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A Plasmodium yoelii Mei2-Like RNA Binding Protein Is Essential for
Completion of Liver Stage Schizogony
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Plasmodium parasites employ posttranscriptional regulatory mechanisms as their life cycle transitions between host cell inva-
sion and replication within both the mosquito vector and mammalian host. RNA binding proteins (RBPs) provide one mecha-
nism for modulation of RNA function. To explore the role of Plasmodium RBPs during parasite replication, we searched for
RBPs that might play a role during liver stage development, the parasite stage that exhibits the most extensive growth and repli-
cation. We identified a parasite ortholog of the Mei2 (Meiosis inhibited 2) RBP that is conserved among Plasmodium species
(PlasMei2) and exclusively transcribed in liver stage parasites. Epitope-tagged Plasmodium yoelii PlasMei2 was expressed only
during liver stage schizogony and showed an apparent granular cytoplasmic location. Knockout of PlasMei2 (plasmei2™) in P.
yoelii only affected late liver stage development. The P. yoelii plasmei2™ liver stage size increased progressively until late in de-
velopment, similar to wild-type parasite development. However, P. yoelii plasmei2™ liver stage schizonts exhibited an abnormal
DNA segregation phenotype and failed to form exoerythrocytic merozoites. Consequently the cellular integrity of P. yoelii plas-
mei2~ liver stages became increasingly compromised late in development and the majority of P. yoelii plasmei2™ underwent cell

death by the time wild-type liver stages mature and release merozoites. This resulted in a complete block of P. yoelii plasmei2™
transition from liver stage to blood stage infection in mice. Our results show for the first time the importance of a Plasmodium
RBP in the coordinated progression of late liver stage schizogony and maturation of new invasive forms.

Malaria is caused by unicellular eukaryotic parasites of the
genus Plasmodium. The life cycles of the Plasmodium para-
sites that cause human disease (including the major human para-
site Plasmodium falciparum) and other mammalian parasites such
as rodent malaria parasites (including P. berghei and P. yoelii) are
similar. The parasites progress through an elaborate life cycle, part
within an anopheline mosquito vector and part within the mam-
malian host. Within the host, the sporozoite stage first infects
hepatocytes, within which the parasite then develops as a liver
stage (also known as an exoerythrocytic form), an acyclic process
that occurs once during a malaria infection. Intrahepatocytic par-
asite development progresses in a cellular process known as
schizogony, an endomitotic process characterized by an enor-
mous increase in cell mass with concomitant DNA replication and
organelle replication but without cytokinesis. It is only in the final
hours of liver stage schizogony that organelles and DNA com-
pletely segregate and are apportioned into tens of thousands of
rapidly differentiating exoerythrocytic invasive merozoites. These
are released and initiate the infection of erythrocytes. Erythrocytic
schizogony is cyclic and generates approximately 20 to 30 new
merozoites in each cycle. Parasite schizogony and merozoite for-
mation in both hepatocytes and erythrocytes likely employ shared
gene regulatory networks and cell regulatory mechanisms, but it is
possible that because exoerythrocytic schizogony exceeds erythro-
cytic schizogony by more than 3 orders of magnitude and is ex-
tremely complex, it has also evolved unique networks and mech-
anisms that control its progression.

Studies of the asexual intraerythrocytic replication have dem-
onstrated a cyclic pattern of transcript accumulation, with over
half of all transcripts achieving maximal expression at only one of
the three main developmental stages (1, 2), but the factors gov-
erning these waves of expression are poorly understood. Con-
versely, transcriptome sequencing data sets suggest that the ma-
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jority of the genome is pervasively transcribed throughout blood
stage development (3). Few Plasmodium transcription factors
have been identified, with the exception of the 27 members of the
Apicomplexan Apetala 2 (ApiAP2) family of transcription factors
(4), which are homologous to plant AP2/ethylene response factor
DNA-binding proteins, the second largest family of transcription
factors in the model plant Arabidopsis thaliana (5). Some of the
ApiAP2 family members appear to play very specific roles during
the parasite life cycle (as examples, Api-G is critical for gametocyte
formation [6, 7], Api-O for ookinetes [8], Api-Sp for sporozoites
[9], and Api-L for liver stages [10]). The pervasive transcription of
the parasite genome and the paucity of transcription factors thus
strongly suggest that there is exquisite posttranscriptional regula-
tion of mRNA that leads to highly organized protein expression
during both blood stage and liver stage development. Indeed,
comparisons of the P. falciparum blood stage transcriptome and
proteomes during development show a delay in translation of a
significant number of mRNAs, suggesting that transcribed
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mRNAs are packaged and repressed, ready for just-in-time trans-
lation (11, 12).

Regulation of mRNA translation relies on RNA binding pro-
teins (RBPs), many of which form complexes within the cyto-
plasm in entities known as processing bodies (P-bodies) or P-
granules (13). P-bodies are involved in many aspects of mRNA
homeostasis, including both mRNA decay and translational re-
pression, and some studies have begun to reveal their role in the
Plasmodium life cycle. For example, the RBP DOZI, a member of
the DEAD-box RNA helicase family, is present in P-bodies of ga-
metocytes and is involved in mRNA translational repression (14,
15), whereas in the sporozoite, the P-body resident RBP Puf2
(Pumilio in Drosophila protein and fem-3 binding factor in Cae-
norhabditis elegans) is involved in mRNA translational repression
(16, 17). During the asexual blood stage cycle the RBP Albal
(Acetylation lowers binding affinity 1) forms P-body-like struc-
tures in the trophozoite and schizont (18) and was found to be
associated with 1,193 transcripts in the trophozoite, suggesting
that Albal is involved in the time-dependent assembly of the in-
vasive merozoite (19).

