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Background. Plasmodium ovale curtisi and wallikeri are perceived as relapsing malarial parasites. Contrary to Plasmodium
vivax, direct evidence for this hypothesis is scarce. The aim of this prospective study was to characterize the reappearance patterns
of ovale parasites.

Methods. P ovale spp. infected patients were treated with artemether-lumefantrine and followed biweekly for up to 1 year for
the detection of reappearing parasitemia. Molecular analysis of reappearing isolates was performed to identify homologous isolates
by genotyping and to define cases of relapse following predefined criteria.

Results. At inclusion, 26 participants were positive for P. ovale curtisi and/or P. ovale wallikeri. The median duration of follow-up
was 35 weeks. Reappearance of the same P. ovale species was observed in 46% of participants; 61% of P. ovale curtisi and 19% of P,
ovale wallikeri infection-free intervals were estimated to end with reappearance by week 32. Based on the predefined criteria, 23% of
participants were identified with 1 or 2 relapses, all induced by P. ovale curtisi.

Conclusion. These findings are in line with the currently accepted relapse theory inasmuch as the reappearance of P. ovale curtisi
strains following initial blood clearance was conclusively demonstrated. Interestingly, no relapse of P. ovale wallikeri was observed.
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According to current understanding, a major difference be- the development of so-called cryptozoites that released para-
tween tertian malaria and other human pathogen malaria spe- sites in the blood stream and a second phase, which would only
cies is the formation of liver dormancies [1]. It is assumed that stem from a limited number of malaria parasites, being respon-
these dormancies form in the exo-erythrocytic multiplication sible for relapses [8]. Finally, the exo-erythrocytic cycle was

phase in the liver, which has been experimentally shown for assigned to the liver [9, 10], and Krotoski set forth today’s gen-

Plasmodium vivax but never been directly proven in the human erally accepted paradigm of liver dormancy [11]. More recent
host for ovale malaria (2, 3]. Plasmodium ovale was first mor-
phologically described by Stephens in 1922 [4, 5]. Over time, dif-

ferent approaches and theories have been established to explain

publications propose the possibility of relapse from an origin
different than the liver and suggest that all Plasmodium para-

] sites pathogenic to humans might be capable of different forms
the reappearance of P. ovale spp. Suggested places of schizogony )

of reappearance [12-14]. Aside from case reports, the relapse
and/or dormancy were, for example, monocytes, cells of the ) o i
. . . . phenomenon of ovale malaria lacks scientific confirmation [2,
reticulo-endothelial system and the epidermis [6, 7]. Another ) )
theory suggested 2 tissue phases: a first phase characterized by 15, 16]. Relapse events of P. ovale spp. reported in the literature

predominantly rely on microscopic diagnostics and medical

history [2]. Molecular analyses to distinguish between P. ovale
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sidering the difference between the sympatric species P. ovale
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METHODS

This study was conducted at the Centre de Recherches
Médicales de Lambaréné (CERMEL) in Gabon [18] as part of a
clinical trial investigating the efficacy of artemether-lumefan-
trine (AL) against uncomplicated non-falciparum mono infec-
tions and mixed Plasmodium infections described elsewhere
[19]. AL was administered following primary inclusion and
microscopically reappearing parasitemia due to the absence of
prolonged post-treatment suppressive activity of blood stage
malaria parasites. Primaquine was not administered through-
out the study. Blood obtained during screening was manually
extracted using the QIAamp® DNA Blood Mini Kit (Qiagen,
Hilden, Germany) and analyzed at CERMEL using different
in-house polymerase chain reaction (PCR) assays specific for
P. ovale wallikeri and P. ovale curtisi to determine eligibility
for long-term follow-up. Results were validated at the Institute
for Tropical Medicine, Tiibingen, applying methods detailed
below. In case of ovale positivity, participants were followed
up biweekly for up to 1 year. During these visits, malaria signs
and symptoms were assessed, and blood smears as well as
20 pl blood spots on filter paper were collected. Plasma was
sampled for the determination of the day 7 (D7) lumefantrine
concentration to provide evidence of adequate exposure to
blood schizonticidal therapy and to rule out recrudescence
from blood stage parasites. At screening and unscheduled vis-
its, a physical examination, measurement of vital signs, and
venous blood sampling were added. Venous blood was further
drawn on days 28 and 42 and preceding AL administration.
The duration of follow-up was calculated using the dates of
first and last visit.

