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Summary

Dormant liver stage forms (hypnozoites) of the malaria parasite Plasmodium vivax present major
hurdles to control and eradicate infection. Despite major research efforts, the molecular compo-
sition of hypnozoites remains ill defined. Here, we applied a combination of state-of-the-art tech-
nologies to generate the first transcriptome of hypnozoites. We developed a robust laser
dissection microscopy protocol to isolate individual Plasmodium cynomolgi hypnozoites and
schizonts from infected monkey hepatocytes and optimized RNA-seq analysis to obtain the first
transcriptomes of these stages. Comparative transcriptomic analysis identified 120 transcripts as
being differentially expressed in the hypnozoite stage relative to the dividing liver schizont, with
69 and 51 mRNAs being up- or down-regulated, respectively, in the hypnozoites. This lead to the
identification of potential markers of commitment to and maintenance of the dormant state of
the hypnozoite including three transcriptional regulators of the ApiAP2 family, one of which is
unique to P. cynomolgi and P. vivax, and the global translational repressor, elF2a kinase elK2, all
of which are upregulated in the hypnozoite. Together, this work not only provides a primary
experimentally-derived list of molecular markers of hypnozoites but also identifies transcriptional
and posttranscriptional regulation of gene expression as potentially being key to establishing and

maintaining quiescence.
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1 | INTRODUCTION

Human malaria, which remains a major threat to global health, is
caused by five species of the protozoan Apicomplexan parasite
Plasmodium: P. falciparum, P. vivax, P. knowlesi, P. malariae, and P. ovale.
Of these, P. vivax and P.ovale are capable of producing malaria relapses,
consisting of the reappearance of parasites in the blood of individuals
who have not been exposed to seasonal infectious mosquito bites,
weeks, months or even years after the last infection. This is attributed
to the development of a dormant stage called hypnozoite in the liver of
infected individuals, which is different from the dividing liver schizont
that produces up to 10,000 daughter cells from a single mosquito-
derived sporozoite. Since the first description of hypnozoite forms in
1980, P. vivax and P. ovale hypnozoite research has been limited to
in vitro studies in primary hepatocytes, hepatoma cell lines and more
recently, in humanized mouse models (Galinski, Meyer, & Barnwell,
2013; Mazier et al., 1984). These studies have been complemented
by work on P. cynomolgi, which readily infects rhesus monkeys Macaca
mulatta and M. fascicularis and being the closest relative of P. vivax
(Waters, Higgins, & McCutchan, 1993), is used to model human P. vivax
infection. Based on decades of research, the following features have
become evident: The hypnozoite is a small and round uninucleate form
around 5 um in diameter that is present in the cytoplasm of hepato-
cytes. It does not undergo DNA replication and can be identified by
immunostaining with anti-Hsp70 antibodies. Its size increases slowly
over time in cultured hepatocytes but always remains smaller than
the dividing schizont. However, molecular markers that are specific
to the hypnozoite remain unknown, as does the molecular basis of
hypnozoite commitment and activation.

Our laboratory, using M. mulatta and M. fascicularis primary hepato-
cytes, has developed protocols to robustly culture P. cynomolgi liver
stages in vitro for long periods of time (Dembele et al., 2011; Dembélé
et al., 2014). Using the P. cynomolgi M strain, we observe equal numbers
of P. cynomolgi hypnozoites and schizonts in our culture system with the
former persisting for more than a month. This has enabled us to screen
small molecule inhibitors of liver stage development, leading to the dis-
covery of a histone methyltransferase inhibitor TM2-115 as an inducer
of hypnozoite activation (Dembélé et al., 2014). Although the molecular
targets of TM2-115 in hypnozoites remain uncharacterized, this study
indicated that epigenetic regulation of gene expression may underlie
hypnozoite quiescence. However, despite the availability of the
genome of P. cynomolgi—which consists of ~5,700 genes presenting
highly conserved synteny with P. vivax, but not with P. falciparum, dis-
tributed on 14 chromosomes (Tachibana et al., 2012)—transcriptomic
data are not available for any stage of P. cynomolgi, and in the case of
P. vivax, studies have primarily focused on the blood stage transcriptome
(Bozdech et al., 2008; Westenberger et al., 2010; Zhu et al., 2016). We
therefore hypothesized that a systematic analysis of the transcriptome

of P. cynomolgi schizonts and hypnozoites would allow for better

understanding of hypnozoite quiescence and commitment. Moreover,
such an analysis would support comparative genomic studies that have
indicated the existence of P. cynomolgi- and P. vivax-specific factors that
may be involved in this process (Tachibana et al., 2012).

