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The emergence and spread of drug resistance are the major challenges in malaria
eradication mission. Besides various strategies laid down by World Health Organization,
such as vector management, source reduction, early case detection, prompt treatment,
and development of new diagnostics and vaccines, nevertheless the need for new and
efficacious drugs against malaria has become a critical priority on the global malaria
research agenda. At several screening stages, millions of compounds are screened
(1,000-2,000,000 compounds per screening campaign), before pre-clinical trials to
select optimum lead. Carrying out in vitro screening of antimalarials is very difficult as
different assay methods are subject to numerous sources of variability across different
laboratories around the globe. Despite this, in vitro screening is an essential part of
antimalarial drug development as it enables to resource various confounding factors
such as host immune response and drug—drug interaction. Therefore, in this article, we
try to illustrate the basic necessity behind in vitro study and how new methods are
developed and subsequently adopted for high-throughput antimalarial drug screening
and its application in achieving the next level of in vitro screening based on the current
approaches (such as stem cells).

Keywords: malaria, in vitro, assay method, HTS, stem cells

INTRODUCTION

Malaria is known for millennium for causing fatal consequences. Basically, it is caused by five
different species of Plasmodium namely falciparum, vivax, malariae, ovale, and knowlesi. According
to WHO there were 214 million cases of malaria across the world in the year 2015. Although
the incidence and mortality decreased by 37 and 60%, respectively, globally between the years

Abbreviations: APAD, 3-acetylpyridine adenine dinucleotide; CD34+, cluster of Differentiation 34; CD71, cluster of
Differentiation 71; CD81, cluster of Differentiation 81; DAPI, 4, 6-diamidino-2-phenylindole; DELI, double-site enzyme-
Linked LDH immunodetection; DHS, deoxyhypusine synthase; DMSO, dimethyl sulfoxide; DOHH, deoxyhypusine
hydroxylase; EEFs, exoerythrocytic forms; FPHI, functional proliferation of primary hepatocytes 1; FT-IR, Fourier transform
infrared; hLDH, human lactate dehydrogenase; HPLC, high-performance liquid chromatography; HRP-II, histidine-rich
protein II; HRP-II ELISA histidine-rich protein II enzyme-linked immunosorbent assay; HSC, hematopoietic stem cells;
HTS, high throughput screening; ICsg, half maximal inhibitory concentration; iHLCs, induced hepatocyte like cells; iPSCs,
induced pluripotent stem cells; MMV, Medicines for Malaria Venture; NAD, nicotinamide adenine dinucleotide; PB-PK,
physiologically based pharmacokinetic; PK-PD, pharmacokinetic/pharmacodynamic; pLDH, parasite lactate dehydrogenase;
PRISMA, preferred reporting items for systematic reviews and meta-analyses; SRB1, scavenger receptor class B type I;
Tris-HCL/SDS, tris hydrochloride/sodium dodecyl sulfate; WHO, World Health Organization.
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2000 and 2015 (WHO, 2016) because of the continuous
tremendous effort in the malaria eradication program and
various other strategies, still more attention is required to obscure
resistance phenomena of the diseases (Hyde, 2007; Sinha et al,,
2014). Out of the various strategies to control over malaria
cases, drug development organizations are also trying to develop
a better, more efficacious and safe drug. Each year, thousands
and thousands of moieties are screened for their antimalarial
activity, but very few of them are capable of entering the
market. Developing a whole new drug from a basic idea is so
complex that it takes around 12-15 years and costs more than
$1 billion till the launch of a new drug as a finished product
in the market (Hughes et al, 2011). Recently, more emphasis
is given to discovering new antimalarial drugs as a result of
higher prevalence of resistance to most of the known antimalarial
drugs in Southeast Asian countries (Noedl et al., 2008; Dondorp
et al., 2009; Phyo et al, 2012) and to overcome this situation
various academic as well as non-profit institutions are signing
agreement with major pharmaceutical industry to develop some
new antimalarial drugs. Moreover, there are few new antimalarial
agents that are under clinical trial procedures and many of these
agents are those which were resurrected from earlier antimalarial
drug discovery programs (Gelb, 2007). Nowadays, the main
challenge in drug discovery procedure is to streamline the whole
method to reduce the manpower, total mechanistic energy and
cost consumption, which begins with screening of thousands of
compounds at in vitro level, which will reduce the burden at
in vivo level and finally decrease the number of animals used for
in vivo screening. Many variations in the in vitro antimalarial
assay methods from the year 1968 to till date have arisen from
a very basic concept called “macrotechnique” (Rieckmann et al,,
1968). Subsequently, with advancement in knowledge regarding
parasite biology, material science, and technology, there are a
number of in vitro antimalarial assay methods that are used to
screen antimalarials acting not only at the erythrocytic stage but
also at the liver stage and the gametocyte stages. Most of these
in vitro efficacy models assist us with direct knowledge toward
any potential new drug/disease, serendipitous identification of
new moieties in less time with minimum accountability and
enable to determine antimalarial resistance patterns (Fidock
et al.,, 2004). Also, screening of compounds in vitro in whole
parasite assays is desirable as it helps in effective penetration
of compound inside cellular membranes of the parasite to a
measurable extent, which gives a strong basis for drug discovery
by mimicking the in vivo situation (Hernandez et al., 2006; Hobbs
and Dufty, 2011). However, because of the trend of adopting
independent approaches by various research laboratories for
developing their own assays, it often results in many variations
relating to laboratory-practices, assays, and data-related variables.
Therefore, it is recommended to screen new compounds applying
multiple technologies to minimize or overcome these variations
(Lucantoni et al., 2017). Therefore, in this article we try to
illustrate the basic necessity behind in vitro study and how
new methods are developed and subsequently adopted for high
throughput antimalarial drug screening and its application in
achieving the next level of in vitro screening based on the current
approaches (such as stem cells).

