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Introduction
Malaria continues to be a global threat to public health. In 2018, 228 million new cases of  clinical malaria 
were estimated to have occurred, including 405,000 fatalities. Children under the age of  5 are the most vul-
nerable group, with 61% of  the reported deaths (1). In malaria-endemic regions naturally acquired immuni-
ty develops after repeated episodes of  malaria infection that prevents severe disease, mainly due to immuni-
ty against blood stages. In addition, there is recent evidence of  immunity against the preerythrocytic stages, 
the sporozoite and liver stages (2–7). A highly efficacious malaria vaccine that targets the clinically silent 
phase of  parasite infection in the liver and thereby prevents blood stage infection would not only prevent 
the mortality and morbidity associated with malaria disease but also block the cycle of  transmission and, 
thus, likely be essential for ultimate malaria eradication.

The clinically most advanced malaria vaccine, RTS,S, has completed phase III clinical trials in 2014, 
has received a positive scientific opinion from the European Medicines Agency (Article 58) (8), and 
as of  2019 has begun pilot implementation in African countries (9). However, this vaccine, targeting 
the major surface protein, circumsporozoite protein (CSP), of  the infectious sporozoite stage of  Plas-
modium falciparum (P. falciparum), confers only modest, relatively short-lived protection (10–15). This 
suggests that a monovalent subunit vaccine against a single parasite antigen might be inadequate to elicit 
a durable protective immune response against a complex eukaryotic pathogen with considerable strain 
diversity such as P. falciparum. Whole-organism vaccines are an alternative to subunit vaccines, and for 
malaria, clinical studies in the 1970s showed that P. falciparum radiation-attenuated sporozoites (RAS), 
sequentially administered to human subjects by bites of  more than 1000 infected mosquitoes, engen-
dered sterilizing immunity against a controlled human malaria infection (CHMI) consisting of  5 bites 
from mosquitoes carrying fully infectious P. falciparum sporozoites (16). Injectable formulations of  meta-
bolically active cryopreserved P. falciparum RAS (PfSPZ) (17), administered by direct venous inoculation, 
are safe and have generated robust and durable sterilizing protection against both homologous-strain 

Whole-sporozoite vaccines engender sterilizing immunity against malaria in animal models and 
importantly, in humans. Gene editing allows for the removal of specific parasite genes, enabling 
generation of genetically attenuated parasite (GAP) strains for vaccination. Using rodent malaria 
parasites, we have previously shown that late liver stage–arresting replication-competent (LARC) 
GAPs confer superior protection when compared with early liver stage–arresting replication-
deficient GAPs and radiation-attenuated sporozoites. However, generating a LARC GAP in the 
human malaria parasite Plasmodium falciparum (P. falciparum) has been challenging. Here, we 
report the generation and characterization of a likely unprecedented P. falciparum LARC GAP 
generated by targeted gene deletion of the Mei2 gene: P. falciparum mei2–. Robust exoerythrocytic 
schizogony with extensive cell growth and DNA replication was observed for P. falciparum mei2– 
liver stages in human liver-chimeric mice. However, P. falciparum mei2– liver stages failed to 
complete development and did not form infectious exoerythrocytic merozoites, thereby preventing 
their transition to asexual blood stage infection. Therefore, P. falciparum mei2– is a replication-
competent, attenuated human malaria parasite strain with potentially increased potency, useful for 
vaccination to protect against P. falciparum malaria infection.
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(18, 19) and heterologous-strain CHMI (18, 20) in malaria-naive adults. Importantly, PfSPZ is the first 
candidate malaria vaccine that has afforded sterilizing protection in malaria-exposed Malian adults, with 
a vaccine efficacy of  52% by time-to-infection analysis and 29% by proportional analysis, 6 months after 
the last vaccine dose (21). PfSPZs infect hepatocytes but arrest early in liver stage development and do 
not undergo DNA replication and significant cell growth (schizogony) because of  radiation DNA dam-
age (22, 23). PfSPZ-engendered protection involves antibodies elicited against sporozoite antigens that 
prevent sporozoite entry into the liver (19). More importantly however, the infection of  hepatocytes by 
the live attenuated immunogen and presentation of  liver stage antigens is thought to be essential for the 
generation of  robust, protective CD8+ T cell responses that result in elimination of  infected hepatocytes 
(24, 25). So far, the clinical experience with PfSPZ immunization suggests that although it affords supe-
rior protection compared with current subunit vaccines, it does not confer complete protection in areas 
of  endemic malaria transmission (21) and therefore requires improvement. This might be achieved by 
creating a whole-parasite immunogen that actively replicates in the liver, thereby generating considerably 
increased antigen breadth and biomass, which when presented to the host’s immune system, engenders 
superior immune protection (26, 27). Indeed, proof-of-concept CHMI clinical trials with chemoprophy-
laxis with sporozoites (CPS) showed that allowing full liver stage development of  the immunogen gener-
ates durable sterilizing protection at a dose one-twentieth of  that used with the PfSPZ vaccine (28, 29).

Over the last 2 decades, significant advances in genetic engineering have made the generation of  trans-
genic Plasmodium parasites possible. CRISPR/Cas gene editing has increased the efficiency and reliability 
of  parasite genetic manipulation in more recent years (26). Introducing targeted gene deletions into the 
complex parasite genome of  more than 5000 genes enables the generation of  genetically attenuated para-
sites (GAPs) that specifically arrest their growth during hepatocyte infection (26). First-generation GAPs 
consisted of  early liver stage–arresting replication-deficient (EARD) parasites that harbored deletions of  
genes involved in regulating the early phases of  hepatocyte infection (30, 31). Numerous EARD GAPs 
were first generated in rodent malaria parasites, but few of  the discovered gene deletions were successfully 
used to create viable, liver stage–attenuated P. falciparum EARD GAPs (32, 33). This is likely due to the 
highly divergent nature of  the human malaria parasite and rodent malaria parasite genomes, separated by 
millions of  years of  evolution, rendering the discovery of  genes that share identical functions a challenge 
(34, 35). In consequence only 3 P. falciparum EARD GAP strains have been generated to date (32, 33, 36), 
and 1, P. falciparum GAP3KO (P. falciparum p52–/p36–/sap1–), has so far shown to be completely attenuated 
in a human trial (28).

The aforementioned superior efficacy against CHMI in humans immunized with replication- 
competent P. falciparum CPS compared with replication-deficient P. falciparum RAS encourages the 
quest for the development of  late liver stage–arresting replication-competent (LARC) GAP strains for 
vaccination. However, the identification of  gene deletions in P. falciparum that arrest parasite develop-
ment late during liver stage schizogony has proved extremely challenging (37). In this study, we focused 
our efforts on the late liver stage–expressed gene P. falciparum Mei2, for which orthologs in other organ-
isms have functions in DNA segregation and cell division (38). We report here that the deletion of  P. 
falciparum Mei2 generates a P. falciparum LARC GAP.

