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ABSTRACT Genetically attenuated malaria parasites (GAP) that arrest during liver stage
development are powerful immunogens and afford complete and durable protection
against sporozoite infection. Late liver stage-arresting GAP provide superior protection
against sporozoite challenge in mice compared to early live stage-arresting attenuated
parasites. However, very few late liver stage-arresting GAP have been generated to date.
Therefore, identification of additional loci that are critical for late liver stage develop-
ment and can be used to generate novel late liver stage-arresting GAPs is of impor-
tance. We further explored genetic attenuation in Plasmodium yoelii by combining two
gene deletions, PlasMei2 and liver-specific protein 2 (LISP2), that each cause late liver
stage arrest with various degrees of infrequent breakthrough to blood stage infection.
The dual gene deletion resulted in a synthetic lethal phenotype that caused complete
attenuation in a highly susceptible mouse strain. P. yoelii plasmei2� lisp2� arrested late
in liver stage development and did not persist in livers beyond 3 days after infection.
Immunization with this GAP elicited robust protective antibody responses in outbred
and inbred mice against sporozoites, liver stages, and blood stages as well as eliciting
protective liver-resident T cells. The immunization afforded protection against both
sporozoite challenge and blood stage challenge. These findings provide evidence that
completely attenuated late liver stage-arresting GAP are achievable via the synthetic le-
thal approach and might enable a path forward for the creation of a completely attenu-
ated late liver stage-arresting P. falciparum GAP.
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An effective vaccine against Plasmodium falciparum malaria will likely be essential
for eradication efforts, but subunit vaccine development utilizing selected parasite

antigens has so far shown only modest success (1–7). In contrast, formative experi-
mental trials with humans, using immunization with radiation-attenuated sporozoites
(RAS), delivered by the bites of mosquitoes, provided near complete protection against
challenge with fully infectious sporozoites (referred to as controlled human malaria
infection [CHMI]) (8). More recently, vialed, cryopreserved RAS have been administered
intravenously (i.v.) and have conferred robust protection against CHMI, demonstrating
the safety and efficacy of this form of vaccination as well as the potential for manu-
facturing scale-up and a practical means of administration (9). Irradiation causes DNA
damage in sporozoites, allowing them to retain infectivity, but upon infection of
hepatocytes, the DNA damage causes a block in DNA replication and, in consequence,
developmental arrest of the parasite at the trophozoite/early schizont stage. This
causes parasite death within the infected hepatocyte or death of both the parasite and
the infected cell. Attenuated sporozoites are complex immunogens, containing thou-
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sands of unique parasite proteins, many of which are potential antibody targets against
the sporozoite as well as T cell targets against the early-infected hepatocyte. As such,
RAS stimulate multipronged adaptive immune responses conferring preerythrocytic
immunity against infection, thereby preventing the onset of blood stage infection (10).
However, if the live parasite immunogens were able to progress further through liver
stage schizogony and thus dramatically increase their biomass, as well as further
diversifying their antigen repertoire, they should elicit broader and more robust
immune responses than RAS. Indeed, this has been shown for humans by an alternate
method of whole parasite vaccination, in which subjects undergoing prophylactic
treatment with the blood stage antimalarial chloroquine were immunized with fully
infectious sporozoites (12, 13). In this immunization, liver stage development pro-
gresses normally but exoerythrocytic merozoites that are released from the liver and
infect erythrocytes are killed by chloroquine. This method of whole-parasite immuni-
zation engenders sterile protection against CHMI but strikingly requires an approxi-
mately 60-fold-lower cumulative parasite dose than RAS (14). However, the continuous
administration of an antimalarial drug during immunization can likely not be consid-
ered a practical method of vaccination.