MATERIALS AND METHODS

An electronic systematic literature search was accomplished to
find all relevant studies in PubMed, EMBASE and Google Scholar
starting from the year 1968 to till date. The search keywords
and phrases included, In vitro models for antimalarial efficacy,
antimalarial assay methods, antimalarial drug sensitive assay,
In vitro efficacy models for Plasmodium and high throughput
antimalarial drug screening. All in vitro methods that were
mostly used for compound/drug screening/drug susceptibility
testing were included in the study. However, studies involving
in vitro methods for the clinical diagnosis such as rapid diagnostic
techniques, Raman spectroscopy and HTS methods for other
parasites were excluded. Unpublished data and thesis work were
also excluded. For eliminating duplicity the title and abstract of
all searched studies were examined twice and the reference lists of
the selected articles were additionally reviewed for more relevant
studies.

RESULTS

After a thorough search of PubMed, EMBASE and Google
Scholar, a total of 612 studies relevant to the assumed idea
were retrieved. Among these, only 61 articles having appropriate
content and those that fulfilled the inclusion and exclusion
criteria were further selected for writing this review (Figure 1,
Liberati et al., 2009).

DISCUSSION

Malaria parasite displays a complex life cycle which is
intermediate between two hosts, a female Anopheles mosquito,
which carries sporozoites in its salivary gland and later injects it
into the human being while taking a blood meal. The next stage
of malaria parasite begins with in the human being; it is divided
into two phases that is, the pre-erythrocytic (exoerythrocytic)
phase and the erythrocytic phase. It takes less than a minute
for sporozoites to invade liver cells through blood circulation
after being inoculated. Inside the liver cells, sporozoites transform
into multi-nucleated schizonts. After that, these schizont releases
thousands of merozoites (exoerythrocytic schizogony) into the
peripheral circulation which is responsible for most of the clinical
symptoms in the affected population. Understanding the parasite
life cycle, parasite biology, and pathophysiology of the disease
is the basic to know before any drug discovery effort. Drug
efficacy test at in vitro level is the most preliminary step for
screening any new compound libraries (Figure 2). Rieckmann
et al. (1968) developed simple in vitro susceptibility tests called
“macrotechnique” with an objective to find and follow the trend
of evolution of chloroquine-resistant Plasmodium falciparum in
several parts of the world. The method involves counting of
schizonts in test vials with a comparison to drug-free controls
and only because of its simplicity a standard test kit and a
standard procedure, known as “WHO standard macrotest,” were
established under the sponsorship of WHO. However, because
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FIGURE 1 | Schematic flow diagram to show selection criteria for systematic review.

of less reproducibility in the data, the assay was abandoned in
the late 1980s (Rieckmann et al., 1968; Basco, 2007). Trager and
Jensen (1976) illustrated a new in vitro method for continuous
cultivation of P. falciparum, and with the introduction of
this method, substantial modification in the principle of the
previous practicing in vitro culture technique was undertaken
(Table 1). Also, this modified technique seems to be pioneered
in establishing the base of many in vitro drug susceptibility assays
for screening thousands of drug moieties.

SCHIZONT COUNTING BASED ON
SIMPLE MICROSCOPY

After a series of modifications in 48 h variant test, Rieckmann
et al. (1978) developed “Microtest”. Briefly, after preparation of
thick blood smears from each well, the total number of schizonts
in each well was counted against 500 leukocytes. Finally, in vitro
activity was demonstrated as the percentage of the total counted
schizonts at each drug concentration, with regard to the total
counted schizonts in drug-free controls. Fingerprick capillary
blood samples are sufficient to do this test. After that, the
technique was later adopted to design a field-relevant microtest,
under the sponsorship of WHO by Wernsdorfer and Kouznetsov
(1980), Wernsdorfer and Payne (1988). Basically, macrotest and
microtest are the two earlier WHO assay systems that are

designed for using as laboratory tools to assist in surveillance and
description regarding the epidemiology of drug-resistant malaria
as part of the global monitoring program. These assay systems
are used to follow the evolution pattern of drug resistance parasite
and can also be used for determining the baseline levels of malaria
drug sensitivity. On the basis of the above two protocols, Mark
I, Mark II, and Mark III were developed between 1981 and 2000
which is known by “WHO standard in vitro Microtest kit” (Basco,
2007).

