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SUMMARY

The unique relapsing nature of Plasmodium vivax
infection is a major barrier to malaria eradication.
Upon infection, dormant liver-stage forms, hypno-
zoites, linger for weeks to months and then relapse
to cause recurrent blood-stage infection. Very little
is known about hypnozoite biology; deÞnitive bio-
markers are lacking and in vitro platforms that
support phenotypic studies are needed. Here, we
recapitulate the entire liver stage of P. vivax in vitro ,
using a multiwell format that incorporates micropat-
terned primary human hepatocyte co-cultures
(MPCCs). MPCCs feature key aspects of P. vivax
biology, including establishment of persistent small
forms and growing schizonts, merosome release,
and subsequent infection of reticulocytes. We Þnd
that the small forms exhibit previously described
hallmarks of hypnozoites, and we pilot MPCCs as a
tool for testing candidate anti-hypnozoite drugs.
Finally, we employ a hybrid capture strategy and
RNA sequencing to describe the hypnozoite tran-
scriptome and gain insight into its biology.

INTRODUCTION

Since it was �rst reported in 2700 BC, the malaria parasite Plas-
modium has successfully evaded all attempts at eradication.
Combined, the two most prevalent human Plasmodium species
put 3.2 billion people at risk of malaria infection ( WHO, 2015).
Plasmodium parasites enter the blood stream via the bite of an
infected Anopheles mosquito, travel to the liver, and invade he-
patocytes. In this obligate, yet clinically silent stage, the invading
sporozoites develop and replicate by schizogony, forming
Cell Host & Microbe 2
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thousands of new haploid parasites called merozoites. Upon
completion of the liver stage, merozoites are released into the
blood to infect erythrocytes, initiating the cyclic and symptom-
atic blood stage. While Plasmodium falciparum is responsible
for the majority of malaria-associated deaths, P. vivax presents
a bigger barrier to eradication due to its propensity to cause
chronic, relapsing disease weeks to years after the original infec-
tion. This species-speci�c aspect of P. vivaxbiology was discov-
ered, only three decades ago, to be caused by a dormant liver-
stage form of the parasite, termed the hypnozoite. Originally
identi�ed in livers of rhesus monkeys infected with Plasmodium
cynomolgi (Krotoski et al., 1980), the hypnozoite remains a rela-
tive biological mystery. In the absence of speci�c molecular or
phenotypic markers, hypnozoites are generally described as
small, uninucleate forms that persist for weeks to months after
the initial infection (Krotoski et al., 1982), do not express late
liver-stage antigens, are sensitive to the only clinically available
hypnozoite-targeting drug ( Dembele et al., 2011), and have the
potential to relapse. Functionally, the cues that cause dormancy
or promote reactivation are still poorly understood. This limited
knowledge surrounding hypnozoite biology, due in large part to
limited access to P. vivax sporozoites and the inability to estab-
lish primary human hepatocyte (PHH) cultures, has stymied drug
development and represents a barrier to eradication. Today, the
only clinically available hypnozoite-eliminating drug, primaquine,
has an unknown mechanism of action and is contraindicated in a
subset of the population in which a glucose-6-dehydrogenase
enzyme de�ciency causes hemolysis upon administration of
the drug (Wells et al., 2010). Moreover, increasing prevalence
of drug resistance against blood stages ( Price et al., 2014) under-
scores the urgent need for new liver-stage-targeting agents, yet
in order to develop new interventions, robust in vitro models that
facilitate hypnozoite characterization, allow assessment of drug
sensitivity, and help uncover cues that prompt both dormancy
and reactivation are needed.