To overcome the challenges of low number and small size of
P. cynomolgi hypnozoites, we adopted laser capture microdissection
(LCM) to isolate these forms. Laser capture microdissection permits
direct visualization of heterogeneous cell cultures or tissue sections
and subsequent harvesting of specific cell populations for DNA, RNA,
and protein profiling (Emmert-Buck et al., 1996) and has previously been
used to study the expression of select liver stage mRNAs of a rodent
malaria parasite P. yoelii (Sacci et al., 2005) and of the human parasite
P. falciparum (Semblat, Silvie, Franetich, & Mazier, 2005). LCM is also
adaptable to systems in which fluorescently labeled, genetically modi-
fied parasites are not readily available. Using LCM technology in simian
primary hepatocyte cultures infected with P. cynomolgi sporozoites,
coupled with protocols for next generation sequencing of cDNA pre-
pared from very low amounts of mRNA, we successfully analyzed the
transcriptome of P. cynomolgi schizonts and hypnozoites and identified
transcription factors of the Apicomplexan AP2 Apetala2 (ApiAP2) family
and translational regulators such as the elF2a kinase, elK2 as potential
regulators of commitment and maintenance of the quiescent state.

2 | RESULTS AND DISCUSSION

2.1 | LCM efficiently isolates P. cynomolgi schizonts
and hypnozoites

To adapt LCM to our system, we cultured M. fascicularis primary hepa-
tocytes on a polyethylene naphthalate membrane ring placed within a
35 mm dish and infected them with P. cynomolgi sporozoites isolated
from Anopheles stephensi mosquitoes (Figure S1a). After 7 days, we
detected mature schizonts, which we identified using Cresyl violet
staining due to their larger size of around 50 pum diameter, and small
hypnozoite forms of 5 um diameter, which we identified using fixation
and immunostaining with anti-Hsp70 antibodies (Figure 1a). To ensure
that RNA from fixed hypnozoites was of suitable quality for down-
stream processing, we optimized fixation and immunostaining in the
following manner: we fixed cells with cold ethanol instead of
paraformaldeyde and for immunostaining, utilized higher concentra-
tion of antibodies in the presence of RNAse inhibitors and coupled this
with short incubation times (Figure S1b). We dissected and pooled
29-69 representative cells of each parasite form (Table S1;
45 hypnozoites for replicate H1 and 59 for replicate H2; 69 schizonts
for replicate S1 and 29 for replicate S2) prior to isolating total RNA
using silica membrane technology (Figure S1a). Given that the RNA
quantities derived from parasite-infected cells were limited and below

detection limit (Table S1), to determine quality, we microdissected a
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FIGURE 1 Laser capture microdissection (LCM) efficiently isolates liver stages of P. cynomolgi enabling high throughput transcriptomic analyses of
these stages. (a) Top: Cresyl violet staining of a Plasmodium cynomolgi-infected monkey hepatocyte culture with a schizont form indicated (left).
Bottom: Immunofluorescence microscopy of a P. cynomolgi-infected monkey hepatocyte culture stained with anti-parasite HSP70 antibodies
identifies hypnozoite forms (left). The area selected for LCM is indicated before (middle) and after (right) dissection. (b) The percentage of reads that
mapped to either the P. cynomolgi or the M. fascicularis genomes are indicated for each sample. (d) position of the samples in the space spanned by
the first two components generated from a principal component analysis of the log,(read counts) data. For parts B-C, hypnozoite = H1 and H2; liver

schizont = S1 and S2; blood stage = BS1 and BS2

larger area of 5*10° pm?, isolated RNA and analyzed it using gel elec-
trophoresis. As shown in Figure Slc, we consistently obtained high
quality RNA indicating that neither Cresyl violet staining nor fixation
and immunostaining caused RNA degradation.

