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Abstract

Background: Malaria remains a global health problem despite availability of effective tools. For malaria elimination,
drugs targeting sexual stages of Plasmodium falciparum need to be incorporated in treatment regimen along with
schizonticidal drugs to interrupt transmission. Primaquine is recommended as a transmission blocking drug for its
effect on mature gametocytes but is not extensively utilized because of associated safety concerns among glucose-
6-phosphate dehydrogenase (G6PD) deficient patients. In present work, methylene blue, which is proposed as an
alternative to primaquine is investigated for its gametocytocidal activity amongst Indian field isolates. An effort has
been made to establish Indian field isolates of P falciparum as in vitro model for gametocytocidal drugs screening.

Methods: Plasmodium falciparum isolates were adapted to in vitro culture and induced to gametocyte production
by hypoxanthine and culture was enriched for gametocyte stages using N-acetyl-glucosamine. Gametocytes were
incubated with methylene blue for 48 h and stage specific gametocytocidal activity was evaluated by microscopic
examination.

Results: Plasmodium falciparum field isolates RKL-9 and JDP-8 were able to reproducibly produce gametocytes in
high yield and were used to screen gametocytocidal drugs. Methylene blue was found to target gametocytes in a
concentration dependent manner by either completely eliminating gametocytes or rendering them morphologically
deformed with mean ICs, (early stages) as 424.1 nM and mean ICs, (late stages) as 106.4 nM. These morphologically
altered gametocytes appeared highly degenerated having shrinkage, distortions and membrane deformations.

Conclusions: Field isolates that produce gametocytes in high yield in vitro can be identified and used to screen
gametocytocidal drugs. These isolates should be used for validation of gametocytocidal hits obtained previously by
using lab adapted reference strains. Methylene blue was found to target gametocytes produced from Indian field iso-
lates and is proposed to be used as a gametocytocidal adjunct with artemisinin-based combination therapy. Further
exploration of methylene blue in clinical studies amongst Indian population, including G6PD deficient patients, is
recommended.
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Background

Malaria is one of the deadliest parasitic diseases on the
planet imposing a heavy socio-economic burden in
developing countries, particularly in sub-Saharan Africa
and South-East Asia. To achieve the dream of malaria
elimination, preventing transmission is crucial and there-
fore approaches targeting gametocytes are highly essen-
tial. Transmission-blocking drugs that can effectively
target mature gametocytes are very few, out of which
only primaquine is licensed for clinical use [1]. Moreover,
associated safety risks in glucose-6-phosphate dehydro-
genase (G6PD) deficient patients have limited its usage
on a large scale [2]. Although, in India, exact prevalence
of G6PD deficiency is unclear but its overall magnitude
is estimated to be 8.5% [3] which may rise even up to
27% in tribal population [4]. Further studies are urgently
required to address safety and efficacy issues associated
with primaquine [5]. In the meantime, research efforts
should be directed towards developing new transmis-
sion-blocking drugs that are also safe for G6PD deficient
patients.

Considering the cost, efforts and time involved in devel-
oping new therapeutic agents and bringing them to the
market as safe and effective gametocytocidal drugs, a
suitable alternative would be finding transmission block-
ing agents from the existing armamentarium. One such
promising alternative is using an inexpensive but regis-
tered drug, methylene blue. Toxicity of methylene blue is
dose and intrinsic G6PD activity dependent; similar to pri-
maquine but with a difference that methylene blue exerts
its oxidizing (haemolytic) properties at higher doses [6,
7]. In vitro and ex vivo studies performed with methylene
blue against laboratory reference strains reported its late
stage gametocytocidal activity [8—13]. Although a handful
of reference strains such as 3D7 are useful to standardize
and validate high throughput assays, a more realistic rep-
resentation of drug efficacy is derived when potency of
drug is evaluated on parasites that have been selected after
years of multiple drug pressure and natural transmission.
Evaluation of drug efficacy against gametocytes produced
from these field isolates is of utmost importance as anti-
malarial drugs respond differently to them as compared to
culture adapted reference strains [13].

