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ABSTRACT: The restricted pipeline of drugs targeting the liver stage of Plasmodium infection reflects the scarcity of cell
models that mimic the human hepatic phenotype and drug metabolism, as well as Plasmodium hepatic infection. Using stirred-
tank culture systems, spheroids of human hepatic cell lines were generated, sustaining a stable hepatic phenotype over 4 weeks
of culture. Spheroids were employed in the establishment of 3D Plasmodium berghei infection platforms that relied on static or
dynamic culture conditions. P. berghei invasion and development were recapitulated in the hepatic spheroids, yielding blood-
infective merozoites. The translational potential of the 3D platforms was demonstrated by comparing the in vitro minimum
inhibitory concentration of M5717, a compound under clinical development, with in vivo plasma concentrations that clear liver
stage P. berghei in mice. Our results show that the 3D platforms are flexible and scalable and can predict the efficacy of
antiplasmodial therapies, constituting a powerful tool for integration in drug discovery programs.
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Malaria is one of the deadliest human infectious diseases
worldwide, having caused an estimated total of 435 000

deaths in 2017.1 The disease is caused by protozoan parasites
of the Plasmodium genus, of which five species, Plasmodium
falciparum (Pf), P. vivax (Pv), P. ovale (Po), P. malariae, and P.
knowlesi, are known to infect humans. The initial, obligatory
phase of Plasmodium infection in the mammalian host occurs
in the liver, where each sporozoite traverses several
hepatocytes until productively invading one.2 Inside the
hepatocytes, sporozoites differentiate into exoerythrocytic

forms (EEFs) that replicate into thousands of mature blood-
infective merozoites. Once released into the bloodstream,
merozoites infect erythrocytes, leading to the malaria-
associated pathology.3 The clinically silent nature of
Plasmodium’s initial and obligatory developmental phase in
the liver makes this stage of infection an attractive target for
prophylactic intervention. Furthermore, it is in the liver that Pv
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and Po parasites generate latent forms known as hypnozoites,
which can remain dormant for months or years, until their
activation leads to disease relapse.4

Because of the limitations inherent to addressing the liver
stage of Plasmodium infection experimentally, including the
scarcity of liver-stage models and the limited access to
hypnozoite-forming parasites, few antiplasmodial therapies
target this phase of the parasite’s life cycle. Among the
therapies that target this phase are 8-aminoquinolines (e.g.,
primaquine and tafenoquine), the folate inhibitors sulfadoxine-
pyrimethamine and atovaquone (ATO), and a naphtoquinone
inhibitor of the malaria parasite’s electron transport chain
cytochrome bc1 complex (reviewed by Raphemot et al.5). The
genetic diversity of Plasmodium parasites has led to the
acquisition of resistance to the latter two of these drugs.5,6

Therefore, to fulfill the current therapeutic gaps in the malaria
eradication agenda, new candidates that can be employed in
single-dose treatments are required.7,8 DDD107498 (M5717),
a drug candidate targeting Plasmodium eukaryotic translation
elongation factor 2, may fulfill the potential single-dose
requirement in terms of curing and preventing infection and

blocking transmission of malaria. This compound has a long
plasma half-life and displays potent activity against both liver-
and blood-stage parasites, as well as male and female
gametocytes.9

Despite the efforts to develop new drug candidates that
target the liver stage of Plasmodium infection, the restricted
pipeline of antiplasmodial drugs acting on this phase of
infection reflects the scarcity of preclinical in vitro models
suitable for studying: (i) the complex biology of Plasmodium
development, (ii) drug efficacy, (iii) drug metabolism, and (iv)
toxicology.10 Preclinical in vitro models for the discovery of
antiplasmodial drugs targeting the liver stage of infection rely
mostly on primary human hepatocytes (PHH) cultured in
formats that sustain Pv and Pf infection.11−14 These platforms
depend on extracellular matrix cues (e.g., collagen type I) or
murine fibroblasts to sustain hepatocyte polarization and
functionality, which are not attained in conventional 2D
culture systems.15,16 However, the phenotypic stability of these
culture formats is still limited.17,18 Moreover, the use of PHH
is restricted by their high cost and limited availability and the
great variability between lots. Conversely, cell-line-derived

Figure 1. Characterization of HepG2, HC-04, and HepaRG cell lines in stirred culture systems. (A) Cell viability assay (fluorescein diacetate
(FDA), green; TO-PRO-3, red) at days 4, 9, and 21 (HC-04) or 23 (HepG2) of culture. Scale bar: 200 μm. (B) Spheroid diameters at days 4, 9,
and 15 of culture. Data are represented as mean ± SD of at least 170 spheroids from two to five independent cultures for days 4, 9, and 15 of
culture. Statistical analysis was performed by one-way ANOVA in comparison with day 4 of culture, followed by Tukey’s multicomparison test
(****p < 0.0001). (C,D) Phenotypic characterization by fluorescence microscopy of day 9 and day 15 spheroids: (C) HepG2 and (D) HC-04.
Hepatic phenotypic markers detected include albumin (Alb), F-actin, and HNF4α. The insets in the bottom-right images highlight the membrane
accumulation of F-actin, indicating cell polarization. Scale bars: 50 μm.
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spheroids, in which cell−cell interactions are maximized, have
been shown to promote the accumulation of native ECM and
improve liver-specific features, such as the expression of
polarity proteins and the membrane localization of phase III
transporters;19−22 thus, they more closely resemble the in vivo
architecture and functionality of the hepatic lobule. HepG2, a
cell line with lower metabolic performance than HepaRG and
PHH,23 has been shown to present improved expression of
metabolic enzymes when cultured as spheroids.24 Both HepG2
and HepaRG spheroids have been used in drug testing
platforms and display enhanced sensitivity for the determi-
nation of drug cytotoxicity, mainly with repeated drug
dosing.19,20,22,24−26 The use of stirred-tank systems to generate
spheroids provides a homogeneous physicochemical culture
environment that maintains 3D hepatocyte cultures for longer
periods of time,27,28 with the possibility of noninvasive
sampling throughout culture time and upscaling,29,30 constitut-
ing a cost-effective alternative.
The present work focuses on the development of 3D cell-