Fortuitously, targeted gene deletion technology for Plasmodium parasites has al-
lowed for a more precise and controlled means for the creation of attenuated parasites
(15). Initial studies of rodent malaria genetically attenuated parasites (GAP) focused on
the deletion of genes that were upregulated in infective sporozoites (UIS) (16). The
deletion of numerous UIS genes from the parasite genome did not affect sporozoite
viability but instead caused early developmental arrest of the parasite in the liver, and
these GAPs were robust immunogens, protecting immunized mice from sporozoite
challenge (11, 17). A P. falciparum early liver stage-arresting triple knockout GAP was
created (p36� p52� sap1�) and showed no evidence of breakthrough to blood stage
infection in preclinical studies (18) and in a recent clinical study showed no break-
through when administered to volunteers by the bites of approximately 200 infected
mosquitoes (19). Further P. falciparum GAP that arrest early during liver stage devel-
opment include P. falciparum b9� sap1� (20) and P. falciparum abccc2� (21), but these
GAP have yet to be tested in humans.

Identification of early liver stage-arresting GAP gene knockout candidates relied on
the transcriptional profiling of salivary gland sporozoites, which uncovered genes
essential for the establishment of a liver stage infection but not necessarily genes that
control development and maturation of liver stages. To identify the latter, studies of the
rodent malaria liver stage proteome and transcriptome and their comparison with
other life cycle stages was conducted and uncovered novel potential GAP gene
candidates essential for liver stage development (22). These included a subset of genes
encoding enzymes involved in the type II fatty acid synthesis pathway (FAS II), an
apicoplast-localized pathway of prokaryotic origin (23). Indeed, deletion of FAS II genes
in both Plasmodium yoelii and Plasmodium berghei demonstrated nearly full liver stage
developmental progression through schizogony before late liver stage arrest (24–28). P.
yoelii FAS II knockouts were completely attenuated, whereas P. berghei knockouts
showed limited breakthrough to blood stage infection. Immunization of mice with P.
yoelii sporozoites lacking FAS II (27) resulted in a more potent immune response and
superior protection than with an early liver stage-arresting P. yoelii GAP (29) and P. yoelii
RAS (30). Importantly, immunized mice were protected from sporozoite challenge after
intradermal immunization, indicating increased potency compared to that of early
arresting RAS or GAP. Immunized mice were also protected from a lethal blood stage
challenge, thus exhibiting life cycle stage-transcending protection (31). Together, these
data suggest that a late liver stage-arresting GAP will be a superior immunogen in
humans and a safe, late liver stage-arresting P. falciparum GAP would appear to be an
ideal live-attenuated vaccine strain. However, efforts to create late liver stage-arresting
P. falciparum GAP have encountered obstacles since the deletion of genes involved in
FAS II unexpectedly led to a complete defect in P. falciparum sporogony within the
mosquito, precluding its production (32, 33).
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In a further effort to create novel late liver stage-arresting GAP, we and others
continue to screen gene deletions of liver stage-expressed genes for a phenotype of
late liver stage developmental arrest in rodent malaria parasites. Two identified inde-
pendent gene deletions that lead to late liver stage arrest include PlasMei2 in P. yoelii
(34) and liver-specific protein 2 (LISP2) in P. berghei (35–37). We tested whether dual
deletion of PlasMei2 and LISP2 could synergize to create a safe, fully attenuated GAP.
Our studies show that P. yoelii plasmei2� lisp2� constitutes a synthetic lethal gene
deletion combination that completely attenuates the parasite while maintaining a late
liver stage-arresting phenotype. Immunization of mice with P. yoelii plasmei2� lisp2�

elicited protective T cell and antibody responses and afforded complete protection
against sporozoite challenge as well as stage-transcending protection against a blood
stage challenge.

RESULTS
P. yoelii plasmei2� and P. yoelii lisp2� show incomplete attenuation of liver

stage development. P. yoelii PlasMei2 contains an RNA binding domain (RBD) that
shares homology to one of the RBDs in Mei2 (Meiosis inhibited 2), originally described
for the fission yeast Schizosaccharomyces pombe (38). PlasMei2 is expressed in cyto-
plasmic granules of liver stage parasites, suggestive of a role in RNA homeostasis. We
have previously shown that deletion of PlasMei2 in P. yoelii 17XNL leads to late liver
stage arrest and no evidence of breakthrough to blood stage infection when i.v. dosed
with 50,000 plasmei2� sporozoites (34) in highly susceptible BALB/cByJ mice (39). To
determine if higher doses could lead to breakthrough, we performed challenges i.v.
with 200,000 or 500,000 plasmei2� sporozoites in cohorts of 30 BALB/cByJ mice for
each dose and did observe occasional breakthrough to blood stage infection (3/30 at
200,000 and 4/30 at 500,000 [Table 1]). This finding shows that P. yoelii plasmei2� is
severely but not completely attenuated in highly susceptible mice given high dose