Here, in this study, a simple gametocyte production pro-
tocol for gametocyte producing field isolates is described.
No complex downstream enrichment or purification steps
are required and this protocol is also applicable to less afflu-
ent laboratory setups having minimum laboratory equip-
ment. This is a pioneering study which establishes Indian
field isolates as a model for gametocytocidal drug screening
and evaluates gametocytocidal activity of a potential trans-
mission blocking agent, methylene blue.
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Methods

Cultivation of asexual stages and production

of gametocytes

Asexual blood stages from infected blood collected from
patients living in malaria prone areas of India—Rourkela
(Odisha), Jaisalmer (Rajasthan), Jagdalpur (Chhattisgarh)
and Mangalore (Karnataka), were cultivated in vitro by fol-
lowing the procedures of Trager and Jensen [14, 15] with
minor modifications. The parasites were cultivated in
RPMI 1640 medium (with glutamine) containing 25 mM
HEPES, 2 g/L p-glucose, 2 g/L sodium bicarbonate, 40 pg/
mL gentamicin sulfate supplemented with 10% heat inacti-
vated AB* human serum. A" human blood at 10% haema-
tocrit was used as a source of host erythrocytes. Cultures
were maintained at 37 °C in the presence of 5% CO,. All
culture adapted isolates were uniformly subjected to game-
tocyte production by following procedures of Ifediba and
Vanderberg [16] with certain modifications. Parasites
were maintained in culture starting from 0.5% parasitae-
mia (ring stage; sorbitol synchronized) and 10% haema-
tocrit (day 0). These parasites were kept devoid of fresh
erythrocytes throughout the course of 2 weeks of culture
maintenance and daily replenished with complete RPMI-
1640 media supplemented with hypoxanthine (50 pg/
mL). Hypoxanthine provided additional purine source
required for sexual differentiation as well as maturation
of gametocytes. Haematocrit was reduced to 5% on day 8
and 50 mM N-acetyl-glucosamine (Sigma) was added on
days 9-12 to eliminate asexual stage parasites. On day 14
onwards, a uniform population of gametocytes is obtained
with majority of late stage (stage IV and V) gametocytes.
Field isolates demonstrating higher gametocytaemia than
the rest were classified as gametocyte producers and were
selected for in vitro drug sensitivity testing. In separate
set of experiments, these isolates were cultured continu-
ously for a period of ~ 6 months from the date of revival
of cryopreserved stabilate to ascertain the effect of number
of in vitro asexual cycles on gametocyte production. Stabil-
ity of gametocyte production phenotype across multiple
cryopreservation events was also investigated. Compara-
tive analysis was carried out using unpaired t-test and p
value < 0.05 was considered as statistically significant. Drug
susceptibility (asexual stages) of selected isolates to chloro-
quine and artesunate was also ascertained by microscopy-
based schizont maturation inhibition assay [17].

Gametocytocidal assays and data analysis

Stock solutions of methylene blue (Sigma-Aldrich) and
primaquine (Sigma-Aldrich) were prepared in dou-
ble distilled water and RPMI-1640 media, respectively.
Appropriate working solutions were made afresh on the
day of the experiment with complete culture medium.
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Gametocytes were harvested on the day of experiment
and thorough and systematic morphological examina-
tion was performed by microscopy before carrying out
screening experiments. Pre-dosed culture plates were
prepared by plating two fold dilutions of the drugs in
duplicates to achieve the desired concentrations up to
5 uM for methylene blue and up to 25 uM for primaquine
and incubated with blood containing 2-3% gameto-
cytes. Control wells were also prepared containing drug
free media along with gametocytes for calculation of
untreated inhibition. Also, 0.5% DMSO and 50 pM thi-
ostrepton (Sigma Aldrich) were used as negative and
positive controls, respectively. Plates were incubated at
37 °C for 48 h in presence of 5% CO, [18]. After incu-
bation period, thin smears were prepared, stained with
10% Giemsa and examined under a 100x oil immer-
sion objective [19, 20]. Five thousand RBCs from each
slide were counted to examine the gametocytaemia and
gametocyte morphology at each concentration. Game-
tocytes observed were morphologically categorized into
two groups, (1) normal morphology (NM) or (2) altered
morphology (AM) and grouped either in early stage
gametocytes (stages II and III) or late stage gametocytes
(stages IV and V). Gametocytaemia for each concentra-
tion was expressed as percentage inhibition compared to
drug-free control which was plotted against logarithm of
drug concentration using a non-linear regression analysis
(four parameter log dose with variable slope) to compute
IC;, values and 95% confidence intervals. Dose—response
curves expressed as percentage inhibition vs. logarithm
of drug concentration were generated by Graphpad prism
6 [21]. IC,, values were calculated separately for early
(stage II and III) and late (IV and V) stage gametocytes
and in two categories. In the first category, only gameto-
cytes bearing normal morphology were included and the
50% inhibitory concentration was labelled as IC;, (NM).
In the second category, gametocytes with both normal
and altered morphology were included and ICg is desig-
nated as IC; (Total) [10].
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Results