based Plasmodium hepatic infection platforms, relying on
spheroids of human hepatic cell lines generated in stirred-tank
culture systems, for the discovery of novel antiplasmodial
drugs. Plasmodium infection of the hepatic spheroids was
optimized in both static and dynamic cell suspension
conditions. The 3D infection platforms were used to assess
the efficacy of two antiplasmodial drugs with distinct modes of
action, M5717 and ATO, throughout hepatic infection by

rodent Plasmodium berghei (Pb) parasites. The translational
potential of these platforms was assessed by comparing these
results with those obtained from in vivo studies. Our results
show the applicability of these novel platforms for drug
discovery programs, given their scalability, flexibility, and cost-
effectiveness.

■ RESULTS
Production of 3D Hepatic Cell Models in Stirred-Tank

Culture Systems. For the generation of hepatic spheroids,
three hepatic cell lines, HepG2, HC-04, and HepaRG, were
selected on the basis of their drug metabolic activities,
susceptibility to Plasmodium infection, or both.11,23,31 All cell
lines were inoculated as single cell suspensions in spinner
vessels, and their aggregation was optimized to attain high cell
packing densities, to promote the formation of compact
spheroids. The inoculum cell density, stirring rate, and serum
concentration were adjusted as previously described.27,30 The
parameters optimized for each cell line are presented in
Supplementary Table S1. By day 4, cultures of the three cell
lines were mainly composed of compact spheroids (Figure
1A). HepG2 and HC-04 spheroids presented high cell viability
after 21 days of culture (Figure 1A) and could be maintained
for at least 30 days. At day 4 after inoculation, HepG2, HC-04,
and HepaRG spheroids displayed average diameters of 70 ±
22, 63 ± 13, and 42 ± 7 μm, respectively (Figure 1B).
Although HepaRG spheroids maintained similar average

Figure 2. Infection of hepatic cell lines with Plasmodium berghei (Pb). (A) Bioluminescence values expressed in arbitrary units (a.u.) of Pb-Luc-
infected HepG2, HC-04, and HepaRG cells, determined by measuring luciferase activity. Results are represented as mean ± SEM of at least three
independent experiments. Statistical analysis with paired t tests was performed for both HepG2 and HC-04 relative to 2D HepG2 (*p < 0.05). (B)
Percentage of cells infected by Pb-GFP for HepG2 and HC-04. Results show the percentage of GFP-positive cells quantified by flow cytometry,
represented as the mean ± SEM of at least three independent experiments. Statistical analysis by paired t tests was performed by comparing all
conditions (*p < 0.05). (C) Pb development in HepG2 and HC-04 cells, determined by measurement of the geometric mean of GFP fluorescence
intensity (MFI). Data represent the mean ± SEM of at least three independent cultures. Statistical analysis was performed by one-way ANOVA,
followed by Tukey’s multicomparison test. (D) Parasitophorous vacuole membrane detection shown by staining of the UIS4 membrane protein in
Pb parasites developing inside HepG2 spheroids. Scale bar: 50 μm. The inset represents a zoom-in of one stack of UIS4 staining. Scale bar: 10 μm.
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diameters throughout culture time, the diameters of the
HepG2 and HC-04 spheroids increased up to 169 ± 45 and
179 ± 56 μm by day 15 (Figure 1B). The hepatic phenotype in
the spheroids was analyzed by the characterization of cell
polarization and hepatocyte-specific markers. F-actin filaments
were detected adjacent to the cell membrane in the apical
regions of the cells from day 9 to day 15 of culture (Figure
1C,D) forming bile-canaliculi-like structures typical of
polarized hepatic cells.19,22,28 The membrane accumulation of
E-cadherin corroborates the cell polarization observed at day 9
of culture (Figure S1). The hepatic identities and biosynthetic
functions of HepG2 and HC-04 spheroids were further
corroborated by the presence of the hepatocyte nuclear factor
4 α (HNF4α) and of the liver biosynthetic globular protein
albumin (Alb) by days 9 and 15 of culture (Figure 1C,D).
Infection of 3D Hepatic Spheroids with Plasmodium

berghei. For the implementation and optimization of a 3D
Plasmodium infection platform, the Pb infection procedure in
2D (described in Pruden̂cio, Mota, and Mendes32) was
adapted to infect spheroids in a 96-well plate format (static
infection, Figure S2A). Therefore, 2D HepG2 cells plated at 1
× 104 cell/well and infected by Pb in a 1:1 cell/sporozoite
(spz) ratio were used as an infection control in all experiments.
Spheroids from days 4 and 9 were infected by Pb-Luc in
different conditions (data not shown). Spheroids from day 9
were more homogeneous than those from day 4 and led to
higher parasite loads and were therefore selected for
optimization of infection parameters in 3D. Parameters
influencing hepatic infection and spheroid morphology were
evaluated by employing HepG2 spheroids. To this end, cell
densities of 1 × 104, 2.5 × 104, and 5 × 104 cell/well with cell/
spz ratios of 2:1, 1:1, and 1:2 were assessed using luciferase-
expressing rodent Pb parasites (Pb-Luc, Figure S2B,C). Given