ASSAY BASED ON RADIOISOTOPES

During malaria parasite culture, platelets and uninfected
erythrocytes in the culture plate do not synthesize their RNA,
DNA, proteins or any of their membranes. Also, leukocytes are
unable to multiply and hence disintegrate within a certain period
of time. So, among all these, only malaria parasites have actively
dividing cells. Hence, the addition of radioactive substances
into the culture media enables the parasites to incorporate
radioactive precursors themselves, which seems to be a sensitive
indirect measurement assay for the parasite metabolic activity.
Another beneficial thing is the reliability of Plasmodium sp.
to use exogenous purines as they are unable to synthesize
purines de novo (Sherman, 1977). Among radioisotopes, [*H]
hypoxanthine is the most preferred radioisotope for antimalarial
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FIGURE 2 | Depiction of different in vitro drug sensitivity assays targeting different development stages of Plasmodium.

assay

in vitro drug sensitivity assays as it is also the main purine
base needed by P. falciparum. During this assay, under normal
conditions, incorporation of [*H] hypoxanthine is directly related
to the count of P. falciparum-infected erythrocytes and the
initial parasitemia required for this assay is between 0.1 and
1.0% at 1.5% hematocrit during 42 h of incubation (Chulay
et al,, 1983; Geary et al, 1983). Radiolabeled precursors of
phospholipids, such as the sources of phospholipid polar head
groups, [*H] ethanolamine were incorporated by Elabbadi et al.
(1992); [*H] ethanolamine is another radioisotope used for
similar assay. However, incorporation was observed more with
[*H] ethanolamine into infected erythrocytes as compared with
[’H] hypoxanthine. During drug sensitivity assay both [*H]
ethanolamine and [*H] hypoxanthine incorporation increases
linearly at starting parasitemia in between 0.1 and 1% with
haematocrit levels of 0.1-3%. Both these radioisotope precursors
exhibit distinct metabolic activities and the findings suggest
that, [*H] ethanolamine can be a better substitute for [*H]
hypoxanthine to assess parasite viability. Also, similar responses
under in vitro conditions with P. falciparum reference clone
were obtained when [*H] ethanolamine radioisotope assay was
compared with SYBR Green I-based fluoroassay (Smilkstein et al.,
2004). The first radioisotope, semi-automated assay was that
of Desjardins et al. (1979). The method was primarily adopted
for drug screening in the United States Army Antimalarial
Drug Development Program at the Walter Reed Army Institute
of Research (Washington, DC, United States) and presently
considered as the “gold standard” for various in vitro drug
sensitivity assays. The assay involves the use of liquid scintillation
counter for quantification of incorporated [*H] hypoxanthine.
This assay method is now widely used in well-equipped
laboratories and has also been adapted for studying epidemiology

on fresh clinical isolates (Basco, 2007). Also, this assay is
supposed to be a reference method in most of the advanced
countries for assaying drug sensitivity; however, the same
is not a reference method in most of the malaria-endemic
countries (Basco, 2007). Stringent regulations regarding handling
and disposal of radioactive material since the late 1970s and
requirement of approximately 0.5% of parasitemia along with
the compulsion to use highly expensive instruments, such as
liquid scintillation counters, limit the test application for applying
under field conditions (Noedl et al., 2003a). All these situations
necessitate the use of non-radioactive methods as a standard
method in near future.

ENZYME-BASED ASSAY

Parasite lactate dehydrogenase is an important terminal enzyme
of the glycolytic pathway in Plasmodium parasite and thus plays
a vital role in anaerobic carbohydrate metabolism (Makler et al.,
1993). Plasmodium chiefly depends on anaerobic glycolysis, and
for this they need regeneration of NAD to get a continuous
flux of glucose through this pathway (Sherman, 1998). As an
enzyme structure of pLDH is morphologically different from
host LDH, so its production and accumulation are used as
indices for checking parasite viability (Sherman, 1961; Makler
et al.,, 1993; Brown et al., 2004). Hence, a drug-sensitivity assay,
which displays inhibitory profiles of parasite metabolic activity
through estimation of enzyme pLDH was developed by Makler
and Hinrichs (1993). The assay is rooted on monitoring the
ability of LDH enzyme to quickly use a coenzyme, APAD which
is a NAD analog, in reaction, that converts lactate into pyruvate.
However, LDH of the host erythrocytes carries out the same
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TABLE 1 | Different in vitro drug sensitivity assays used in antimalarial drug screening.

In vitro efficacy Introductory Advantages Disadvantages Reliability/sensitivity Reference
models year
Macrotechnique 1968 o Simple, e Need for 10 ml of venous e A parasite count of Rieckmann et al., 1968

e Does not require
sophisticated equipment

o Reliable for field
application

Microtechnique 1978 e Simple,
e Small volume of blood
e Does not require
sophisticated equipment
o Reliable for field

application
Semiautomated 1979 e A rapid and quantitative
microdilution technique measurement of
or isotopic assays antimalarial activity
(radiolabeled o Automatic reading
hypoxanthine e Reduces the chance of
incorporation assay) result variability
Autometric flow 1990 o Fast
cytometeric analysis e Automated

e Accurate

o Ability to differentiate
between other parasite
stages

o Yields more information
within one single analysis

Isotopic assay 1992 o Fast

(ethanolamine e Reproducible

incorporation assay) e Automated with little data
variability

e Addition of hypoxanthine
for additional parasite

growth
Lactate dehydrogenase 1993 o Fast
(PLDH) assay e Reproducible
e Automated with little data
variability
o No need of trained
personnel
Double-site 2001 e Easier to perform
enzyme-linked lactate o Faster to implement
dehydrogenase enzyme e No trained personnel
immunodetection needed
(DELI) assay o Reliable for field
application

e Cheaper than in vitro
isotopic assays

Histidine-rich protein Il 2002 o Fast
(HRPII) drug e Simple to establish
susceptibility assay o Highly reproducible

blood
e Low success rate (<70%)