In vitro gametocyte production

In present study, different field isolates demonstrated
varied gametocyte production. Two isolates, RKL-9
and JDP-8 collected from Rourkela and Jagdalpur,
respectively, exhibited higher gametocytaemia (> 2%)
(Table 1) than other isolates in vitro and were therefore,
deemed most suitable for stage specific drug screen-
ing experiments. Gametocytes produced from isolates
RKL-9 and JDP-8 followed a very reproducible progres-
sion of gametocyte maturation from stage I to stage V.
This was achieved in a period of ~ 12—-14 days from the
date of initiation of gametocyte culture (induction) and
yielded > 70% of mature gametocytes. Both RKL-9 and
JDP-8 were able to produce gametocytes after continu-
ous maintenance in asexual culture for about 6 months as
evidenced by statistically insignificant change (p > 0.05)
in percentage gametocytaemia (Table 2). Gametocyte
induction was not performed for the respective parasite
lines beyond 6 months of continuous asexual culture due
to technical reasons. Moreover, gametocyte production
in these field isolates was found to be stable after multiple
cryopreservation cycles. RKL-9 and JDP-8 remained high

Table 2 Percentage of gametocytes produced from RKL-9
and JDP-8

Isolate ADuration of asexual BNumber of cryo-
culture before induction (in  preservation events
months) before induction
0.5 6.5 1 4
RKL-9 224 £0.21 2.15+£042 240£0.19 2.58 £ 046
JDP-8 202£022 221£023 228 +056 2.00£039

Comparison of % gametocytaemia. “At the interval of 6 months (expressed

as mean =+ SD of three separate induction experiments). BAfter three
cryopreservation events (expressed as mean =+ SD of four separate induction
experiments). No significant difference (p > 0.05) in percentage gametocytaemia
after induction was observed in RKL-9 and JDP-8 for both the experiments
A(effect of duration of parasites in asexual culture) and 8(effect of number of
cryopreservation events). Percentage gametocytaemia calculations are per 5000
RBCs

Table 1 Percentage of gametocytaemia in Indian field isolates and their asexual stage drug susceptibility profile

Isolate Place of origin State % Gametocytaemia Chloroquine asexual Artesunate asexual
stage IC5, (NM) (95% CI) stage IC5, (nM) (95% CI)
RKL-9 Rourkela Odisha Total G: (2.50 % 0.27)% 1144 (77.70-168.4) 3.7 (2.710-5.036)
Early G: (0.58 £ 0.12)%
Late G: (1.92 & 0.35)%
JDP-8 Jagdalpur Chhattisgarh Total G: (2.18 £ 0.23)% 266.7 (179.5-396.2) 5.06 (4.107-6.229)

Early G: (0.50 = 0.17)%
Late G: (1.68 = 0.24)%

Two field isolates collected from Rourkela and Jagdalpur demonstrated highest total gametocytaemia and were deemed suitable for drug screening experiments.
Total G: % of gametocytes out of total erythrocytes represented as Mean =+ SD, as a result of 6 separate induction experiments. Out of total gametocytes, percentage
of stage I-IIl categorized as Early G (Mean =+ SD) and percentage of stage IV, V categorized as Late G (Mean =+ SD). Percentage gametocytaemia calculations are per

5000 RBCs
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gametocyte producers even after three additional freeze—
thaw cycles following initial cryopreservation of infected
blood sample (time spent in asexual culture was up to
1 month before each cryopreservation event) (Table 2).
Also, RKL-9 and JDP-8 were found to be chloroquine
resistant with asexual stage mean IC;, value 174.7 nM.
Artesunate was also tested against both of these isolates
and was found to effectively inhibit the parasite growth
with asexual stage mean IC;, of 4.32 nM. Individual asex-
ual stage IC; values of field isolates RKL-9 and JDP-8 are
mentioned in Table 1. The rest of the field isolates used in
this study exhibited comparatively lesser gametocytaemia
(< 0.5%) in vitro.