TABLE 1 Attenuation of gene knockout P. yoelii preerythrocytic stages in BALB/c mice

Parasite name
or genotype

No. of sporozoites used
for inoculationa Mouse

No. of mice
patentb

No. of days
to patencyc

1971cl1d 1,000 BALB/cJ 3/3 3 (3)
1971cl1d 10,000 BALB/cJ 3/3 3 (3)
lisp2� 1,000 BALB/cJ 6/8 5 (4)

7 (2)
lisp2� 10,000 BALB/cJ 7/7 4 (2)

5 (4)
6 (1)

plasmei2� 50,000 BALB/cByJ 0/10
200,000 BALB/cByJ 3/30 5 (2)

6 (1)
500,000 BALB/cByJ 4/30 5 (2)

6 (1)
7 (1)

plasmei2� lisp2� 50,000 BALB/cJ 0/30
50,000 BALB/cByJ 0/10
200,000 BALB/cByJ 0/29
500,000 BALB/cByJ 0/26

fabb/f� 500,000 BALB/cJ 0/10
500,000 BALB/cByJ 0/20

aSalivary gland sporozoites were isolated from infected Anopheles stephensi mosquitoes, and mice were i.v.
challenged with the listed number of sporozoites.

bThe number of patent mice per number of mice challenged is indicated. Detection of blood stage patent
parasitemia was carried out by Giemsa-stained thin blood smear. Attenuation was considered complete if
mice remained blood stage negative for 21 days.

cIf mice became blood stage patent, the day to patency is listed, with the number of mice that became
patent in parentheses.

dThe marker-free GFP-luciferase-expressing 1971cl1 parasite has a wild-type phenotype in all aspects of the
life cycle, including sporozoite infectivity, and was used for the creation of all of the gene knockouts.
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challenges. We next thought that the simultaneous deletion of two liver stage-
expressed genes, each of which causes incomplete attenuation at late liver stage, could
achieve complete attenuation by creating a synthetic lethal phenotype, assuming that
the lack of each unique gene function could synergize in their detrimental effect on
liver stage development. We thus considered further gene candidates and chose to
study LISP2 because it is expressed on the middle-to-late liver stage parasitophorous
vacuole membrane and deletion of P. berghei LISP2 leads to incomplete late liver stage
growth arrest (37). We first tested whether P. yoelii lisp2� arrests during late liver stage
development by deleting the gene using the recently described clustered regularly
interspaced short palindromic repeat (CRISPR)/Cas9 technology (40), which allows
efficient editing of the parasite genome. The advantage to this system is that transgenic
parasites do not carry a drug susceptibility marker and thus can easily undergo further
genetic manipulation. The pYC plasmid (40) was thus used to target LISP2 for deletion
in a marker-free P. yoelii 17XNL parasite that constitutively expresses a green fluores-
cent protein (GFP)-luciferase fusion (41) termed 1971cl1. This allows for the noninvasive
analysis of liver stage development in mice using an in vivo imaging system (IVIS) and
analysis of subsequent transition to blood stage infection in the same animals. Two P.
yoelii lisp2� clones from two separate transfections were used for studies, and neither
showed defects in any stages of the parasite life cycle (data not shown) except during
liver stage development. To determine if P. yoelii lisp2� arrests during liver stage
development, groups of BALB/cJ mice were i.v. challenged with either 1,000 marker-
free GFP-luciferase-expressing 1971cl1 parent parasites (here referred to as wild type)
or 1,000 lisp2� sporozoites, and time to blood stage patency was determined. All
wild-type-infected mice became blood stage patent on day 3 after challenge, whereas
two of seven P. yoelii lisp2�-infected mice did not become patent and the remaining
mice showed severe delays to patency, becoming patent between 5 and 7 days after
infection (Table 1). When mice were challenged with 10,000 lisp2�sporozoites, all mice
became blood stage patent from days 4 through 6 (Table 1), demonstrating the
incomplete attenuation of P. yoelii lisp2�.