the surface area covered, the morphology of the spheroids
observed under static conditions, and the parasite load
estimated, cell concentrations of 2.5 × 104 and 5 × 104 cell/
well and cell/spz ratios of 1:1 and 1:2 were selected for further
studies. Therefore, spheroids of the three cell lines from day 9
of culture were infected with Pb-Luc by employing the four
infection conditions selected (Figure 2). Forty-eight hours
postinfection (hpi), the luciferase activity of HepG2 spheroids
was similar to that of the 2D HepG2 cells for all the conditions
tested, except for that at the concentration of 2.5 × 104 cell/
well with 1:1 cell/spz, which was significantly lower than that
of the latter (41 ± 13% of 2D HepG2). HC-04 cells presented
lower parasite loads than 2D HepG2 in 2D and 3D at a cell/
spz ratio of 1:1 (58 ± 12% for 2D, and 21 ± 3 and 57 ± 9% for
spheroids at 2.5 × 104 and 5 × 104 cell/well). At a cell/spz
ratio of 1:2, the parasite loads were 72 ± 26 and 126 ± 17% of
that observed in 2D HepG2 cells for 2.5 × 104 and 5 × 104

cell/well, respectively. In summary, both HepG2 and HC-04
spheroids sustained infection by Pb sporozoites in the four
selected conditions, with higher amounts of spz and higher cell
densities leading to higher parasite loads, suggesting that the
conditions optimized for HepG2 can be translated to the HC-
04 cell system. On the other hand, the HepaRG cell line was
not infected by Pb, either in the 2D or in the 3D formats
(Figure 2A), suggesting that HepaRG does not sustain
infection by rodent Pb parasites.
In order to further characterize Pb infection of 3D spheroids

of HepG2 and HC-04 cells, a Pb strain constitutively
expressing green fluorescent protein (Pb-GFP) was employed.
This strain enables the quantification of GFP+ cells and GFP
intensity by flow cytometry as surrogate measures of infection
rate and parasite development, respectively.33 Pb-GFP-infected
2D HepG2 cells, employed as controls, presented an average of

Figure 3. Characterization of P. berghei development in 3D cultures. (A) Pb-GFP development at 24, 36, 48, and 60 hours post
infection (hpi) analyzed by flow cytometry of 5.0 × 104 cell/well HepG2 and HC-04 spheroids infected at a 1:2 cell/sporozoite (spz) ratio (.
Results are represented as the mean ± SEM of three independent replicates. A paired t test was performed for each condition relative to the
previous time point (*p < 0.05, ***p < 0.001). (B) Pb-GFP development at 24, 36, 48, and 60 hpi assessed by confocal imaging. Scale bars: 10 μm.
(C) Merozoite release as indicated by bioluminescence detection in supernatants of spheroids at 5.0 × 104 cell/well infected by Pb-Luc at a 1:2
cell/spz ratio. Noninfected (NI) 3D cultures were used as negative control. Results are represented as bioluminescence arbitrary units (a.u.)
measured by luciferase activity (mean ± SEM from three independent experiments).
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1.1 ± 0.2% infected cells, similar to the 0.9 ± 0.3% infection

rate observed for the higher 3D cell density employed (Figure

2B). No significant differences were observed among the

different conditions employed for HC-04 cell infection, with

the percentage of infected cells ranging from 0.4 to 0.5%

(Figure 2B). Parasite development, as estimated from the GFP

geometric mean fluorescence intensity (MFI) at 48 hpi, was

also not statistically different among all experimental

Figure 4. Characterization of P. berghei dynamic infection. (A) Schematic representation of the dynamic infection strategy (not at scale). (B)
Infection rate of HepG2 spheroids infected with Pb-Luc in dynamic conditions at 2:1 and 1:1 cell/spz ratios. The infection rate is expressed as the
percentage of bioluminescence normalized by micrograms of DNA relative to the infection in static conditions of 2.5 × 104 cell/well in a 1:1 cell/
spz ratio. Data represent the mean ± SEM of at least two independent experiments. (C) Pb-Luc development in HepG2 spheroids infected by Pb-
Luc in dynamic conditions at a 2:1 cell/spz ratio. Data shown are bioluminescence values measured at 24, 36, 48, 60, and 70 hpi. Results are
presented as mean ± SEM of four independent experiments.

Figure 5. Preclinical assessment of M5717 dose−response (hpi, hours postinfection; dpi, days postinfection). (A) Schematic representation of drug
administration in vivo and in vitro for IC50 determination (not at scale). (B) Dose−response curves and IC50 determinations of M5717 (pink) and
atovaquone (ATO, gray) in HepG2 spheroids infected by Pb-Luc under static conditions at 2.5 × 104 cell/well in a 1:2 cell/spz ratio. Results are
presented as the mean ± SD of three independent experiments. (C) Ventral view images of NMRI mice infected with 100000 luciferase-expressing
sporozoites before (24 h) and after (48 h) treatment with 3 mg/kg of M5717, 0.3 mg/kg of M5717, 10 mg/kg ATO, and vehicle. Heat maps of
mice represent the intensities of bioluminescence (radiance, p/s/cm2/sr) as indicated by the pseudocolor scale.
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conditions (Figure 2C). At this time point, the presence of the
protein up-regulated in infective sporozoites 4 (UIS4), a
constituent of the parasitophorous vacuole membrane
(PVM),34 was detected inside HepG2 cells in the inner layers
of the spheroids (Figure 2D). The parasite’s hepatic develop-
ment in HepG2 and HC-04 spheroids was further assessed
throughout infection, at 24, 36, 48, and 60 hpi. Pb proliferated
in the infected hepatocytes, as indicated by the increase in GFP
MFI from 24 h onward (Figure 3A). These values peaked at 48
hpi in all cultures, only further increasing up to 60 hpi in
adherent HepG2 cells (Figure 3A). These results were
corroborated by immunofluorescence microscopy analyses,
which showed an increase in hepatic parasite size up to 60 hpi
(Figure 3B).
To evaluate the maturation of Pb parasites in HepG2 and

