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Background. Understanding the effect of immunity on Plasmodium falciparum clearance is essential for interpreting
therapeutic efficacy studies designed to monitor emergence of artemisinin drug resistance. In low-transmission areas of
Southeast Asia, where resistance has emerged, P. falciparum antibodies confound parasite clearance measures. However,
variation in naturally acquired antibodies across Asian and sub-Saharan African epidemiological contexts and their impact on
parasite clearance re yet to be quantified.

Methods. Inan artemisinin therapeutic efficacy study, antibodies to 12 pre-erythrocytic and erythrocytic P. falciparum antigens
were measured in 118 children with uncomplicated P. falciparum malaria in the Democratic Republic of Congo (DRC) and
compared with responses in patients from Asian sites, described elsewhere.

Results.  Parasite clearance half-life was shorter in DRC patients (median, 2 hours) compared with most Asian sites (median, 2—-
7 hours), but P. falciparum antibody levels and seroprevalences were similar. There was no evidence for an association between
antibody seropositivity and parasite clearance half-life (mean difference between seronegative and seropositive, —0.14 to +0.40
hour) in DRC patients.

Conclusions. In DRC, where artemisinin remains highly effective, the substantially shorter parasite clearance time compared
with Asia was not explained by differences in the P. falciparum antibody responses studied.
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Malaria remains a major cause of disease and death globally,
with approximately 241 million cases and 627 000 deaths esti-
mated in 2020, predominantly children living in sub-Saharan
Africa [1]. While the scale-up of malaria control interventions,
notably long-lasting insecticide nets and access to first-line
artemisinin-based combination therapies (ACTs), have led to

Received 10 February 2022; editorial decision 01 June 2022; accepted 12 June 2022;
published online 15 June 2022.

Correspondence: Freya J. I. Fowkes, Burnet Institute, 85 Commercial Rd, Melbourne, Victoria
3004 (freya.fowkes@burnet.edu.au).

The Journal of Infectious Diseases® 2022;226:324-31

© The Author(s) 2022. Published by Oxford University Press on behalf of Infectious Diseases
Society of America.

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, dis-
tribution, and reproduction in any medium, provided the original work is properly cited.
https://doi.org/10.1093/infdis/jiac232

substantial reductions in the global burden of malaria over
the last 2 decades [2, 3], progress has now stalled, and malaria
case incidence increased significantly from 2019 to 2020 [1].
Malaria control and elimination is threatened by the
emergence of artemisinin-resistant Plasmodium falciparum.
Artemisinin resistance is characterized by delayed parasite
clearance following treatment with artemisinin derivatives.
The slow-clearing phenotype is associated with nonsynony-
mous mutations in the propeller region of the P. falciparum
kelch13 (K13) gene [4, 5]. Currently, in therapeutic efficacy
studies, delayed parasite clearance is defined by either a parasite
clearance half-life (PC.,) of >5 hours or persistent parasitemia
by microscopy on day 3 after treatment [6]. Reports of artemi-
sinin resistance first emerged in Western Cambodia in 2009,

and over the following decade therapeutic efficacy studies
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revealed that artemisinin resistance continued to spread
throughout the Greater Mekong subregion [5, 7-10] and west
to West Bengal in India [11]. In African countries, despite a
high diversity of nonsynonymous mutations present in kelch13
in P. falciparum parasites, the gene is not currently undergoing
strong selection [12, 13]. More recently, however, de novo
emergence of kelchl3 mutations conferring resistance were
identified in Rwandan and Ugandan patients [14-16]. If resis-
tance becomes widespread in high-burden countries in
Sub-Saharan Africa, it is estimated that ACT treatment failure
could lead to an excess of 78 million cases and 116 000 deaths
over a 5-year period [17]. It is therefore essential that the effi-
cacy of artemisinin is accurately monitored to inform appropri-
ate public health responses to prevent or contain the emergence
and spread of artemisinin resistance in Africa and to preserve
the life span of artemisinin derivatives.