The P. yoelii lisp2� plasmei2� GAP exhibits complete late liver stage develop-
mental arrest. Next, we created a P. yoelii lisp2� plasmei2� dual gene deletion parasite
by deleting PlasMei2 in the drug-susceptible P. yoelii lisp2� parasite. Two P. yoelii lisp2�

plasmei2� parasite clones from separate transfections were phenotypically analyzed,
and as for the single gene deletion parasites, there was no apparent impairment of the
parasite life cycle up to the point of liver stage development (see Fig. S1 in the
supplemental material). We then compared late liver stage development of the lisp2�

plasmei2� dual gene deletion parasite with lisp2� and plasmei2� single gene deletion
parasites as well as wild-type parasites. Groups of Swiss Webster (SW) mice were
challenged i.v. with 50,000 sporozoites of each strain and liver stage developmental
progression was measured based on luciferase activity at 43 h, a time point late in liver
stage development but before the complete maturation and liver stage-to-blood stage
transition of wild-type parasites. Parasite development, based on luciferase expression
was indistinguishable between single and dual gene knockout parasite strains and
wild-type parasites (Fig. 1A), suggesting that all three GAP progress to late liver stage
development. To further assess the phenotype of liver stage development, parasites
were visualized by indirect immunofluorescence assay (IFA) at 43 h of liver stage
development, using antibodies recognizing the PVM protein Hep17 and the endoplas-
mic reticulum protein BiP (Fig. 1B). Liver stages of GAP developed to late schizogony
and appeared similar to the wild type based on expression patterns of Hep17 (Fig. 1B).
However, the plasmei2� liver stages showed a DNA segregation phenotype and
aberrant BiP expression (34), and this phenotype was also observed in the lisp2�

plasmei2� liver stages (Fig. 1B). To quantify liver stage growth of the gene knockout
parasite lines, liver stage size was determined at 43 h in comparison to that of the wild
type (Fig. 1C), and no significant differences were seen among all analyzed strains. Thus,
P. yoelii lisp2� plasmei2� GAP retains the late-liver stage arresting phenotype of the
single gene deletion parasites and phenotypically resembles the plasmei2� single gene
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knockout (34). To determine whether the lisp2� plasmei2� GAP persisted in the liver,
we measured liver stage luciferase activity of the lisp2� plasmei2� GAP over time after
sporozoite inoculation in C57BL/6 mice (Fig. 2A). As controls, we compared the lisp2�

plasmei2� GAP with both the late liver stage-arresting fabb/f� GAP, created in the
GFP-luciferase expressing 1971cl1 parent parasite, and the wild type. All three parasites
showed similar luciferase activities at 24 and 44 h after sporozoite inoculation (Fig. 2A);
thereafter, wild-type liver stage activity was not measured, as the liver stage-to-blood
stage transition occurs at approximately 48 h. At 72 h, both lisp2� plasmei2� GAP and
fabb/f� GAP luciferase activities had significantly decreased, with lisp2� plasmei2� GAP
activity at background levels, whereas fabb/f� GAP luciferase activity was still signifi-
cantly higher than background. This suggests that the fabb/f� GAP persists for longer
than the lisp2� plasmei2� GAP. At 96 h, both GAP had luciferase activities comparable
to background.

To gain further insight into the persistence, yet complete attenuation, of the lisp2�

plasmei2� GAP, we estimated the viability of lisp2� plasmei2� liver stages at 36, 42, 48,
54, and 60 h of development by IFA (Fig. 2B) based on the presence of an intact
parasitophorous vacuole membrane (PVM). This was delineated by expression of the
PVM marker Hep17, and viability was compared to that of the wild-type liver stages at
36, 42, and 48 h, time points when the latter are still present in the liver (Fig. 2B). This
assessment of viability was previously used to show the phenotype of the attenuated
plasmei2� GAP (34). At 36, 42, and 48 h, the percentage of nonviable lisp2� plasmei2�

liver stages was significantly higher than that of the wild type and increased over time