Since no data exist regarding the importance of RBPs during
liver stage development, we analyzed transcriptomic and pro-
teomic data sets for liver stage-enriched RBPs, which led us to
investigate the role of a Plasmodium Mei2 (Meiosis inhibited 2)-
like RBP. Mei2 was initially described in the fission yeast Schizo-
saccharomyces pombe and plays a critical role in the switch from
mitosis to meiosis (20). Mei2 is a member of the largest family of
RBPs—those that contain an RNA recognition motif (RRM), a
stretch of 70 to 90 amino acids that contain two consensus RNA-
interacting motifs, RNP1 and RNP2. RRM-containing proteins
are subdivided into 10 separate families (RRM_1 through
RRM_10) based on shared amino acid identities between mem-
bers of each family and Mei2 contains a C-terminal RRM_2,
thought to be unique to fungi and plants (21). Here, we show that
Plasmodia contain a single Mei2-like gene (here referred to as
PlasMei2). In the P. yoelii rodent malaria model, Plasmei2 is only
expressed during liver stage development and is localized in dis-
tinct cytoplasmic structures reminiscent of P-bodies. To under-
stand the importance of PlasMei2, we created a gene knockout in
P. yoelii, which resulted in abnormal liver stage development and
failure of the parasite to transition to the blood stage infection.

MATERIALS AND METHODS

Experimental animals. Six- to eight-week-old female Swiss-Webster
(SW) mice from Harlan (Indianapolis, IN) were used for parasite life cycle
maintenance and the production of transgenic parasites. Six- to eight-
week-old female BALB/cAnN mice from Harlan were used for assess-
ments of parasite infectivity and indirect immunofluorescence assay
(IFA). Six- to eight-week-old female BALB/cJ and BALB/cBy]J mice from
the Jackson Laboratory (Bar Harbor, ME) were used to assess the attenu-
ation and ability of P. yoelii plasmei2™ parasites to act as experimental
vaccines. P. yoelii 17XNL wild-type and transgenic parasites were cycled
between SW mice and Anopheles stephensi mosquitoes for the purposes of
sporozoite production. Infected mosquitoes were maintained on sugar
water at 24°C and 70% humidity. This study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The Center for
Infectious Disease Research has an OLAW Animal Welfare Assurance
(A3640-01). The protocol was approved by the Center for Infectious Dis-
ease Research Institutional Animal Care and Use Committee.
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RT-PCR. Oligonucleotide primers for amplification of P. yoelii Plas-
Mei2 and 18S rRNA are detailed in Table S1 in the supplemental material.
Total RNA from mixed blood stage parasites, midgut sporozoites, salivary
gland sporozoites, and liver lobe samples were extracted using TRIzol
(Invitrogen) and DNase-treated using Turbo-DNA Free (Ambion). First-
strand cDNA was synthesized from RNA by using a Superscript III Plati-
num RT kit (Invitrogen). The resulting cDNA was used for the amplifica-
tion of P. yoelii PlasMei2 and 18S rRNA using an Advantage 2 PCR kit
(Clontech). ¢cDNA synthesized without reverse transcriptase (RT) was
used as a negative control.

Creation of a P. yoelii plasmei2~ and P. yoelii PlasMei2-myc. All
oligonucleotide primers used for the creation and analysis of P. yoelii
plasmei2™ and P. yoelii PlasMei2-myc are detailed in Table S1 in the sup-
plemental material. Deletion of P. yoelii PlasMei2 (PlasmoDB identifier
PY17X_1123700) was achieved based on the previously reported gene
insertion/marker out (GIMO) strategy (22). In brief, PlasMei2 was deleted
using double-crossover homologous recombination. Complementary re-
gions of PlasMei2 upstream and downstream of the open reading frame
were ligated into plasmid pL0034 (22) flanking the positive/negative se-
lectable marker, resulting in the creation of a plasmid pL0034_PlasMei2.
Linearized pL0034_PlasMei2 was transfected into the blood stage schi-
zonts of P. yoelii line 1971 (22), a marker-free parasite that expresses a
green fluorescent protein-luciferase fusion throughout the life cycle under
the control of the elongation factor 1a promoter. After transfection and
intravenous injection into SW, pyrimethamine was used for the positive
selection and downstream cloning of recombinant parasites using stan-
dard techniques (23). Gene knockout was confirmed by PCR using meth-
odology we have used on multiple occasions (see reference 24 for a recent
example). This led to the creation of the P. yoelii plasmei2~ and two sepa-
rate knockout clones from two independent transfections were initially
phenotypically analyzed throughout the life cycle. Creation of P. yoelii
PlasMei2-myc also relied upon double crossover homologous recombina-
tion using modified plasmid pL0005 (obtained through the MR4 as part of
the BEI Resources Repository, National Institute of Allergy and Infectious
Diseases, National Institutes of Health: Plasmodium berghei pL0005,
MRA-774, deposited by A. P. Waters), which allowed for the addition of a
triple-myc epitope tag to the carboxy terminus of PlasMei2. The resultant
P. yoelii PlasMei2-myc parasite expresses a single copy of PlasMei2 (with a
myc tag) under the control of its endogenous promoter. As for P. yoelii
plasmei2, two individual P. yoelii PlasMei2-myc clones from two inde-
pendent transfections underwent life cycle phenotypic analysis.