While detection of artemisinin-resistant polymorphisms in
P. falciparum infections is unequivocal, parasite clearance rates
in response to ACT vary considerably between patients. Many
factors contribute to this variability, including differences in
splenic function, pharmacokinetics, parasite factors including
the stage and synchronicity of the infection, and naturally ac-
quired immunity [18-21]. Immunity to clinical malaria devel-
ops after repeated infections and predominantly targets the
blood stages of malaria parasites [22]. It develops more quickly
in high-transmission areas [23, 24], and it influences the epide-
miology of malaria. In high-transmission areas such as
sub-Saharan Africa, children bear the majority of the burden
of symptomatic disease, whereas in low-transmission areas all
ages are susceptible. Naturally acquired immunity is associated
[25], thus in higher-
transmission settings immunity may mask the emergence of

with reduced parasite densities

slow-clearing phenotypes, by reducing baseline parasitemia (a
risk factor for delayed clearance) [20] or enhancing parasite
clearance after treatment [26, 27]. Understanding the potential
confounding effect of immunity on parasite clearance measures
across a range of epidemiological settings is important to in-
form artemisinin resistance surveillance.

In a multinational therapeutic efficacy study (Tracking
Resistance to Artemisinin Collaboration [TRAC]), we found
that naturally acquired antibodies to P. falciparum varied
within- and between-study sites in Southeast Asia, a region of
relatively low malaria transmission where adults experience
the greatest malaria burden, and antibody responses were
associated with shorter PC,, following artemisinin treatment
[26-28]. How immunity differs across the markedly different
epidemiological contexts of Southeast Asia and sub-Saharan
Africa is unknown, along with its impact on parasite clearance
in therapeutic efficacy studies. Given the public health conse-
quences of the emergence of artemisinin resistance in
sub-Saharan Africa, we investigated antibody responses to se-
lected P. falciparum antigens and artemisinin resistance

indicators in children with acute uncomplicated malaria en-
rolled in the TRAC study in Kinshasa, Democratic Republic
of Congo (DRC), an area of high perennial transmission. We
compared these with results in the TRAC Asian sites, where
malaria transmission is comparably low and heterogenous.

METHODS

Study Design and Procedures

Plasma samples were taken from 118 patients with uncompli-
cated falciparum malaria (of a total of 119) from Kinshasa,
DRC, participating in the TRAC multicenter open-label
(Clinical
Registration NCT01350856). Antibody responses were com-

drug-efficacy randomized control trial Trials
pared with those in patients from Asian sites from the same tri-
al, which have been published elsewhere [26]. Details of the
original study design, inclusion criteria and procedures, as
well as characterization of antibody responses in patients
from Asian sites have been published elsewhere [5, 26].
Informed consent was obtained from all patients, and ethical
approval was granted by the Oxford Tropical Research Ethics
Committee (06/11), Alfred Hospital Committee for Ethics,
Australia (485/12) the institutional review board, national eth-
ics committee, or both for each site. Patients in the DRC were
admitted to the hospital for supervised treatment with either
artemether-lumefantrine or artesunate monotherapy at a
dose of 4 mg/kg/d for 3 days, followed by a full course of
artemether-lumefantrine [5]. Body temperature, hematocrit,
and blood smears were obtained for malaria parasite counts
at 0, 4, 6, 8, and 12 hours and then every 6 hours until 2 con-
secutive counts were negative. The full sequence of kelchl3
was determined for isolates collected at admission [5].
Herein, kelch13 mutations conferring resistance were defined
as mutations after position 440. Patients infected with these
parasites were compared with those with either wild-type infec-
tions or infections with kelch13 mutations before amino acid
position 441.