Determination of Lumefantrine Plasma Concentration

Drug concentrations were determined using an liquid chroma-
tography-mass spectrometry/mass spectrometry based assay,
validated according to US Food and Drug Administration
guidelines. In brief, plasma sample preparation was performed
by protein precipitation using a Hybrid Solid Phase Extraction-
Precipitation 96-wellplate plate (Supelco) and a Freedom EVO
liquid handler system (Tecan). Internal standards were used
to compensate for recovery and matrix effects. The extracted
drugs were separated using a Dionex Ultimate 3000 ultra high
performance liquid chromatography system (Thermo Fisher)
equipped with a Zorbax SB-CN column (Agilent). An API500
0 triple-quadrupole mass spectrometer and Analyst 1.6.3 soft-
ware (both ABSciex) were used for drug detection and quanti-
fication. The lower limit of quantification was 9.71 ng/mL for
lumefantrine and 1.01 ng/mL for desbutyl-lumefantrine. Three
replicates of quality control samples at low, middle, and high
concentrations were included in the analysis to ensure preci-
sion and accuracy. The total coefficient of variation of all quality
control samples were <8% during drug quantification of clinical
samples.

Purification of Nucleic Acids and Plasmodium spp. Determination
Nucleic acids (NAs) of dried blood spots were extracted using
the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany).
Purification of NAs in full blood samples was executed as
described earlier [19]. The assays were tested and validated
in accordance to the MIQE guidelines [20] for their speci-
ficity and showed no cross-species amplification. Pipetting and
setup of assays was done with the QIAgility (Qiagen, Hilden,
Germany) and manually in sterile workstations. Screening for
the presence of Plasmodium spp. was performed by ultrasen-
sitive Pan-Plasmodium reverse transcription quantitative PCR
amplifying the small subunit ribosomal RNA gene (18S) [21].
Species differentiation of pan-Plasmodium positive samples was
performed as reported previously [19].

Genotype Assessment and Median-joining Networks

Molecular analysis of several gene loci was conducted for P. ovale
spp. isolate specification. Initially, P ovale spp. specific PCRs
within the nuclear SSU rRNA gene were conducted (Primers
rOVAIWC/rOVA2WC) [22]. Positive samples were further
specified with PCRs specific for P. ovale wallikeri (rOVAlv/
rOVA2v) [23] and P ovale curtisi (rOVA1/rOVA2) [24].
Furthermore, ovale positive samples following the just described
nested PCR (nPCR) were genotyped using PCRs (potra, porbp2)
as reported previously [25-27]. All PCR positive products were
Sanger sequenced at LGC Genomics (Berlin, Germany). Already
published 18S sequences of P. ovale curtisi were obtained by
performing a Basic Local Alignment Search Tool search in
National Center for Biotechnology Information GenBank.
GenBank sequences (20 samples) and those of the present study
were aligned in Bioedit v.7.0.8 [28] and trimmed to a length of
624bp. Median-Joining networks were calculated with Network
v.5.1.0.0 (Fluxus Technology Ltd., Suffolk, England) applying
the default settings. Networks were graphically prepared and
supplemented by information on geographic origin in Network
Publisher v.2.1.1.2 (Fluxus Technology Ltd.), and finalized in
Adobe Illustrator CC v.19.0.0 (San José, California, USA).