2.2 | Next generation sequencing of total RNA from
different P. cynomolgi stages

To generate next generation sequencing libraries, we reverse-
transcribed mRNA from microdissected P. cynomolgi schizont and
hypnozoite samples using the SMARTer Ultra Pico kit, amplified the
resulting cDNA using long-distance polymerase chain reaction, and
constructed libraries compatible for lllumina sequencing. As a control
and to enable direct comparison to the published P. vivax blood stage
transcriptome (Bozdech et al., 2008; Westenberger et al., 2010; Zhu
et al., 2016), we treated the P. cynomolgi blood stage samples that were
used to infect A. stephensi mosquitoes in a similar manner. The
sequencing reads were mapped simultaneously to the P. cynomolgi
(PCYB v1.0) and M. fascicularis (v5.0) genomes using STAR (Figure S1a).
In the case of the liver schizont and blood stage samples, we found
that 20-70% of the reads mapped to the P. cynomolgi genome and the
rest to the M. fascicularis genome (Table S1 and Figures 1b and S1b); the
M. fascicularis reads originate primarily from hepatocytes in the liver
schizont sample and from white blood cells in the blood stage sample.
In contrast, less than 1% of reads from the hypnozoite samples mapped
to the P. cynomolgi genome (Table S1 and Figures 1b and S1b). One
explanation for this could be that the hypnozoite, being a quiescent cell,
has reduced transcriptional activity compared to an actively dividing
multinuclear schizont (1,000 to 10,000 transcriptionally active merozo-
ites), and hence reduced mRNA. This has previously been observed for
the budding yeast Saccharomyces cerevisiae, where global transcrip-
tional shutoff mediated by widespread changes in chromatin structure
is associated with its quiescent state (McKnight & Tsukiyama, 2015).
The higher mappability of the P. cynomolgi blood stage and liver
schizont RNA-seq libraries resulted in higher coverage with less than

200 genes having zero reads in all of these replicative stages combined
(Figure S2a,b; Table S2). In contrast, because of the lower number of
reads mapping to the P. cynomolgi genome, we observed lower
genome-wide coverage for the hypnozoite sample: more than 2,500
genes did not have any mapped reads in at least one of the two repli-
cates (Figure S2a,b; Table S2). Nonetheless, in all three stages, 50-60%
of the reads mapped to annotated P. cynomolgi exonic regions with a
significant percentage mapping to intergenic regions (Figure S2c).
These regions likely correspond to meaningful, unannotated coding
or noncoding transcripts that our dataset could help uncover. Of note,
the percentage of reads that mapped to genes encoding ribosomal pro-
teins and histones was between 10% and 20% across all samples
(Figure S2d). Finally, principal component analysis indicated that the
different samples cluster by developmental stage in the space of the
first two principal components (Figure 1c), in spite of a lower correla-
tion of 0.4 for gene-level expression measurements of the two

hypnozoite replicates (Figure S2e).

2.3 | The liver schizont of P. cynomolgi exhibits
elevated fatty acid biosynthesis activity relative to the
blood stage

Thus far, the only transcriptomic data available for malaria parasite
liver stages is for the rodent malaria parasite P. yoelii using microarrays
(Tarun et al., 2008), which revealed the expression of 2,000 mRNAs in
liver schizonts and upregulation of a key metabolic pathway involved
in lipid biosynthesis, the Fatty Acid Synthesis Il pathway. In our study,
we identified a larger cohort of mRNAs expressed in the two liver
schizont replicates—4,598 out of the 5,776 annotated P. cynomolgi
genes had at least 1 count per million (CPM) in the two replicates
(Figures S3a and 2a; Table S2). Moreover, we obtained high quality data
from a single P. cynomolgi liver schizont (Figure S3) in which 3,213 genes
had at least 1 CPM, and correlated well to the transcriptome of the
pooled samples S1 and S2 (Pearson correlation coefficient of .65;
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Figure S3b). Together, this emphasizes the potential of the LCM
technique to perform single cell RNA-seq of proliferative liver stages.
To analyze the properties of the liver schizont transcriptome, we
performed Gene Ontology (GO) analysis of genes expressed at differ-
ent levels within individual samples using GO terms associated with
the syntenic P. vivax or P. falciparum ortholog of each gene. We identi-
fied pathways such as gene expression, translation, RNA-binding, car-
bohydrate metabolism, nucleotide metabolism, and intracellular
transport as being enriched in the top 25th percentile of expression
(Figure 2a). When compared to the top 25th percentile of the
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P. cynomolgi blood stage transcriptome—5,522 expressed genes with
atleast 1 CPM and 4,648 genes with at least 10 CPM in both replicates
(Figure S4a and Table S2)—pathways such as response to heat stress,
fatty acid biosynthesis, and sulphur compound biosynthesis were
over-represented (Figure 2a; see doughnut chart). In contrast, the top
25th percentile of the blood stage transcriptome was enriched for
GO terms such as hemoglobin metabolism and digestive vacuole
(Figure 2a; see doughnut chart). Given that our blood stage datasets
correlated to patient samples CM012 (63% asexual and 37% gameto-
cyte stages) and CMO013 (83% asexual stages and 11% gametocytes)