Measurement of Inmunoglobulin G Antibodies to Parasite Antigens

At enrollment, plasma concentrations of total antigen-specific
immunoglobulin (Ig) G were measured by enzyme-linked im-
munosorbent assay (ELISA), as described elsewhere [26]; re-
combinant P. falciparum merozoite antigens [29], including
merozoite surface protein (MSP) 1, C-terminal 19-kDa region
(MSP1,,), MSP2, FC27 allele (MSP25c,); MSP2, 3D7 allele
(MSP2;3p7); MSP3; MSP6; MSP7; apical membrane antigen 1,
reticulocyte-binding ligand homologue 2 (Rh2), erythrocyte-
binding antigen (EBA) 175, region 2 (EBA175gy;), EBA175, re-
gions 3-5 (EBA175g1_v), and circumsporozoite protein (CSP)
[30], were measured with high-throughput ELISA, as described
elsewhere [26, 27]. All steps were performed on a Janus high-
throughput liquid handling platform (Perkin Elmer), except
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for antigen coating. Antibody positivity was defined as optical
density values higher than 2 standard deviations above the
mean of nonexposed Melbourne controls. Antibody levels to
variant surface antigens (VSAs) of P. falciparum-infected
erythrocytes (3D7 strain) at the pigmented trophozoite stage
were measured with flow cytometry [31].

Statistical Analysis

To investigate the association between antibodies and parasite
clearance, the outcome variable PC,, (in hours) was derived us-
ing the WWARN parasite clearance estimator [19]. Multiple
linear regression analysis was performed to determine the
mean difference in PC,, between antibody response (seroposi-
tive/seronegative and continuous) for each antibody, adjusting
for age and for whether patients had received artemether-
lumefantrine or initial artesunate monotherapy. Median
antibody levels and the proportion of IgG responders were
compared for the DRC and Asian sites.

RESULTS

Patient Characteristics, Artemisinin Resistance, and P. falciparum
Antibody Profiles

A total of 118 patients with uncomplicated falciparum ma-
laria from Kinshasa, DRC, were included in the current
study. All patients were children (median age [interquartile
range (IQR)], 5 [3-6] years [3, 6]; 63 of 118 [53.4%] male),
differing from patients enrolled in the Asian study sites,
who were typically men of working age (Supplementary
Table 1). At enrollment, the median (IQR) P. falciparum
density in patients from DRC was 60 037/uL (IQR, 35042-
109 900/uL), which was similar to the median parasite densi-
ties in patients from Asian sites (Supplementary Table 1).
In patients from Kinshasa, the median PC,, (IQR) was 2
(1.6-2.4) hours, with only 2 patients having a PC,, >5 hours
and detectable parasitemia at day 3 and PC,, differed
by treatment group (2.2 [1.7-2.5] hours for artemether-lu-
mefantrine vs 1.85 [1.3-2.2] hours for artesunate [4mg/kg]).

The prevalence of kelch13 mutations in the propellor region
was 2.5% (3 of 118), but none of these 3 children had PC,, > 5
hours, and these markers (A578S, Q613E, and S522C) have not
been associated with resistance elsewhere [32]. With the excep-
tion of patients in Ramu, Bangladesh, and Attapeu, Laos (<2.6
hours), patients from most of the Asian sites had a higher me-
dian PC,, (range, 3-6.95 hours) and higher prevalence of
kelch13 mutations (range, 9.1%-60.4%) (except for those
from Ramu, Bangladesh; Attapeu, Laos; and Ratanakiri,
Cambodia [<0.8%]) (Supplementary Table 1) [5, 26].