FIG 1 P. yoelii lisp2�, plasmei2�, and lisp2� plasmei2� GAP arrest late during liver stage development. (A) Groups
of five outbred SW mice were i.v. challenged with 50,000 luciferase-expressing GAP sporozoites. As a control, mice
were challenged with the luciferase-expressing 1971cl1 parasite, which behaves as the wild type. Liver stage
burden was measured in vivo at 43 h by assessing luciferase activity (total flux, y axis). There was no statistical
difference in flux between the four lines, as determined by an unpaired two-tailed t test. The dashed line indicates
background flux. (B) Livers from parasite-infected mice were harvested, perfused with PBS, and fixed in 4%
paraformaldehyde at 43 h 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 (green)
and the endoplasmic reticulum (ER) marker BiP (red), and DNA was localized with DAPI (blue). Scale bar: 10 �m.
(C) After IFAs were performed, determination of approximate liver stage size (based on area at the parasite’s largest
circumference using the PVM marker Hep17 as a reference) was calculated in order to make comparisons. At least
20 parasites were assessed at each time point. There was no statistical difference in area between the four parasite
lines as determined by an unpaired two-tailed t test. The results suggest that all parasites develop at similar rates
and thus all GAPs are late liver stage arresting.
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(Fig. 2C). At 48 h, a time point when wild-type parasites are beginning to transition from
liver stage-to-blood stage transition, over 84% of lisp2� plasmei2� GAP were compro-
mised, compared to only 21% for the wild type (Fig. 2C). By 54 h, all lisp2� plasmei2�

liver stages were compromised based on PVM integrity, and by 60 h, no lisp2�

plasmei2� liver stages were detected, suggesting that lisp2� plasmei2� liver stages
were cleared from the liver by 60 h.

As we had observed the lowest frequency of breakthrough infections among single
gene knockouts in the plasmei2� parasite, we next determined if comparable high
doses of lisp2� plasmei2� GAP would lead to breakthrough infection. We thus per-
formed challenges i.v. with 200,000 or 500,000 lisp2� plasmei2� sporozoites in cohorts
of highly susceptible BALB/cByJ mice for each dose. We did not observe any break-
through to blood stage infection (0/29 for 200,000 and 0/26 for 500,000 [Table 1]). This
finding shows that the P. yoelii lisp2� plasmei2� gene knockout combination consti-
tutes a synthetic lethal phenotype in which two sublethal single gene deletions
synergize to cause a completely penetrant lethal phenotype. In consequence, the lisp2�

plasmei2� GAP is completely attenuated at late liver stage.
The P. yoelii lisp2� plasmei2� GAP protects against preerythrocytic and eryth-

rocytic stage challenge. To study preerythrocytic protection, groups of BALB/cJ mice

FIG 2 Late-arresting P. yoelii GAPs persist and protect from a lethal blood stage challenge. (A) Groups of C57BL/6 mice (n �
6) were inoculated with 50,000 P. yoelii luciferase-expressing wild-type, fabb/f �, or lisp2� plasmei2� sporozoites. In vivo
bioluminescent imaging was used to assay liver stage development (total flux, photons per second [p/s], y axis) at 24, 44,
72, and 96 h (x axis) after inoculation. Background luminescence is depicted as a dashed horizontal line. Significant
differences are shown (*), based on an unpaired two-tailed t test where P � 0.006. #, flux is not significantly different from
background based on an unpaired two-tailed t test. nd, not determined due to transition to blood stage. (B) IFA of lisp2�

plasmei2� liver stage schizonts allowed for phenotypic analysis based on the compromised expression of the PVM marker
Hep17 (green) (PVM�, complete circumferential expression; PVM�, incomplete). The parasite was further delineated using
antibody to the ER marker BiP (red) and staining DNA with DAPI (blue). Scale bar: 10 �m. Analysis took place at 36, 42, 48,
and 54 h of development. nd, not detected since all parasites were compromised. (C) The proportion of viable and
nonviable wild-type and lisp2� plasmei2� liver stage schizonts parasites was determined at 36, 42, and 48 h of
development. At least 50 parasites in four independent liver sections were counted at each time point. At each time point
the lisp2� plasmei2� liver stages were statistically less viable than the wild type based on an unpaired two-tailed t test (*,
P � 0.003; **, P � 0.0001). (D) Groups of C57BL/6 mice were immunized twice with 50,000 intravenous sporozoites (P. yoelii
fabb/f �, 4 mice [pink], and P. yoelii lisp2� plasmei2�, 10 mice [green]) and uninfected salivary gland extract as a control
(naive, 8 mice [black]) 1 month apart and i.v. challenged with 10,000 lethal YM P. yoelii-infected erythrocytes. Parasitemia
was followed until clearance. All naive mice were euthanized to avoid distress when parasitemia exceeded 65% (shown as
skull and crossbones).
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were i.v. immunized twice at 2- to 3-month intervals with 10,000 P. yoelii lisp2�

plasmei2� GAP sporozoites and subsequently i.v. challenged with 10,000 wild-type
sporozoites 30 days after the boost (Table 2). Readout of protection was the absence
of detectable blood stage parasitemia as determined by thin blood smear microscopy
starting 3 days after sporozoite challenge and continuing until day 21. All P. yoelii lisp2�

plasmei2� GAP-immunized mice were completely protected from the wild-type sporo-
zoite challenge, and in a subset of mice tested, all mice were protected from a
rechallenge 30 days after the first challenge (Table 2). The data demonstrate that the
P. yoelii lisp2� plasmei2� GAP affords complete preerythrocytic stage protection and
thereby prevents the onset of blood stage parasitemia.

We next conducted immunizations using outbred SW mice, which are inherently
more difficult to protect by whole P. yoelii sporozoite immunizations than inbred mice
(30). We compared the lisp2� plasmei2� GAP with the late liver stage-arresting fabb/f–

GAP (27), the current gold standard for preerythrocytic protection in mice. Groups of
mice were i.v. immunized three times 1 month apart with 50,000 sporozoites of each
GAP and then challenged by the bites of 15 P. yoelii wild-type-infected mosquitoes 30
days after the last immunization. Ninety percent of the mice immunized with P. yoelii
lisp2� plasmei2� were protected and 100% of the mice immunized with P. yoelii fabb/f�

were protected (Table 2), showing that both GAP afford robust protection against the
natural route of sporozoite challenge.

To further test durability of protection, we rechallenged a subset of immunized SW
mice 5 months after the original mosquito bite challenge. Mice were again challenged
by the bite of 15 mosquitoes harboring wild-type P. yoelii sporozoites and monitored
for development of parasitemia by microscopy for 21 days. None of the naive controls
were protected (0/5) and were blood stage positive by day 4 postinfection, while 75%
of the P. yoelii lisp2� plasmei2� sporozoite-immunized mice were protected and 75%
of the fabb/f� sporozoite-immunized mice were protected (Table 2). In addition, the
mice that were not protected became patent at a later time point in comparison with
the controls (Table 2). Additionally, long-term durability of protection in a subset of
immunized SW mice was assessed with first challenge by mosquito bite 6 months after
the last immunization and 80% of mice were protected (Table 2). Taken together, these
data demonstrate that immunization of outbred SW mice with late liver stage-arresting
GAP induces long-term immune responses that confer robust sterile protection against
sporozoite challenge.

Previous work has shown that C57BL/6 mice immunized with P. yoelii fabb/f� were
protected from a direct blood stage challenge, whereas early liver stage-arresting

TABLE 2 P. yoelii GAP protect from sporozoite challenge

Strain GAP genotype

No. of sporozoites used for:
No. of mice
protectedc

No. of sporozoites used
for rechallenged

No. of mice
protectedcPrimea Boosta Challengeb

BALB/cJ —e —e (60) 10,000 (30) 0/5
plasmei2� lisp2� 10,000 10,000 (60) 10,000 (30) 5/5 10,000 (30) 5/5

—e —e (60) 10,000 (40) 0/5
plasmei2� lisp2� 10,000 10,000 (90) 10,000 (40) 14/14

SW —e —e (30, 60) 15 bites (30) 0/5 15 bites (90)f 0/5
plasmei2� lisp2� 50,000 50,000 (30, 60) 15 bites (30) 9/10 15 bites (90) 3/4
plasmei2� lisp2� 50,000 50,000 (30, 60) 15 bites (180) 4/5
fabb/f� 50,000 50,000 (30, 60) 15 bites (30) 10/10 15 bites (90) 3/4

aP. yoelii GAP salivary gland sporozoites were isolated from infected Anopheles stephensi mosquitoes, and mice were i.v. immunized with the listed number of
sporozoites. The day(s) after the prime that the boost(s) took place is indicated in parentheses.