G0:0006633: fatty acid biosynthetic process
PCYB_113170, 3-oxoacyl-[acyl-carrier-protein] synthase ifi
PCYB_073050, 3-oxoacyl-[acyl-carrier-protein] reductase (FabG)
PCYB_114200, enoyl-acyl carrier protein reductase

PCYB_053460, holo-[acyl-carrier-protein] synthase (ACPS)
PCYB_041870, beta-ketoacyl-acyl carrier protein synthase Ill precursor
PCYB_042140, acyl carrier protein (ACP)

PCYB_142150, malonyl CoA-acyl carrier protein transacylase precursor

GO0:0006508: proteolysis

PCYB_042300, serine-repeat antigen
PCYB_042280, serine-repeat antigen
PCYB_042210, serine-repeat antigen
PCYB_031250, protease

PCYB_042220, serine-repeat antigen
PCYB_042240, serine-repeat antigen
PCYB_042230, serine-repeat antigen
PCYB 123930, aspartic protease PM5
PCYB_142130, M1-family aminopeptidase
PCYB_082830, peptidase

PCYB_111980, falcilysin

PCYB_134860, aspartic protease PM4
PCYB_011900, aspartyl protease
PCYB_147220, preprocathepsin ¢ precursor
PCYB_062810, aspartyl protease
PCYB_083780, aspartyl proteinase
PCYB_051330, rhomboid protease
PCYB_124930, aspartyl proteinase
PCYB_146010, hypothetical protein
PCYB_092780, hypothetical protein
PCYB_042080, transmission-blocking target antigen Pcys230
PCYB_103410, subtilisin-like protease precursor
PCYB_042310, serine-repeat antigen

GO:0004190: aspartic-type endopeptidase activity
PCYB_134860, aspartic protease PM4
PCYB_011900, aspartyl protease
PCYB_062810, aspartyl protease
PCYB_083780, aspartyl proteinase
PCYB_124930, aspartyl proteinase

GO:0007018: microtubule-motor activity

PCYB_131110, dynein

PCYB_144020, dynein

PCYB_061740, dynein

PCYB_022470, dynein

PCYB_021340, kinesin

PCYB_092880, dynein

PCYB_032730, dynactin 4

PCYB_147010, kinesin motor domain containing protein
PCYB_131970, kinesin

PCYB_071310, hypothetical protein

PCYB_095210, kinesin motor domain containing protein
PCYB 032870, kinesin

PCYB_022480, dynein heavy chain

PCYB_127850, tubulin

GO0:0016459: myosin complex

PCYB_122100, myosin A
PCYB_094600, myosin heavy chain subunit
PCYB_145540, myosin D

FIGURE 2 The P. cynomolgi liver schizont transcriptome is enriched with mRNAs encoding components of the fatty acid biosynthesis pathway. (a)
Heat map showing the gene expression (logonormalized-read-counts) of 4,801 genes with at least 1 CPM in at least two of the four schizont (S) and
blood stage (BS) samples. Gene ontology (GO) terms enriched in genes with high expression (in the top 25% of expression levels) are represented in
a doughnut graph to the right of the heat map. (b) Heat map showing the gene expression (logonormalized-read-counts centered and scaled for

each row) of the 807 genes detected as differentially expressed between the schizont (S) and blood stage (BS) samples. Zooming in, specific GO
terms of interest enriched within the list of differentially expressed genes are shown to the right of the heat map. (c) The mean expression of genes
in the schizont and blood stage datasets (x-axis) was compared to the log,(fold change) of gene expression in schizonts relative to the blood stages
(y-axis) and represented as an MA-plot using the DESeq2 package. Genes with an FDR < 5% are represented with a blue dot and the names of

those with a log,(fold change) >2 are shown
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from Westenberger et al. microarray analysis of the P. vivax tran-
scriptome (Westenberger et al., 2010) with a Pearson correlation coef-
ficient of .5 (Figure S4b), our analysis supports the use of P. cynomolgi
transcriptomic analysis to obtain insights into P. vivax biology.