e Requirement of trained
personnel
e Time consuming

e Expensive

e Time consuming

e Multiple processing steps

e Special handling and
requirement of waste
disposal system

e Requirement for a
relatively high (i.e., >0.1%)
starting parasitemia

e Inappropriate for field
application

e Requirement of

instrument such as liquid

scintillation counters and

harvesting machines

e Expensive
e Requirement of
instrument

e Expensive

e Requirement of

instrument

e Special handling and
requirement waste
disposal system

e Less applicable for field
application

e Need of initial parasitemia
of 1-2%

e Expensive

e Requirement of
monoclonal antibody

o Not reliable for field
application

e Time consuming as it
uses a longer culture time
(72 h)

between 1000 and

80, 000 asexual parasites

per !
o Less reliable with poor

sensitivity
e Moderate success rate Rieckmann et al., 1978
e Moderate sensitivity

o Reliability and sensitivity Desjardins et al., 1979;

are moderate Chulay et al., 1983.
o Moderate reliability with van Vianen et al., 1990;
high sensitivity van Vianen et al., 1993

o Reliability and sensitivity Elabbadi et al., 1992
are moderate

o Reliable and very sensitive Makler et al., 1993

e Highly reliable and very Brasseur et al., 2001;
sensitive to detect low Druilhe et al., 2001
parasitemia (0.005%)

o Reliable and very sensitive Noed! et al., 2002

(Continued)
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TABLE 1 | Continued

In vitro efficacy Introductory Advantages Disadvantages Reliability/sensitivity Reference
models year
e Easy to perform
e Useful to test slow acting
drugs
o Requires little technical
equipment
CyQUANT assay 2004 o Easier e Expensive o Reliable and very sensitive  Sriwilaijaroen et al., 2004
e More convenient to
perform
e Automated
o Applicable for HTS
e Requires fewer steps
e Uses simpler equipment
o Plate can be stored
frozen for a long period
before the assay
Malaria SYBR Green 2004 e Useful in resource-limited e Expensive o Reliability and sensitivity Smilkstein et al., 2004
I-based fluorescence environment e Requirement of are high
(MSF) assay o Applicable for studying instruments
drug interaction in drug
combinational studies in a
research setting
e Also applicable for clinical
setting
e Designed for HTS
Miniaturized 2008 e Robust e Expensive o Reliable and highly Bergmann-Leitner et al.,
pLDH-based growth o Fast e Requirement of sensitive 2008
inhibition assay (GIA e Automated monitoring of equipments
assay) Plasmodium growth in
HTS.
Non-radioactive 2007, 2010 o Robust e Expensive o Reliable and highly Baniecki et al., 2007;
DAPI-based o Compatibility of the e Instrument requirement sensitive Ndiaye et al., 2010
high-throughput in vitro fluorescent dye, DAPI for
assay monitoring Plasmodium
growth in HTS
Transgenic parasites 2007, 2012 o Simple e Expensive o Reliable and sensitive as Cui et al., 2007;
expressing reporter o No significant differences e Requirement of the standard radioisotope Khan et al., 2012
genes between synchronized transfection technology incorporation method
and unsynchronized
parasites
o Performed within 12 h for
fast-acting drugs
Flow cytometric 20138 o Take less time e Expensive o Reliable and sensitive Rebelo et al., 2013
hemozoin detection
assay
Luciferase-based 20138 e Robust e FACS is required for e Moderate reliability and Lucantoni et al., 2013

high-throughput
screening (HTS) assay

o Better signal-to-noise
ratios
e Wide dynamic range

analysis, rather than
simple fluorescence
microplate readers

e Analysis of GFP
fluorescence needs to be
performed on live
parasites and ring-form
stage parasites that
contain a single-copy gfp
gene, which is difficult for
distinguishing from
uninfected
GFP-fluorescence cells.

superior sensitivity

Frontiers in Pharmacology | www.frontiersin.org

October 2017 | Volume 8 | Article 754


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Sinha et al.

Development in Antimalarial Assays

reaction at a very slow pace in the presence of APAD. In the
assay, development of reduced APAD (APADH) is measured,
which interprets a direct correlation between parasitemia level
and pLDH activity (Makler and Hinrichs, 1993; Makler et al,
1993; Basco et al., 1995). Because of limitations such as the
requirement of high parasite densities of 1-2% and insensitivity
for field applications, a DELI assay was developed, which was
based on monoclonal antibodies specific for pLDH and this
assay was found to be applicable for both diagnostic and drug-
sensitivity testing. The technique is highly sensitive as it can
detect the parasite at very low level of parasitemia (<0.005%).
However, because of limited availability of monoclonal antibodies
specific to the pLDH, it has limited its application (Nogueira,
2010). The other, assay is based on water-soluble, histidine and
alanine rich proteins, that is, HRP II which is mostly localized
in various cellular compartments of parasite including cytoplasm
(Howard et al., 1986). This assay is at least 10 times more sensitive
than the other isotopic assays with minor technical requirements.
The method involves measurement of HRP II levels, which is
directly associated with parasite density and its growth (Desakorn
et al., 1997; Noedl et al., 2002). Moreover, HRP II assay takes
longer time (72 h) in culturing rather than other assays (48 h),
which enables it an advantageous assay for testing of slow-acting
drugs without incorporating any changes to the existing protocol
(Noedl et al., 2002).

