 (5–15) 34 (16–57)

Parasitemia, median (IQR), iRBCs/µL 0 3518 (1490–9610) 2470 (2470–7600)

Abbreviations: IQR, interquartile range; iRBCs, infected red blood cells.

Note: Parasitemia was measured during acute presentation of malaria by blood smear. Uninfected samples are Sabah adults with parasite negative by polymerase chain reaction analysis.
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the dominant antibodies to PvMSP3α (Figure 3) whereas IgG2 
and IgG4 responses were below detection limits and therefore 
were not analyzed further (data not shown). IgG1 and IgG3 
seroprevalences were similar between infected children and 
adults across all regions of PvMSP3α (Figure 3A). Compared 
with uninfected individuals, seroprevalence in the infected in-
dividuals was significantly higher across all PvMSP3α regions, 
except for IgG3 seroprevalence against the N-terminal region 

(Figure 3A). Comparisons between regions show that IgG1 se-
roprevalence was highest against the N-terminal, followed by 
the C-terminal and central regions (Supplementary Figure 3A). 
For IgG3, seroprevalence was highest against the N-terminal, 
followed by the central and C-terminal regions (Supplementary 
Figure 3A). The majority of infected children and adults had 
IgG1 and IgG3 recognition to PvMSP3α antigens, with 91%–
96% and 96%–100%, respectively, recognizing ≥1 PvMSP3α 
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region (Figure 3B). Antibody recognition to ≥1 PvMSP3α 
region in uninfected individuals was moderate for IgG1 (52.4%) 
and high for IgG3 (95.2%) (Figure 3B).

The magnitudes of IgG1 and IgG3 responses in infected children 
and adults were similar, except for significantly higher IgG3 re-
sponses against the central region in adults (Figure 3C). IgG1 
and IgG3 responses were significantly higher in infected individ-
uals than in uninfected individuals across all regions (Figure 3C). 
Compared with unexposed individuals, uninfected Malaysia indi-
viduals had higher magnitudes of IgG3 but not IgG1 to all protein 
regions (Supplementary Figure 3B). There was no difference in the 
magnitude of IgG1 between PvMSP3α regions (Supplementary 
Figure 3B). For IgG3, the magnitude was lowest against the 
N-terminal domain, with similar responses between the central 
region and the C-terminal domain (Supplementary Figure 3B).

IgG and IgM Mediation of Complement Fixation to PvMSP3

To identify specific antibodies that may mediate complement 
fixation on PvMSP3α, we assessed correlations between C1q 
fixation and antibody responses. Total IgG was positively as-
sociated with C1q fixation in infected children and adults; the 
correlations were significant across all PvMSP3α regions in 
children, whereas only the C-terminus was significantly correl-
ated in adults (Figure 4A). IgG1 responses in children were sig-
nificantly correlated with C1q fixation against the C-terminal 
region, whereas elevated levels of IgG3 were associated with all 
antigenic regions of PvMSP3α. In comparison, significant cor-
relations with C1q fixation were observed for IgG1 only against 
the central region and for IgG3 only against the C-terminus 
in infected adults (Figure 4A). No significant correlation was 
observed between IgG antibodies and C1q fixation in unin-
fected individuals. IgM was also associated with C1q fixation 
in children but not in infected adults (Figure 4A). In unin-
fected adults, IgM response against the C-terminal region had 
significant correlation with C1q fixation. Overall, IgG1 and 
IgG3 responses in infected adults, and IgG1, IgG3, and IgM re-
sponses in infected children, were correlated with C1q fixation 
(Supplementary Figure 4).

Our results suggest that both IgG and IgM antibodies con-
tribute to complement fixation to PvMSP3α. To test this hy-
pothesis, IgG and IgM were purified from two separate pools 
of P. vivax–infected (n = 5) and malaria-unexposed individuals 
(n = 15). The purity of IgG and IgM fractions was confirmed 
via enzyme-linked immunosorbent assay (Figure 4B). Both IgG 
and IgM from P. vivax–infected donors showed effective fixa-
tion of C1q to the PvMSP3α central region, compared with no 
C1q fixation in malaria-unexposed donors (Figure 4C).