Results
P. falciparum Mei2 is expressed during liver stage development. We have previously reported that Plasmodium 
yoelii (P. yoelii) PlasMei2 is expressed only during late phases of  liver stage development (38). We thus 
screened previously published P. falciparum data sets for expression of  P. falciparum Mei2 transcript and 
protein in asexual blood stages, gametocytes, oocysts, and salivary gland sporozoites and found one report 
for expression in gametocytes (39). We next analyzed expression of  P. falciparum Mei2 transcripts in P. 
falciparum liver stages using the highly sensitive RNAscope in situ hybridization technology (40) with a P. 
falciparum Mei2–specific probe, a methodology heretofore not used, to our knowledge, to detect transcripts 
in P. falciparum parasite tissue schizonts. Fah–/–RAG2–/–IL2rg–/– (FRG) mice repopulated with primary 
human hepatocytes (FRG huHep) (41) were infected with 1 million WT P. falciparum NF54 sporozoites, 
and infected livers were removed at different time points of  liver stage development and subjected to tissue 
sectioning. RNAscope of  P. falciparum Mei2 transcripts detected expression in liver stages on days 4, 5, 6, 
and 7 postinfection as punctate dots distributed throughout the cytoplasm of  liver stage schizonts (Fig-
ure 1). Transcripts for P. falciparum HSP70, used as a positive control, could also be detected. To further 

https://doi.org/10.1172/jci.insight.135589


3insight.jci.org      https://doi.org/10.1172/jci.insight.135589

R E S E A R C H  A R T I C L E

evaluate the spatiotemporal localization of  the PlasMei2 protein, we generated a transgenic P. falciparum 
Mei2–mCherry parasite line expressing PlasMei2 with a C-terminal fusion mCherry tag using CRISPR/
Cas9 gene editing tools (Supplemental Figure 3; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.135589DS1). Two independent P. falciparum Mei2–mCherry clones 
were used for phenotypic analysis. No expression of  mCherry was seen in the asexual stages, in gameto-
cytes, and during mosquito stage development (data not shown). To analyze expression of  PlasMei2 in the 
liver, 1 million sporozoites from one of  the P. falciparum Mei2–mCherry clones were used to infect FRG 
huHep mice, and livers were harvested between days 4 and 7 and analyzed by immunofluorescence assay 
(IFA). An antibody against mCherry was used to detect expression of  PlasMei2, and an antibody against 
the endoplasmic reticulum (ER) marker, BiP, was used to identify liver stage parasites. PlasMei2 protein 
expression was not detected in day 4 liver stages, but expression was observed on days 5, 6, and 7 postin-
fection with the highest expression seen on days 6 and 7 (Figure 2). PlasMei2 expression was localized to 
the liver stage interior and displayed a granular expression pattern on day 7. These results indicate that the 
PlasMei2 protein is expressed between days 5 and 7 during P. falciparum liver stage schizogony.

Generation of  P. falciparum Mei2–deficient parasites. To investigate the role of  the P. falciparum 
PlasMei2 protein throughout the parasite life cycle, we generated P. falciparum mei2– parasites in the P. fal-
ciparum NF54 WT strain via CRISPR/Cas9-mediated gene editing using a plasmid backbone, pFC, gen-
erated in a manner similar to the pYC plasmid previously shown to successfully create P. yoelii transgenic 
parasites (42) (Figure 3A and Supplemental Figure 1A). The construct comprises the P. falciparum U6 
promoter driving expression of  the sgRNA cassette; the P. falciparum EF1α promoter driving the positive 
selection marker, hDHFR, as well as Streptococcus pyogenes (S. pyogenes) Cas9 as a bicistronic transcript sep-
arated by a 2A viral skip peptide; and a multiple cloning site for cloning the repair templates for recom-
bination. The pFC-PlasMei2 plasmid was generated by cloning homology repair templates for Mei2 and 
an Mei2-specific guide into the pFC plasmid (Supplemental Table 1). This plasmid was transfected into 
NF54 parasites. Transfected parasites were screened for the correct recombination pattern using PCR 
genotyping, and recombinant parasite populations were used for cloning by limiting dilution (Figure 
3A). P. falciparum mei2– clones F2 and F5 were used for further phenotypic characterization. Deletion of  
P. falciparum Mei2 was also further confirmed by Southern blot analysis (Figure 3B). Loss of  P. falciparum 
Mei2 expression in P. falciparum mei2– liver stages was confirmed by performing RNAscope, which also 
validated the specificity of  the P. falciparum Mei2–specific probe (Supplemental Figure 2).

P. falciparum mei2– parasites undergo normal asexual blood stage development, gametocytogenesis, and mos-
quito stage development. Asexual blood stage parasitemias of  P. falciparum mei2– clones F2 and F5 were 
measured over 3 replication cycles and compared with the parental P. falciparum NF54 parasites. No 
significant difference in growth was observed between the P. falciparum mei2– clones and P. falciparum 
NF54, indicating that P. falciparum PlasMei2 is dispensable for asexual blood stage growth and repli-
cation (Figure 3C). P. falciparum mei2– parasites also did not display any defects in the commitment to 
gametocytogenesis, the maturation of  male and female gametocytes, and the formation of  motile male 
gametes (data not shown). Next, P. falciparum mei2– and P. falciparum NF54 gametocyte cultures were 
transmitted to Anopheles stephensi mosquitoes by standard membrane feeding. The prevalence of  P. falci-
parum mei2– mosquito midgut infection was indistinguishable from parental P. falciparum NF54 infections 
(Figure 3D). Importantly, the numbers of  oocysts and salivary gland sporozoites per infected mosquito 
were comparable between P. falciparum NF54 and P. falciparum mei2– clone F2 (Figure 3, E and F). We 
observed lower oocyst numbers and lower salivary gland sporozoite numbers per mosquito for clone F5 
when the mean of  3 independent experiments was compared with P. falciparum NF54. However, this 
difference was not statistically significant. One experiment yielded 18,000 F5 sporozoites per mosquito, 
indicating that this clone can produce robust sporozoite numbers. Furthermore, oocyst prevalence and 
oocyst and sporozoite counts per mosquito for a third P. falciparum mei2– clone were also comparable to P. 
falciparum NF54 (data not shown). The range of  sporozoite loads in the mosquitoes between experiments 
is thus most likely caused by variability in mosquito infection rates, which in turn depend on the quality 
of  the gametocyte culture used for feedings. We conclude that P. falciparum PlasMei2 does not exert an 
important function in the parasite blood stages and mosquito stages and has no significant role in sporo-
gony or infection of  the mosquito salivary glands.