bMice were either challenged i.v. with the listed number of wild-type sporozoites or with the listed number of infectious mosquito bites. The days after the last boost
the challenge took place are indicated in parentheses.

cThe number of protected mice per number of mice challenged is indicated. Protection was considered complete if mice remained blood stage negative for 21 days
after challenge, based on Giemsa-stained thin blood smear.

dMice were rechallenged i.v. with the listed number of wild-type sporozoites or infectious mosquito bites. The days after the challenge the rechallenge took place are
indicated in parentheses.

e—, control mice were immunized with comparable amounts of salivary gland extract from uninfected mosquitoes.
fControl mice for the rechallenge were a separate cohort.
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parasite immunizations such as with irradiated sporozoites did not protect against a
blood stage challenge (31). This suggests that late liver stage-arresting parasites
express protective antigens that are shared with blood stages. Since P. yoelii lisp2�

plasmei2� also arrests late in liver stage development, we tested whether groups of
C57BL/6 mice that were immunized with 50,000 P. yoelii lisp2� plasmei2� sporozoites
or P. yoelii fabb/f� sporozoites 1 month apart were protected from an intravenous
challenge of 10,000 lethal P. yoelii YM blood stage parasites. Naive mice were unable to
control the blood stage infection. Conversely, both the P. yoelii lisp2� plasmei2�

sporozoite-immunized mice and P. yoelii fabb/f� sporozoite-immunized mice were
protected from the challenge and exhibited a low initial parasitemia before clearing the
blood stage parasite infection (Fig. 2D). This result demonstrates that P. yoelii lisp2�

plasmei2� sporozoite immunization engenders stage-transcending protection.
P. yoelii lisp2� plasmei2� GAP immunization generates parasite-specific anti-

body and T cell responses. (i) Antibody responses. Mechanistic studies of preeryth-
rocytic protection after GAP immunization have shown the importance of both
antibody-mediated responses that target the sporozoite as well as CD8 T cell-mediated
responses that target the liver stage parasites (42, 43). Most rodent malaria studies have
been carried out with inbred BALB/c and C57BL/6 mice. Outbred mice are less well
studied, but we here show protection against mosquito bite challenge in outbred SW
mice after P. yoelii lisp2� plasmei2� GAP immunization (Table 2). With the knowledge
that the natural route of challenge likely allows protective antibodies to block the
sporozoite journeys from the bite site to the liver (44), we further investigated the
preerythrocytic antibody response in SW mice. Since the circumsporozoite protein
(CSP) is an immunodominant sporozoite antigen and antibodies to CSP are protective,
we used an enzyme-linked immunosorbent assay (ELISA) readout to determine serum
reactivity to full-length P. yoelii CSP (44) in groups of five SW mice immunized as before
(Table 2). GAP-immunized mice showed high levels of CSP reactivity, whereas mock-
immunized mice showed baseline activity (Fig. 3A). This demonstrates that GAP-
immunized mice generate robust humoral responses to CSP, indicating the likely
importance of antibodies in the preerythrocytic protective immune response after GAP
immunization. In addition, since the P. yoelii lisp2� plasmei2� GAP arrests at a late liver
stage developmental time point when exoerythrocytic merozoite formation should be
occurring, we determined serum reactivity to the immunodominant blood stage anti-
gen merozoite surface protein 1 (MSP1) (Fig. 3A). Interestingly, there was significant
reactivity to this antigen from only one immunized SW mouse, suggesting either that
the late-arresting GAP does not express high levels of MSP1 despite the fact that
protection from a blood stage challenge was observed or that this antigen does not