IFA. (i) Liver stage. BALB/cAnN mice were injected intravenously
with approximately 3 X 10 sporozoites, and livers were harvested from
euthanized mice at several time points postinfection. Livers were perfused
with 1X phosphate-buffered saline (PBS) and fixed in 4% (vol/vol) para-
formaldehyde (PFA) in 1X PBS, and lobes were cut into 50-p.m sections
using a Vibratome apparatus (Ted Pella, Redding, CA). For IFA, sections
were permeabilized in 1X Tris-buffered saline (TBS) containing 3% (vol/
vol) H,0, and 0.25% (vol/vol) Triton X-100 for 30 min at room temper-
ature. Sections were then blocked in 1X TBS containing 5% (vol/vol)
dried milk (TBS-M) for at least 1 h and incubated with primary antibody
in TBS-M at 4°C overnight. After washing in 1 X TBS, fluorescent second-
ary antibodies were added in TBS-M for 2 h at room temperature in a
similar manner as above. After further washing, the section was incubated
in 0.06% (wt/vol) KMnO, for 2 min to quench the background fluores-
cence. Sections were then washed with 1X TBS and stained with DAPI
(4',6'-diamidino-2-phenylindole) at 1 pg/mlin 1X TBS for 5 to 10 min at
room temperature to visualize DNA and mounted with FluoroGuard an-
tifade reagent (Bio-Rad, Hercules, CA).

(ii) Blood stage. Infected red blood cells were processed for IFA
using a previously described method (25). Red blood cells were pel-
leted at 2,000 X g in a microcentrifuge at room temperature for 30 s
between manipulations. Cells were washed twice in 1X PBS, fixed in 1X
PBS—4% (vol/vol) PFA—0.0075% (vol/vol) glutaraldehyde for 30 min at
room temperature, and permeabilized in 1X PBS-0.2% (vol/vol) Triton
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X-100 for 20 min at room temperature. A 1 X PBS-3% (wt/vol) bovine
serum albumin (BSA; blocking solution) mixture was applied at 4°C over-
night. Primary antibodies were diluted in blocking solution and incubated
for 1 h with end-over-end rotation at room temperature. After two washes
with 1X PBS, fluorescent secondary antibodies were diluted in blocking
solution and incubated with cells for 30 min with end-over-end rotation
at room temperature and shielding from light. Nucleic acid was then
stained with DAPI in 1X PBS for 5 to 10 min at room temperature. The
cells were washed three times with 1X PBS, mixed 1:1 with VectaShield
(Vector Laboratories), and applied to a glass slide and coverslip.

Sporozoites. Sporozoites were isolated and fixed with 4% (vol/vol)
PFA in 1X PBS for 20 min at room temperature. Fixed sporozoites were
applied to a polylysine-treated microscope slide, which was housed in a
wet chamber at 4°C overnight. Sporozoites were washed twice with 1X
PBS and then permeabilized and blocked with 2% (wt/vol) BSA-0.2%
(vol/vol) Triton X-100 in 1 X PBS for 1 h at 37°C. IFA was performed as for
the blood stages, but the solutions were applied directly to the slide.

All preparations were analyzed for fluorescence using a fluorescence
inverted microscope (Eclipse TE2000-E; Nikon), and images were ac-
quired using Olympus 1X70 DeltaVision deconvolution microscopy.

Sporozoite inoculation and challenge. P. yoelii plasmei2~ sporozoites
were isolated from the salivary glands of infected A. stephensi mosquitoes
between 14 and 18 days after the infectious blood meal and injected intra-
venously into the tail vein of recipient mice. To assess the attenuation,
sporozoites were injected into highly susceptible BALB/cBy] mice (26).
Liver stage-to-blood stage transition (blood stage patency) was assessed
by using a Giemsa-stained thin blood smear starting at day 3 after inocu-
lation and ending at day 14, at which time, a negative smear was attributed
to complete attenuation. For immunizations, BALB/cJ mice were primed
and boosted with P. yoelii sporozoites and subsequently challenged with
10,000 wild-type P. yoelii XNL sporozoites. Breakthrough to blood stage
patency was assessed by using a Giemsa-stained thin blood smear starting
at day 3 after challenge and ending at day 14, at which time, a negative
smear was attributed to complete protection. Mice immunized only with
mosquito salivary gland extract were used as controls.

Phenotypic analysis of liverstage P. yoelii plasmei2”. After IFA, liver
stage size was measured by determining the area of the parasite at its
greatest circumference. Viability was measured by examining the integrity
of the parasitophorous vacuole membrane (PVM) marker Hepl7. If
Hep17 expression did not completely delineate the PVM, the parasite was
considered nonviable. The PVM does break down at the termination of
liver stage development, but measurements were made before this event
occurs. Liver stage development was also measured using an in vivo im-
aging system (IVIS) since the parasites used in the present study express
luciferase and are thus bioluminescent. Luciferase activity in animals was
visualized through imaging of whole bodies using an IVIS Lumina IT an-
imal imager (Caliper Life Sciences, USA) as previously described (27-29).
Mice were injected with 100 pl of RediJect p-luciferin (PerkinElmer) in-
traperitoneally prior to being anesthetized using an isoflurane-anesthesia
system (XGI-8; Caliper Life Sciences, USA). Measurements were per-
formed within 5 to 10 min after the injection of p-luciferin. Biolumines-
cence imaging was acquired with a 10-cm field of view, a medium binning
factor, and an exposure time of 1 to 5 min. Quantitative analysis of bio-
luminescence was performed by measuring the luminescence signal in-
tensity using the region-of-interest (ROI) settings of the Living Image 3.0
software. ROIs were placed around the whole animal, and ROI measure-
ments were expressed as the total flux (photons/second).