Increase and Decay of Complement-fixing Antibodies to PvMSP3α After 

P. vivax Infection 

To investigate the acquisition and decay of complement-fixing 
antibodies after P.  vivax infection, we compared antibody 
levels in Sabah individuals during their infections with levels 

7 and 28  days after drug treatment and parasite clearance. 
Levels of C1q-fixing antibodies were significantly elevated at 
day 7 after treatment (Figure 5). Antibodies decayed and re-
turned to levels seen at acute infection by day 28 after treat-
ment (Figure 5). The patterns of antibody kinetics for IgG1, 
IgG3, and IgM were similar to those of C1q-fixing antibodies 
(Figure 5), although levels of IgG1 were generally low. There 
was no marked difference in kinetics between infected children 
and adults (Supplementary Figures 5 and 6). Antibody levels 
during acute infection (day 0) were not associated with parasit-
emia (Supplementary Figure 7A). However, IgG (to N-terminal 
and central region) antibodies at convalescences (day 28) were 
negatively associated with parasitemia during acute infection 
(Supplementary Figure 7B).

DISCUSSION

Complement-fixing antibodies have been identified as impor-
tant mediators of immunity against P. falciparum malaria [6, 8, 
20], however, our understanding of the targets and acquisition 
of complement-fixing antibodies against P. vivax is limited. We 
investigated the acquisition of complement-fixing antibodies 
targeting 3 regions of a major P. vivax merozoite surface protein, 
PvMSP3α. Our data show that, during infection, complement-
fixing antibodies are prevalent in both children and adults, and 
the magnitudes of these antibodies differ between antigenic re-
gions of PvMSP3α. The composition of antibody responses was 
age dependent; IgM was more prominent in children, whereas 
IgG responses dominated in adults. Furthermore, we estab-
lished that both IgG and IgM mediated complement fixation to 
PvMSP3α, suggesting that both isotypes have important roles in 
functional immunity against P. vivax malaria.

We demonstrated that complement-fixing antibodies are 
highly prevalent in Sabah patients, especially antibodies to 
the variable central region. However, the overall prevalence of 
complement-fixing antibodies is lower than the total for IgG 
and IgM antibodies. The central region consists of 2 blocks of 
heptad repeats that have 18 of 25 B-cell epitopes of PvMSP3α, 
thus providing the most recognition sites for antibody binding 
on the protein [14], a factor that may increase the induction of 
complement-fixing antibodies against this region. Differences 
in the antibody composition targeting each region of PvMSP3α 
may also influence the magnitude of complement-fixing anti-
bodies. IgG responses against PvMSP3α were mainly IgG1 
and IgG3 subclasses, consistent with previous findings [14]. 
However, the overall balance of IgG1 versus IgG3 was region 
specific, with IgG1 highest against the conserved N-terminal 
region, and IgG3 highest against the central region; IgG3 has a 
higher capacity to bind complement than IgG1 [21]. 

Consistent with these findings, previous P. falciparum studies 
show that antigenic regions with polymorphic sequences (eg, 
merozoite surface protein 1, block 2)  tend to induce IgG3, 
whereas those with conserved regions (eg, merozoite surface 
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protein 1–19) tend to induce IgG1 responses [22, 23]. Other 
studies of P. falciparum suggest that protein structure can also 
influence the nature of IgG subclasses responses [24]. Several 
other factors may also influence the ability of antibodies to 
mediate complement fixation, including specific epitope of an-
tibody binding [25], epitope distance from cell surfaces [26], 
levels of nonfunctional interfering antibodies that block com-
plement fixation [27] and glycosylation of binding antibodies 
[28]. Although more studies are required to elucidate how each 
of these factors influences complement fixation to Plasmodium 
antigens, together they may explain why the overall preva-
lence and magnitude of complement-fixing antibodies is lower 
than the prevalence/magnitude of total IgG and IgM antibodies.

During P.  vivax malaria, there was no difference in the se-
roprevalence or magnitude of complement-fixing antibodies 
between infected children and adults. However, the overall 
composition of the antibody response was age dependent, with 
higher IgM levels in children and higher IgG3 levels in adults. 
Both IgG and IgM were correlated with complement-fixing 
antibodies, and both purified IgG and IgM from P.  vivax–
infected patients had the capacity to mediate complement fix-
ation to PvMSP3α. The role of IgM in complement fixation 
against P.  vivax is consistent with previous findings in P.  fal-
ciparum malaria [8, 9, 20, 29], emphasizing the importance of 
further studies of IgM to elucidate protective immunity against 
Plasmodium spp. infecting humans.