For evaluation of stage specific gametocytocidal activ-
ity of drugs discussed in subsequent section, gametocyte
stages were categorized using a classification similar to
one used by Carter and Miller [22] as seen from repre-
sentative microscopic images shown in Fig. 1.
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Gametocytocidal assays using methylene blue

and primaquine

Methylene blue was effective in targeting both early
and late stage gametocytes produced from field iso-
lates RKL-9 and JDP-8 in a dose dependent man-
ner with a mean IC;, (NM) value of 424.1 nM (IC,,
Total = 958.1 nM) for early stage and 106.4 nM (IC;,
Total = 1060.2 nM) for late stage gametocytes. Individual
ICs, value for each field isolate in ‘NM’ and “Total cat-
egory is mentioned in Table 3. Concentration—response
curves of early and late stage gametocytes for NM cat-
egory (normal morphology, data include healthy game-
tocytes with no visible drug induced deformation) and
Total (data include gametocytes with normal morphology
and altered morphology, both) are shown in Fig. 2. Meth-
ylene blue was more effective in inducing morphological
deformations in late stage gametocytes group as com-
pared to early stage gametocyte group as evident from

- A

Fig. 1 Representative images of different stages of gametocytes as observed under 100x objective bright-field light microscope. a-e Stage -V
gametocytes respectively (computer magnified image for better interpretation of morphology)
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Table 3 Early and late stage IC;, values and log IC;, values along with 95% confidence intervals (Cl) for methylene blue
against gametocytes produced from RKL-9 and JDP-8

Isolate Early stage gametocytes Late stage gametocytes
NM Total NM Total
1C50(95% Cl)  loglCs0(95% 1C50(95%Cl)  log1Cs4(95%  1C50(95% Cl)  log 1Cs4(95%  1C50 (95% Cl)  log IC5, (95%

cl) Cl) Cl) Cl)

RKL-9 3785 2.578(2.379- 1069 (139.7-  3.029 (2.145-  1286(71.06-  2.109 (1.852- 1235 (621.4-  3.092 (2.793-
(239.1-599) 2.777) 8180) 3913) 2329) 2.367) 2455) 3.390)

JDP-8 4752(3182-  2677(2503- 8588 (4775-  2934(2679- 8809 (3349-  1.945(0.5250- 910.1 (653.2-  2.959 (2.815-
709.7) 2.851) 1545) 3.189) 2317) 3.365) 1268) 3.103)

Methylene blue demonstrated submicromolar ICs, values (NM) for both early and late stage gametocytes produced from RKL-9 and JDP-8 (All IC5, values are in
nanomolar). No significant difference was observed between logarithm of ICs, values (NM and total) obtained for methylene blue against RKL-9 and JDP-8 (both early

and late stage gametocytes) (p > 0.05)
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Fig. 2 Dose-response curves describing relationship between concentration of methylene blue (in logarithmic scale) and percentage inhibition
of a early stage gametocytes of RKL-9 b late stage gametocytes of RKL-9 ¢ early stage gametocytes of JDP-8 d late stage gametocytes of JDP-8
(Error bars denote SD of the mean of three independent experiments). Gametocytaemia at start of drug screening experiments [In (Mean = SD)%,
RKL-9: Total G: (2.65 £ 0.36)%, Early G: (0.79 £ 0.14)%, Late G: (1.86 & 0.23)% and JDP-8: Total G: (2.57 & 0.35)%, Early G: (0.61 & 0.18)%, Late G:
(1.95 £ 0.21)%] where Early G and Late G represents the percentage of early (Stage Il and Ill) and late stage (stage IV and V) gametocytes respec-
tively and Total G represents total gametocytes inclusive of early and late stages. % Gametocytaemia calculations are per 5000 RBCs

their ICy, values for NM category. These morphological
abnormalities induced by methylene blue comprised of
shrinkage and distortions that created degenerated or
irregular gametocytes (Fig. 3). Moreover, many of the
treated gametocytes appeared to have lost their outer
membrane or developed membrane deformations. On

the other hand, untreated gametocytes of the control
group appeared perfectly healthy based on morphology
and staining characteristics (Fig. 4a).

Primaquine which was tested under similar condi-
tions showed lack of any gametocytocidal activity even at
micromolar concentrations. Healthy gametocytes (both
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Fig. 3 Microscopic images demonstrating morphological deformations in methylene blue treated early gametocytes (a—c) and late gametocytes
(d-1). Deformations observed were in the form of (1) Shrinkage (2) Distortions (3) Membrane deformations, clearly representing unhealthy gameto-
cytes (computer magnified image for better interpretation of morphology)

-

early and late category) were observed in primaquine
treated group even at concentrations as high as 25 uM
(Fig. 4b). Here, gametocytes appeared perfectly non-
compromised and looked similar to untreated control
group (Fig. 4a).