Phenotypic analysis of blood stage P. yoelii plasmei2™. To assay the
growth of P. yoelii 17XNL and P. yoelii plasmei2” blood stages, blood was
removed from infected SW mice when parasitemia was between 0.5 and
1.5%. Blood was diluted in RPMI 1640 medium (HyClone, Logan, UT) so
that 100 pl contained 10° parasites. SW mice (five in each group) were
then injected intravenously with the infected red blood cells, and the per-
cent parasitemia was monitored every other day until day 11.
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RESULTS

The Plasmodium RBP Mei2 (PlasMei2). In our efforts to charac-
terize the role of RBPs in preerythrocytic parasite development,
we analyzed the available Plasmodium transcriptomic and pro-
teomic data sets through PlasmoDB (http://plasmodb.org
/plasmo/) for the presence of proteins that contain RNA binding
domains and found a preerythrocytic stage-specific ortholog of
Mei2 (PlasMei2) (20). Mei2-like genes are restricted to eukaryotic
genomes and fall into three broad clades: the AML and TEL
groups of plants, and a fungal clade (21). Interestingly, PlasMei2
cannot be exclusively assigned to any one group. Yeast Mei2 con-
tains three RRMs, two N-terminal RRM_1 domains and a C-ter-
minal RRM_2. Only the C-terminal RRM_2 domain is present in
PlasMei2 (Fig. 1A). PlasMei2 is highly conserved among Plasmo-
dium species (see Fig. S1 in the supplemental material) and is the
only Plasmodium protein that contains an RRM_2 domain (30).
The Plasmodium RRM_2 shows a high degree of similarity to
other Mei2 RRM_2 domains, based on a comparison to represen-
tative sequences from alveolates, fungi, and plants (Fig. 1A). A
recent bioinformatics survey of RBPs in Plasmodium uncovered
72 RRM-containing proteins, 40 of which contain only one
RRM domain, among them, PlasMei2, and the predicted three-
dimensional structure of PlasMei2 aligned with that of previ-
ously a crystalized RRM_2 domain (30). The RRM_2 domain
shares amino acid conservation with RRMs of the sex lethal and
HuD proteins, both of which bind single-stranded AU-rich
RNA, suggesting that PlasMei2 may behave similarly (21).

Analysis of published expression data indicated that PlasMei2
was transcribed during P. yoelii liver stage development (31) and
showed no evidence of expression, based on proteomic data sets,
in P. falciparum blood stages and sporozoites. This led us to ana-
lyze the RNA expression pattern of PlasMei2 in P. yoelii (gene
identifier PY17X_1123700) throughout the parasite life cycle. We
used RT-PCR to analyze life cycle stages with PlasMei2-specific
primers, as well as primers for 18S rRNA as a positive control.
Although 18S rRNA transcription was seen in all samples (Fig.
1B), PlasMei2 was transcribed only during mid- to late-liver stage
development (Fig. 1B).

PlasMei2 is expressed only during liver stage development.
To further study both the temporal and spatial expression of Plas-
Mei2 protein in liver stages, we used standard transfection proce-
dures to create a transgenic P. yoelii parasite expressing PlasMei2
with a quadruple C-terminal myc epitope tag (P. yoelii
PlasmMei2-myc) (see Fig. S2 in the supplemental material). Phe-
notypic analysis of two individual clones from two transfections
suggested that the parasite behaved like the wild type, and thus the
tag was not affecting the parasite life cycle. Salivary gland sporo-
zoite numbers were similar to wild type (see Fig. S3A in the sup-
plemental material). Additionally, after the intravenous injection
of 10,000 salivary gland sporozoites isolated from wild-type para-
sites and P. yoelii PlasmMei2-myc clones into groups of five
BALB/cJ mice, all mice became blood stage patent with similar
kinetics, 3 days after sporozoite injection. We then analyzed Mei2-
myc expression throughout the life cycle by IFA using antibodies
to myc. As expected, PlasmMei2-myc expression was not observed
in blood stages or in salivary gland sporozoites (data not shown).
To analyze liver stage expression, infected livers were harvested
from BALB/cAnN mice at time points after the intravenous injec-
tion of between 0.3 X 10° and 1.0 X 10° P. yoelii PlasmMei2-myc
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Mei2 =f RRM 1 RRM 1 RRM 2

PlasMei2 RRM 2
P. falciparum VMLRNIP NKYTQNMLMD VMNEHFKGLY DFFYLPIDFR NKCNVGYAFI NFIHPYYAEL FIKFFNNYKL NAFKSNKVCS VTWGRVQG
P. yoelii VMLRNIP NKYTQNMLMD VMNEHFKGLY DFFYLPIDFR NKCNVGYAFI NFIHPHYAEL FIKFFNNYKL NAFKSNKICT VTWGRVQG
T. gondii VMLRNIP NKYTQEMMIS LLNETYKGLFEF DFFYLPIDFR NSCNVGYCEFI NFVHPFVAVH FKRAFHNLKL TAFKSQKVCA CTWGRVQG
S. pombe VMIKNIP NKFTQOMLRD YIDVTNKGTY DFLYLRIDEFV NKCNVGYAFI NFIEPQSIIT FGKARVGTQW NVFHSEKICD ISYANIQG
P, e IMIKNIP NKFTQQMLQE YIDATNPKTY DFLYLRIDFR NRCNVGYAFV NFIDPISIVT FGQARVGTKW NRFHSDKICD ISYANIQG
L. corymbifera FMIRNIP NKYTQQMLKE SIDATHYGAY DFLYLRIDFQ NKCNVGYAFI NFIDVKSVIS FAQERIGKRW SRENSEKRCS LSYANIQG
A. haliana LMIKNIP NKYTSKMLLS AIDEHCKGTY DFLYLPIDFK NKCNVGYAFI NLIEPEKIVP FFKAFNGKKW EKFNSEKVAT LTYARIQG
0. LMIKNIP NKYTSKMLLA AIDEFHKGTY DFFYLPIDFK NKCNVGYAFI NMISPVHIVS FYQAFNGKKW EKFNSEKVAS LAYARIQG
T LMIKNIP NKYTSKMLLA AIDELHKGIY DFFYLPIDFK NKCNVGYAFI NMVSPVHIIS FYQAFNGKKW EKFNSEKVAS LAYARIQG