HC-04 spheroids, merosome release was assessed at 70 hpi in
supernatants of 3D cultures. In all conditions, luciferase activity
was detected on culture supernatants (Figure 3C), suggesting
that parasites are able to mature into merozoites and be
released from hepatic spheroids of both cell lines. To fully
ascertain merozoite release and infectivity, HC-04 spheroid
culture supernatants were then injected into BALB/c mice, and
the ensuing appearance of blood parasitemia was monitored.
The results showed that mice developed parasitemia from day
6 after supernatant injection onward, with all mice becoming
blood stage positive at day 8 after injection (Table S2).
Altogether, these results show that the 3D cultures of HepG2
and HC-04 cells are able to sustain invasion by Pb sporozoites,
as well as parasite replication and differentiation. Furthermore,
merozoites derived from HC-04 spheroids fully matured into
blood-infective merozoites, leading to the onset of blood
parasitemia following injection into mice.
Next, an alternative approach to static Pb infection, dynamic

3D infection, was established using HepG2 spheroids and Pb-
Luc in stirred-tank vessels (Figure 4A). To promote the
contact between spheroids and sporozoites, the former were
cultured in suspension at high densities in a low culture volume
during the 2 h required for Pb invasion (cell/spz ratios of 2:1
and 1:1).32 The infection of HepG2 spheroids in static
conditions was used as a control (2.5 × 104 cell/well with a 1:1
cell/spz ratio). Under stirring conditions, the infection rate
observed at 48 hpi with a 1:1 cell/spz ratio was 82 ± 16% of
that of the control (Figure 4B). At 2:1 cell/spz, the infection
rate was 60 ± 19% of that of the control. Bioluminescence
values increased from 12 to 60 hpi, with a slight decrease at 70
hpi (Figure 4C), suggesting that the parasites could develop in
dynamic culture. Collectively, these results demonstrate that
Plasmodium invasion and development in HepG2 spheroids
occurs in both static and dynamic conditions.
Suitability of 3D Infection Platforms for Evaluation of

Dose- and Time-Dependent Responses to Antiplasmo-
dial Drugs. To correlate the in vitro hepatic spheroid infection
platforms with the in vivo rodent Pb model, the activity and
concentrations of M5717 were assessed and compared in a
similar protocol. Addition of compounds occurred 24 h after
Pb infection of 3D HepG2 spheroids, and oral dosing was
performed 24 h post sporozoite injection into mice. ATO was
used as a positive control in these experiments (Figure 5A).
In vitro, the half maximal inhibitory concentration (IC50)

was determined using the 3D static infection platform. The
range of concentrations employed did not impact cell viability
at 48 hpi (Figure S3A). IC50 values for M5717 and ATO in
infected HepG2 spheroids analyzed at 48 hpi were 1.0 ± 0.1

and 2.0 ± 1.7 nM, respectively. Also, the minimum inhibitory
concentration (MIC) for M5717 was 9.9 ± 0.1 nM,
corresponding to approximately 10 times the drug’s IC50
value (Figure 5B). These results are in agreement with the
IC50 values determined in the control 2D HepG2 cultures for
M5717 and ATO (0.4 ± 0.3 and 1.9 ± 0.6 nM, respectively;
Figure S3B).
In vivo, a single oral dose of 0.3 mg/kg failed to clear all liver

stage parasites, whereas at 3 mg/kg M5717 was able to
completely clear the Pb liver stage infection only 24 h after
drug administration, with no recrudescence of parasites
(monitored in the blood until day 33 post-treatment). As
previously reported by Baragana et al.,9 ATO was able to clear
parasites at a single oral dose of 10 mg/kg (Figure 5C).
To correlate the in vivo exposure with the 3D in vitro

effective concentrations, the average plasma concentration
(Cav) over 24 h was compared to the in vitroMIC. At 3 mg/kg,
the plasma Cav24h was 61 nM and corresponded to 6-fold of the
in vitro MIC (9.9 nM), whereas the noncurative dose of 0.3
mg/kg reached a Cav of 5 nM, which corresponded to only half
of the MIC required in vitro.
To ascertain the platforms’ translational potential and take

full advantage of the 3D dynamic infection platform, which
allowed long-term follow-up of the infected culture, the time-
response of M5717 was assessed. Parasite inhibition in the
dynamic 3D platform was assessed from 24 hpi with
concentrations of M5717 above the MIC (25 nM) and
below the MIC (1 nM). Both concentrations of M5717
showed inhibitory effects immediately after drug exposure at
24 hpi (Figure 6). Although Pb development was completely

inhibited throughout the culture period at 25 nM M5717, a
concentration of M5717 below the MIC (i.e., 1 nM) only
partially inhibited Pb infection up to 79 ± 2% at 48 hpi.

■ DISCUSSION
The scarcity of accurate experimental models that adequately
recapitulate the human hepatic phenotype, Plasmodium hepatic
infection, and drug metabolism have hampered the develop-
ment of drugs targeting the liver stages of the malaria parasite.
We have previously shown that stirred-tank culture systems are
suitable for generation of 3D hepatic cell models, which retain

Figure 6. Time−response of M5717 in Pb infection. Time−response
of M5717 was determined under stirred conditions in Pb infection of
HepG2 spheroids. Results are expressed as arbitrary units of
bioluminescence (a.u.) measured by luciferase activity per microgram
of DNA and represent the mean ± SEM of three independent
experiments. The arrow indicates the time at which the drug was
administrated. M5717 was administrated at 1 nM (pink dashed line)
and 25 nM (pink line). The drug vehicle, DMSO, was administered as
a control (blue line).
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a stable hepatic phenotype up to several weeks of culture.27,28