Historically, examples of successful in vitro culture of
liver-stage P. vivaxare extremely limited. While P. vivaxschizonts
3, 395–406, March 14, 2018 ª 2018 Published by Elsevier Inc. 395
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/ ).



were �rst visualized in PHHs ( Mazier et al., 1984), small forms
were only reported in hepatoma cell lines, HepG2-A16 and
HC04, after 9–14 days of culture (Chattopadhyay et al., 2010;
Hollingdale et al., 1985; Sattabongkot et al., 2006 ). Yet, the
ongoing proliferation of infected hepatoma cells limited the utility
of these platforms for the long-term assays necessary to interro-
gate P. vivax hypnozoite development. We have developed a
microscale human liver platform that combines PHHs with sup-
portive stromal cells in a multiwell micropatterned co-culture
format (Khetani and Bhatia, 2008), where stable hepatocyte-
speci�c function and metabolism is observed for 4–6 weeks.
This platform supports infection with hepatitis C and B viruses,
P. falciparum and P. vivax (reviewed in Gural et al., 2018; March
et al., 2015). In addition to providing a permissive host, hepato-
cytes cultured in micropatterned primary human hepatocyte co-
cultures (MPCCs) exhibit human-speci�c drug metabolism and
long-term stability, ideal traits for drug screening and studies
of long-term dormancy and reactivation.

In this study, we progressed beyond our previous preliminary
�ndings and con�rmed the hypnozoite identity of small forms
present in the MPCC system using clinical Thai P. vivax isolates.
Speci�cally, we found that small forms exhibit the known hall-
marks of hypnozoites in that they are small, uninucleate, persis-
tent for weeks, negative for late-stage liver antigens, sensitive to
primaquine, and appear to have the capacity to reactivate.
Furthermore, our multiwell in vitro platform enabled transcrip-
tional characterization of both small and large P. vivaxliver-stage
forms, by using a customized capture method prior to RNA
sequencing (RNA-seq). To demonstrate its potential as a drug
screening platform, we compared the effectiveness of six clinical
candidates in multipoint dosing. Finally, we have re-engineered
the MPCCs to support a 384-well format, paving the way for fully
automated high-throughput drug screening. Collectively, the
data presented here highlight the potential of MPCCs to enhance
our understanding of hypnozoite biology and advance drug
development against this stage of the P. vivax life cycle.

RESULTS

Infection with Clinical P. vivax Isolates Yields
Hypnozoites and Schizonts in MPCCs
Previous work with P. vivax in the MPCCs has been performed
with cryopreserved sporozoites passaged through monkeys.
To establish liver-stage hallmarks of clinical Thai P. vivax iso-
lates, we infected MPCCs with sporozoites obtained from freshly
dissected Anopheles dirus mosquitoes (Figure 1A). To assess
growth kinetics, we �xed cultures over a series of time points, us-
ing two P. vivax subtypes observed in Thailand, VK210 and
VK247, which differ in their central repeated region of the circum-
sporozoite protein (CSP) (Rosenberg et al., 1989). Both subtypes
successfully infected PHHs, and gave rise to a subpopulation of
exo-erythrocytic forms (EEFs) that grew in size, and a subpopu-
lation of EEFs that remained small (Figure 1B). While day 5 forms
were small, a bimodal separation of small and large forms
became pronounced on day 8 for both subtypes tested. Consis-
tent with clinical human data that reported P. vivax schizonts of
up to 42 mm in diameter in a human liver biopsy (Shortt and Garn-
ham, 1948), EEFs in day 8 MPCCs ranged from 7 to 80 mm in
diameter. We further quanti�ed day 10 forms and observed par-
396 Cell Host & Microbe 23, 395–406, March 14, 2018
asites as large as 130 mm in diameter (data not shown). To deter-
mine parasite development and maturation in vitro, we tested
reactivity to an antibody against the merozoite surface protein
1 (MSP1) (Combe et al., 2009). At the earliest time point tested,
5 days post-infection, no MSP1 expression was observed ( Fig-
ure 1C), while on day 8 post-infection, large parasites but not
small forms were positive for MSP1. Remarkably, day 18 and
21 cultures of P. vivax sporozoites of both strains exhibited
persistent small forms (Figures 1B and S1B), which, based on
their size, morphology, lack of MSP1 expression, and lack of
growth, were considered candidate hypnozoites.