P. falciparum mei2– liver stages undergo nearly complete exoerythrocytic schizogony but do not form exoerythrocytic 
merozoites. To explore the role of  P. falciparum Mei2 in liver stage development, 1 million P. falciparum mei2– 

https://doi.org/10.1172/jci.insight.135589
https://insight.jci.org/articles/view/135589#sd
https://doi.org/10.1172/jci.insight.135589DS1
https://insight.jci.org/articles/view/135589#sd
https://insight.jci.org/articles/view/135589#sd
https://insight.jci.org/articles/view/135589#sd


4insight.jci.org      https://doi.org/10.1172/jci.insight.135589

R E S E A R C H  A R T I C L E

or P. falciparum NF54 sporozoites were injected intravenously into FRG huHep mice (43). Infected livers 
were harvested at different time points postinfection to qualitatively and quantitatively assess liver stage 
development by IFA. Early-to-mid liver stage development 3–5 days postinfection was studied using anti-
bodies against CSP, which marks the parasite plasma membrane (PPM), and against the ER marker, BiP 
(Supplemental Figure 4). P. falciparum mei2– sporozoites infected hepatocytes and formed intrahepatocytic 
trophozoites. This early stage of  hepatocyte infection as well as early- to mid-stage schizogony was indis-
tinguishable from P. falciparum NF54 parasites up to day 5 after sporozoite infection. However, from day 6 
onward, clear developmental differences between WT and P. falciparum mei2– liver stages emerged (Figure 4).  

Figure 1. P. falciparum Mei2 transcripts are detected in P. falciparum liver stages. Liver tissue sections from FRG NOD 
huHep mice infected with P. falciparum NF54 sporozoites were prepared on days 4, 5, 6, and 7 of liver stage develop-
ment and analyzed by RNAscope. Probes targeting P. falciparum Mei2 (shown in red) and P. falciparum HSP70 (shown 
in green) as a control are shown. DNA is visualized by staining with DAPI (shown in blue). The 2 transcripts were detect-
ed at all 4 time points of liver stage schizogony. Scale bar: 7 μm.
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While P. falciparum NF54 liver stage schizonts significantly increased in size from day 6 to day 7, the P. 
falciparum mei2– liver stage schizonts suffered an apparent growth arrest from day 6 onward (Figure 4A). 
Next, total parasite biomass in the liver was determined on days 6 and 7 postinfection by using qRT-PCR 
of  P. falciparum 18S rRNA (Figure 4B). Interestingly, biomass of  P. falciparum mei2– liver infection on days 
6 and 7 was comparable to P. falciparum NF54. These results indicate that P. falciparum mei2– exhibits 
similar infectivity for human hepatocytes when compared with P. falciparum NF54 but suffers an apparent 
growth defect very late in liver stage development.

Figure 2. PlasMei2 protein is expressed in mid-to-late liver stage schizonts. Liver tissue sections from FRG NOD huHep mice infected with P. 
falciparum Mei2–mCherry sporozoites were prepared on days 4, 5, 6, and 7 of liver stage development and analyzed by IFA. Liver stage parasites were 
visualized using antibodies against the parasite ER marker, BiP (green). PlasMei2 was detected using an anti-mCherry antibody (red). DNA was visu-
alized using DAPI (blue). PlasMei2 protein was not expressed on day 4 of liver stage development. Expression was observed in mid-to-late liver stage 
schizonts on days 5, 6, and 7. Scale bar: 7 μm.
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Figure 3. P.falciparum mei2– parasites have no 
defects in blood stage and mosquito stage devel-
opment. (A) The schematic depicts the generation 
of the P. falciparum mei2– parasite using CRISPR/
Cas9-mediated gene editing. Primers used to verify 
the gene deletion are indicated, and the sizes of the 
PCR products are shown in kilobases. Agarose gel 
electrophoresis shows the PCR products correspond-
ing to the gene deletion P. falciparum mei2– clones 
F2 and F5. hDHFR, human dihydrofolate reductase. 
(B) The schematic (upper right) and the correspond-
ing Southern blot for the P. falciparum NF54 and 
P. falciparum mei2– locus. The genomic DNA for P. 
falciparum NF54 and P. falciparum mei2– clones F2 
and F5 was digested with XhoI, HindIII, and AflIII 
and probed with the 3′ Mei2 probe. (C) Asexual 
blood stage parasitemia is compared between 
P. falciparum NF54 (gray line) and P. falciparum 
mei2– clones F2 (red line) and F5 (blue line) over 3 
replication cycles. Data represent mean ± SD. n = 3 
biological replicates. Statistical analysis was carried 
out using 2-way ANOVA. ns, not significant. P > 0.05 
is taken as ns. Graphs comparing (D) the counts for 
oocyst/midgut, (E) oocyst prevalence, and (F) counts 
for sporozoites/mosquito for P. falciparum NF54 
(gray) and P. falciparum mei2– clones F2 (red) and 
F5 (blue). Data represent mean ± SD. n = 3 biological 
replicates. Statistical analysis was carried out using 
1-way ANOVA. P > 0.05 is taken as ns.
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To phenotype P. falciparum mei2– liver stages at the cellular level, we performed IFAs on late liver 
stage schizonts on days 6 and 7 postinfection. Maturation of  liver stage schizonts is characterized by 
multiple invaginations of  the PPM, resulting in a significant increase in membrane surface area, a pro-
cess called cytomere formation. This process gives the schizont a walnut-like appearance and precedes 
the compartmentalization of  cytoplasm and organelles necessary for formation of  exoerythrocytic mero-
zoites (44). Cytomere formation was visible in P. falciparum NF54 parasites starting on day 6 postinfec-
tion as CSP-marked PPM invaginations that surrounded a ring of  nuclear DNA centers (Figure 5A). 
Strikingly, P. falciparum mei2– liver stages on day 6 exhibited extremely aberrant cytomere formation. 
CSP-localized PPM invaginations were virtually undetectable, and the PPM was disorganized (Figure 
5A). On day 7 of  liver stage development, P. falciparum NF54 schizonts continued to mature with distinct 
cytomeres visible throughout the cell. In contrast, P. falciparum mei2– differentiation had ceased, and 
membrane invaginations remained absent (Figure 6A). We confirmed this phenotype by staining for 
the merozoite surface protein-1 (MSP-1), which is expressed on the PPM of  late schizonts and mature 
merozoites (Supplemental Figure 5). In contrast to P. falciparum NF54 liver stages, P. falciparum mei2– liver 
stages exhibited scattered and diffused MSP-1 staining throughout the schizont, further substantiating an 
extreme developmental defect late in schizogony.

Liver stage schizogony also requires extensive amplification and branching of  the ER, mitochondria, 
and apicoplast, followed by their fission and segregation into daughter merozoites (44, 45). The develop-
mental morphology of  these organelles was studied using antibodies against BiP (ER marker), mHSP70 
(mitochondrial marker), and ACP (apicoplast marker). On day 6 of  P. falciparum NF54 liver stage develop-
ment, the ER was extensively branched and appeared to partition into cytomere folds. In contrast P. falci-
parum mei2– liver stages showed a completely disorganized and scattered ER (Figure 5A). The apicoplast 
and mitochondria displayed extensive branching in P. falciparum NF54 parasites on day 6, and a similar 
pattern was also observed in P. falciparum mei2– without any apparent impairments in morphology of  these 
2 organelle complexes (Figure 5B). On day 7 of  liver stage development, the P. falciparum mei2– liver stage 
ER continued to develop in striking difference to NF54, the latter of  which appeared highly organized and 
partitioned (Figure 6A). The mitochondria and apicoplasts in P. falciparum mei2– remained branched but 
appeared to involute when compared with day 6. In contrast the mitochondria and apicoplasts in P. falci-
parum NF54 had massively multiplied and appeared segregated for partitioning into daughter merozoites 
(Figure 6B). By day 8, very few P. falciparum mei2– parasites were detected, and these parasites had not 
undergone further differentiation (Supplemental Figure 7). The liver stage phenotype observed in P. falci-
parum mei2– parasites was similar for both the clones analyzed (Supplemental Figure 6).