In the present work, spheroids of selected human hepatic cell
lines were employed in the establishment of static and dynamic
3D infection platforms, which sustain infection by Plasmodium
parasites and their complete development.
Two-dimensional cultures of hepatic cell lines have been

extensively used as a model for the characterization of the liver
stage of Plasmodium infection. More complex culture systems,
relying on PHH cultured on natural matrixes (e.g., collagen I)
or in coculture with murine fibroblasts to provide signaling
cues and confer spatial restrictions to improve the hepatocyte
phenotype, have also been employed for the assessment of
Plasmodium infection and long-term parasite development.15,16

Resorting to the use of matrix components or microcarrier
beads for 3D cultures of hepatic cells has been previously
proposed for the study of another hepatotropic pathogen, the
hepatitis C virus (HCV).35−37 Despite the advantages of these
complex biological platforms over conventional 2D cultures,
the presence of nonhuman and undefined components, the
batch-to-batch variability of the materials, and the donor
variability and high cost associated with PHH are disadvan-
tages for their routine application. Conversely, cell-line-derived
hepatic spheroids generated in stirred-tank vessels constitute a
fully human cell model, that is robust and cost-effective for
straightforward integration in screening platforms. In the
present study, spheroids of three hepatic cell lines were
generated in a stirred-tank culture system by tuning critical
parameters, such as cell inoculum, agitation rate, and serum
concentration.27,30 This process generated compact spheroids
with an average diameter lower than 200 μm and did not
generate necrotic centers in HepG2 spheroids.22 Furthermore,
spheroids maintained cell viability for at least one month in
culture. Moreover, we show that hepatic spheroids of HepG2
and HC-04 cell lines kept a stable hepatic phenotype,
characterized by the expression of liver-specific proteins,
albumin, and HNF4α, and cell polarity, a crucial feature for
liver function.18 Additionally, we have previously shown that
hepatic spheroids secrete and accumulate extracellular matrix
components that contribute to the long-term maintenance of
hepatic phenotype.19,25 Therefore, hepatic spheroids recapit-
ulate features of the liver architecture and metabolism.
Our results show that HepaRG cells could not be infected by

Pb, similarly to what has been reported for the human-infective
Pf and the monkey-infective Plasmodium cynomolgi parasite
species, in which HepaRG cells were used as a negative control
of infection14 or were not infected by Pf and Pc in coculture
with PHH.11 Conversely, HepG2 and HC-04 spheroids
sustained Pb infection, in accordance with what is reported
for 2D cultures.32,38 Pb was able to infect cells in both the
outer and inner layers of the spheroids, suggesting that the 3D
architecture does not compromise the cell traversal process
and subsequent productive invasion. Parasite development
inside the invaded hepatocytes was observed by the continuous
increase in parasite size up to 48 hpi, at which time the
presence of UIS4, an essential protein for parasite maturation
throughout hepatic development,34 showed full integrity of the
PVM. The parasite maturation process, which in vivo
culminates in the release of infectious merozoites to the
bloodstream, was also replicated in the spheroid cultures, as
shown by the detection of luminescence in the culture
supernatant and the capability of the latter to initiate a blood
stage infection in mice. Thus, besides displaying relevant
hepatic architecture and polarization, hepatic spheroids sustain

complete Plasmodium hepatic infection. The 3D dynamic
infection platform developed in this study took advantage of
stirred-tank culture systems to maintain high cell densities for
longer periods of time. In the dynamic conditions, the infection
rates obtained were within the same range of the ones obtained
in static conditions. Therefore, the developed 3D dynamic
infection platform sustains efficient Pb infection of hepatic
spheroids in a system that supports homogeneous distribution
of all culture components, is scalable, and allows easy sampling
and monitoring over time without compromising the
continuity of the infected culture.
The newly generated static and dynamic platforms were

further validated for drug testing. The determination of the
IC50 values of both M5717 and ATO showed that M5717
displays a higher inhibitory effect against Plasmodium hepatic
infection than ATO, in agreement with a previous report by
Baragana et al.9 Moreover, the translational potential of the 3D
static platform was demonstrated by comparing effective
concentrations of M5717 on Pb infection in vitro and in vivo.
Using the in vitro 3D hepatic platform, we could show that
concentrations as low as 10 nM, corresponding to the MIC,
were efficient in clearing a patent liver infection. Furthermore,
in vivo data demonstrated that average plasma concentrations
over 24 h (Cav) greater than the MIC (i.e., 61 nM) were able
to clear the liver infection, whereas doses of M5717 yielding
Cav values lower than the MIC (i.e., 0.5 nM) failed to clear all
parasites 48 hpi, resulting in detection of parasites in
circulating blood. Because of the long-term maintenance and
nondestructive, continuous sampling of the dynamic infection
platform, we could follow up infected cultures after drug
addition to ascertain the complete efficacy and exclude the
possibility of remission. This was exemplified with M5717,
which completely inhibited the progression of infection at a
concentration greater than the MIC (i.e., 25 nM), whereas a
concentration below the MIC (i.e., 1 nM) only partially
inhibited Pb infection.
Beyond the translational potential from in vitro to in vivo and

the drug screening uses, these platforms may also constitute an
invaluable tool for studying the basic biology of Plasmodium
hepatic infection in a physiologically relevant context, for
instance, in understanding the mechanisms of cell traversal by
Plasmodium sporozoites, a process whose role in infection
remains unclear.2,39 Moreover, the platforms described in this
work can potentially be translated to human Plasmodium
parasites, as stirred-tank culture systems are suitable for
spheroid culture of HC-04 cells and PHH, which sustain
infection by Pv and Pf.14,27,40 Moreover, the long-term
maintenance of stable hepatic phenotypes can be especially
useful when investigating hypnozoites, dormant forms
generated by Pv and Po parasites that persist in hepato-
cytes.11,12