Discussion

This work highlights the applicability of culture adapted
field isolates of P falciparum in anti-gametocyte drug
discovery. Here, we present a simple technique to pro-
duce gametocytes in high yield from gametocyte pro-
ducing field isolates, useful for gametocytocidal drugs
screening applications. To date, limited data is available
involving field isolates for directly testing gametocyto-
cidal activity. This might be because very few isolates can

reproducibly generate gametocytes in high yield in vitro
and also show a gradual loss of gametocyte producing
potential in continuous culture [23]. This makes it dif-
ficult to study the process of gametocytogenesis [23, 24]
and to perform gametocytocidal drug screening due to
the dependency on cryopreserved stabilates with mini-
mum passage in order to preserve gametocyte produc-
tion phenotype [13]. The two field isolates, RKL-9 and
JDP-8 used in present study did not show any significant
reduction in gametocyte production potential in vitro
for at least 6 months in asexual culture. This gives these
isolates an additional advantage over clonal lines such
as 3D7 in which ability to form gametocytes wanes in as
little as 2 weeks [25]. Moreover, gametocyte production
potential in RKL-9 and JDP-8 appeared to be stable after
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Fig. 4 a Untreated P, falciparum gametocytes. b Primaquine treated
gametocytes. Untreated gametocytes display normal morphology
with intact chromatin and cytoplasm. Gametocytes treated with as
high as 25 uM primaquine also display normal morphology without
any morphological aberrations, hence demonstrating absence of any
significant in vitro gametocytocidal effect of primaquine

multiple freeze—thaw cycles. Other studies also reported
no loss in gametocyte production upon maintenance of
isolates in asexual culture for 18 months [22] and also
after cryopreservation [13, 26, 27]. In vitro gametocyte
production potential of parasite is strain specific [28],
exhibited in response to ‘nonspecific’ stress in the form of
environmental stimuli [22, 23, 29]. However, the defini-
tion of ‘stress’ as well as other triggers involved in path-
way shift towards gametocytogenesis in P, falciparum are
not precisely clear [30]. The stress on the parasite is not
regulated by a single component but might be a collective
contribution of multitude of factors, such as high para-
site load, and decrease with haematocrit [23, 31]. Studies
suggest that some clones show more preference towards
production of gametocytes [26, 29, 32, 33] than others
under similar conditions as a result of which gameto-
cyte production in some isolates is upregulated [34, 35].
This is also evident from data reported here, as out of 15
culture adapted field isolates, only 2 (RKL-9 and JDP-
8) were able to reproducibly produce > 2% gametocytes
in vitro. Moreover, asexual stages cultivated from both
RKL-9 and JDP-8 were found to be chloroquine resist-
ant. Production of higher gametocytaemia in vitro (and
in vivo) by drug resistant parasites may be correlated
with tendency to spread the resistant mutation as a part
of parasite’s survival strategy [34, 36]. However, current
study was not designed in that context and separate stud-
ies involving more number of field isolates are needed to
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be carried out before a link between drug resistance and
in vitro gametocytogenesis can be established.

Herein, gametocytocidal activity of methylene blue
which is primarily used for treatment of methemo-
globinemia is evaluated amongst Indian field isolates of
P, falciparum. In present study as well as other in vitro
studies carried out using standard laboratory strains,
methylene blue was able to effectively target gameto-
cytes, especially relatively less metabolizing stage V
[8-13, 28]. However, ICy, values obtained for methylene
blue were inconsistent across all these studies (varied
from 29.5 nM in [10] to 490 nM in [8] and 106.44 nM
(late stage mean ICy;, present study)]. In spite of differ-
ences in drug efficacies in multiple studies (might be
due to variation in culture parameters including length
of drug exposure, type of screening assay, and differ-
ence in parasite strain used [28]), methylene blue was
effective in killing gametocytes across all these studies.
In the present work, morphological alterations induced
by methylene blue are described. These alterations com-
prise of shrinkage, distortions and membrane defor-
mations clearly representing unhealthy gametocytes.
However, it is difficult to directly correlate morphol-
ogy with viability. Therefore, viability and infectivity of
these morphologically deformed gametocytes remains
to be evaluated. Moreover, primaquine is a gametocy-
tocidal drug having in vivo activity [5] but data reported
here identifies it as non-gametocytocidal. This dis-
parity between efficacy data highlights the absence
of any metabolic activation in vitro because of lack of
liver enzymes activity required for generation of active
metabolites of primaquine [37]. However, identity of
the metabolites and mode of action of primaquine is
not fully elucidated [38]. Although, primaquine was not
expected to show any significant potency in vitro but
was added in present study to validate earlier studies [8,
9] and also served as an additional negative control for
methylene blue other than DMSO. A major advantage
that methylene blue confers over its alternatives is that,
it is the only registered non 8-aminoquinoline having
late stage gametocytocidal activity, which is inexpen-
sive and currently, a suitable alternative to primaquine.
So evaluation of gametocytocidal activity of methylene
blue amongst Indian field isolates of P falciparum has
utmost importance. However, more evidence is needed
to ascertain a dose that is safe for both G6PD deficient
and G6PD non-deficient population as well as effective
for stopping transmission. The study sets the stage for
further basic and clinical research required for consid-
eration of methylene blue as a gametocytocidal adjunct
along with standard ACT in India and developing rec-
ommendations for future use.
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Conclusions