To further contrast the metabolic state of the dividing liver and
blood stage forms of P. cynomolgi, we performed differential expres-
sion analysis using DESeq2 (Love, Huber, & Anders, 2014) of 4,801
genes detected at 21 CPM in at least one of the two samples of each
stage (Figure S5a and Table S3). We identified 807 genes as differen-
tially expressed (DEX; FDR <5%), 212 of which were >3-fold upregu-
lated and 595 of which were >3-fold downregulated in the schizont
samples (Figure 2b,c and Table S3). GO enrichment analysis showed
that upregulated schizont transcripts are enriched for pathways such
as fatty acid biosynthesis, cysteine-type peptidase activity, and endo-
peptidase activity (Figure 2b and Table S3). Moreover, the only
enriched GO term in the cellular component category is the apicoplast
(Table S3), and is associated with genes involved in fatty acid biosyn-
thesis: this in keeping with studies in P. yoelii, which suggested that
the Fatty Acid Synthesis Il pathway is an important component of liver
development (Tarun et al., 2008). On the other hand, the downregu-
lated genes are enriched in GO terms related to structural constituents
of the cytoskeleton and microtubule motor activity (Figure 2b), imply-
ing that microtubule motor components may play a key role in blood
stage development, but not in liver schizont development. Notably,
we found that the mRNAs of Liver Specific Protein 1 and 2 (LISP1
and LISP2) and sporozoite and liver stage asparagine-rich proteins
(SLARP), proteins involved in parasite egress (LISP1; (Ishino et al.,
2009)), host-parasite interaction (LISP2; (Orito et al., 2013)) and initia-
[Silvie, Goetz, &
Matuschewski, 2008]) were upregulated specifically in the P. cynomolgi

tion of liver stage development (SLARP;

liver schizont. Overall, our data demonstrate that P. cynomolgi
upregulates different Plasmodium-conserved pathways to divide within
the liver cell as compared to a red blood cell, confirming the existence

of host cell type-specific adaptations of gene expression.

2.4 | The first description of the hypnozoite
transcriptome

Due to the small fraction of sequencing reads that mapped to the
P. cynomolgi genome (Figure 1b and Table S1) in the hypnozoite sam-
ples, only 2,464 genes had at least one read count in one of the two
hypnozoite samples (Table S2). Low read counts together with a lim-
ited number of replicates are likely to increase variation, affect type |
errors and estimation accuracy of the differential expression model.
Hence, we proceeded cautiously and selected 880 genes with at least
1 read count in both hypnozoite replicates as the most representative
of this quiescent state (Table S4). GO analysis with P. vivax or
P. falciparum syntenic orthologs of these genes provided a generalized
view of the hypnozoite transcriptome: pathways such as gene expres-
sion, translation, proteolysis, and chromosome organization, are
enriched (Figure 3a). This list is similar to the top 25th percentile of
the liver schizont and blood stage transcripts (Figure 2a) except for
the presence of the GO term “regulation of transcription,
DNA-templated,” which is associated with 32 genes involved in nega-

tive regulation of transcription, chromatin remodeling, chromatin

silencing at telomeres, and protein ubiquitination, all of which could
play a role in global transcriptional repression, partially explaining the
reduced number of P. cynomolgi mRNA reads in the quiescent state.
To identify potential biomarkers of the hypnozoite, we compared
the hypnozoite and liver schizont transcriptome using DESeq2
(Figure S5b) and detected 120 genes as being DEX (FDR <5%):
69 > 3-fold upregulated and 51 > 3-fold downregulated in the
hypnozoite samples (Table S4 and Figure 3b,c). Enriched GO terms
include protein serine or threonine kinase activity and methyltransfer-
ase activity for the upregulated genes, and guanosine 5'-triphosphate
binding, hydrolase activity, and threonine-type endopeptidase activity
for the downregulated genes (Table S4 and Figure 3b). Notably, this list
contains 12 genes that are absent in P. falciparum (Table S5), 11 of
which have orthologs in P. vivax and P. ovale and one is specific to
P. cynomolgi and belongs to the variant Pv-fam-e/RAD family. More-
over, the genes that were predicted to play a role in hypnozoite forma-
tion by Tachibana et al. in the P. cynomolgi genome assembly study
(Tachibana et al., 2012), including the Ran guanosine 5'-triphosphate-
binding protein PCYB_092380, did not have any reads in the
hypnozoite sample neither did hypnozoite regulatory genes predicted
by the P. ovale genome assembly study (Rutledge et al., 2017,
Table S5). We discuss the putative role of some of the DEX factors
in hypnozoite commitment and maintenance in the next sections,
focusing on transcripts that have at least 10 read counts in at least

one of the replicates.