■ CONCLUSION
To the extent of our knowledge, we hereby report for the first
time that P. berghei can infect and develop inside hepatic
spheroids, completely maturating into blood-infective para-
sites. This 3D culture platform constitutes a promising tool for
drug discovery targeting liver stages of Plasmodium infection.
Besides recapitulating key features of liver cell function, the
system can be scaled up to feed medium to high throughput
platforms for drug screening purposes or to sustain Plasmodium
infections in dynamic systems. With the possibility of long-
term maintenance, medium culture exchange, and non-
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destructive and continuous sampling, this technology allows
the monitoring of infected cultures subjected to various culture
conditions (e.g., hypoxia) or drug treatments, which is useful
for translational medicine purposes (e.g., pharmacokinetic/
pharmacodynamic modeling). The feasibility of using cell
sources that support infection by a range of rodent- and
human-infective parasites, combined with the possibility of
performing dose−response and time−response studies,
emphasizes the flexibility of these platforms. Collectively,
these features highlight the potential of hepatic spheroids for
addressing particular issues of host−parasite interaction, with
the ultimate goal of identifying novel compounds that can be
used for prophylactic or therapeutic interventions.

■ MATERIALS AND METHODS

Animal and Cell Sources. All animal experiments were
performed in strict compliance with the guidelines of the
animal ethics committee of Instituto de Medicina Molecular
Joaõ Lobo Antunes (iMM, Lisboa, Portugal), which also
approved the study, and the Federation of European
Laboratory Animal Science Associations (FELASA). Male
BALB/c mice (Charles River Laboratories), 6−8 weeks of age,
were kept and manipulated in iMM’s animal facility. The
animal experiments carried out at the Swiss Tropical and
Public Health Institute (SwissTPH, Basel, Switzerland)
adhered to local and national regulations of laboratory animal
welfare in Switzerland (awarded permission no. 2693).
Protocols were regularly reviewed and revised following
approval by the local authority (Veterinar̈amt Basel Stadt).
Female NMRI mice (Charles River Laboratories), 20−22 g of
body weight, were housed and manipulated in SwissTPH’s
animal facility. The hepatic cell lines used in this study were
HC-04, HepG2, and HepaRG. The HC-04 cell line was
obtained from Sanaria Inc., whereas the HepG2 and HepaRG
cell lines were purchased from ATCC and Thermo Fisher
Scientific, respectively.
2D Cell Culture. 2D cell cultures were maintained in static

conditions. HepaRG cells were cultured as previously
described.19,41 HepG2 and HC-04 cells were cultured in low
glucose DMEM and DMEM/F12 supplemented with HEPES,
respectively (both from Thermo Fisher Scientific). The culture
medium of both cell lines was supplemented with 1% (v/v)
penicillin/streptomycin and 10% (v/v) FBS. These cell lines
were passaged twice every week at a cell inoculum of 5 × 104

and 4 × 104 cell/cm2, respectively. All cell lines were routinely
propagated in T-flasks under static conditions and maintained
in an incubator with humidified environment at 37 °C with 5%
CO2.
3D Cell Culture (Spheroids). Hepatic cell spheroids were

generated and maintained up to 30 days in dynamic
suspension, with stirred vessels (125 or 30 mL spinner vessels
from Corning, Merck KGaA, and ABLE Biott Corporation,
respectively) placed on magnetic stirrers (2mag AG), and kept
in an incubator with humidified environment at 37 °C with 5%
CO2. Single cell suspensions of 3 × 105 cell/mL were
inoculated into the spinners in the culture medium employed
for 2D cell culture supplemented with 10−20% (v/v) FBS.
The agitation rates and the medium exchange regimens
tailored for each cell line are described in the Supporting
Information (Table S1). Medium replacement was performed
by centrifugation, followed by cell pellet resuspension in fresh
culture medium supplemented with 5−10% (v/v) FBS.

Production of P. berghei Sporozoites. Green fluorescent
protein (GFP)- or luciferase (Luc)-expressing P. berghei (Pb)
ANKA sporozoites reared in iMM’s insectary and P. berghei
mCherry ANKA-Luci-GFP reared at Swiss TPH’s insectarium
were employed. Anopheles stephensi mosquitoes employed at
iMM were infected by feeding on infected mice as previously
described.38 At Swiss TPH’s insectarium, the mosquitoes were
obtained by feeding on infected female NMRI mice after 12−
24 h of starvation (without glucose solution). Female
Anopheles stephensi mosquitoes were allowed to feed on
anaesthetized mice (Escornakon, pentobarbital in 15% ethanol,
70 mg/kg, injected intraperitoneally, ip) for 30 min, and blood-
fed mosquitoes were reared with 8% fructose with 0.5% PABA
and H2O solution.
Salivary glands of infected Anopheles stephensi mosquitoes

were freshly isolated into RPMI 1640 medium (Thermo Fisher
Scientific) or phosphate-buffered saline (PBS), macerated with
a micropistil and filtered through a 40 μm cell strainer to
remove mosquito debris. The free sporozoites were then
counted in a Bürker-Türk or Neubauer chamber using phase-
contrast microscopy.

Plasmodium Infection of 2D Cultures. 2D cultures of
HepG2, HC-04, and HepaRG cells were infected as previously
described.38,42 Briefly, cells were plated at a density of 3.1 ×
104 cell/cm2 in 96-well plates the day before infection. The
following day, the culture medium was replaced by infection
medium (low glucose DMEM supplemented with 5% (v/v)
FBS, 1:300 amphotericin B (250 μg/mL), and 1:1000
gentamycin (50 mg/mL), all from Thermo Fisher Scientific)
and 1 × 104 sporozoites were added to each well, to achieve a
cell/spz ratio of 1:1. In noninfected controls, medium was
added in place of sporozoites. Sporozoite addition was
followed by a centrifugation step at 1800g for 5 min, and
plates were maintained in static conditions at 37 °C and 5%
CO2 for 2 h. After this period, an equal volume of fresh
infection medium was added to the wells. The cultures were
maintained in static conditions up to 48 h postinfection (hpi),
at which time the infection rates were assessed either by
detection of GFP by flow cytometry or by measurement of
luciferase activity, as described below. For the assessment of
parasite development throughout infection, 2D cultures were
processed for flow cytometry, analyzed at 24, 36, 48, and 60
hpi. HepaRG and HC-04 infection values were normalized to
those obtained with HepG2.