This is the first study as far as authors know which estab-
lishes culture adapted Indian field isolates as in vitro drug
sensitivity model for screening gametocytocidal com-
pounds. It is believed by the authors that field isolates
should be utilized for validation of gametocytocidal hits
(obtained by high throughput drug screening experiments
using reference strains) and gametocyte producing field iso-
lates described in this study such as RKL-9 and JDP-8 might
play an important role in anti-gametocyte drug discovery.
Methylene blue, which is currently, a suitable alternative
to primaquine as a transmission blocking drug showed
remarkable gametocytocidal effect in vitro, thereby induc-
ing morphological deformations in treated gametocytes.
This study highlights gametocytocidal properties of methyl-
ene blue amongst Indian field isolates and emphasizes the
utility of field isolates in gametocytocidal drug screening.
Transmission blocking potential of methylene blue should
be further explored in ex vivo standard membrane feeding
studies using Indian field isolates as well as clinical stud-
ies amongst Indian population. This will encourage future
research that will help in forming recommendations for use
of methylene blue as a transmission blocking drug in India.

Abbreviations
G6PD: glucose-6-phosphate dehydrogenase; ACT: artemisinin combination
therapy; NM: normal morphology; AM: altered morphology.

Authors’ contributions

IW and CRP designed the drug screening experiments. IW performed the
experiments and wrote the major portion of manuscript. IW and ARA analyzed
and interpreted the data. MN and NV critically reviewed the manuscript. IW
and AS revised the manuscript critically. All authors read and approved the final
manuscript.

Author details

! Indian Council of Medical Research-National Institute of Malaria Research,
Sector 8, Dwarka, New Delhi 110077, India. 2 Department of Chemistry, Univer-
sity of Delhi, Delhi 110007, India.

Acknowledgements

Authors will like to acknowledge staff of Malaria Parasite Bank, ICMR-National
Institute of Malaria Research, New Delhi for collection of blood samples from
different malaria prone areas of India. Financial Support from Indian Council of
Medical Research (ICMR) is greatly acknowledged. University Grants Commis-
sion (UGC) is acknowledged for providing financial support to IW.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Consent for publication
Not applicable.

Ethics approval and consent to participate

This study has been approved by Institutional Ethics Committee (IEC) of
ICMR-National Institute of Malaria Research (NIMR), Delhi and bears Ethical
Committee Reference Number: ECR/NIMR/EC/2016/276. Informed consent

Page 8 of 9

was obtained from all the participating patients before collection of infected
blood samples.

Funding
This study was funded by intramural research fund of ICMR-National Institute
of Malaria Research, New Delhi, India.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Received: 11 July 2017 Accepted: 23 December 2017
Published online: 08 January 2018

References

1. Okebe J, Bousema T, Affara M, Di Tanna GL, Dabira E, Gaye A, et al. The
gametocytocidal efficacy of different single doses of primaquine with
dihydroartemisinin-piperaquine in asymptomatic parasite carriers in The
Gambia: a randomized controlled trial. EBioMedicine. 2016;13:348-55.

2. Eziefula AC, Bousema T, Yeung S, Kamya M, Owaraganise A, Gabagaya
G, et al. Single dose primaquine for clearance of Plasmodium falciparum
gametocytes in children with uncomplicated malaria in Uganda: a ran-
domised, controlled, double-blind, dose-ranging trial. Lancet Infect Dis.
2014;14:130-9.

3. Kumar P, Yadav U, Rai V. Prevalence of glucose-6-phosphate dehydroge-
nase deficiency in India: an updated meta-analysis. Egypt J Med Hum
Genet. 2016;17:295-302.