Reappearance and Relapse Definition

Reappearance can be caused by reinfection, recrudescence,
or relapse. Relapse is defined as renewed asexual parasitemia
originating from liver dormancies [12] and needs to be distin-
guished from recrudescence, which is reappearance that “refers
to renewed manifestation of malaria attributed to survival (with
or without treatment) of erythrocytic forms” [29]. In this study,
reappearance time was the infection-free interval between 2 pos-
itive PCR measurements given at least 1 negative PCR measure-
ment in between. In case of several positive measurements before
the first negative measurement, the last positive measurement was
chosen. Relapse was defined as reappearance of identical P. ovale
spp. genotypes confirmed in 2 or more genes, following adequate
AL treatment with, if available, a D7 lumefantrine plasma level >
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280 mg/dL [30] and at least 1 follow-up blood sample with PCR
confirmed ovale negativity between the 2 episodes. The wording
“confirmed in [n] genes” describes that isolates of [n] genes were
identifiable and identical. In case of nonconfirmation sequence
analysis failed as parasitemias were too low, isolates were not
identical or because genes could stem from coinfecting strains.
The term “relapse” therefore describes a potential relapse postu-
lated on the basis of the above-mentioned criteria. The baseline
ovale infection is defined as primary infection.

Statistical Analysis and Data Management

This study was designed to describe relapse patterns of P. ovale
spp. Since there was no formal hypothesis testing, no formal
sample size calculation was performed. For the 26 included
participants, a patient profile/timeline plot was drawn to depict
reappearance of P. ovale curtisi and P. ovale wallikeri in detail
(Figure 1). Additionally, Kaplan-Meier plots showing infection
free times to reappearance were drawn. Therein, missing values
were considered to be negative measurements. Infections with
other species within the observational period were not consid-
ered. Figure 2 shows infection free intervals until first quantita-
tive PCR (qPCR)-based reappearance. In Figure 3, participants
were reincluded following drop-out due to qPCR-determined
reappearance of the same ovale species allowing for multiple

reappearences per participant. The first 4 weeks following any
positive microscopic measurement (of any species) were cen-
sored. Kaplan-Meier plots were further created to depict infec-
tion free times until relapse (Figure 4). Statistical analyses were
performed using R 3.4.3 and IBM' SPSS’ Statistics 23.

RESULTS

Between October 2014 and October 2016, 34 patients with
PCR corrected P. ovale spp. infections were included, and 537
samples were analyzed by ultrasensitive real-time qPCR. Three
patients withdrew from the study shortly after inclusion, and 5
were negative for ovale malaria following validation by qPCR.
For the remaining 26 participants, the female/male ratio was
1. Mean age was 8.2 years with a range of 2-81 years. The
median follow-up period was 35 weeks (IQR: 32-52). Thirteen
participants presented with a qPCR diagnosed P. ovale curtisi
infection at baseline, 9 were positive for P. ovale wallikeri, and
4 were positive for both. No major differences in malaria signs
and symptoms were observed. Although 24 reappearances of P
ovale curtisi were seen within the observational period, 4 were
observed for P. ovale wallikeri (Figure 3). Eighteen participants
had adequate D7 lumefantrine concentrations, 1 was below
the lower limit of quantification (REP316), 1 was 265 ng/mL
(REP318), and for 6 participants no sample was available.
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Patient profile/timeline plot depicting reappearance patterns throughout the observational period. The x-axis shows the time in weeks, the y-axis displays

Plasmodium ovale spp. infection as categorical variable (yes/no). For better visibility, infection variables are jittered (no: 0.2 to 0.2; yes: 0.8-1.2). Missing values are repre-

sented by gaps.
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Figure 2. Infection-free intervals until first (quantitative polymerase chain reaction positive) reappearance in weeks of Plasmodium ovale curtisi parasites (A) and
Plasmodium ovale wallikeri parasites (B). The unit of interest is participants. + Loss to follow-up; gray area: 95% confidence interval.