IgG responses to multiple P. falciparum blood-stage antigens
(merozoite and infected RBC) and the sporozoite antigen CSP,
were quantified at enrollment, before antimalarial treatment
(Figure 1). Both the levels and seroprevalence (27.1% [32 of

118]) of IgG responses to the sporozoite antigen CSP were low-
er in patients from Kinshasa (Supplementary Figure 1 and
Supplementary Table 2), compared with the Asian sites
(Supplementary Table 2). In patients from Kinshasa, seroprev-
alences of IgG responses to blood-stage antigens (MSP1;4, api-
cal membrane antigen 1, MSP2gc,;, MSP2;p;, MSP3, MSP6,
MSP7, EBA175g;;, EBA175g111-v, Rh2, and variant surface an-
tigen, 3D7 strain (VSA;3p;) ranged from 41.5% (49 of 118) to
89.0% (105 of 118). Both levels and seroprevalences to these an-
tigens were broadly similar to responses in the Asian sites
(Supplementary Figure 1 and Supplementary Table 2).

Associations Between Antibody Responses and Treatment Efficacy

We have previously reported that antibody responses are asso-
ciated with shorter PC,, in Asian TRAC sites (mean difference
in PC,, according to seropositivity, —0.16 to —0.65 hours over-
alland —0.07 to —0.52 hours in those with wild-type infections,
depending on antigen) [26]. In contrast, there was no evidence
for an association between antibody seropositivity or level
for antibodies to P. falciparum antigens and shorter PC,, in
patients from Kinshasa, DRC, after adjusting for age and treat-
ment group (Table 1 and Supplementary Table 3 respectively).
The mean PC,, for patients who were seronegative for antibod-
ies to each of the P. falciparum antigens studies ranged from
1.91 to 2.15 hours, which was similar to the mean PC,, in sero-
positive patients (mean difference in PCy, close to zero)
(Table 1). Similarly, there was no association between antibody
levels and PC., when antibody responses were analyzed as con-
tinuous variables; for every 2-fold increase in IgG level (optical
density value), the change in PC,, was also close to zero (range,
—0.07 to 0.15 hours) (Supplementary Table 3). Sensitivity anal-
ysis whereby the 3 cases with kelch13 mutants conferring resis-
tance were removed (all of which had PC,, <5 hours) did not
significantly alter results.

DISCUSSION

In the context of a multinational therapeutic efficacy study, we
found that children with uncomplicated malaria from
Kinshasa, DRC, had levels of antibodies to selected P. falcipa-
rum antigens that were broadly comparable to those seen in pa-
tients from Asian TRAC sites. In contrast to what was
previously reported for pooled individual patient data from
the TRAC sites in Asia [26], these antibody responses were
not associated with faster parasite clearance. Thus, the substan-
tially more rapid P. falciparum parasite clearance observed in
Kinshasa compared with Asia was not explained by differences
in the concentrations of the P. falciparum antibodies measured
in this study. This may be because artesunate was still highly ef-
fective at killing drug-sensitive ring-stage parasites in DRC and
mechanisms independent of the antibody-responses examined
were sufficient for rapid parasite clearance.
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Figure 1.

Immunoglobulin (Ig) G responses to Plasmodium falciparum antigens in the Tracking Resistance to Artemisinin Collaboration (TRAC) study participants from

Kinshasa, Democratic Republic of Congo. A, Dots represent individual IgG responses to selected recombinant P. falciparum antigens; black horizontal lines, medians; a-
nd whiskers, interquartile ranges. Abbreviation: MFI, mean flourescence intensity; OD, optical density. B, Seroprevalences of IgG antibody responses to each antigen. S-
porozoite antigen is shown in orange, merozoite surface proteins (MSPs) in dark green and rhoptry/microneme proteins in light green (measured by enzyme-linked
immunosorbent assay), and variant surface antigens on 3D7-infected erythrocytes in blue (measured by flow cytometry). Seropositivity cutoffs for each antigen were as
follows: circumsporozoite protein (CSP), 0.40; MSP14q, 0.27; MSP2¢cz7. 0.03; MSP23p7, 0.07; MSP3, 0.14; MSP6, 1.15; MSP7, 0.17; apical membrane antigen 1 (AMA1),
0.07; erythrocyte-binding antigen (EBA) 175, region 2 (EBA175gy), 0.11; EBA 175, regions 3-5, EBA175gy.. 0.07; reticulocyte-binding ligand homologue 2 (Rh2), 0.30; and

VSA 3D7 336.1. Abbreviation: Cl, confidence interval.