Exoerythrocytic schizogony is characterized by multiple rounds of  DNA replication and segrega-
tion in the absence of  immediate cytokinesis within a coenocyte-like cell. This creates tens of  thou-
sands of  individualized genomes (DNA centers), which are ultimately each allocated into daughter 
merozoites (46) (Figure 7). In our analysis of  P. falciparum mei2– liver stage development, we observed 
a strong defect in the extent of  DNA replication on day 7 (Figure 6). To investigate this further, DAPI-
stained DNA centers were compared between P. falciparum NF54 and P. falciparum mei2– at day 7 of  liver 
stage development (Figure 7A). P. falciparum mei2– showed fewer DNA centers, although this difference 
was not statistically significant. P. falciparum mei2– schizonts contained fewer than 5000 centers, while 
P. falciparum NF54 schizonts contained up to 15,000 centers (Figure 7B). In addition, we found that 
the volume occupied by each DNA center was significantly less in P. falciparum mei2– compared with P. 
falciparum NF54 (Figure 7C). These data provide evidence that DNA replication and segregation are 
impaired because of  the lack of  P. falciparum Mei2.

Together, these results demonstrate that P. falciparum PlasMei2 is required for completion of  liver stage 
development, by playing a role in schizont maturation, and the ultimate formation of  mature exoerythro-
cytic merozoites.

P. falciparum mei2– liver stage schizonts fail to produce infectious exoerythrocytic merozoites. We further 
explored the severity of  the P. falciparum mei2– liver stage developmental defect by asking whether these 
parasites at all mature into exoerythrocytic merozoites that can infect human RBCs. This constitutes 
the essential step for transition from the asymptomatic liver stage of  infection to the symptomatic blood 
stage infection. Transition to blood stage infection is also the most sensitive measure for detecting pos-
sible parasite breakthrough because very few infectious exoerythrocytic merozoites are required to suc-
cessfully initiate the blood stage infection of  the life cycle. As previously reported, in FRG huHep mice, 
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P. falciparum NF54 liver stages can transition to a blood stage infection when human RBCs are injected 
toward the completion of  liver stage development (47–49). These infected RBCs can be transferred to in 
vitro culture, where parasites undergo asexual schizogony and can be detected by Giemsa-stained thin 
blood smears within 1 to 5 days of  culture (48). Alternatively, parasite nucleic acid can be detected by a 
highly sensitive parasite 18S qRT-PCR assay (50, 51). This has been used as a diagnostic tool to detect 
the presence of  blood stage parasites in human blood samples following CHMI (52). The assay is capa-
ble of  detecting as few as 1 ring stage parasite equivalent in 50 μL of  blood sample, which comprises 
3.86 log10 copies of  18S rRNA/mL of  blood (50).

We conducted 2 independent experiments to assess the severity of  liver stage attenuation of  P. falci-
parum mei2–. In the first experiment, we injected 1 million P. falciparum NF54 sporozoites and 1 million 
P. falciparum mei2– clone F2 sporozoites into 2 and 4 FRG huHep mice each, respectively (Figure 8A). To 
enable liver stage–to–blood stage transition, we intravenously (i.v.) injected human RBCs on days 6 and 
7 as previously described (47). Blood samples (50 μL) were then removed for 18S qRT-PCR every day 
from days 7 through 10. On day 7, 500 μL of  blood was drawn and transferred to in vitro culture to allow 
asexual parasite replication in culture. On day 10, all mice were euthanized and exsanguinated by cardiac 
puncture, and the blood was transferred to in vitro culture again. In the 2 FRG huHep mice injected with 
NF54 sporozoites, we detected 18S rRNA by qRT-PCR from days 7 through 10 (Table 1 and Supplemental 
Figure 8A). The qRT-PCR on day 7 showed 8.39 and 8.61 log10 18S copies of  rRNA/mL of  blood for the 
2 mice (33,000 and 55,000 parasite equivalents/mL). Parasites were detected by Giemsa-stained thin blood 
smears within 1 to 3 days after transfer to in vitro culture on days 7 and 10. In contrast, 3 of  4 mice infected 
with P. falciparum mei2– sporozoites were blood stage negative by qRT-PCR, and 1 mouse showed extreme-
ly low blood stage positivity by qRT-PCR of  4.95 log10 copies of  18S rRNA/mL of  blood (32 parasite 
equivalents/mL) on day 7 (Table 1 and Supplemental Figure 8A). All 4 mice were blood stage negative by 
qRT-PCR from days 8 to 10. Furthermore, we did not detect any parasites by Giemsa-stained thick smears 

Figure 4. P. falciparum mei2– liver stages display late defects in exoerythrocytic schizogony. P. falciparum NF54 and P. falciparum mei2– sporozoites 
were injected intravenously into FRG NOD huHep mice, and infected liver tissue sections were used for measuring parasite size by IFA and parasite rRNA 
load by 18S rRNA quantitative real-time PCR (qRT-PCR). (A) Comparison of the size of late liver stage parasites (based on area at the parasite’s largest 
circumference) between P. falciparum NF54 (gray) and P. falciparum mei2– (red) on days 6 and 7 postinfection. P. falciparum NF54 liver stages are sig-
nificantly larger than P. falciparum mei2– on day 7. Data represent mean ± SD. n = at least 12 schizonts per time point. Statistical analysis was carried out 
using 2-way ANOVA using Tukey’s multiple comparison test. P values are indicated in the graph. P > 0.05 is taken as ns. (B) Analysis of parasite liver load 
by 18S rRNA qRT-PCR was carried out on extracted RNA from P. falciparum NF54–infected (gray) and P. falciparum mei2––infected (red) livers on day 6 and 
7 postinfection, depicted as log10 copies of P. falciparum 18S rRNA/μg of extracted liver RNA. Data represent mean ± SD. n = 3 mice per time point. Statis-
tical analysis was carried out using 2-way ANOVA using Holm-Šídák multiple comparison test. P values are indicated in the graph. P > 0.05 is taken as ns.
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(more sensitive than thin blood smears) in blood transferred to in vitro culture on days 7 and 10 from all 
4 mice. After 10 days of  in vitro culture, blood samples analyzed from the cultures were all negative for 
parasites by qRT-PCR and Giemsa-stained thick smear.