HIGH THROUGHPUT SCREENING (HTS)

Because of various limitations, such as the requirement of
microscopist, data variation because of manual counting in
the schizont maturation assay, use and disposal of radioactive
substances in hypoxanthine assay, high cost, with several
processing steps, along with less compatibility for HTS purpose,
there was the development of assay in early 1990s based on flow
cytometry analysis. The basic principle behind flow cytometry
is that it takes advantage that human erythrocytes lack DNA so
it stains and detects only parasite DNA. Briefly, the technology
involves, incubation of parasites for a specified period with
the test compounds, followed by fixation and then staining
in which the whole parasitized cells can be stained with dye,
hydroethidine or the nucleus of the parasite can be stained
with DAPI, a fluorescent dye. Thereafter, flow cytometry can
be used for counting treated and control cultures. Apart from
this, flow cytometry also enables to differentiate between different
stages of parasites inside erythrocyte with the help of gating.
All these features make it a relatively simple assay, which gives
high throughput and becomes the reason for replacement of
older techniques, but the most important concern in using it,
is its cost limitation. van Vianen et al. (1990), reported a fully
automated analysis of drug tests by flow cytometry and they
previously used flow cytometry for the screening of a newly
developed drug. The flow cytometric method also determines
schizont maturation but allows the exact number of nuclei per
parasite to be determined, giving a more accurate account of the
development in culture. Additionally, the parasitemia is counted
in each well, so that a correction can be made for reinvasion.

A variety of different experiments, designed to study drug
sensitivity, invasion-blocking, optimization of culture conditions,
and the comparative relative fitness of parasite populations, can
be analyzed without any alterations of the culture procedures.
Flow cytometry is more accurate in counting parasitemia, for
instance, and can differentiate between developmental stages,
which improve the reading of tests compared with conventional
techniques. This can result in an increase in the number of
successful tests, but it can also lead to the simplification of culture
procedures. An additional improvement is the automation of the
analysis and processing of the data. All data are processed in a
standardized way, maintaining objectivity, and the data remain
available for re-examination. Data from large numbers of tests
can be combined. The results are directly available in tables and
graphs, which are especially important in large studies.

FLUORESCENCE-BASED ASSAY

Furthermore, the need for highly efficient throughput as
well as the demand for non-radioactive assays resulted in
the development of new fluorescence-based techniques which
involves fast automatic quantification of parasite growth after
staining parasites with fluorescent DNA binding dyes such as
ethidium bromide (Waki et al, 1986). Binding of ethidium
bromide to DNA causes the enhancement of its fluorescence
intensity which is proportional to the amount of parasite DNA.
This method was a replacement method to other radioactive
assays in the late 1980s and was also applicable for screening
antimalarials. Later a number of fluorescence dyes were used for
HTS of drugs. Baniecki et al. (2007), revealed the compatibility
and robustness for observing Plasmodium growth in HTS using
DAPI, in a 384-well microtiter plate. Apart from this, few other
DNA intercalating dyes, such as SYBR Green I, YOYO-1, and
PicoGreen, have been recently described for measuring in vitro
Plasmodium growth inhibition (Bennett et al., 2004; Smilkstein
et al., 2004; Kosaisavee et al., 2006; Quashie et al., 2006; Weisman
et al., 2006; Baniecki et al., 2007). As mature erythrocytes do not
have RNA and DNA, the dye specifically binds to parasite DNA at
the erythrocytic stage of P. falciparum and is significantly highly
sensitive to well-defined spectral peaks, and is also less mutagenic
when compared with ethidium bromide (Bennett et al., 2004).
A study carried out by Smilkstein et al. (2004), demonstrated
that the values of ICsy were the same with SYBR Green I
as those obtained with the radioisotope, [*H] ethanolamine
incorporation.

Recent advances in implication of transfection technology on
malaria parasite enable the initiation of the transgenic type of
parasite lines that express different reporters (Crabb, 2002), and
it is found to be more sensitive like other standard radioactive
incorporation assay with nearly zero background luminescence
which does not require empty wells or uninfected erythrocytes
as negative controls (Sanchez et al., 2007). Cui et al. (2008),
generated stably expressing P. falciparum lines with a reporter
firefly luciferase, which was optimized for 96-well microtiter plate
format and serve as non-radiolabel-free, convenient system (Cui
et al,, 2007; Khan et al., 2012). Besides, the assay is simplified as
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it can use both unsynchronized and synchronized parasites with
no significant differences, which suggest less time consumption
and manpower. Moreover, most of the antimalarial assays take
around 48-72 h to yield the results, however, luciferase assay
takes only 12 h for interpreting the results and hence reliable for
fast-acting drugs which suggest that expression of the reporter
is altered before any parasite replicates. Although the assay is
not fabricated for antimalarial resistance monitoring purposes, its
simplicity indicates better feasibility of this luminescent assay for
antimalarial HTS. Also, HTS requires at least 384-well microtiter
culture plate and this assay can be performed in 384-well or
even higher format as Z' scores of >0.77 supports for 384-well
assay (Cui et al, 2008). The CyQUANT assay demonstrated
by Sriwilaijaroen et al. (2004), is another fluorescence-based
assay that uses CyQUANT GR cyanine dye that displays strong
fluorescence, which can easily be detected at the excitation of
485 nm and visualized at 530 nm with a flow cytometer. The
assay was found to be optimum for in vitro antimalarial assays
and the GR dye shows optimum sensitivity and widest linearity
range in comparison to other cyanine dyes (Sriwilaijaroen et al,,
2004).