Naturally acquired immunity to P. falciparum malaria,
which protects against high-density infections and clinical
symptoms, is acquired after repeated infections and underpins
disease in
malaria-endemic areas [22]. Reflecting this, patients with un-
complicated clinical malaria enrolled in the TRAC study were

the age-dependent distribution of clinical

young children in Kinshasa, DRC, an area of high perennial
transmission, whereas in relatively low-transmission countries
of Asia, patients were typically adults, a high-risk group in this
region due to occupational exposure [33, 34]. Despite the dif-
ferent age profiles of the African and Asian participants, all in-
fections had progressed to acute, uncomplicated clinical disease
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Table 1.
With Adjustment for Age and Treatment®

Associations Between Antibody Seropositivity and Parasite Clearance Half-Life in 118 Patients from Kinshasa, Democratic Republic of Congo,

PC,; in Seronegative

Difference in PCy, if Seropositive,

Antigen No. (%) Seropositive Patients, Mean, h° Mean (95% CI), h P Value
Transmission-stage antigen
CSP 32 (27.1) 2.10 —.11(-.48 10 .26) .56
Merozoite antigens
MSP149 82 (69.5) 2.14 —.09 (-.44 to .27) .64
MSP2¢c27 105 (89.0) 2.15 —.10 (-.63 to .44) 72
MSP23p7 104 (88.1) 2.05 —.002 (-.563 t0 .52) >.99
MSP3 80 (67.8) 2.02 —.11(-.25 10 .46) .66
MSP6 49 (41.5) 2.13 —.14 (-.47 t0 .20) 43
MSP7 91 (77.1) 2.07 —.01 (-.40 to0 .42) .95
AMA1 94 (79.7) 2.05 —.03 (-.40 to .45) 91
EBA175g 52 (44.1) 1.91 .40 (.05-.75) .03
EBA175Rri_v 93 (78.8) 2.03 —.02 (-.40 to .44) .93
Rh2 78 (66.1) 1.95 17 (=19 to .53) .35
Variant surface antigens
VSAzp7 57 (48.3) 2.01 14 (=22 to .51) 44

Abbreviations: AMA1, apical membrane antigen 1; Cl, confidence interval; CSP, circumsporozoite protein; EBA175g, erythrocyte-binding antigen 175, region 2; EBA175gy,
erythrocyte-binding antigen 175, regions 3-5; MSP, merozoite surface protein; PC,,, parasite clearance half-life; Rh2, reticulocyte-binding ligand homologue 2; VSAgzp7, variant surface

antigen, 3D7 strain

Linear regression analysis adjusted for age and treatment arm. Analysis did not adjust for kelch13 genotype because only 3 individuals had Plasmodium falciparum infections with kelch13
mutations associated with resistance. Sensitivity analysis indicated their inclusion had no effect on the association between antibody positivity and PCy,.

°In patients with a mean age of 4.6 years receiving 4 mg/kg/d of artesunate for 3 days (base values for linear regression model).

and all met the same study inclusion criteria; therefore, by def-
inition, both groups lacked sufficient disease controlling activ-
ity for that infection. In these patients, children from DRC had
levels of antibodies to relatively conserved merozoite antigens
that were comparable to those of patients from Asian sites,
who were mostly adults, suggesting that they may have had
similar cumulative exposure.

While we assessed total IgG responses specific for a range of
P. falciparum antigens, including relatively conserved antigens
and those genetically diverse across parasite populations, con-
siderable variation was observed in responses to individual an-
tigens both within and across populations and the potential role
of functional antibody responses was not investigated.
Functional antibody responses, including parasite opsonization
to promote phagocytosis and antigen-specific deposition of
complement factors were associated with significantly reduced
PC,, estimates in patients recruited from Asian study sites at
magnitudes comparable to or greater than measured total
IgG responses [26, 27]. Therefore, further research into the
most appropriate antibody biomarkers for use in future thera-
peutic efficacy studies in the African context is warranted.