Upon completion of its liver-stage development, Plasmodium
parasites emerge from the host hepatocytes within membrane-
bound vesicles; known as merosomes (Sturm et al., 2006). These
structures contain the erythrocyte-invading merozoites. A hall-
mark of EEF maturation, merosome release, was observed in
live cultures on days 11 and 12 (Figures 1D and S1A; Movies
S1, S2, and S3). Furthermore, to con�rm that MPCCs support
the full liver-stage life cycle of human malaria, MPCCs were over-
laid with packed red blood cells, of which 33% were reticulo-
cytes. Up to 1% of red blood cells (3% of reticulocytes) overlaid
10 days post-infection became positive for ring-stage P. vivax
parasites, as assessed by analysis of Giemsa-stained smears
on day 11 (Figure 1E). In two additional independent experi-
ments, smears of overlaid reticulocytes were negative on day 8
post-infection but became positive on day 9.

To assay for longitudinal changes in cellular organelles in par-
asites, we used several antibodies targeted against P. vivax.
Developing EEFs were visualized using an antibody that recog-
nizes the parasitophorous vacuole membrane (PVM) (Mikolajc-
zak et al., 2015). Over time, the PVM expanded, encapsulating
the growing number of merozoites and isolating the parasite
cytoplasm from that of the host ( Figure 1F). Recently, in a hu-
manized mouse model of P. vivax infection, a coalescence of
UIS4, termed the ‘‘prominence,’’ has been proposed as a candi-
date hypnozoite marker, based on its exclusive observation in
small forms found in sections of infected chimeric mouse livers
(Mikolajczak et al., 2015). In contrast, in MPCC cultures, a
UIS4 prominence is observed both in small forms and in a
subpopulation of large forms (Figure S1C). The endoplasmic re-
ticulum of the parasite was visualized using an anti-binding
immunoglobulin protein antibody ( Noe et al., 2000) (Figure 1F).
The structure appeared as a network that expanded in size
and complexity as the parasite developed, and that included
punctate bright spots of varying sizes. The mitochondria, visual-
ized via the heat-shock protein 60 (HSP60), formed a vast, scaf-
fold-like network surrounding the individual nuclei of the EEFs on
day 8 (Figure 1F). During the 3-day growth period depicted,
detection of the individual nuclei became dif�cult using the
DAPI stain, especially in candidate hypnozoites, so we employed
an additional nuclear antibody to track histone-acetylation
marks (H3K9Ac), previously shown to stain P. vivaxnuclei (Miko-
lajczak et al., 2015). While small forms maintained a single nu-
clear structure, growing schizonts contained numerous nuclei
(Figure 1F). Day 8 forms were further visualized using antibodies
against heat-shock protein 70 (HSP70) and macrophage inhibi-
tory factor (Miller et al., 2012). The cytoplasm of the parasites
expanded in growing schizonts compared to the small forms
present at the same time point (Figure 1F). The apicoplast was



Figure 1. MPCCs Can Be Infected with Clinical P. vivax Isolates
(A) Schematic of the MPCC system where primary human hepatocyte (PHH) islands are patterned in 96-well plates. Sporozoites are overlaid onto culture s 1 day
post-seeding and incubated for 3 hr, followed by addition of mouse �broblasts.
(B) Size distribution histograms of P. vivaxEEFs in the MPCC system are shown after infection with two clinical isolates, performed in two separate experiments.
VK247 experiment: day 5, 310 parasites; day 8, 199 parasites; day 18, 49 parasites. VK210 experiment: day 5, 207 parasites; day 8, 179 parasites; day 18 , 41
parasites. At least three wells per time point pooled. See also Figure S1B.
(C) Representative images of small and large parasites on days 5 and 8, stained with an anti-MSP1 antibody. Scale bars, 5 mm.
(D) Representative images of merozoite release in liveP. vivax(VK210) cultures on day 12 (observed in 5 out of 5 wells). Released merosomes (white arrows) and
merozoite-releasing merosome are shown (black arrow). Inset shows close-up view of two merosomes on the same day. Scale bars, 50 mm. See also Figure S1A
and Movies S1, S2, and S3.
(E) Representative images ofP. vivax infected reticulocytes. Reticulocyte-enriched red blood cells were overlaid onto P. vivax-infected MPCCs, 10 days post-
infection. Giemsa staining of collected blood cells revealed ring-stage parasites, 1 day later. Experiment performed three times by adding blood ce lls to at least
six infected wells, all of which became positive for blood-stage infection as assessed by blood smear (6/1,018, 10/1,070, and 4/995 infected red bloo d cells
counted). Scale bars, 5 mm.
(F)P. vivaxEEFs from MPCC cultures were �xed on days 5 and 8. Antibodies against UIS4, anti-binding immunoglobulin protein (BIP), HSP60, and H3K9Ac were
used to visualize parasite structures. Day 8 structures were further characterized with antibodies against HSP70, macrophage inhibitory factor (M IF), and anti-acyl
carrier protein (ACP). A representative small and large form is shown for all day 8 proteins. Scale bars, 5 mm. See also Figures S1C and S2.
visualized with an anti-acyl carrier protein antibody and showed
a complex, branched expression pattern in growing schizonts
versus punctate spots in the small forms ( Figure S2). Overall,
cellular structures of the P. vivax EEFs became more complex
over time.