Plasmodium Infection of 3D Cultures. Prior to infection,
the cell density of each dynamic spheroid culture was
determined, as described below.
For static infections, spheroids from day 9 of culture were

plated in ultralow attachment flat bottom 96-well plates
(Corning, Merck KGaA) at 1 × 104, 2.5 × 104, and 5 × 104

cell/well densities, in a total volume of 100 μL. The infection
procedure was performed as described for 2D cultures. The
number of sporozoites was adjusted depending on the cell/spz
ratio intended. For dynamic infection, a suspension spheroid
culture was established at 5 × 105 or 1 × 106 cell/mL in 30 mL
spinners from ABLE Biott Corporation. Sporozoite suspen-
sions were added to attain cell/spz ratios of 1:1 and 2:1. The
culture was maintained under constant stirring for 2 h, after
which a 1:4 to 1:8 dilution was performed, and the culture was
maintained up to 84 hpi. The infection medium for the static
and dynamic infections was the same as that employed for 2D
infection. A control condition of infection in 2D HepG2 cells
was included in all experiments. For the assessment of parasite
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infection rate and development throughout infection, sphe-
roids were collected at 24, 36, 48, 60, and 70 hpi for flow
cytometry and bioluminescence or immunofluorescence
microscopy analysis, as described below.
Merozoite Infectivity Assessment in Vivo. BALB/c

mice were infected by intravenous (iv) injection of 200 μL of
supernatants collected from Pb-Luc-infected cells cultured in
2D and 3D static infection conditions. The supernatants from
each condition were injected into five and four mice,
respectively. A noninfected mouse was used as a negative
control. Blood stage infections were monitored by analysis of
Giemsa-stained blood smears and detection of GFP by flow
cytometry in tail blood, collected between days 4 and 11
postinjection.
Characterization of Spheroid Cultures: Cell Viability,

Concentration, and Spheroid Diameter. Cell viability was
determined by a fluorescence live−dead assay, as previously
described.43 Briefly, spheroids were incubated with fluorescein
diacetate (Sigma-Aldrich, Merck) at 10 μg/mL for detection of
viable cells and the DNA dye TO-PRO-3 iodide (Thermo
Fisher Scientific) at 1 μM for detection of dead cells. FDA is a
cell-permeant esterase substrate that measures both enzymatic
activity, which is required to activate its fluorescence, and cell-
membrane integrity, which is required for intracellular
retention of the fluorescent product. TO-PRO-3 is a DNA
dye that stains cells with compromised membranes. Spheroids
were visualized in an inverted fluorescence microscope (Leica
DMI6000). Cell concentrations were determined by the
Trypan blue exclusion method, as described previously.19

Spheroid size was determined by measuring Feret’s diameter43

using the open source ImageJ software (version 1.52b).44

Fluorescence Microscopy. Fluorescence microscopy of
spheroids and adherent cells was performed as previously
reported.28 Briefly, cells were fixed in 4% (w/v) paraformalde-
hyde with 4% (w/v) sucrose in PBS for 20 min. For the
generation of cryosections, spheroids were incubated in a
solution of 30% (w/v) sucrose overnight and frozen in
optimum cutting temperature (OCT) compound Tissue-Tek
(Sakura) at −80 °C. The frozen samples were sectioned in
10−40 μm slices using a Cryostat (Leica). For detection of
intracellular epitopes, cryosections and adherent cells were
processed for immunofluorescence with the following
procedure: permeabilization with 0.1% (v/v) Triton X-100
(TX-100) and blocking with 0.2% (w/v) fish-skin gelatin
(FSG) solution in PBS for 30 min. The incubation of primary
antibodies (Abs) was performed for 2 h in a solution
containing 0.125% (w/v) FSG and was followed by the
incubation of secondary Abs for 1 h in the same solution. For
F-actin detection, following permeabilization, a single
incubation step of 20 min with A488- or TRITC-conjugated
Phalloidin (A12379, Thermo Fisher Scientific, and P1951,
Sigma-Aldrich, respectively) in PBS was performed. Finally,
cryosections and adherent cells were mounted in DAPI-
containing Prolong (P36935, Thermo Fisher Scientific). The
primary antibodies used for immunodetection of hepatic
phenotype included human serum albumin (Alb; Ab8940-1,
Abcam) and hepatocyte nuclear factor 4 α (HNF4α; Ab41898,
Abcam). For the characterization of infection, antibodies
against P. berghei UIS4 protein (AB0042, SICGEN) and GFP
(G6539, Merck) and mouse monoclonal antibody 2E6 against
Pb heat shock protein 70 (PbHSP70) were used. The samples
were visualized using point scanning (SP5, Leica), spinning
disk microscopy (Andor revolution ×D, Andor Technology

PLC) and LSM 710 confocal laser point scanning (Zeiss)
microscopes.

Assessment of Plasmodium Infection by Flow
Cytometry. Pb-GFP-infected samples were washed with
PBS, trypsinized for determination of cell density, and
resuspended in 70−150 μL of 2% (v/v) FBS in PBS. Blood
from the tails of mice injected with the supernatants of infected
cultures was collected to 2% (v/v) FBS in PBS. Cells were
analyzed on a BD Accuri C6 or LSRFortessa (BD Biosciences)
with the appropriate settings for the fluorophores used. Data
acquisition and analysis were carried out using the Accuri C6
(version 1.0.264.21, BD), FACSDiva (version 6.2, BD), and
FlowJo (version 10.0.8, FlowJo) software packages.