4. Mukherjee MB, Colah RB, Martin S, Ghosh K. Glucose-6-phosphate dehy-
drogenase (G6PD) deficiency among tribal populations of India—Coun-
try scenario. Indian J Med Res. 2015;141:516-20.

5. WHO. Policy brief on single-dose primaquine as a gametocytocide in
Plasmodium falciparum malaria. Geneva: World Health Organization;
2015. http//www.who.int/malaria/publications/atoz/policy-brief-single-
dose-primaquine-pf/en/. Accessed 26 Dec 2016.

6.  University of Oxford. Pharmacokinetic and in vitro transmission blocking
activities study of primaquine compare to methylene blue in healthy
volunteer both G6PD normal and G6PD deficiency In: ClinicalTrials.
gov. Bethesda (MD). https://clinicaltrials.gov/ct2/show/NCT01668433.
Accessed 26 Dec 2016.

7. Dart CR. Medical toxicology. 3rd ed. Philadelphia: Lippincott Williams and
Wilkins; 2004.

8. Lelievre J, Almela MJ, Lozano S, Miguel C, Franco 'V, Leroy D, et al. Activity
of clinically relevant antimalarial drugs on Plasmodium falciparum mature
gametocytes in an ATP bioluminescence “transmission blocking” assay.
PLoS ONE. 2012;7:e35019.

9. Adjalley SH, Johnston GL, Li T, Eastman RT, Ekland EH, Eappen AG, et al.
Quantitative assessment of Plasmodium falciparum sexual development
reveals potent transmission-blocking activity by methylene blue. Proc
Natl Acad Sci USA. 2011;108:E1214-23.

10. D'Alessandro S, Silvestrini F, Dechering K, Corbett Y, Parapini S, Timmer-
man M, et al. A Plasmodium falciparum screening assay for anti-game-
tocyte drugs based on parasite lactate dehydrogenase detection. J
Antimicrob Chemother. 2013,68:2048-58.

11. GebruT, Mordmdiller B, Held J. Effect of fluorescent dyes on in vitro-dif-
ferentiated, late-stage Plasmodium falciparum gametocytes. Antimicrob
Agents Chemother. 2014;58:7398-404.

12. Lucantoni L, Duffy S, Adjalley SH, Fidock DA, Avery VM. Identification
of MMV malaria box inhibitors of Plasmodium falciparum early-stage
gametocytes using a luciferase-based high-throughput assay. Antimicrob
Agents Chemother. 2013;57:6050-62.

13. Leba L-J, Musset L, Pelleau S, Estevez Y, Birer C, Briolant S, et al. Use of Plas-
modium falciparum culture-adapted field isolates for in vitro exflagella-
tion-blocking assay. Malar J. 2015;14:234.

14. Trager W, Jensen JB. Human malaria parasites in continuous culture. Sci-
ence. 1976;193:673.

15. Trager W, Jenson JB. Cultivation of malarial parasites. Nature.
1978;273:621-2.


http://www.who.int/malaria/publications/atoz/policy-brief-single-dose-primaquine-pf/en/
http://www.who.int/malaria/publications/atoz/policy-brief-single-dose-primaquine-pf/en/
https://clinicaltrials.gov/ct2/show/NCT01668433

Wadi et al. Malar J (2018) 17:11

20.

21

22.

23.

24.

25.

26.

27.

Ifediba T, Vanderberg JP. Complete in vitro maturation of Plasmodium
falciparum gametocytes. Nature. 1981;294:364-6.

WHO. In vitro micro-test (Mark Ill) for the assessment of the response of
Plasmodium falciparum to chloroquine, mefloquine, quinine, amodi-
aquine, sulfadoxine/pyrimethamine and artemisinin instructions for

use of the in vitro micro-test kit (Mark IIl). In: Technical documents.
Geneva: World Health Organization; 2001. http://www.who.int/iris/han-
dle/10665/67373. Accessed on 26 Dec 2016.

Benoit-Vical F, Lelievre J, Berry A, Deymier C, Dechy-Cabaret O, Cazelles
J, et al. Trioxaquines are new antimalarial agents active on all erythro-
cytic forms, including gametocytes. Antimicrob Agents Chemother.
2007;51:1463-72.

Chavalitshewinkoon-Petmitr P, Pongvilairat G, Auparakkitanon S, Wilairat
P Gametocytocidal activity of pyronaridine and DNA topoisomerase I
inhibitors against multidrug-resistant Plasmodium falciparum in vitro.
Parasitol Int. 2000;48:275-80.