Functional Characterization of Small Forms Fit
Pre-existing Hypnozoite Criteria
In addition to the size and kinetic characterization evidence that
the small, persistent candidate hypnozoites identi�ed in MPCCs
are indeed bona Þdedormant forms, we performed further func-
tional characterization of the small forms. We treated P. vivax-
infected MPCCs with two drugs that have been proposed to
have differential hypnozoite-killing activity in clinical settings.
We characterized the half-maximal inhibitory concentration
(IC50) of primaquine and atovaquone on all forms, by assessing
the number of parasites remaining in culture when exposed to
a range of drug concentrations. Primaquine exhibited an IC 50

of 0.32 mM (95% con�dence interval; 0.26 to 0.4). In contrast,
treatment with atovaquone, a drug that is clinically ineffective
against hypnozoites, reduced the number of EEFs in culture,
but not suf�ciently to achieve an IC 50, even at the highest con-
centrations tested (Figure 2A). Indeed, atovaquone eliminated
the subpopulation of parasites that were larger than 10 mm in
diameter, and left a residual subpopulation of only small forms.
Primaquine, on the other hand, had killing activity against both
small and large forms, consistent with its clinical use as the
only available drug with activity against hypnozoites ( Figure 2B).

Day 21 MPCC cultures revealed not only persistent hypno-
zoites, but also a collection of large schizonts ( Figure 2C). The
observation of large forms that appear beyond the �rst wave of
merosome release is consistent with the interpretation that
they originate from reactivated hypnozoites. These forms ex-
hibited similar size ranges and morphologies as day 8 schizonts,
based on their staining pattern with antibodies against
MSP1, HSP60, and H3K9Ac (Figure 2D). To support the hypoth-
esis that the large forms detected on day 21 represent reacti-
vated small forms, we treated cultures prophylactically with
Cell Host & Microbe 23, 395–406, March 14, 2018 397
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Figure 2. Characterization of Drug Sensitivity, Size, Frequency, and Reactivation of Small Forms in MPCCs Match Hypnozoite Criteria
(A) Primaquine (PQ) and atovaquone (AQ) were dosed at varying concentrations, starting 3 hr post-infection (hpi) and replaced with daily media changes until
day 5 when cultures were �xed (prophylactic mode). IC 50 curves were produced by plotting fraction of EEFs remaining in culture at each concentration, as
measured against untreated control wells (mean ± SEM from triplicate wells, representative experiment shown, isolate VK210).
(B) Data from (A) were replotted, after segmenting the populations of parasites into ‘‘large’’ and ‘‘small’’ subpopulations, according to a 10 mm diameter size
threshold. Resulting curve �ts show differential effect of PQ and AQ on small (<10 mm in diameter) and large (>10 mm in diameter) parasite populations.
(C) Cultures were dosed with PQ (5mM) or AQ (270 nM) at 3 hpi until day 5. Cultures were maintained with daily media changes until day 21, when the sizes of any
remaining parasites were assessed (n = 3 wells per independent experiment. Three experiments pooled for control, two experiments pooled for AQ, one
experiment for PQ). See also Figures S3A and S4D.
(D) Representative hypnozoites and candidate reactivated schizonts in day 21 cultures, stained with a panel of antibodies, as indicated. Scale bars , 5 mm. See
also Figure S3C.
(E) Number of parasites remaining per well after treatment with PQ or AQ under the same treatment regimen as in (C) (mean ± SEM, n = 3). See alsoFigure S4D.
(F) Size histograms of day 21 parasites to set a threshold for hypnozoite size (three independent experiments, triplicate wells per experiment).