2.5 | ApiAP2 transcription factors as potential
regulators of hypnozoite commitment and/or
maintenance

The 27-member ApiAP2 family of specialized transcription factors is
homologous to the plant Apetala2/Ethylene response factor family
and is characterized by one or more 60 aa DNA-binding AP2 domains
(Painter, Campbell, & Llinds, 2011). In recent years, the role of the
ApiAP2 proteins in determining stage transitions during the Plasmo-
dium spp. life cycle has become evident (Kafsack et al., 2014,
Modrzynska et al., 2017; Sinha et al., 2014). Intriguingly, in P. cynomolgi
hypnozoites, we observed that three ApiAP2 genes are upregulated
(Figure 3b,c), PCYB_102500, PCYB_102390, and PCYB_134850
(FDR = 0.053; Table S4). Of these, PCYB_102500 and PCYB_134850
present orthologs in all other Plasmodium spp. while orthologs of
PCYB_102390 are identifiable only in P. vivax and P. ovale. This indi-
cates that the PCYB_102390-encoded ApiAP2, which we term
AP2-Q (for quiescence), might be responsible for commitment to qui-
escence, as has been observed for a second transcriptional activating
ApiAP2, AP2-G, during sexual commitment (Kafsack et al., 2014; Sinha
et al, 2014). Indeed, AP2-Q could be the first biomarker of
hypnozoites and further studies are needed to confirm the role of this
protein in hypnozoite transcriptional regulation.

While a recent study predicted a role for PCYB_102500 orthologs
in transcriptional regulation in transmission stages (so-called AP2-02
for a phenotype in mosquito ookinete development; (Modrzynska
et al., 2017), the ortholog of PCYB_134850 in the rodent malaria par-
asite P. berghei encodes for AP2-G2, described as a second regulator

of gametocyte commitment, downstream of AP2-G action (Sinha
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FIGURE 3 The quiescent state of the P. cynomolgi hypnozoite may be regulated by transcription factors of the ApiAP2 family and translational
repression by the elF2a kinase elK2. (a) Heat map showing the gene expression (logonormalized-read-counts) of 880 genes with at least one
read count in both hypnozoite (H) replicates. Gene ontology (GO) terms enriched in all 880 genes are represented in a doughnut graph to the right
of the heat map. (b) Heat map showing the gene expression (log,normalized-read-counts centered and scaled for each row) of the 120 genes
detected as differentially expressed between the hypnozoite (H) and schizont (S) samples. Zooming in, specific GO terms of interest enriched within
the list of differentially expressed genes are shown to the right of the heat map. (c) The mean expression of genes in the hypnozoite and schizont
stage datasets (x-axis) was compared to the log,(fold change) of gene expression in hypnozoites relative to schizonts (y-axis) and represented as an
MA-plot using DESeq2. Genes with an FDR < 5% are represented with a blue dot and the names of those with a log,(fold change) >2 are shown.

Genes of interest are highlighted in red

et al., 2014; Yuda, lwanaga, Kaneko, & Kato, 2015). PbAP2-G2 tran-
scriptionally represses around 1,500 asexual stage genes, thus
blocking the asexual proliferation program of sexually committed par-
asites (Yuda et al., 2015). When we scanned the upstream promoter

regions (1-1.5 kb region upstream of transcription start site or ATG)

of the DEX genes for the recognition motif of AP2-O2 (TGATATCA)
or AP2-G2 ([A/T/G]GTTGI[T/C][A/T/C] and other variations of the
same), we detected their occurrence in 25-98% of the hypnozoite
stage DEX genes (Table S6). However, we did not observe a specific

enrichment of these motifs in DEX genes relative to non-DEX genes
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(Table Sé). Furthermore, motif enrichment analysis using MEME
(Bailey et al., 2009) did not identify a specific sequence in the
upstream promoter regions of the DEX genes that could be targeted

for transcriptional regulation.

2.6 | Similarity to other nondividing states of
Plasmodium and non-Plasmodium spp.