In contrast to our previous findings in pooled Asian patients
[26], we found that despite comparable levels of antibodies to
the P. falciparum antigens investigated, there was no evidence
for an association between these antibody responses and PC,,
among children from Kinshasa, DRC, receiving either artesu-
nate or artemether-lumefantrine. This may be because artemi-
sinin derivatives are so effective in clearing wild-type parasites

through immune-independent mechanisms, such as “pitting,”
whereby damaged drug-sensitive wild-type ring-stage parasites
are removed from the infected erythrocyte by the spleen, that
any additional antibody-mediated effect is minimal [35-39].
In contrast, kelch13-mutant ring-stage parasites that survive ex-
posure to artemisinin derivatives develop into trophozoites,
schizonts, and merozoites [40], which are then subject to
antibody-dependent immune clearance mechanisms, including
opsonic phagocytosis and merozoite lysis [41, 42].

Consistent with this hypothesis, we previously reported that
among adults from the Asian TRAC sites, the magnitude of ef-
fect of antibody positivity on PC,, was larger in patients infect-
ed with parasites containing kelchl3 mutations conferring
resistance than in those with wild-type parasites or parasites
with other kelchl3 mutations. However, the association be-
tween antibodies and PC,, was still evident in Asian patients
with wild-type parasites, unlike what was observed in DRC pa-
tients [26]. This may be related to the younger age of the
African patients. In Malian children receiving oral artesunate
for treatment of uncomplicated malaria, antibody responses
to autologous infected erythrocytes were positively correlated
with age and negatively correlated with peak pitting rate [39,
43]. This immune-independent parasite clearance mechanism
may partially explain why, overall, DRC patients had substan-
tially more rapid P. falciparum parasite clearance than Asian
patients, despite some children having been treated with
artemether-lumefantrine, which was associated with longer
parasite clearance time (median, 2.2 hours vs 1.85 hours with
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artesunate [5]). Differences in innate immune mechanisms of
parasite removal in children relative to adults [44, 45] may
also play a role in the faster parasite clearance observed in
Kinshasa compared with Asia. Further investigation is required
to elucidate the factors underpinning differences in PC,, be-
tween populations, but our findings suggest that naturally ac-
quired antibodies to the P. falciparum antigens investigated
here do not contribute to differences in PC,, between patients
from the Kinshasa, DRC, and Asian study sites.

Since the TRAC study was completed in 2013, artemisinin
resistance has continued to spread throughout the Greater
Mekong subregion [9, 10], west to West Bengal in India [11]
and resistance to piperaquine and other partner drugs has
emerged and spread in the Greater Mekong subregion [9].
Nonsynonymous mutations in kelch13 have been identified in
isolates from west, central and east Africa [13] and de novo
emergence of kelch13 mutations conferring slow-clearance re-
sistance phenotypes have been identified in Rwandan (R561H)
[14, 15] and Ugandan patients (A675V or C469Y) [16]. In pop-
ulations living in highly endemic areas in Africa, with naturally
acquired immunity, the current PC,, cutoff for defining resis-
tance (>5 hours) may be too strict [16]. As the artemisinin re-
sistance evolves in Africa, it will be important to define how to
quantitate the contribution of immunity to parasite clearance
and its confounding effects on measures of parasite clearance
in children, who form the sentinel surveillance populations
for artemisinin therapeutic efficacy studies. Current threshold
measures of resistance, including day 3 parasite positivity and
PC,, of >5 hours, need to be revised to facilitate monitoring
of the emergence of artemisinin resistance across Africa.

Supplementary Data

Supplementary materials are available at The Journal of

Infectious Diseases online (http://jid.oxfordjournals.org/).
Supplementary materials consist of data provided by the author
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages
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