PlasMei2

18s

12 24 33 40 48

bs mg sg

g -ve

FIG 1 PlasMei2: Sequence similarity among the Mei2 family and stage-specific expression. (A) Cartoon of the overall domain structure and alignment of the
PlasMei2 RNA recognition motif 2 (RRM_2) with those of other apicomplexa (black), fungi (magenta), and plants (green). Residues in red and blue are either
identical or similar and, if red, are shared among all species of the comparison. (B) P. yoelii plasmei2 mRNA expression, as determined by RT-PCR, on mixed
blood stages (bs), midgut sporozoites (mg), salivary gland sporozoites (sg), and liver stages at 12, 24, 33, 40, and 48 h after sporozoite infection. Genomic DNA
(g) was used as a positive control, and no template was used as a negative control (-ve). RT-PCR of P. yoelii 18S was used as a positive control for each sample.

sporozoites. At 20 h of liver stage development, PlasMei2 expres-
sion was not observed (Fig. 2A). However, by 32 h of development
(Fig. 2A), PlasMei2 expression was observed throughout the liver
stage cytoplasm and exhibited a granular localization pattern rem-
iniscent of P-body localization previously seen in Plasmodium
asexual blood stages (18), gametocytes (15), and sporozoites (16).
Localization continued to be cytoplasmic and granular as the liver
stage parasite matured at both 38 and 45 h postinfection (Fig. 2A)
before declining to undetectable levels at 52 h (data not shown).
Although it cannot be unequivocally stated that PlasMei2 is not
additionally localized to the liver stage nuclear region, 45-h liver
stage parasites showed a weaker myc signal in areas where parasite
DNA was localized (Fig. 2B). Since PlasMei2 was expressed during
mid- to late-liver stage development, we next sought to determine
the importance of PlasMei2 for liver stage maturation.

PlasMei2 is essential for late liver stage schizogony. We cre-
ated a P. yoelii plasmei2” gene knockout parasite (P. yoelii plas-
mei2”) (see Fig. S4 in the supplemental material) using GIMO
technology (22). Individual P. yoelii plasmei2~ parasite clones iso-
lated from two individual transfections were analyzed for defects
in blood stage replication (see Fig. S3B in the supplemental mate-
rial) and salivary gland sporozoite production (see Fig. S3A in the
supplemental material) and were found to behave like the wild-
type parasites. However, P. yoelii plasmei2” sporozoites failed to
initiate a blood stage infection when 1 X 10 and 10 X 10° salivary
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gland sporozoites were injected intravenously into groups of five
BALB/cJ mice, whereas mice infected with wild-type sporozoites
developed patent blood stage infection within 3 to 4 days (Table
1). This observation suggested that P. yoelii plasmei2” parasites
were unable to either infect the liver or complete liver stage devel-
opment. To assess the severity of the defect, we next injected
groups of five highly susceptible BALB/cBy]J (26) mice with 5 X
10* P. yoelii plasmei2™ sporozoites. Again, no blood stage patency
was observed (Table 1). However, sporozoite challenge/blood
stage patency assays cannot pinpoint the time point of attenuation
during preerythrocytic infection, and thus we examined more
closely when the developmental arrest of plasmei2™ parasites was
taking place.

plasmei2” liver stages grow but fail to form exoerythrocytic
merozoites. To further explore the P. yoelii plasmei2” phenotype,
sporozoites were injected intravenously into BALB/cAnN mice,
and the livers were harvested at time different points after infec-
tion to assess liver stage development by histology and IFA. Inter-
estingly, P. yoelii plasmei2™ liver stages increased in size in a man-
ner similar to that of the wild-type parasites during the course of
liver stage development (Fig. 3A), suggesting that PlasMei2 is not
required for liver stage growth. Parasite growth was also measured
by assessing luciferase activity over time and, in agreement with
the IFA analysis, the wild-type and P. yoelii plasmei2™ liver stages
showed equivalent growth at 27 and 44 h (Fig. 3B; see also Fig. S5
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A Hep17 (PVM)

PlasMei2 (myc) merge with DNA

FIG 2 Expression and localization of P. yoelii PlasMei2 during liver stage
development. Livers from mice infected with the P. yoelii transgenic parasite
PlasMei2-myc were perfused with PBS and fixed in 4% paraformaldehyde at
various time points after sporozoite infection. Sections (50 wm) were cut from
fixed livers, and IFAs were performed using primary antibodies to the parasite
parasitophorous vacuole membrane (PVM) marker Hep17 (green) and to myc
(red) for the observation of the spatial expression of PlasMei2-myc. (A) Plas-
Mei2-myc liver stage expression was observed at 20, 32, 38, and 45 h after
sporozoite injection. (B) A magnified 45-h liver stage section showing exclu-
sion of PlasMei2-myc expression from nuclear areas as indicated by DNA
staining (white arrows). DNA was labeled with DAPI (blue). Images were
created from a single deconvolved z-stack. Myc expression is punctate and
within the parasite cytoplasm. Scale bar, 10 pm.

in the supplemental material), whereas only wild-type parasites
transitioned to blood stage parasitemia, as measured at 70 h after
sporozoite infection (Fig. 3B; see Fig. S5 in the supplemental ma-
terial). IFA analysis showed no apparent aberrant phenotype of P.
yoelii plasmei2™ parasites during the first 28 h of development (see
Fig. S6 in the supplemental material). However, by 34 h, there was
evidence for abnormal development (Fig. 4). Wild-type liver
stages showed numerous nuclear centers, but in the majority of P.
yoelii plasmei2” liver stages, there was an increase in the size of a
proportion of the nuclear centers, suggesting that abnormal DNA
segregation was taking place (Fig. 4). This was accompanied by an
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abnormal expression pattern of the endoplasmic reticulum
marker, BiP, which was limited to a perinuclear localization rather
than showing scattered expression throughout the liver stage par-
asite, typically observed in the wild-type liver stages at this time
point (Fig. 4). This result suggested that PlasMei2 plays an impor-
tant role in liver stage endomitosis as early as 34 h after sporozoite
invasion.