A well-characterized quiescent state of malaria parasites is the mature
salivary gland sporozoite, with low levels of transcription and transla-
tional repression playing a key role in maintaining its metabolic state
(Zhang et al., 2010). To determine if similar processes regulate the
hypnozoite, we first compared the hypnozoite transcriptome to the P.
vivax sporozoite transcriptome (Westenberger et al., 2010) and found
that only 11 of the top 50 highly expressed sporozoite genes were also
expressed by the P. cynomolgi hypnozoite (highlighted in red in Table
S4). Second, given that sporozoite translational repression is mediated
globally by the eukaryotic initiation factor-2a kinase elK2, a serine or
threonine kinase (Zhang et al., 2010), and specifically by RNA-binding
proteins of the Pumilio and fem-3 binding factor or Puf family, Pufl
and Puf2 (Gomes-Santos et al., 2011; Miao et al., 2013), we scanned
the list of DEX genes and identified a serine or threonine protein
kinase (encoded by PCYB_021650) as being upregulated in the
hypnozoite transcriptome (Figure 3b,c and Table S4) and presenting
an ortholog only in P. vivax (Table S5) and P. ovale. Using Blastp on
https://plasmodb.org with the PCYB_021650-encoded protein, we
selected the top 50 hits, phylogenetic analysis of which classified
PCYB_021650 as a potential P. cynomolgi elK2 ortholog (Figure Sé6).
The upregulation of elK2 in P. cynomolgi hypnozoites suggests that
translation repression could partially contribute to maintenance of
the quiescent state, although we cannot rule out other functions for
PCYB_021650. We also identified the mRNAs of other RNA-binding
proteins including PCYB_094480 (contains an RNA recognition motif)
and PCYB_053300 (NOB1-like protein) as being upregulated in the P.
cynomolgi hypnozoite, indicating that posttranscriptional gene regula-
tion may also contribute to hypnozoite homeostasis.

Eukaryotic cells such as mammalian cells, budding yeast cells, and
dividing Toxoplasma gondii tachyzoites, differentiate into a quiescent
state under conditions of stress or starvation or in response to external
stimuli. In the case of mammalian cells, the GO phase of the cell cycle is
a classic resting state, and several GO terms have been associated with
cell cycle arrest or GO entry (http://amigo.geneontology.org/amigo),
none of which are enriched in the hypnozoite genes. Nonetheless, cell
cycle regulators, PCYB_063140 (enhancer of rudimentary domain con-
taining protein), PCYB_102940 (CDK-activating kinase assembly fac-
tor), PCYB_146400 (cell cycle control protein), PCYB_133040
(proliferation-associated protein 2 g4), PCYB_126660
(SEL-1 protein), and others are expressed by the hypnozoite and may
effect quiescence. In the case of S. cerevisiage, 15 genes—CTA1,
ARP4, CTT1, VRG4, RIM15, GVP36, TOR1, VAN1, SCH9, ARD1,
SOD2, SPA2, SIC1, HOG1, and SNF1—are associated with entry into
GO (http://www.yeastgenome.org/), and are enriched for GO terms
such as “response to stress” and “protein phosphorylation,” both of

which are enriched within the 880 hypnozoite genes selected for our

analysis. Finally, for T. gondii tachyzoites, differentiation into the latent
bradyzoite state is associated with the expression of over 100 factors
(Buchholz et al., 2011); orthologs of several of these factors are
expressed in the hypnozoites (Table S7) and present as important can-
didates to explore the biology of this quiescent state. Indeed, this list
contains genes encoding RNA-binding proteins (PCYB_112050), high
mobility group proteins (PCYB_052380 and PCYB_131170), translation
initiation factors (PCYB_146820), enolase (PCYB_082570), and lactate
dehydrogenase (PCYB_123790), all of which are of potential interest
to elucidating hypnozoite biology.

2.7 | Conclusions and perspectives

Much research has gone into developing drugs that target all stages
of Plasmodium growth, including the inaccessible hypnozoite form,
with the only one FDA-approved that kills this quiescent stage being
primaquine (Hill et al., 2006). However, primaquine and its deriva-
tives suffer from the caveat that they cause haemolysis in people
with glucose-6-phosphate dehydrogenase deficiencies, a genetic trait
prevalent in the populations where P. vivax malaria is endemic, and
are ineffective in people with low metabolising cytochrome P450
2Dé6 genotypes (Campo, Vandal, Wesche, & Burrows, 2015). There-
fore, there is an urgent need to discover novel antihypnozoite com-
pounds that can be widely deployed for the treatment and radical
cure and/or prophylaxis of P. vivax and P. ovale malaria. To our
knowledge, our study is the first to characterize the hypnozoite tran-
scriptome of any malaria-relapsing species identifying key factors
that regulate transcription and translation, pathways that permit a
cell to proliferate, as potential markers of the hypnozoite. Further
studies on genes highlighted in this study could help to clarify the
properties of the quiescent state and identify ways to wake up and
kill these dormant forms.

3 | EXPERIMENTAL PROCEDURES

3.1 | Ethics statement

All studies that involved animals are in compliance with the standards
for human care and use of laboratory animals (Animal welfare Assur-
ance, OLAW number A5826-01) and are in accordance with French
national regulation as well as European guidelines. See supplementary

information for additional details.