It has been previously shown that the presence of  a mutation in the SIRPα gene in the NOD back-
ground of  mice leads to superior engraftment of  human cells, by preventing mouse macrophages from 
clearing the graft (48). Due to the SIRPα polymorphism, FRG NOD mice are more amenable to human 
RBC repopulation compared with FRG mice. Thus, in a second experiment, we further investigated P. fal-
ciparum mei2– liver stage–to–blood stage transition using FRG NOD huHep mice infected with P. falciparum 
mei2– clones F2 and F5. One million sporozoites from P. falciparum NF54 and P. falciparum mei2– clones F2 
and F5 were injected i.v. into 2, 2, and 4 FRG NOD huHep mice, respectively (Figure 8B). On day 7 post-
infection, 50 μL of  blood was sampled for qRT-PCR from all 8 mice. Five mice were euthanized on day 7 
(1 mouse injected with NF54, 1 injected with clone F2, and 3 injected with clone F5), and blood was drawn 

Figure 5. P. falciparum mei2– late liver stages display defects in cytomere formation. Liver tissue sections from FRG NOD huHep mice infected with 
P. falciparum NF54 or P. falciparum mei2– sporozoites were prepared on day 6 of liver stage development and used for IFA. (A) IFA using an antibody 
against CSP (green), which delineates the PPM of P. falciparum NF54 day 6 liver stages (upper panel), shows membrane invaginations typical of cytomere 
formation. CSP-positive PPM invaginations are lacking in P. falciparum mei2– liver stages (lower panel). The ER was delineated using an antibody against 
BiP (red) and was aberrant in P. falciparum mei2–. DNA was localized with DAPI (blue). (B) IFAs were carried out to compare development of parasite 
organelles, including the mitochondria (mHSP70, green) and apicoplast (ACP, red), between P. falciparum NF54 (upper panel) and P. falciparum mei2– (low-
er panel) on day 6. The mitochondria and apicoplast development appear normal in P. falciparum mei2– day 6 liver stages. Scale bar: 7 μm.
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by cardiac puncture and transferred to in vitro culture. The remaining 1 mouse for P. falciparum NF54 and 
clones F2 and F5 was euthanized and exsanguinated on day 8, and blood was transferred to in vitro culture.

Both FRG NOD mice infected with P. falciparum NF54 were qRT-PCR positive on day 7 with 7.7 and 
9.6 log10 copies of  18S rRNA copies/mL of whole mouse blood (6830 and 540,000 parasite equivalents/mL) 
(Table 2 and Supplemental Figure 8B). For the 1 mouse exsanguinated on day 7, in vitro culture of  the trans-
ferred blood was positive by thin smear within 4 days of  culture. For the second mouse exsanguinated on day 
8, there were 10.21 log10 copies of  18S rRNA copies/mL of mouse blood (2.2 × 106 parasite equivalents/mL) 
by qRT-PCR. Parasites could be detected on thin smear within 1 day after transfer of  blood to in vitro culture.

One of  2 FRG NOD huHep mice infected with P. falciparum mei2– clone F2 was qRT-PCR positive with 
7.05 log10 copies of  18S rRNA copies/mL of  whole mouse blood (1573 parasite equivalents/mL) on day 7 
(Table 2 and Supplemental Figure 8B). In vitro culture of  blood drawn from this mouse and cultured for 8 

Figure 6. P. falciparum mei2– day 7 liver stages display severe differentiation defects and cannot form exoerythrocytic merozoites.  Liver tissue sections 
from FRG NOD huHep mice infected with P. falciparum NF54 or P. falciparum mei2– sporozoites were prepared on day 7 of liver stage development and 
used for IFA. (A) IFAs for CSP (green), BiP (red), and DNA (blue) in P. falciparum NF54 day 7 liver stages show further maturation and formation of distinct 
PPM invaginations preceding the development of exoerythrocytic merozoites (upper panel) while CSP localization for P. falciparum mei2– is aberrant (lower 
panel). In P. falciparum NF54 there is pronounced segregation of the ER in preparation for exoerythrocytic merozoite formation, but this does not occur 
in P. falciparum mei2–. (B) IFAs comparing development of the organelles mitochondria (mHSP70, green) and apicoplast (ACP, red) between NF54 (upper 
panel) and P. falciparum mei2– (lower panel) on day 7. The mitochondria and apicoplast have undergone segregation inside exoerythrocytic merozoites in 
P. falciparum NF54, while in P. falciparum mei2– they remain branched and do not segregate. Scale bar: 7 μm.
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weeks, however, did not lead to any detectable parasitemia as determined by thick smear. In addition, sam-
ples from in vitro culture that were analyzed by qRT-PCR for parasite 18S rRNA every week for 8 weeks 
were also negative. No 18S rRNA was detected by qRT-PCR from the second mouse on day 8, and no par-
asites were detected by thick smears in blood drawn from this mouse and maintained in culture for 8 weeks. 
Additionally, no 18S rRNA was detected in samples drawn from in vitro culture every week for 8 weeks. All 
4 mice infected with clone F5 were negative for parasite 18S rRNA by qRT-PCR on day 7. For the 3 mice 
exsanguinated on day 7, in vitro culture of  blood drawn from these mice and cultured for 8 weeks did not 
show any detectable parasitemia as determined by thick smears. For the 1 mouse exsanguinated on day 8, 
no 18S rRNA was detected in blood, and no parasites could be recovered after 8 weeks of  in vitro culture. 
Samples from in vitro culture analyzed by qRT-PCR for the presence of  parasite nucleic acids every week 
for 8 weeks for all 4 replicates were also negative.

Thus, only 2 of  10 FRG huHep/FRG NOD huHep mice infected with 1 million P. falciparum mei2– 
sporozoites showed presence of  any 18S rRNA (32 and 1573 parasite equivalents/mL) in the blood once 
and only on day 7 (Table 3) at a time when P. falciparum mei2– liver stages had suffered a growth defect late 
in liver stage schizogony. The same diagnostic qRT-PCR assay has been used as the endpoint in CHMI 