The phenotype was far more pronounced at the 45-h time
point, and it was clear that normal DNA segregation during en-
domitosis had ceased, whereas in wild-type parasites, DNA segre-
gation, which precedes exoerythrocytic merozoite formation, had
occurred (Fig. 5A). The P. yoelii plasmei2~ liver stage mitochon-
dria and apicoplasts also showed signs of unusual development. In
the wild-type parasite complex, branched organelle networks were
present, as previously described (32), but in the P. yoelii plasmei2~
liver stages, the organellar network showed clear signs of ab-
normal development (Fig. 5B). To determine whether the lack
of PlasMei2 also led to liver stage death during development,
we estimated the viability of plasmei2™ liver stages at 34 and 43
h of development compared to the wild-type liver stages. At 34
h no difference was seen, but at 43 h the percentage of nonvi-
able parasites (based on compromised expression of the para-
sitophorous vacuole membrane marker Hepl7) for P. yoelii
plasmei2” was far higher than for the wild type (42% nonviable for
P. yoelii plasmei2~ versus 2% nonviable for the wild type) (Fig.
3C), and by 52 h no viable P. yoelii plasmei2~ parasites were de-
tected (data not shown).

Maturation of liver stage parasites is characterized by cytomere
formation; cytomeres are invaginations of the parasite plasma
membrane that greatly increase the membrane surface area and
enable rapid formation of exoerythrocytic merozoites by individ-
uation throughout the exoerythrocytic schizont (33). To deter-
mine whether cytomere and merozoite formation were occurring
in P. yoelii plasmei2™ liver stages, we analyzed expression of mero-
zoite surface protein 1 (MSP1), which is expressed on the parasite
plasma membranes of the cytomeres and individual merozoites.
P. yoelii plasmei2™ liver stages at 43 and 48 h of development did
not show cytomere formation and did not contain mature mero-
zoites. MSP1 expression was weak, although some parasites
showed strong, aggregated expression of MSP1 within the parasite
(Fig. 6). These data show that although the P. yoelii plasmei2™ liver
stages appears to grow normally in size during development, they
do not undergo normal DNA segregation and mitochondrial and
apicoplast maturation, and they also do not undergo cytomere
formation. Ultimately, lack of PlasMei2 expression abolishes exo-
erythrocytic merozoite formation.

TABLE 1 Attenuation of P. yoelii plasmei2™~ preerythrocytic infection in
BALB/c mice

No. of No. of patent

Mouse sporozoites mice/total Day(s) of
strain Genotype” injected no. of mice patency
BALB/cJ WT 1,000 3/3 34

WT 10,000 717 3

plasmei2™ 1,000 0/12

plasmei2 10,000 0/56
BALB/cBy] plasmei2™ 50,000 0/10
“WT, wild type.

May 2016 Volume 84 Number 5


http://iai.asm.org

PlasMei2 Is Essential for Liver Stage Development

>

w
o
o

2

J
¥
H

10000+

M wr
= plasmei2”

1000+

1004 ’ gi—

'15-

liver stage area pmz)
- S
I
- ngn.
=+
£
L
total flux (p/s)
=) =] 5}
Z i O
% viability
o &8 8

.,,]ﬁ :

11 20 28 34 43 48 34 43
liver stage development (hours) llver stage development hours liver stage development (hours)

FIG 3 Growth of wild-type and P. yoelii plasmei2™ liver stages. (A) Livers from wild-type and plasmei2™ parasite-infected mice were harvested, perfused with PBS,
and fixed in 4% paraformaldehyde at various time points after sporozoite infection. Sections (50 m) were cut from fixed livers, and IFAs were performed using
primary antibody to the parasite parasitophorous vacuole membrane (PVM) marker Hep17 or the parasite plasma membrane marker circumsporozoite protein
to delineate parasite size. Determination of approximate liver stage size (based on area at the parasites largest circumference) during development was made in
order to compare wild-type and P. yoelii plasmei2™ liver stages. At least 20 parasites were assessed at each time point. (B) Groups of five mice were injected with
wild-type and plasmei2~ sporozoites and luciferase activity (measured flux) was measured at 27, 44, and 70 h after injection. The dotted horizontal line shows
background flux. (C) Liver stage viability based on compromised Hepl7 expression was analyzed by IFA. If the circumferential expression pattern was
incomplete, the parasite was considered nonviable. At 43 h, 42% of P. yoelii plasmei2~ liver stage schizonts were nonviable compared to only 2% of wild-type
parasites. Comparisons were performed by using an unpaired Student 7 test; significance is indicated by asterisks (**, P < 0.01). Lack of significance (P > 0.05)

was seen in all size comparisons at each time point in panel A and is indicated by “ns” in panels B and C.

Protection by immunization with plasmei2~ sporozoites. At-
tenuated parasites that arrest their development in the liver
engender potent protective immune responses that completely
protect against wild-type sporozoite challenge (34). To deter-
mine whether P. yoelii plasmei2~ could confer protection, groups
of BALB/c] mice were immunized three times with 10,000 P. yoelii
plasmei2” sporozoites (Table 2). All immunized mice remained
blood stage negative after immunization, demonstrating again the
lack of breakthrough blood stage infection. Immunized mice and
naive controls were then challenged with 10,000 wild-type sporo-
zoites; while all control mice developed blood stage parasitemia,
all immunized mice were completely protected, and a subset of