When comparing the results of qPCR and conventional  return, 1 conventional nPCR and sequencing confirmed P. ovale
nPCR, it became evident that 5 qPCR positive P. ovale wal- curtisi infection was not detected by qPCR (submicroscopic P
likeri coinfections were not detected by conventional nPCR. In  ovale spp. infection) and 1 possible mismatch occurred (see
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Figure 3. Infection-free intervals until (quantitative polymerase chain reaction positive) reappearance in weeks for all observed reappearances of Plasmodium ovale curtisi
parasites (A) and Plasmodium ovale wallikeri parasites (B). Following drop out due to reappearance, participants are reincluded in the Kaplan-Meier blots. The unit of interest
is infection-free time to reappearance. + Loss to follow-up; gray area: 95% confidence interval.
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Figure 4. Kaplan-Meier blots show time in weeks to first relapse of Plasmodium ovale curtisi measuring participants (A) and all observed relapses of P ovale curtisi

parasites measuring time to relapse (B).

Supplementary Table 1: REP61, week 4; qPCR P. ovale curtisi
positive, nPCR and sequencing P. ovale sp. positive locus in the
SSU_WC gene, other genes were P. ovale wallikeri positive).

Descriptive Depiction of Recurrent P. ovale spp. Infections

Figures 1-3 show infection-free intervals and reappearances of
P, ovale curtisi and P. ovale wallikeri as defined in the method
section. Figure 3 shows that, for example, 61% of P. ovale curtisi
and 19% of P. ovale wallikeri infection-free intervals are esti-
mated to end with reappearance by week 32. For both ovale spp.,
no reappearance of parasites was observed if the infection-free
intervals lasted longer than 32 weeks.

Molecular Evaluation of Relapse Characteristics of P. ovale spp. Infections
Twelve patients had >1 reappearances of the same P. ovale
spp. within the observational period. The respective samples
(n = 54; 12 baseline samples, 42 follow-up samples) were eli-
gible for genotype assessment. Among the follow-up samples,
6 time points could not be sequenced due to insufficient sample
quantity. Two pairs of samples were from the same time point
(filter paper from home visit plus blood sample from subse-
quent unscheduled visit at study site); 1 of each was considered.
Two time points were negative when applying the conventional
nPCR assay. Among the 32 sequenced samples, 10 (31.3%) ful-
filled the predefined criteria for relapse. Four participants had
2 relapses, and 2 participants had 1 relapse. Figure 4 shows
infection-free intervals until relapse. Figure 4B, for example,
indicates that 53% of P. ovale curtisi infection-free intervals

of relapses are estimated to end with relapse by week 33. All
observed relapses were P. ovale curtisi reappearances. The rela-
tionships between haplotypes P. ovale curtisi and information
on the geographic origin by country are outlined in Figure 5.
No P. ovale wallikeri relapse was observed. Relapse details are
outlined in Supplementary Table 1.

DISCUSSION

This study presents reappearance and relapse patterns of P,
ovale spp. whose molecular distinction has been mostly left
out in previous publications. Without application of sequenc-
ing methods, these data indicate a markedly higher overall re-
appearance of P. ovale curtisi as compared to P. ovale wallikeri.
Focusing entirely on the epidemiological aspects, different sce-
narios explaining the incidence patterns of the 2 ovale species
may be hypothesized. The low incidence of observed P. ovale
wallikeri infections in this study could be explained by a low
overall entomologic inoculation rate (EIR) of P. ovale wallikeri
followed by a low relapse frequency or, alternatively, by a low
overall EIR combined with the absence of dormancies. A re-
cent case report of molecularly confirmed P. ovale wallikeri re-
lapse in a returning traveler provides evidence that true relapse
does occur in that species yet leaves open the origin of the dor-
mancy [16]. Also, studies on returning travelers suggest that P
ovale wallikeri does reappear but leave out details about primary
and secondary latency [29, 31]. Likewise, the observed P. ovale
curtisi incidence could be composed of a low EIR followed by
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Figure 5. Median Joining network of a 624bp section of the nuclear 18S rDNA gene of Plasmodium ovale curtisi, showing the relationships between haplotypes and
information on the geographic origin by country. Numbers in the circles indicate the number of individuals sharing the same haplotype, and bars indicate the number of
substitutions between haplotypes. Samples are described in detail in Supplementary Table 1 (Rep324_1: Rep324-SCR and D28; Rep 324_2: Rep324-W12).

frequent relapses, a high EIR accompanied by a low relapse fre-
quency or a balanced occurrence of new infections and relapse.
Owing to a lack of EIRs of non-falciparum Plasmodium species
and other fundamental evidence, these theories remain to be
further evaluated. Alternative reasons for reappearance are re-
crudescence, reinfection with the same parasite strain or so far
unexplained reasons.