Figure 7. P. falciparum mei2– liver stages display defects in DNA replication and segregation. (A) An analysis of nucle-
ar DNA centers based on DAPI staining between NF54 and P. falciparum mei2– liver stages on day 7. Scale bar: 7 μm. (B) 
The graph shows the total number of nuclear centers per late liver stage schizont. Fewer nuclear centers are observed 
in P. falciparum mei2– (red) in comparison with P. falciparum NF54 (gray), indicating incomplete DNA segregation. Data 
represent mean ± SD. n = 7 liver stage schizonts. Statistical analysis was carried out using an unpaired t test. P > 0.05 
is taken as ns. (C) The graph shows the volume of each nuclear center. The average volume per nuclear center was cal-
culated for each schizont (day 7). P. falciparum mei2– (red) nuclear centers are smaller in comparison with P. falciparum 
NF54 (black), indicating less DNA content in P. falciparum mei2–. These results indicate a defect in DNA replication 
and segregation. Data represent mean ± SD. n = 7 liver stage schizonts. Statistical analysis was carried out using an 
unpaired 2-tailed t test. P value is mentioned in the graph. P > 0.05 is taken as ns.
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studies to detect parasites in blood after challenge by 5–7 infectious mosquito bites (49–52). The assay has 
a detection limit of  20 parasite equivalents/mL (52). However, qRT-PCR for 18S rRNA can only provide 
information regarding the presence or absence of  parasite nucleic acids. In vitro culture that enables expan-
sion of  parasitized RBCs is the most sensitive assay to detect the infectivity of  released merozoites. For the 
mouse that had 1573 parasite equivalents/mL, at a very minimum multiplication rate of  2 per 24 hours, 
after 2 weeks in culture there should be 25 × 106 parasites/mL of  blood. This density of  parasites is easily 
detectable by thick smear (49). However, the detected parasite 18S rRNA presumably did not originate 
from infectious exoerythrocytic merozoites that were culturable; i.e., we could not recover viable blood 
stage parasites by thick smears or detect parasites by qRT-PCR from blood transferred to in vitro culture 
even after prolonged culture. In contrast, when limiting dilution cloning was performed to derive clonal 
populations of  blood stage P. falciparum mei2–, parasites were easily detected by thick smear between days 17 
and 21 of  culture (Supplemental Figure 8C), when parasites were seeded at an initial density of  3 parasites/
mL. Moreover, all 14 clones retrieved were P. falciparum mei2– and none were WT. Therefore, the inability 
to recover blood stage parasites after liver stage–to–blood stage transition is not due to impaired growth of  
P. falciparum mei2– in the blood stage.

These results together demonstrate that P. falciparum mei2– is severely attenuated late in liver stage devel-
opment and cannot form or release infectious exoerythrocytic merozoites into the blood.

Atypical extrusomes in P. falciparum mei2– liver stages. We further investigated the potential origin of  parasite 
18S rRNA that we had detected in the 2 of  10 FRG NOD huHep mice infected with P. falciparum mei2– 
liver stages. We reasoned that nonviable P. falciparum mei2– liver stages might release parasite material into 
the circulation, which resulted in the detection of  parasite 18S rRNA by qRT-PCR. Previous studies using 
rodent malaria parasites have shown that merozoites are released from infected hepatocytes as extrusomes or 

Figure 8. Experimental design for testing P. falciparum mei2– liver stage breakthrough to blood stage patency. 
(A) Schematic represents the experimental setup for results shown in Table 1 and in Supplemental Figure 8A. One 
million sporozoites from P. falciparum NF54 or P. falciparum mei2– clone F2 were injected into 2 and 4 FRG NOD 
huHep mice, respectively. Mice were repopulated with human RBCs as depicted, and blood samples were removed 
for parasite 18S rRNA qRT-PCR on days 7 through 10. Blood samples from days 7 and 10 were transferred to in vitro 
culture for up to 10 days posttransition. (B) Schematic represents the experimental setup for results shown in Table 
2 and in Supplemental Figure 8B. One million sporozoites from P. falciparum NF54 and P. falciparum mei2– clones F2 
and F5 were injected into 2, 2, and 4 FRG NOD huHep mice, respectively. Mice were repopulated with human RBCs as 
depicted, and 50 μL blood was collected from all mice for parasite 18S rRNA qRT-PCR samples on day 7. One mouse 
infected with P. falciparum NF54, 1 mouse infected with P. falciparum mei2– clone F2, and 3 mice infected with P. 
falciparum mei2– clone F5 were exsanguinated on day 7, and blood was transferred to in vitro culture. The remaining 
mice infected with each clone were sacrificed on day 8 and processed for 18S rRNA qRT-PCR and in vitro culture. All 
in vitro culture samples were maintained for up to 8 weeks.
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merosomes (53–55). Extrusomes/merosomes were also reported to occur in P. falciparum liver stage–infected 
FRG huHep mice (43). These structures are clusters of  dozens to hundreds of  exoerythrocytic merozoites 
surrounded by hepatocyte plasma membrane that bud off  from the infected hepatocyte into the sinusoidal 
lumen, travel to the lung, and are then released into the vasculature as infectious merozoites (53). We thus 
investigated the occurrence of  these structures (herein referred to as extrusomes) further. We observed extru-
somes in 5 of  14 randomly selected P. falciparum NF54 liver stages by IFA using a CSP antibody that delin-
eates the PPM (Figure 9) at day 7 postinfection. Interestingly, we also detected extrusome-like structures 
associated with 15 of  23 randomly selected P. falciparum mei2– liver stage schizonts at day 7 postinfection. It is 
possible that these extrusome-like structures released parasite material, albeit without infectious merozoites, 
into the vasculature. This might explain the detection of  parasite 18S rRNA by qRT-PCR observed in P. falci-
parum mei2––infected FRG huHep/FRG NOD huHep mice.

Generation of  P. falciparum mei2– parasites free of  extraneous DNA for potential human vaccination. Our find-
ings demonstrate that P. falciparum mei2– parasites progress normally through the parasite life cycle and 
robustly form infectious sporozoites. However, after human hepatocyte infection, P. falciparum mei2– par-
asites suffer a severe differentiation defect late in exoerythrocytic schizogony and cannot form infectious 
merozoites in the FRG huHep/FRG NOD huHep mouse models. These results encouraged us to prepare 
P. falciparum mei2– parasites suitable for use as a live attenuated vaccine in humans. A whole-cell investi-
gational product must be devoid of  foreign DNA and should be susceptible to antimalarial drugs. Upon 
further analysis, we detected retention of  the pFC-PlasMei2 plasmid in the P. falciparum mei2– clones F2 
and F5 by PCR for the plasmid component, Cas9 (Figure 10A). Whole-genome sequencing of  genomic 
DNA isolated from P. falciparum mei2– clone F2 revealed that the plasmid was retained episomally (data 
not shown). To generate P. falciparum mei2– devoid of  extraneous DNA, we modified the pFC plasmid to 
incorporate the negative selectable marker yeast cytosine deaminase/uridyl phosphoribosyl transferase 
(yFCU) (56). The truncated EF1α promoter in the pFC plasmid was replaced by the entire EF1α intergenic 
promoter region between the 2 EF1α genes, resulting in a bidirectional promoter that drove expression 
of  the positive selectable marker, hDHFR, and the negative selectable marker, yFCU (Figure 10B and 
Supplemental Figure 1B). This plasmid, pFC-yFCU, was used to clone the P. falciparum Mei2 donor repair 
templates and P. falciparum Mei2–specific guides to generate the pFC-PlasMei2-yFCU plasmid, which 
was transfected into P. falciparum NF54 parasites as previously described (33). Transfected parasites were 
screened for deletion of  P. falciparum Mei2 using PCR genotyping, followed by 2 rounds of  negative selec-
tion using 5-fluorocytosine (5FC) to eliminate parasites that still retained the plasmid. No plasmid was 
detected by PCR after 2 rounds of  5FC treatment (Figure 10C). These parasites were cloned by limiting 
dilution; the clones were screened for lack of  Mei2 (Figure 10D) and lack of  plasmid (Figure 10E) both by 
PCR genotyping and by whole-genome sequencing (data not shown). Marker-free clones were obtained 
from 2 independent transfections. Whole-genome sequencing of  marker-free P. falciparum mei2– clones 
confirmed that they were devoid of  DNA from the pFC plasmid used for deletion and showed no apparent 
integration events within the parasite genome (data not shown). These clones are suitable for entering next 
steps in preclinical development, such as Master Cell Bank preparation under phase-appropriate good 
manufacturing practice conditions, which will allow the subsequent use of  the P. falciparum mei2– LARC 
GAP in human phase I clinical trials.