Hep17 (PVM) BiP (ER) DNA

FIG 4 Earliest developmental defects in P. yoelii plasmei2™ liver stage parasites.
Livers from wild-type (WT) and plasmei2~ parasite-infected mice were har-
vested, perfused with PBS, and fixed in 4% paraformaldehyde at 34 h after
sporozoite infection. Sections (50 wm) were cut from fixed livers, and IFAs
were performed using primary antibodies to the parasite parasitophorous vac-
uole membrane (PVM) marker Hepl7 (green) to delineate the parasite and
BiP (red) to observe the development of the endoplasmic reticulum (ER).
DNA was labeled with DAPI (cyan). Compared to wild-type parasites, in
which the ER does not enclose the nuclear areas (top panel), the P. yoelii
plasmei2” parasites (bottom panel) show an aberrant ER organization that is
largely perinuclear and also shows some enlarged nuclear centers (white ar-
rows). The images were created from a single deconvolved z-stack. Scale bar,
10 pm.
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FIG 5 Late developmental defects of P. yoelii plasmei2~ liver stage parasites.
Livers from wild-type (WT) and plasmei2™ parasite-infected mice were har-
vested, perfused with PBS, and fixed in 4% paraformaldehyde at 45 h after
sporozoite infection. Sections (50 wm) were cut from fixed livers, and IFAs
were performed using primary antibodies to the parasite parasitophorous vac-
uole membrane (PVM) marker Hep17 (green) to delineate the parasite, BiP
(red) to visualize the endoplasmic reticulum (ER), acyl carrier protein (ACP)
to visualize the apicoplast, and HSP60 (red) to visualize the mitochondria.
DNA was stained with DAPI (cyan). (A and B) P. yoelii plasmei2™ liver stages
show anomalous endomitosis with enlarged nuclear centers and lack of nor-
mal DNA segregation compared to WT parasites. The ER shows aberrant
development (A) and organellar development of apicoplasts and mitochon-
dria appear to be affected (B). The images were created from a single decon-
volved z-stack. Scale bar, 10 pm.
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FIG 6 Disruption of cytomere formation and merozoite morphogenesis in P.
yoelii plasmei2™ liver stage parasites. Livers from wild-type (WT) and plasmei2~
parasite-infected mice were harvested, perfused with PBS, and fixed in 4%
paraformaldehyde at 43 and 48 h after sporozoite infection. Sections (50 pm)
were cut from fixed livers, and IFAs were performed using primary antibodies
to merozoite surface protein 1 (MSP1; red) to visualize the liver stage plasma
membrane for analysis of cytomere formation and merozoite formation.
Hepl7 (green) visualizes the parasitophorous vacuole membrane (PVM).
DNA was stained with DAPI (cyan). Cytomere formation is occurring in the
WT parasites at 43 h (first panel), and individual exoerythrocytic merozoites
are clearly differentiating at 48 h (third panel). P. yoelii plasmei2™ liver stages
show strongly reduced and abnormal MSP1 expression and lack of cytomere
formation and exoerythrocytic merozoite differentiation at 43 and 48 h, re-
spectively (second and fourth panels). Note the aberrant DNA segregation in
plasmei2” liver stages. The images were created from a single deconvolved
z-stack. Scale bar, 10 pm.

mice, after a rechallenge with wild-type sporozoites, remained
protected (Table 2).

DISCUSSION

In the present study, we show that a liver stage-specific RBP, Plas-
Mei2, has an essential role in the completion of endomitosis dur-

ing liver stage schizogony. However, PlasMei2 is not required for
blood stage schizogony, highlighting that liver stage schizogony is
regulated by unique factors. Although the lack of PlasMei2 had no
effect on asexual or sexual blood stage development in P. yoelii,
evidence exists for PlasMei2 transcription in the mature P. falcip-
arum gametocyte (35), suggesting that PlasMei2 may be required
for P. falciparum gametocyte maturation, although this remains to
be confirmed. The essentiality of PlasMei2 expression in the liver
is likely necessitated by the far greater magnitude of liver stage
parasite replication, compared to the blood stage, requiring an
even more tightly regulated process to ensure proper endomitosis
and the coordinated maturation of tens of thousands of exoeryth-
rocytic merozoites. Also, there could be qualitative differences be-
tween merozoite maturation in the erythrocyte host cell versus the
hepatocyte that require further checkpoints of developmental
control. Cyclins are a family of proteins important for cell cycle
progression and recently, a Plasmodium P-type cyclin, CYC3 was
shown to be critical for normal endomitosis during oocyst devel-
opment but not necessary for liver stage development (36). Since
PlasMei2 also appears to play a role in endomitosis, it is tempting
to hypothesize that liver stage-specific expression of a cyclin other
than CYC3 could work alongside PlasMei2 to coordinate liver
stage development.

The difficulty in obtaining large numbers of liver stage para-
sites has thus far precluded us from performing immunoprecipi-
tation analyses to determine the RNA and proteins that potentially
interact with PlasMei2. Such analyses have been extremely helpful
in identifying both RNA transcripts that bind to Plasmodium
RBPs in the case of P. falciparum Albal (19), and proteins that are
part of the P-body nucleoprotein complex, in the case of the P.
berghei DOZI (15), which interestingly contains Albal. Further
studies might uncover both the RNAs and the proteins that inter-
act with PlasMei2, and this information should further inform the
molecular mechanisms by which PlasMei2 exerts its essential role
in liver stage development.