To the best of our knowledge, this study comprises of the
first prospective work-up of P. ovale curtisi and P. ovale wallikeri
reappearances by molecular methods. For P. vivax, similar data
are already available. A recent study conducted in the Peruvian
Amazon showed that 27% of reappearing P. vivax infections
were relapses with identical genotype. In relation with an
amount of 41% potential relapses in this study, it seems that
the relapse with identical genotype has a higher significance
for the incidence of P. ovale curtisi than of P. vivax and plays
a negligible role for P. ovale wallikeri. Further observations of
P, vivax imply that depending on the geographical location of
a strain, typical times to relapse vary between a few months in
tropical zones and up to over a year in temperate zones. This
geographical pattern also seems to predetermine the periodicity
of relapse. Indeed, results of different studies vary considerably
[3, 32-34]. It remains open whether this feature likewise applies
to ovale spp.

Recent publications suggest that relapse might not be
a distinctive feature of tertian malaria, but that all human
Plasmodium species could evoke different types of reappearance
[12-14]. Indeed, several reports of P. falciparum and P. malariae
reappearances indicate long-term persistence of the parasites
in the human host [35-39]. Despite its increasing importance
in malaria elimination settings it remains difficult to determine
the contribution of reappearing Plasmodium infections to the
overall disease burden. These anecdotal reports may only be
the tip of the iceberg as reappearances of parasites would not

usually stand out in endemic countries due to the higher inci-
dence of new infections.

As shown in Supplementary Table 1, three samples were posi-
tive by qPCR but negative by nPCR. This is explainable by a low
quantity of parasites in combination with the different target
sizes of the assays. Small fragments of degraded DNA are more
likely to be detected with real-time primers with a target size
of around 200 base pairs, than with primers designed for con-
ventional PCR with target sizes of around 700-1500 base pairs.
Furthermore, the resolution of agarose gel is lower than the
fluorescence dependent digitized real time curves.

A limitation of this study was the divergence in sensi-
tivity of sample type. DNA concentration was much lower
in samples derived from dried blood spots than in samples
extracted from whole blood. In 4 events, the negativity of a
pre-relapse PCR result was derived from a dried blood spot
whereas the relapse identification was based on a whole blood
sample (Supplementary Table 1: REP41, week 10; REP55,
week 14; REP69, weeks 10 and 22). It is thus possible that the
detected parasites had been consistently present but below
the limit of detection of the dried blood spot. Another poten-
tial limitation is the coinfection of most samples with other
Plasmodium species and resulting potential—yet to date still
unexplained—influences on the reappearance behavior. Only
3 genes (with seven different protocols) were analyzed in this
study, and whole genome sequencing of potential relapses is
recommended in upcoming studies to prove identity of sam-
pled isolates. The sequencing method used here may have led
to overestimation of relapses. Potential relapses heterologous
to the primary attack, as previously shown in molecular anal-
yses of P. vivax [40], could not be detected with the here-ap-
plied methods. As age distribution in the study population was
young, the frequency of relapses might be further biased due to

lower semi-immunity.
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CONCLUSIONS

This article presents the first prospective work-up to our
knowledge of ovale relapses derived from a patient cohort using
molecular methods. P. ovale curtisi occurs more frequently and
seems to reappear in shorter time intervals as compared to P
ovale wallikeri. The sequencing results suggest the reappearance
of the same P. ovale curtisi isolates; this is in line with the cur-
rent relapse theory but at the same time does not permit infer-
ence to the origin of the underlying mechanism.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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