Table 1. P. falciparum mei2– liver stages do not transition to productive blood stage infection after sporozoite infection in FRG huHep 
mice repopulated with human RBCs and do not grow out in in vitro culture

Parasite strainA Mouse qRT-PCR for P. falciparum 18S rRNA  
from mouse blood on days 7, 8, 9, and 10

In vitro culture from mouse blood  
collected on days 7 and 10B

P. falciparum NF54
1 Detected Detected
2 Detected Detected

P. falciparum mei2–

1 Not detected Not detected
2 Not detected Not detected
3 Not detected Not detected
4 Detected on day 7 only Not detected

ASporozoites from P. falciparum mei2– clone F2 were used for the experiment. BParasites were maintained in culture for 10 days.
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Discussion
A vaccine for P. falciparum malaria that protects against liver infection and thereby prevents parasite life 
cycle progression to symptomatic blood stage infection and onward transmission by the mosquito vector 
has been an important goal for medicine and public health. Historically, the most studied live attenuated 
immunogen, P. falciparum RAS, which has been formulated for syringe immunization (24, 57) (PfSPZ), has 
proved to be a safe and highly efficacious vaccine in CHMI trials conducted in malaria-naive adults in the 
United States and Europe (20, 21, 58). Yet, PfSPZ did not confer complete protection when tested in Mali, 
an African country with high seasonal P. falciparum malaria transmission (21). Evidence suggests that per-
sistent exposure to blood stage malaria infection can dysregulate immune responses and decrease vaccine 
efficacy (59). Indeed, Malian and Tanzanian adults had lower P. falciparum CSP antibody titers compared 
with malaria-naive US adults following PfSPZ vaccination (21, 59). This immune dysregulation could part-
ly account for the limited efficacy of  PfSPZ in malaria-exposed adult vaccinees and could be an obstacle to 
efficacy for other malaria vaccines.

Proof-of-concept human CHMI clinical trials with CPS by mosquito bite administration, followed 
more recently by syringe administration of  fully infectious P. falciparum sporozoites with chloroquine 
prophylaxis (CVac), showed that improvements to whole-parasite vaccines are possible by allowing 
complete liver stage development of  the whole-parasite immunogen. This generates durable sterilizing 
protection at a dose one-twentieth of  that used with the PfSPZ vaccine (28, 29). Unfortunately, CVac 
carries a considerable safety liability; immunized individuals can potentially develop symptomatic if  
not lethal malaria blood stage infection through vaccination, if  they fail to comply with the necessary 
drug regimen. Thus, the generation of  an intrinsically attenuated P. falciparum parasite strain that infects 
the liver and undergoes substantial replication within hepatocytes but then ceases development and fails 
to form infectious exoerythrocytic merozoites is the ultimate goal of  live attenuated malaria vaccine 
development efforts. Such LARC-attenuated parasites should not cause blood stage infection. Further-
more, LARC parasites should constitute superior immunogens because of  their replication in the liver, 
which generates significant antigen biomass, a diverse antigenic repertoire for antigen presentation to 
T cells, and, at late liver stage, expression of  blood stage antigens that might engender stage-transcend-
ing protection (26). Late liver stage attenuation can be achieved by genetic engineering of  the parasite. 
Indeed proof-of-concept studies with P. yoelii rodent malaria LARC GAPs, lacking enzymes for type II 
fatty acid biosynthesis, (e.g., P. yoelii fabb/f–), demonstrated late liver stage arrest and superior protective 
efficacy in mice when compared with RAS and replication-deficient GAPs (60). Immunizations with P. 
yoelii fabb/f– LARC GAP not only protected against homologous challenge in both inbred and outbred 
mice but also conferred protection against a sporozoite challenge using the different rodent malaria 
species Plasmodium berghei (species-transcending protection) and against lethal blood stage challenge 
of  the same species (stage-transcending protection). The enhanced protection in P. yoelii fabb/f– LARC 
GAP–immunized mice was attributed to cytotoxic CD8+ T cells that recognized a broader repertoire 
of  liver stage antigens (60). However, generating the equivalent LARC GAP in P. falciparum failed, as 
strains lacking enzymes for type II fatty acid biosynthesis did not generate sporozoites, indicating that 
this pathway is essential for P. falciparum sporozoite formation (37). The findings showed the limitations 

Table 2. P. falciparum mei2– liver stages from 2 independent clones do not transition to productive blood stage infection in FRG NOD 
huHep mice repopulated with human RBCs and do not grow out in long-term in vitro culture

Parasite strain Mouse qRT-PCR for P. falciparum 18S rRNA  
from mouse blood on days 7 and 8

Long-term in vitro culture (8 weeks)

P. falciparum NF54
1 Detected Detected
2 Detected Detected

P. falciparum mei2– F2
1 Detected on day 7 only Not detected
2 Not detected Not detected

P. falciparum mei2– F5

1 Not detected Not detected
2 Not detected Not detected
3 Not detected Not detected
4 Not detected Not detected
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of  rodent malaria models as predictors of  stage-specific gene function in human malaria parasites, 
which is not surprising, considering the evolutionary divergence of  P. falciparum and rodent malaria par-
asites (34, 35). Nevertheless, we recently reported that deletion of  Plasmodium Mei2 in P. yoelii resulted 
in a severe differentiation defect late during liver stage schizogony (38), and we have shown herein that 
deletion of  Mei2 in P. falciparum generated a convergent phenotype of  late liver stage arrest. PlasMei2 
proteins across all Plasmodium species are classified as putative RNA binding proteins because they 
have a highly conserved RNA recognition motif  (RRM) that displays 96% identity and 98% similarity 
between P. falciparum and P. yoelii (38). This RRM is homologous to an RRM in Mei2-like proteins from 
other eukaryotes (61). Interaction of  Mei2 with RNA has been shown only for the fission yeast Schizo-
saccharomyces pombe (S. pombe), in which it binds to the noncoding meiRNA (61–65). This Mei2-meiR-
NA complex is required for nuclear translocation of  Mei2 and for exerting its functions in promoting 
DNA replication in the first meiotic division. Interestingly in plants, specifically in Arabidopsis, Mei2 
was shown to be required for chromatin reorganization in meiosis; its absence resulted in formation of  
chromosomal abnormalities because of  defects in DNA segregation (66, 67). These findings highlight 
that replication and segregation of  DNA are 2 critical functions attributed to Mei2-like proteins from 
other eukaryotic species.