IN VITRO BETA-HEMATIN FORMATION
ASSAY

Hemozoin is a non-toxic metabolite synthesized by the malaria
parasite during heme metabolism that elucidates one of the
distinct features of Plasmodium. Inhibition of heme metabolism
leads to the acquisition of toxic heme that ultimately kills
Plasmodium as a result of membrane lysis and hindrance in other
metabolic functions in Plasmodium (Francis et al., 1997; Pandey
et al., 1999; Stojiljkovic et al., 2001).

Briefly, for estimation of beta-hematin as a part of the
antimalarial screening, the procedure involves beta-hematin
formation which is initiated after addition of a catalytic
factor in appropriate amount or nucleation. Thereafter, test
compounds are added to the reaction mixtures followed by
incubation for 12-24 h and finally the resulting beta-hematin
is quantitated by different methods. (Tekwani and Walker,
2005). Most protocols involve differentiation of beta-hematin
pellet through filtration or centrifugation followed by sequential
washing of pellet with either water or solution of Tris-HCL/SDS
and alkaline bicarbonate solution or DMSO. Besides, various
experimental approaches are mentioned about beta-hematin
estimation in vitro and use of this for evaluating antimalarial
screening. Quantification of beta-hematin is the major step in
this assay that can be done by a number of techniques such
as spectrophotometric (Basilico et al., 1998; Pandey et al., 1999;
Baelmans et al, 2000; Parapini et al., 2000; Tripathi et al,
2001, 2004; Deharo et al., 2002) radioisotopic (Kurosawa et al.,
2000), fluorometric (Sullivan and Meshnick, 1996; Rebelo et al.,
2013), and HPLC-based (Berger et al., 1995). Monomeric heme
and hemozoin/beta-hematin may also be differentiated by FT-IR
spectroscopy (Slater et al., 1991).

A rapid screening assay for antimalarial drugs has been
developed from Plasmodium to determine deoxyhypusine and

hypusine formed with the purified enzymes DHS and DOHH
(Kaiser et al., 2012).

IN VITRO ASSAYS TARGETING LIVER
STAGES

Gego et al. (2006) developed a new approach based on infrared
fluorescence detection to automatically and rapidly quantify
Plasmodium liver schizonts in vitro. Briefly, the technique
involves plating of HepG2 or primary hepatocytes on plastic
plates for about 24 h before inoculation of Plasmodium
sporozoites, which follows short centrifugation, washing, and
incubation of cells for 48 h for 5 days before quantification.
Quantification was done through the Odyssey infrared imaging
system combined with a colony counter, and this approach
was validated against three strains of P. berghei (ANKA strain),
P. yoelii (265BY strain), and P. falciparum (NF54 strain) (Gego
et al., 2006).

IN VITRO ASSAY FOR GAMETOCYTES

Gametocytes of P. falciparum undergoes five morphologically
separate indistinguishable stages within erythrocytes over a
period of between 8 and 12 days (Baker, 2010) and then they
retain in peripheral blood for few weeks (Bousema et al., 2010).
Gametocyte stage represents “druggable” transmission-related
stage of Plasmodium and therefore there are so many in vitro
methods that have been studied and published for assessing the
gametocidal activity of compounds (Lucantoni and Avery, 2012).
Most of these assays are based on metabolic activity measurement
(Peatey et al., 2011), which is directly correlated with the intensity
of fluorescence dye emitted from transgenic parasite lines that
express a kind of reporter gene (Buchholz et al.,, 2011), alamar
Blue, an oxidoreduction indicator (Tanaka and Williamson,
2011), and bioluminescence-mediated detection of ATP (Lelievre
etal,, 2012) and also, pLDH activity is studied recently (Roncales
et al., 2012). Later, Tanaka et al. (2013) modified and validated
alamar Blue indicator assay suited for HTS and to assess the
viability, gametocytes are also added to this concept. All the above
methods mainly focused on gametocytogenesis at later steps of
development, as immature stages are often hypothesized for their
sensitivity to most of the antimalarial drugs and, therefore, are of
limited concern. Till now, there is no such study that produces
an extensive assessment on the level of sensitivity at early-stage
gametocytes with respect to most of the antimalarials, although
there are few studies which are limited to few established
drugs (Smalley, 1977; Chutmongkonkul et al., 1992; Fleck et al.,
1996; Chavalitshewinkoon-Petmitr et al., 2000; Adjalley et al.,
2011; Buchholz et al., 2011). Besides, previous and some recent
reports illustrate the differences that exist with respect to the
development of a different chemosensitivity pattern of immature
developing gametocytes as well as asexual stages to several
antimalarial compounds such as chloroquine (Chutmongkonkul
et al, 1992), pyrimethamine (Chutmongkonkul et al., 1992)
atovaquone (Smalley, 1977; Fleck et al., 1996; Adjalley et al.,
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2011), and methylene blue (Buchholz et al., 2011). D’Alessandro
etal. (2013) reported the fabrication of novel, quick and cheapest
assay for screening gametocidal compounds by measuring the
activity of pLDH of gametocytes in 96-well plates. The assay
validation was carried out using reference anti-gametocyte
drugs, and the result was interpreted by comparing the readout
measures of mosquito infectivity using the standard membrane
feeding assay (SMFA), which is the current gold standard
transmission blocking assay (van der Kolk et al., 2005; Stone et al.,
2014). Recently, an HTS assay applying luciferase approach has
been performed in assessing compound activity on early (stages
I-III) P. falciparum. The authors demonstrated the application
of this assay with reference antimalarials and also reported
few new leads from the MMV Malaria Box (Lucantoni et al.,
2013). Lucantoni et al. (2016) extended their previous application
to provide a prompt, straightforward, and cost-effective HTS
assay, which is capable of assessing compound activity against
late-stage gametocytes (stages IV and V), with the additional
benefit of profiling activity throughout the process of gametocyte
development and maturation. The assay is also suitable for
evaluating compound activity at an incubation period of up to
72 h, which illustrates its excellent quality and reproducibility,
having average Z’'-values of 0.85 & 0.01 (Lucantoni et al., 2016).