Smalley ME. Plasmodium falciparum gametocytes. The effect of chloro-
quine on their development. Trans R Soc Trop Med Hyg. 1977;71:526-9.
GraphPad Prism Version 6.00 Software, La Jolla California. http://www.
graphpad.com.

Carter R, Miller LH. Evidence for environmental modulation of gameto-
cytogenesis in Plasmodium falciparum in continuous culture. Bull World
Health Organ. 1979;57(Suppl):37-52.

Baker DA. Malaria gametocytogenesis. Mol Biochem Parasitol.
2010;172:57-65.

Sinha A, Hughes KR, Modrzynska KK, Otto TD, Pfander C, Dickens NJ, et al.
A cascade of DNA-binding proteins for sexual commitment and develop-
ment in Plasmodium. Nature. 2014;507:253.

Delves MJ, Straschil U, Ruecker A, Miguel-Blanco C, Marques S, Dufour
AC, et al. Routine in vitro culture of P falciparum gametocytes to evaluate
novel transmission-blocking interventions. Nat Protoc. 2016;11:1668-80.
Schuster FL. Cultivation of Plasmodium spp. Clin Microbiol Rev.
2002;15:355-64.

Roncalés M, Vidal-Mas J, Leroy D, Herreros E. Comparison and optimiza-
tion of different methods for the in vitro production of Plasmodium
falciparum gametocytes. J Parasitol Res. 2012,2012:7.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

Page 9 of 9

Reader J, Botha M, Theron A, Lauterbach SB, Rossouw C, Engelbrecht D,
et al. Nowhere to hide: interrogating different metabolic parameters of
Plasmodium falciparum gametocytes in a transmission blocking drug
discovery pipeline towards malaria elimination. Malar J. 2015;14:213.
Bhasin VK, Trager W. Gametocyte-forming and non-gametocyte-forming
clones of Plasmodium falciparum. Am J Trop Med Hyg. 1984;33:534-7.
Demanga CG, Eng JWL, Gardiner DL, Roth A, Butterworth A, Adams JH,
et al. The development of sexual stage malaria gametocytes in a Wave
Bioreactor. Parasit Vectors. 2017;10:216.

Buchholz K, Burke TA, Williamson KC, Wiegand RC, Wirth DF, Marti M. A
high-throughput screen targeting malaria transmission stages opens
new avenues for drug development. J Infect Dis. 2011;203:1445-53.
Campino S, Benavente ED, Assefa S, Thompson E, Drought LG, Taylor CJ,
et al. Genomic variation in two gametocyte non-producing Plasmodium
falciparum clonal lines. Malar J. 2016;15:229.

Graves PM, Carter R, McNeill KM. Gametocyte production in cloned lines
of Plasmodium falciparum. Am J Trop Med Hyg. 1984;33:1045-50.
Buckling AG, Taylor LH, Carlton JM, Read AF. Adaptive changes in Plasmo-
dium transmission strategies following chloroquine chemotherapy. Proc
Biol Sci. 1997,264:553-9.

Burkot TR, Williams JL, Schneider I. Infectivity to mosquitoes of Plasmo-
dium falciparum clones grown in vitro from the same isolate. Trans R Soc
Trop Med Hyg. 1984;78:339-41.

Barnes K|, Little F, Mabuza A, Mngomezulu N, Govere J, Durrheim D, et al.
Increased gametocytemia after treatment: an early parasitological indica-
tor of emerging sulfadoxine-pyrimethamine resistance in falciparum
malaria. J Infect Dis. 2008;197:1605-13.

Pybus BS, Marcsisin SR, Jin X, Deye G, Sousa JC, Li Q et al. The metabolism
of primaquine to its active metabolite is dependent on CYP 2D6. Malar J.
2013;12:212.

Plouffe DM, Wree M, Du AY, Meister S, Li F, Patra K, et al. High-throughput
assay and discovery of small molecules that interrupt malaria transmis-
sion. Cell Host Microbe. 2016;19:114-26.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://www.who.int/iris/handle/10665/67373
http://www.who.int/iris/handle/10665/67373
http://www.graphpad.com
http://www.graphpad.com

	Methylene blue induced morphological deformations in Plasmodium falciparum gametocytes: implications for transmission-blocking
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cultivation of asexual stages and production of gametocytes
	Gametocytocidal assays and data analysis

	Results
	In vitro gametocyte production
	Gametocytocidal assays using methylene blue and primaquine

	Discussion
	Conclusions
	Authors’ contributions
	References