The age-specific differences in antibody isotype levels could 
be attributed to different P. vivax infection histories. IgM, with 
higher levels in children, is thought to be a rapidly induced re-
sponse that dominates primary infection [30]. Currently, P. vivax 
transmission in Sabah is undergoing major reductions from the 
previously higher transmission intensity [31]. As such, children 
enrolled in our study may not have been previously exposed to 
P. vivax, and adults were more likely to have had prior infection(s) 
[32]. Thus, the adult-specific dominance of IgG3 may be due to 
the induction of antibodies from preexisting B-cell memory. 

These findings are consistent with those of a PvMSP1 study 
in Brazil, where individuals with first malaria episodes mounted 
higher IgM responses, and IgG responses were higher in pre-
viously exposed individuals [33]. Despite the IgM dominance 
in children, the seroprevalence of IgM was also high in unin-
fected adults from malaria-endemic Sabah, and the magnitude 
of PvMSP3α IgM antibodies was significantly higher than de-
tected in malaria-unexposed donors. Although the malaria 
history and the recency of infection in our uninfected adults is 
unknown, these data suggest that IgM responses to PvMSP3α 
are relatively long-lived. Recent studies of antibody responses 
to P. falciparum merozoites in multiple populations have found 
that IgM is a prominent component of the response, even in 
children and adults with high life-time exposure. Furthermore, 
rather than rapidly decaying after infection, IgM showed ki-
netics similar to that in IgG [9].

 After malaria treatment, complement-fixing IgG and IgM 
antibodies to PvMSP3α increased rapidly within 7  days but 
declined to levels seen at acute presentation by day 28. Similar 
findings in P.  falciparum also show that antimerozoite anti-
bodies peaked 7 days after malaria and quickly declined within 
weeks of infection [34]. In other P. vivax antigens, antibodies 
against PvMSP1 also seem to be short-lived, with the majority 
of individuals becoming seronegative 2 months after antimal-
arial treatment [33]. However, other studies have reported that 
IgG responses to some antigens are much better maintained 
[35–41]. Within our population, levels of IgG antibodies at day 
28 after infection were negatively associated with parasitemia at 
acute infection. This finding is consistent with mouse models 
of malaria, where high parasitemia has been associated with 
negative consequences for long-lived and mature antibody re-
sponses [42]. This observation in human infection with P. vivax 
warrants further investigation; however the lack of long-term 
follow-up in our patients precludes the study of the mainte-
nance of antibody responses that may be generated from long-
lived cells, and in memory phase immunity.

In P.  falciparum infections, complement fixation of anti-
bodies targeting merozoites and sporozoites is a better correlate 
of protection than total antibody levels, highlighting its signif-
icance in malaria immunity [8, 9, 20]. Given the nature of our 
study, we were not able to define the association of complement 
fixation with protection from infection or disease. However, 
we show that PvMSP3α is a target of complement-fixing anti-
bodies, and future studies are warranted to investigate the as-
sociation between complement-fixing antibodies targeting 
PvMSP3α and other merozoite antigens and protection from 
P.  vivax infection. Furthermore, evidence of cross-reactivity 
between other P. vivax and Plasmodium knowlesi antigens has 
been reported previously in Sabah [43], and we cannot exclude 
a contribution of PvMSP3α antibody responses from prior in-
fection with P. knowlesi.

In conclusion, our study demonstrates that antibody-
mediated complement fixation against PvMSP3α antigen 
is prevalent in individuals with P.  vivax infection living in 
Sabah, Malaysia, and that the prevalence and magnitudes of 
complement-fixing antibody responses are dependent on anti-
genic region. The composition of the antibody response during 
infection is age dependent, with IgM predominant in children 
and IgG3 predominant in adults. However, IgG1, IgG3 and 
IgM antibodies targeting PvMSP3α were all correlated with 
complement fixation, and both IgG and IgM mediated com-
plement fixation to PvMSP3α. These findings are significant 
for understanding immunity to P.  vivax malaria and for the 
potential development of vaccines against P.  vivax. Indeed, if 
complement-fixing antibodies targeting P.  vivax antigens are 
shown to be highly protective against P. vivax malaria, vaccines 
that induce high levels of functional complement-fixing anti-
bodies may lead to increased protection and vaccine efficacy.
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