At present, new drugs that hinder both or either hepatocyte
or gametocyte development, are needed to block parasite
transmission. Thus, screening methods that are suitable for
exploring new gametocidal compounds are needed for securing
further transmission of malaria mostly in the endemic regions.
However, a major drawback in the development of these assays
is the unavailability of standardized protocols for gametocyte
cultivation. However, there are few reference compounds against
gametocyte development that mostly used for validation of new
assays.

NEXT-GENERATION ADVANCES ASSAY

In recent years, breakthroughs in the field of stem-cell research
provide an additional opportunity for studying new prospectives
in parasite biology, especially those concerned with the stages of
the parasite cell cycle that seem to be challenging so far or even
impossible task may seek through this new advances at in vitro
level (Figure 3).

HEPATIC STAGE MALARIA: ROLE OF
INDUCED PLURIPOTENT CELLS

For the modeling of the hepatic stage of malaria, hepatocyte
cell lines that is, HepG2, HCO4, are the commonly used ones,
and the most commonly used malaria species are Plasmodium
sporozoites P. yoelii, P. berghei, P. falciparum, and P. vivax
(March et al.,, 2013). But metabolism in immortal cell lines
is a little bit different than in vivo ones and thus they may
not mimic in vivo conditions properly (Noulin, 2016). Again
primary hepatocytes are the natural hosts of malaria (March
et al., 2013). Primary rodent hepatocyte culture came into the

scenario to solve this problem and P. vivax was successfully
cultured in this model (Mazier et al., 1984). The use of human
hepatocyte for the culture of malaria parasite was established
by Dembélé et al. (2014). They successfully cultured exo-
erythrocytic (EE) stages of P. falciparum and P. cynomolgi
in vitro and were also able to develop hypnozoite form. This
protocol may be very useful for the search of drugs that kill
hypnozoites and also to study hypnozoite biology (Dembélé
et al., 2014). But the use of primary hepatocyte brings another
problem; that is, it needs continuous availability of fresh
cells. The procedure for cryopreservation was established by
March et al. (2013), and the use of this protocol permitted
reuse of cryopreserved primary hepatocytes and these reused
cultures showed evidence of Plasmodium invasion (March et al.,
2013).

However, the primary hepatocytes are derived from a small
pool of donors. So this small number of sample pool may not be
representative of the genetic diversity seen in human populations
(Noulin, 2016). Hepatocytes derived from stem cells, overcome
many of these limitations. Stem-cell-derived hepatocytes may
represent more diverse genotypes; renewable and personalization
can be done with the expression of rare genotypes (Ng et al.,
2015).

Induced pluripotent stem cells (iPSCs) can be differentiated
in vitro to produce iHLCs with many intermediate stages
(pluripotent, definitive endoderm, specified hepatic, immature
hepatocyte, mature hepatocyte) using the specific cell culture
protocol as mentioned by Si-Tayeb et al. (2010). These stem
cells can be collected from a huge pool of donors and this can
give us a bank of iPSCs with huge genetic diversity (Ng et al.,
2015). Ng et al. (2015) also tested whether iPSC-derived iHLCs
can be used as a model for the hepatic stage of malaria or not.
In their experiment, iHLCs, demonstrated typical hepatocyte
morphology with a polygonal shape and expressed prototypical
hepatocyte markers such as human albumin, al-anti-trypsin,
and a-fetoprotein. iHLCs were positive for both CD81 and
SRBI, which are host entry factors for liver-stage malaria, and
they were appropriately localized to the cell surface. In their
experiment they found that the liver stage of Plasmodium can
be effectively modeled using iPSC derived iHLCs. But it was
found that iHLCs infected with Plasmodium were sensitive
to atovaquone, but not to primaquine. Atovaquone is active
against Plasmodium in the parent form, but primaquine requires
bioactivation by the action of hepatic enzymes. In the next
step of their experiment, they used small molecule (FPH1) to
upregulate adult human drug metabolizing enzyme. In FPH1
treated, Plasmodium infected iHLCs, primaquine was effective
against both P. yoelii and P. falciparum EEFs, (Ng et al,
2015). Therefore, this model can be an important part of
antimalarial drug discovery with specifically targeting at the liver
stage.