Plasmodium liver stage schizogony constitutes one of  the most extensive cell growth and DNA repli-
cation events observed in eukaryotic cells. Liver stages replicate the single haploid parasite genome up to 
50,000-fold and increase in cell volume up to 10,000-fold without undergoing cytokinesis (44). Then, at the 
end of  schizogony this massive coenocyte undergoes cytokinesis and differentiates into tens of  thousands 
of  exoerythrocytic merozoites, each receiving a single genome as well as an apicoplast, mitochondria, 
and other essential organelles. Based on the clear homology of  the PlasMei2 RRM with Mei2 proteins in 
other organisms (38, 61), it is reasonable to propose that this protein plays a critical role in liver stage DNA 
replication, chromatin reorganization, or cell division, a function wholly consistent with the liver stage 

Table 3. Summary of attenuation of P. falciparum mei2– preerythrocytic infection in FRG huHep/FRG NOD huHep mice

Parasite strain No. of mice qRT-PCR for P. falciparum 18S rRNA  
from mouse blood on day 7

Thick smear positive in vitro culture 

P. falciparum NF54 4 4/4 4/4
P. falciparum mei2– F2 6 2/6 0/6
P. falciparum mei2– F5 4 0/4 0/4

Figure 9. Extrusome-like bodies were 
observed in P. falciparum mei2– late liver 
stage schizonts.  Liver tissue sections from 
FRG NOD huHep mice infected with P. fal-
ciparum NF54 or P. falciparum mei2– sporo-
zoites were prepared on day 7 of liver stage 
development and used for IFA using anti-
bodies against the PPM (CSP, green), ER (BiP, 
red), and DNA (DAPI). The pie chart shows 
the distribution of late liver stage schizonts 
with and without presence of extrusome-like 
bodies. Scale bar: 7 μm.
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Figure 10. Generation of marker-free P. falciparum mei2–. (A) Cartoon showing the binding of primers specific for S. pyogenes Cas9 in the pFC-Plas-
Mei2 plasmid. The PCR amplicon is 525 bp. Agarose gel electrophoresis shows the Cas9 PCR product amplified from genomic DNA of 4 P. falciparum 
mei2– clones: F2, F5, C7, and B7. DNA from pFC-PlasMei2 was used as a positive control, and genomic DNA from P. falciparum NF54 was used as a 
negative control for the PCR. (B) The schematic depicts the generation of marker-free P. falciparum mei2– using CRISPR/Cas9-mediated gene editing 
using the pFC-yFCU-PlasMei2 plasmid, carrying yFCU negative selection cassette. Primers used to verify gene deletion are indicated, and the sizes of 
the PCR products are shown below in kilobases. (C) Agarose gel electrophoresis shows the Cas9 PCR product amplified from genomic DNA of 2 inde-
pendent transfections before limiting dilution cloning and before (column 1) and after (column 2) undergoing 2 rounds of negative selection. The Cas9 
primers and the amplicon size are the same as in A. 18S rRNA was used as a positive control for the PCR reaction. (D) Agarose gel electrophoresis 
shows the PCR products corresponding to the gene deletion P. falciparum mei2– clones A6 and C5 after positive and negative selection. PCR ampli-
cons are shown in B. (E) Agarose gel electrophoresis shows absence of Cas9 PCR product amplified from genomic DNA of P. falciparum mei2– clones 
A6 and C5, indicating no retention of plasmid. DNA from pFC-yFCU-PlasMei2 was used as a positive control, and genomic DNA from P. falciparum 
NF54 was used as a negative control for the PCR. The Cas9 primers and the amplicon size are the same as in A.
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developmental defect described herein. Defective nuclear replication events would then result in down-
stream effects, such as defects in organelle replication, cytomere formation, and ultimately abrogation of  
merozoite formation, which we indeed observed in P. falciparum mei2– liver stages. Further characterization 
of  PlasMei2 and its putative RNA binding partner will be important for understanding the biology of  this 
essential liver stage protein.

Using the FRG and FRG NOD huHep mouse models additionally repopulated with human RBCs, we 
have shown here that P. falciparum mei2– parasites appear unable to form infectious exoerythrocytic mero-
zoites and do not transition to a viable blood stage infection. It has been previously shown that challenge 
with only 5 P. falciparum–infected mosquito bites results in liver stage infection in these mice, and thus, the 
use of  1 million P. falciparum mei2– sporozoites used herein can be considered an extremely high challenge 
dose (68). None of  the P. falciparum mei2– sporozoite-challenged humanized mice developed culturable 
asexual blood stage infection even after prolonged culture. Nonetheless, we detected parasite 18S rRNA in 
the blood of  a few of  the challenged mice using highly sensitive qRT-PCR. We speculate that this parasite 
nucleic acid is derived from nonviable extrusome-like bodies that we observed to be transiently released by 
P. falciparum mei2– late liver stage schizonts. It is possible that the cellular mechanisms involved in formation 
and release of  such extrusomes are independent of  full differentiation of  the late liver stage schizont and 
exoerythrocytic merozoite formation.

Currently it remains unknown whether the FRG huHep model is sufficiently sensitive to fully mimic 
P. falciparum sporozoite infectivity in humans because direct quantitative comparisons are not possible. 
Thus, the residual blood stage breakthrough potential of  P. falciparum mei2– parasites should be evaluated 
in a dose escalation CHMI trial in malaria-naive, adult human subjects. Three future paths for clinical 
development of  a P. falciparum LARC GAP can be envisioned: (i) if  CHMI trials show no breakthrough 
infection of  P. falciparum mei2– at high sporozoites doses, this LARC GAP can be further developed as a 
standalone, next-generation, live-attenuated sporozoite vaccine. On the other hand, (ii) if  low-frequency 
and low-grade breakthrough infections are observed in human subjects, P. falciparum mei2– can be sub-
jected to additional gene deletions to achieve full liver stage attenuation, as we have shown with rodent 
malaria parasites (69). Last, (iii) P. falciparum mei2– sporozoites might be combined with chloroquine or 
another blood stage partner drug, and such a combination would reduce the risk in current CVac immu-
nizations using fully infectious WT P. falciparum.

Methods
Please refer to Supplemental Methods.

Statistics. Calculations and statistical tests indicated in the figure legends were performed using Graph-
Pad Prism Software. The statistical tests used are 1-way and 2-way ANOVA and unpaired 2-tailed t test, as 
indicated. A P value less than 0.05 was considered significant.

Study approval. This study was carried out in accordance with the recommendations of  the NIH Office 
of  Laboratory Animal Welfare standards (welfare assurance D16-00119). Mice were maintained and bred 
under specific pathogen–free conditions at the Center for Global Infectious Disease Research, Seattle Chil-
dren’s Research Institute. The protocol was approved by the Center for Infectious Disease Research Institu-
tional Animal Care and Use Committee under protocol 00480.
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