Assessment of Plasmodium Infection by Measure-
ment of Luciferase Activity. Pb-Luc-infected cells were
processed at time points ranging from 12 to 84 hpi, depending
on the intended readout, for measurement of luciferase activity
using the Firefly Luciferase Assay Kit (Biotium), following the
manufacturer’s instructions. Briefly, cells were washed twice
with PBS, after which lysis buffer, diluted 1:4, was added. Cells
were alternatingly frozen and thawed with agitation at 500 rpm
until complete cell lysis. Bioluminescence was measured using
a microplate reader (Infinite 200 PRO, Tecan Trading AG),
and the light reaction of each well was measured for 100 ms.

Drug Assays. M5717 was synthesized as described in
Baragaña et al.9 and supplied by Merck KGaA. Atovaquone
(ATO) was bought from Merck (Sigma-Aldrich, A7986).
Stock solutions of 10 mM were prepared in DMSO.

In Vitro Drug Assays. Working solutions of compounds
employed in drug assays were prepared fresh at concentrations
ranging from 0.01 to 300 nM prior to incubation with cells.
Infection of 2D HepG2 cell cultures with Pb-Luc was
performed at 1 × 104 cell/well with a cell/spz ratio of 1:1.
Infection of HepG2 spheroids in static conditions was
performed at 2.5 × 104 cell/well at cell/spz ratios of 1:1 and
1:2, respectively, and infection in dynamic conditions was
performed at 5 × 106 and 1 × 106 cell/mL at cell/spz ratios of
1:1 and 2:1, respectively. At 24 hpi, cells were exposed to the
selected drug dilutions and cultured for an additional 24 h. For
the construction of dose-dependency curves, infection rate and
metabolic activity were assessed at 48 hpi, whereas for the
time-dependent response studies, infection rate and dsDNA
concentration were assessed up to 84 hpi. Cell metabolic
activity was determined by PrestoBlue (Thermo Fisher
Scientific) following the manufacturer’s instructions. Briefly,
cells were incubated with Presto Blue 1× for 50 min at 37 °C,
and the fluorescence of the culture supernatant was measured
by employing 560 and 590 nm excitation and emission
wavelengths, respectively, using a microplate reader (Infinite
200 PRO, Tecan Trading AG). dsDNA quantification was
performed following the manufacturer instruction’s for the
Quant-iT PicoGreen dsDNA Assay Kit (P7589, Thermo
Fisher Scientific). Cell metabolic activity, which correlates to
cell viability, was used as a normalization method for the
infection rate in the IC50 determination assay, whereas DNA
content was used to normalize infection rate in the time−
response assessment in vitro. Cells were then analyzed for
bioluminescence as previously described.
Nonlinear regression analysis was employed to fit the

normalized results of the dose−response curves, and IC50
values were determined using GraphPad Prism version 6 for
Windows (GraphPad Software). The lowest concentration of
antiplasmodial drug that inhibited infection by 99% relative to
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DMSO-treated controls was considered the minimal inhibitory
concentration.45

In Vivo Drug Assays (Established Liver Infection). Naiv̈e
mice were infected with 1 × 105 sporozoites of P. berghei
mCherry ANKA-Luci-GFP by iv injection in the tail vein. At
−2 h or +24 hpi, single oral dose drug treatments with M5717
(0.3, 3, and 30 mg/kg, as indicated in Figure 5C) were given to
groups of three mice. One mouse received 10 mg/kg ATO as a
positive control, and three mice served as untreated controls
(compounds were dissolved in a vehicle of 7% Tween 80 and
3% ethanol). At 23 and 48 hpi, liver-stage Plasmodium
infection was assessed in vivo in all mice. To this end, mice
were anesthetized with isoflurane after an iv injection of D-
luciferin (30 mg/mL) in a volume of 5 mL/kg. To measure
bioluminescence, which correlates with the degree of liver
infection, anesthetized mice were placed in an IVIS Lumina II
system, and images were acquired with a highly sensitive
charge-coupled device (CCD) camera using LivingImage 4.3
Software. The generated heat maps of mice represent
intensities of bioluminescence, with radiance (p/s/cm2/sr)
indicated by a pseudocolor scale (min = 1.20 × 104 and max =
1.00 × 106). At 7, 14, 17, 21, 24, 28, 31, and 35 days
postinfection, blood-stage parasitemia was measured by light
microscopy on Giemsa-stained blood smears, and positive
mice were euthanized. Mice without detectable parasitemia
until day 35 postinfection (33 days post-treatment) were
considered as cured and were euthanized.
Blood-to-Plasma Ratio. M5717 was incubated at 1 μM

for 30 min at 37 °C in mouse whole blood as well as in control
plasma (i.e., surrogate for whole blood). Whole blood samples
were centrifuged to obtain plasma. M5717 concentrations in
plasma supernatant and control plasma were quantified by LC-
MS/MS. The blood-to-plasma ratio (KB/P = CB/CP) was
calculated on the basis of M5717/internal standard peak area
ratios (PAR) according to the equation KB/P = PARP(control)/
PARP. The mouse CB/CP ratio for M5717 was found to be
3.27.
Data Analysis and Statistics. Statistical analysis was

performed using GraphPad Prism version 6 for Windows
(GraphPad Software). A parametric t test was performed,
considering paired conditions when subjected to the same
batch of spz. For unpaired conditions, one-way ANOVA
followed by Tukey’s multicomparisons test was performed. For
statistically significant results, p values are presented (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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