ERYTHROCYTIC PHASE

Giarratana et al. (2011) demonstrated a novel technique of
generating erythrocytes in vitro from CD34+ HSCs. These
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* P berghei, P. yoelii, P. falciparum, P.
vivax
¢ Small molecule mediated maturation of
iHLCs (e.g. FPH1) for maturation of
activity of DMEs
*  Simultaneous screen of DILI

Mature RBC
P, falciparum, P. vivax

*  CD-55: Plasmodium invasion
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FIGURE 3 | Role of stem cell in generating in vitro efficacy models for malaria. iHLC, induced human hepatocyte-like cells; hESC, human embryonic stem cells;
MSP1, merozoite surface protein 1; FPH1, functional proliferation of primary hepatocytes 1; DMEs, drug metabolizing enzymes; DILI, drug-induced liver injury; CD55,
clusters of differentiation; NIH 3T3, mouse embryonic fibroblast cell line; HSC, hematopoietic stem cells; HSPC, hematopoietic stem/progenitor cell; PB, peripheral

erythrocytes were similar in terms of deformability, enzyme
content, the capacity of their hemoglobin to fix/release oxygen,
and expression of blood group antigens to normal endogenous
erythrocytes. In a phase 1 study of the same, it was successfully
translated into humans with a similar half-life (Giarratana
et al., 2011). Fernandez-Becerra et al. (2013) showed that those
erythrocytes which are acquired from either peripheral blood
or bone marrow CD34+ human HSCs (hHSCs) are mostly
permissive for Plasmodium infection. In their experiment, on
day 14 growing erythrocytes showed expression of glycophorin
A along with Dufty blood group antigen, which is considered
as a surface marker for the invasion of Plasmodium. After
that invasion assays were performed using 3D7 P. falciparum
parasite strain and P. vivax isolates and it was demonstrated that
erythrocytes and reticulocytes both differentiated from CD34+
hHSCs and were acquiescent for the invasion of both Plasmodium
species (Fernandez-Becerra et al., 2013).

Plasmodium falciparum can invade erythrocytes of all stages,
but P. vivax preferably invades reticulocytes (Golenda et al.,
1997). But reticulocytes are only 0.5-1% of the total erythrocytes
in the bloodstream and again their lifespan before maturation
is only 24 h. Earlier methods used to concentrate reticulocytes
were centrifugation (Golenda et al., 1997; Borlon et al., 2012), and
use of lysis buffer (Grimberg et al., 2012). Recent studies clearly
demonstrated the preference of P. vivax toward reticulocytes

with high CD71 positive cells (maturation of reticulocytes is
associated with selective removal of membrane proteins, e.g.,
transferrin receptor, CD71) (Martin-Jaular et al., 2013). This
shows the possibility of HSC-derived reticulocytes in the drug
discovery process against P. vivax. Panichakul et al. (2007)
developed an in vitro method in which human cord HSCs
were differentiated artificially in the presence of erythropoietin
to produce susceptible erythrocyte precursors. Duffy positive
reticulocytes appeared after 10 days and the maximum numbers
were found in 14-16 days of culture. P. vivax was co-cultured
on day 10 onward and parasitic growth was detected in growing
erythrocytes. These cultures were maintained for >2 weeks to
85 days by supplying erythrocytes. Peak reticulocyte count (0.5%)
was observed on day 14 and parasitemia was very less between
0.0001 and 0.0013% (Panichakul et al., 2007). Noulin et al. (2012)
developed a method in which reticulocyte first appeared at day 12
of differentiation and the peak reticulocyte count was observed
on day 14 (5% on day 13 and 18% on day 14). The reticulocyte
count then decreased suddenly to 10% on day 16 which almost
disappeared on day 19 (Noulin et al., 2012). Another problem
was fresh reticulocytes were to be used along with fresh vivax
isolates. Noulin et al. (2012) developed a modified technique of
cryopreservation of HSC derived reticulocytes which can later
be used for invasive tests which is an important step toward
continuous P. vivax culture (Noulin et al., 2012).
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CONCLUSION

At the compound screening stage, many thousands of
compounds are screened (1,000-2,000,000 compounds per
screening campaign) using recent HTS techniques. Now, after
identification of hits, which has an average of approximately
1.0%, they are supposed to be ranked which is based on
several criteria (such as the way of synthesis, potency, toxicity;
contradiction and other limitations and novelty to use) for
finding out the most optimum leads. Most of the compounds
are validated and tested in low throughput screening methods
which include radical cure and transmission assays. However,
both these are very expensive along with time-consumption and
thus, they are mostly applied to the selective size of compounds.
After leads selection, optimization for optimum characteristics
such as maximum efficiency along with better bioavailability
and less toxicity is taken into consideration. Finally, modified
leads undergo further evaluation, and later those with maximum
favorable risk-benefit ratio are forwarded to the next step of
development; that is, preclinical evaluation and in case the lead is
found successful, and then it may be carried into further clinical
development phases.

Out of several in vitro/ex vivo susceptibility assays, the
most demanding antimalarial assays includes, HRP-II ELISA,
radioisotopic incorporation, and presently the SYBR Green I
method and all are subjected to lots of data variabilities. The
reason for these variabilities and confounding interpretations is
the differences in protocol of assay methods, different laboratory
conditions, use of distinct parasite strain for susceptibility
phenotypes, and other differences arising because of individual
technical performance (Noedl et al, 2003b; Bacon et al,
2007; Akala et al., 2011). Apart from the above conditions,
drug properties, such as its solubility, pH difference, and
mechanism of action display, method-dependent positive or
negative effects on data analysis along with result interpretation
(Wein et al,, 2010). Also, it is challenging to extrapolate the
results of in vitro testing to in vivo that is, intact systems
biology (Rothman, 2002; De Clercq, 2005). Hence, more careful
observation is required regarding to proper lead selection and
optimization and in vitro toxicity profile. Again, in a drug
requiring metabolic activation, in vitro evaluation techniques
may be little difficult, although primary hepatocyte culture and
other newer techniques such as the application of stem cells
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