(G) Hypnozoite diameters from day 8 and day 21 cultures (three independent experiments, triplicate wells per experiment). ***p = 0.0004, two-tailed unpaired t test
with Welch’s correction.
(H) Hypnozoite frequency was evaluated in six separate experiments on day 8. CSP subtype of each experiment is indicated on the x axis (mean ± SEM
shown from at least triplicate wells per experiment. Number of parasites interrogated in each experiment is as follows: 118, 211, 145, 265, 179, 66, 19 9) *Kruskall-
Wallis test.
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atovaquone for 5 days in an attempt to deplete large forms.
These pre-treated cultures also contained large forms on
day 21, consistent with possible reactivation events, where large
forms derive from previously dormant hypnozoites ( Figure 2C). In
an alternative approach, we treated cultures with a different
schizonticide from days 5 to 8. While 6 days beyond the last
drug treatment, on day 14, cultures solely exhibited small forms,
on day 18, one of the cultures revealed re-emergence of large
forms (Figure S3A). In contrast, prophylactic primaquine treat-
ment of cultures completely cleared all parasites by day 21 ( Fig-
ures 2C and 2E). Thus, in the MPCC system, persistent small
forms that lack MSP1 expression also display characteristic
functional traits of dormant forms: they are differentially drug
sensitive to primaquine versus atovaquone, and appear to
have the capacity to reactivate. We believe this set of phenotypic
attributes supports their classi�cation as bona Þdehypnozoites.

In the course of our efforts to track the dynamic phenotype of
P. vivaxEEFs in MPCCs, our kinetic analysis has revealed that in
addition to their capacity for reactivation, and despite their
dormant appearance, hypnozoite sizes increase slightly over
time (7–10 mm; Figures 2G and S3B), consistent with a previous
description (Mikolajczak et al., 2015). Finally, the relative inci-
dence of hypnozoite forms that arise after infection with a given
P. vivax sporozoite pool was quanti�ed. In our cultures, hypno-
zoite frequencies measured on day 8 ranged from 11% to
48%, and were independent of the CSP subtype of the parasite
(Figure 2H).

Hypnozoites Cultured in the MPCCs Provide an
Antimalarial Testing Platform
An important clinical reality faced by providers is that primaquine
sensitivity of patients is variable, in part due to differences in
CYP2D6 metabolism, the enzyme complex thought to be primar-
ily responsible for primaquine bioactivation. Thus, not all patients
respond similarly to primaquine (Bennett et al., 2013). The MPCC
system has the potential to more closely predict not only clinical
outcomes related to treatment with drugs such as primaquine
that require adequate metabolic activity, but also liver toxicity
in donor contexts, which is a major problem in clinical drug
development (Kaplowitz, 2005).

To query whether the MPCC platform can detect patient-
speci�c variations in drug responsiveness, we interrogated the
primaquine IC50 values obtained using different donors. MPCCs
established with PHHs isolated from two different human donors
were infected with the same P. vivaxclinical isolate and showed
a 6-fold difference in their responsiveness to primaquine
(Figure 3A). This result is consistent with a 2-fold change in
CYP2D6 activity between the two PHHs, in that the more sensi-
tive cells exhibit 2-fold higher CYP2D6 activity ( Figure S4A).
Thus, infection of MPCCs can model complex patient-speci�c
phenotypes that arise from a combination of host biology and
drug metabolism. Notably, only relatively common genotypes
are available using PHHs. For rare genotypes, induced pluripo-
tent stem cells provide a complementary platform to study
drug ef�cacy in a de�ned host ( Berger et al., 2015; Ng
et al., 2015).