The canonical Mei2 family proteins contain two N-terminal
RRM_1 motifs and a C-terminal RRM_2, whereas PlasMei2 con-
tains only the RRM_2. In the fission yeast Schizosaccharomyces
pombe, Mei2 forms a dot structure in the nucleus, together with a
noncoding meiRNA, resulting in the stabilization of meiosis-spe-
cific transcripts (37), and its expression regulates a mitosis-meio-
sis switch. Although the PlasMei2 contains just an RRM_2, it is
tempting to hypothesize that an evolutionarily conserved func-
tion links the mitotic-meiotic switch in S. pombe to the endomi-
totic replication-DNA segregation switch in P. yoelii. In plants,
however, the family of Mei2 proteins, known as AML and TEL, act

TABLE 2 Immunization with P. yoelii plasmei2™ sporozoites protects against infection”

Boost .
008 Challenge® Protection* Rechallenge Protection
Prime 1 (days after prime) 2 (days after boost 1) (days after last immunization)  (after challenge)  (days after challenge)  (after rechallenge)
10,000 10,000 (35) 10,000 (45) 46 9/9 56 9/9
10,000 10,000 (31) 10,000 (45) 39 12/12
Naive 46 0/10

“ Primes and boosts were performed via intravenous injection of sporozoites. Naive mice were immunized with salivary gland extract from uninfected mosquitoes and were not

rechallenged since they all became patent after the first challenge.
b Challenges were performed by intravenous injection of 10,000 wild-type sporozoites.

¢ Protection was evaluated by Giemsa-stained thin smear for blood stage patency from days 3 through 14 after challenge. A mouse was considered protected if it remained
nonpatent for the duration of the 14-day time course. Protection is expressed as the number of mice protected/total number of mice tested.
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in a different biological context to regulate various aspects of de-
velopmental pattern formation (21). Thus, since Mei2-like pro-
teins have such divergent functions, it is not possible to reasonably
predict the function of PlasMei2. However, PlasMei2 does have
orthologs in other apicomplexans, including Toxoplasma gondii,
Neospora caninum, Hammondia hammondi, and Gregarina nipha-
ndrodes, as well as other alveolates, including Vitrella brassicafor-
mis and Perkinsus marinus. Therefore, conservation of Mei2 has
been maintained throughout alveolate evolution, although the
function of Mei2 in any alveolate has yet to be determined.

The disparity between mRNA profiles and protein expression
during asexual blood stage development in Plasmodium (11, 12)
suggests a role of RNA regulation by RBPs in controlling transla-
tion. Recently, it was elegantly shown that the RBP P. falciparum
Albal plays a critical role in regulating the translation of RNA
transcripts necessary for the formation of the invasive organelles
of merozoites, demonstrating the importance of RBPs in the co-
ordinated maturation of the asexual blood stage schizont (19).
Although P. falciparum Albal appears to be specifically involved
in the maturation of the merozoite, it is expressed throughout the
parasite’s erythrocytic cycle (19), suggesting that it plays a role in
RNA homeostasis throughout blood stage development. Albal is
also expressed in sporozoites (38) and liver stages (31), suggesting
that it has multiple roles in the parasite life cycle. It is possible that
Albal function in liver stages is linked to PlasMei2. PlasMei2 is not
expressed early in liver stage development but well expressed at 30
h into liver stage development. This corresponds well with the
occurrence of the plasmei2” phenotype, which is first observable at
34 h of development. Interestingly, we did not see evidence for
PlasMei2 expression at the end of liver stage maturation, suggest-
ing that it is necessary for the proper orchestration of endomitosis
but not the completion of merozoite formation or for merozoite
egress.

Genetically attenuated Plasmodium parasites that arrest during
liver stage development are powerful immunogens and in exper-
imental vaccination provide complete protection from infectious
sporozoite challenge (34). We have shown here that immuniza-
tion with plasmei2™ parasites also confers complete protection
against wild-type sporozoite challenge. Interestingly, liver stage
parasites that arrest late in development, such as FASII mutants,
provide superior protection compared to parasites that arrest
early (39). Late liver stage arresting parasites, owing to their ex-
pression of cross-stage-specific antigens in late-liver stage devel-
opment, also engender protection against blood stage parasite
challenge (40). Thus, it is possible that the later the attenuated
liver stage arrests, the better the overall immune response will be at
protecting from both liver- and blood stage parasites. In the pres-
ent study, we have generated a late liver stage arresting parasite
fundamentally different from the FASII mutants; P. yoelii plas-
mei2” liver stages are the same size as their wild-type counterparts
but are cleared from the liver by 52 h, whereas FASII mutants are
significantly smaller (41). Further studies will determine whether
P. yoelii plasmei2” liver stages are superior immunogens and, more
importantly, whether P. falciparum plasmei2™ has a similar pheno-
type to P. yoelii plasmei2~ since the creation of a late liver stage
arresting P. falciparum parasite has been elusive (42). Indeed,
since a late liver stage arresting P. falciparum parasite has the po-
tential to be a more potent immunogen than an early liver stage
arresting parasite, P. falciparum plasmei2~ could play a significant
role in the development of novel vaccines for malaria.
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The phenotype of the P. yoelii plasmei2™ parasites is unique;
these parasites do not appear to suffer defects in liver stage growth
but show a clear perturbation of endomitosis and differentiation
into exoerythrocytic merozoites. This is in contrast to another
parasite protein thought to be involved in mRNA homeostasis,
SAP1, whose deletion results in a very early liver stage growth
arrest (43, 44) caused by the premature destruction of a range of
transcripts necessary for the initial phase of liver stage develop-
ment (45). Conversely, the deletion of genes encoding enzymes of
the type II fatty acid biosynthesis (FASII) pathway, like PlasMei2,
causes a late arrest during liver stage development and a failure to
produce exoerythrocytic merozoites but with an observable im-
pact on liver stage growth (41, 46).

In summary, we have shown that the RBP PlasMei2 has an
essential role in the endomitotic process that culminates in mat-
uration of liver stage exoerythrocytic merozoites, and further
studies will help to uncover the precise molecular mechanism by
which Mei2 exerts its function through interaction with liver stage
RNAs. Of equal importance is the pursuit of Mei2 as a target for
late-liver stage attenuation, which could critically contribute to
the development of a highly protective, whole-organism malaria
vaccine.
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