3.2 | Hepatocyte infection with P. cynomolgi
sporozoites

P. cynomolgi M strain sporozoites and M. fascicularis hepatocytes were
cultured as previously described (Dembele et al., 2011; Dembélé et al.,
2014); see supplementary information for additional details). For liver
stage P. cynomolgi infection in an LCM-compatible setup, M. fascicularis
hepatocytes were seeded at a final cell density of 250,000 cells per
cm? in a polyethylene naphthalate -membrane Ring 35 (Zeiss) coated
with collagen | (BD BioSciences) in a lummox dish support (Zeiss).
6 x 10° P. cynomolgi sporozoites resuspended in complete medium

were then added to the hepatocyte culture and incubated at room
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temperature for 3 hr to allow parasite sedimentation and at 37°C with
5% CO, for 3 hr to allow hepatocyte invasion and infection. After this,
free sporozoites were washed away and the culture incubated at 37°C
with 5% CO, for up to 7 days. The medium was changed every 24 to
48 hr.

3.3 | Laser capture microdissection

P. cynomolgi-infected hepatocytes were microdissected at day 7 post-
infection. The schizont forms were visualized using a modified Cresyl
violet (Sigma) staining protocol and hypnozoites were visualized using
a rapid immunostaining method optimized for RNA preservation
(Figure S1b). See supplementary information for additional details.
LCM was carried out using the PALM microlaser system (Zeiss) and
the PALM-Robo software, which permits the selection, posterior cut
and catapulting of regions of interest into a collection tube. 1, 29 or
69 schizont stage parasites and 45 or 59 hypnozoites were captured

and pooled for RNA preparation as described below.

3.4 | RNA extraction and next generation
sequencing

Microdissected schizonts and hypnozoites were directly suspended in
RA1 buffer complemented with TCEP as a reducing agent (Machery-
Nagel) and total RNA extracted using the NucleoSpin RNA XS kit
(Macherey-Nagel). In the case of P. cynomolgi blood stage cultures,
RNA was extracted from frozen infected M. fascicularis blood samples.
Briefly, the blood samples were centrifugated for 10 min at room tem-
perature at 500 g and washed with PBS prior to RNA extraction using
the NucleoSpin RNA XS kit. RNA quality was assessed on an Agilent
Bioanalyzer 2100 using the RNA Pico kit (Agilent Biotechnologies).
Total RNA profiles with RNA integrity number superior to 8 were con-
sidered for downstream analysis. cDNA synthesis and amplification
using long-distance polymerase chain reaction was performed using
the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech; Takara). The
resulting cDNA was assessed for quality using the Bionanalyzer 2100
and DNA HS kit. lllumina-compatible sequencing libraries were pre-
pared using the Nextera XT DNA Library Preparation Kit (lllumina),
multiplexed and sequenced using a single read 150-nucleotide
(SR150) run on the NextSeq 500 sequencer (lllumina). A minimum of

two biological replicates was analyzed for each sample type (Table S1).

3.5 | Bioinformatic analysis

The P. cynomolgi genome sequence (v1.0, version 28) and gene annota-
tions were downloaded from PlasmoDB (https://plasmodb.org). The
M. fascicularis genome sequence was downloaded from National Cen-
ter for Biotechnology Information, annotation release 101 (https://
www.ncbi.nlm.nih.gov/genome/776). Sequencing reads were mapped
simultaneously to the P. cynomolgi and the M. fascicularis genomes with
STAR v2.5.0b (Dobin et al., 2013) using default parameters. Mapped
reads were counted for each annotated genomic feature with the
FeatureCount read summarization program from the Subread package
(v1.4.6) (Liao, Smyth, & Shi, 2014). To study the distribution of the
reads across features, the read_distribution function of the RSeQC
(v2.6.4) package (Wang, Wang, & Li, 2012) was used. Differentially

expressed genes were identified using DESeq2 v1.14.1 with default
parameters. For GO analysis, the orthologs of P. vivax and P. falciparum
were identified using PlasmoDB and annotated or predicted GO terms
extracted. Enrichment of GO categories for genes in the top 25th per-
centile of expression in the schizont and blood stage samples and the
880 genes expressed in the hypnozoites was evaluated using
PlasmoDB and for the differentially expressed genes using the
Bioconductor package GOseq (v1.24.0) (Young, Wakefield, Smyth, &
Oshlack, 2010).
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