Having established that MPCC infections can replicate clinical
drug responsiveness outcomes using existing antimalarials, we
applied our platform to assess the potential effectiveness
of novel candidate compounds: four compounds (LMV599,
KDU691, MMV390048, and MMV674594) that target the lipid
kinase phosphatidylinositol-4-OH kinase (PI4K) (Ghidelli-Disse
et al., 2014; McNamara et al., 2013; Younis et al., 2012), one
compound (DDD107498) that targets translation elongation fac-
tor 2 (eEF2) inP. falciparum with activity against P. vivax blood
stages (Baragaña et al., 2015), and one compound (KAF156)
with an unknown mechanism of action ( Kuhen et al., 2014) (Fig-
ures 3A–3D, S4B, and S4C). All drugs were tested under two
dosing regimens, termed ‘‘prophylactic’’ (dosing day 0 to 5)
and ‘‘radical cure’’ (dosing day 5 to 8), and the effect of each
drug on both parasite number and size were recorded on day
8 (Figure 3A). In prophylactic mode, the four PI4K inhibitors
tested had varying activity on both small and large forms ( Fig-
ure 3D). LMV599, the most potent of the four, cleared all para-
sites even at the lowest concentration tested. The other three
PI4K inhibitors tested had similar IC50 values and achieved com-
plete clearance. Notably, the PI4K inhibitors tested were more
potent than primaquine, which was most effective at 5 mM.
DDD107498 and the most potent PI4K inhibitor tested had
similar IC50s, and KAF156, although less potent, had activity
against both small and large forms. In radical cure mode, the
compounds tested appeared less ef�cacious. PI4K inhibitors
had activity against large forms but not all small forms were
cleared from culture. KDU691 cleared a majority of large forms
in radical cure mode, in contrast with the relatively small impact
of KAF156 using this dosing regimen (Figure 3C). In fact, neither
DDD107498 nor KAF156 caused as signi�cant a reduction in
parasite number as the PI4K inhibitors, even at the highest con-
centrations tested, although the remaining parasites were small
in size (Figure S4B).

Hybrid Capture Reveals P. vivax Hypnozoite
Transcriptome in the MPCCs
To further characterize the hypnozoite stage at a molecular level,
we performed RNA-seq on hypnozoite-enriched MPCC cultures
on day 9 post-infection. Hypnozoite enrichment was achieved by
treatment with a PI4K inhibitor in ‘‘radical cure’’ mode and pro-
cessed in parallel with untreated cultures (referred to as mixed
samples) (Figure 4A). Total RNA from infected MPCCs was pre-
pared and enriched for P. vivax transcripts by magnetic pull-
down using custom made baits tiling the recently assembled
P. vivax P01 genome (Auburn et al., 2016). Baits were designed
to include all P. vivax annotated genes and intergenic regions,
and exclude rRNA transcripts and regions with homology to
human or mouse. Selection by hybrid capture was followed by
Illumina HiSeq 2000 sequencing to generate over 100 million
single-end 40 nt reads, with an average of 29 million reads per
sample (Figure 4B). Alignment to P. vivax P01 transcriptome re-
vealed robust enrichment, with approximately 92% and 48% of
reads mapping uniquely to P. vivax in mixed and hypnozoite-
enriched cultures, respectively (Table S1; Figures S5 and S6).
Notably, hypnozoite-enriched samples showed lower library
complexity compared to mixed samples, suggestive of a pre-
served, albeit reduced transcriptional activity, consistent with a
quiescent state (Figure 4C).

Hypnozoite-enriched samples showed a signi�cantly different
transcriptional pro�le relative to mixed samples ( Figure 4E).
Gene ontology (GO) enrichment analysis of the differentially
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