FIG 3 P. yoelii lisp2� plasmei2� GAP immunization elicits protective humoral responses. (A and B) ELISA was used to measure levels of antibodies that recognize
the sporozoite surface marker CSP (left) and the merozoite surface marker MSP1 (right) from the sera of lisp2� plasmei2� GAP-immunized SW (A) and BALB/cJ
(B) mice. The y axis shows the OD reading after detection using suitably diluted sera. The dashed line shows the average response from the pooled sera from
at least five mock-immunized mice. (C) IgG was isolated from lisp2� plasmei2� GAP-immunized BALB/cJ mice 45 days after the second immunization and
passively transferred i.v. into naive mice. Control mice received the same amount of mouse IgG isolated from naive mice. Twenty-four hours later, the mice were
challenged by five infectious mosquito bites and subsequently followed daily (x axis) until they became blood stage parasite patent (percent nonpatent, y axis).
Mice that received IgG from immunized mice became patent later than the control mice (P � 0.05 based on the Grehan-Breslow-Wilcoxon test). Each point
shows the response from an individual mouse.
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elicit antibodies in the outbred mouse background (Fig. 2D). This suggests that the
immune responses that control the blood stage infection in SW mice do not exclusively
target MSP1. Alternatively, since the SW mouse is outbred, this could have led to the
inconsistent results from the MSP1 ELISA readout using sera from immunized SW mice.
We thus repeated the immunization regimen with inbred BALB/cJ mice, which we had
already shown to be completely protected (Table 2) from challenge. All immunized
mice showed high levels of serum activity to both CSP and MSP1, indicating that a
consistent and robust humoral immune response was achieved in inbred BALB/cJ mice
(Fig. 3B). Importantly, to determine the level of protection afforded by the humoral
immune response, we isolated IgG from the sera of BALB/cJ immunized mice and
passively transferred the sera into naive mice as well as transferring similar amounts of
nonimmune control IgG into control naive mice (five per group). Twenty-four hours
later, the mice were challenged with wild-type infectious P. yoelii delivered by mosquito
bite, and the time to blood stage patency was determined (Fig. 3C). There was a
significant delay to patency in the mice that received IgG from the lisp2� plasmei2�

GAP-immunized mouse cohort, evidence that the IgG could recognize and substantially
prevent sporozoite passage from the skin to the liver and thus increase the time to
onset of blood stage patency.

To provide further evidence of serum reactivity, we performed IFA initially using
pooled sera from the immunized SW mice and showed antibody binding to the
sporozoite surface (Fig. 4A), in agreement with the results from the CSP ELISA. To
determine if sera could also recognize liver stages and blood stage parasites, IFAs were

FIG 4 P. yoelii lisp2� plasmei2� GAP immunization of SW mice elicits humoral responses to multiple life
cycle stages. (A to E) IFA was used to determine IgG antibody activity against the parasite from
GAP-immunized mice. Sera from five pooled mice were diluted 1:200 for IFA, and bound antibody was
detected with a fluorescent secondary antibody. (A) Sera from GAP-immunized mice (IgG, top left, in red)
but not sera from naive mice (IgG, top right) recognize the sporozoite surface. Differential interference
contrast images of the sporozoites are shown in the bottom images. (B-to D) Liver stage IFAs using
GAP-immunized sera (shown in red) show cross-reactivity with CSP (shown in green) at 24 h of
development (B) and internal reactivity at 34 (C) and 44 h (D) of development. The parasite was visualized
with antibody to BiP (shown in green). (E) GAP-immunized sera recognizes the blood stage merozoite
interior, and the merozoite surface was visualized with antibody to MSP1 (green). In panels B to E,
DNA is shown in blue. Scale bars in panels A and E represent 5 �m, and those in panels B to D
represent 10 �m.
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performed on liver sections from infected mice at 24 h (Fig. 4B), 34 h (Fig. 4C), and 44
h (Fig. 4D) of liver stage development. Early in liver stage development, at 24 h (Fig. 4B),
serum reactivity showed a circumferential pattern localization in liver stages similar to
CSP. Later on in liver stage development, the sera recognized the parasite periphery
(surface and/or parasitophorous vacuole) but also internal structures, suggesting that
humoral responses to late liver stage schizonts were also being generated (Fig. 4C and
D). In these IFAs, antibody to BiP was used to localize the endoplasmic reticulum of the
parasite and minor colocalization with BiP was evident. Importantly, the immune sera
also recognized asexual blood stage merozoites (Fig. 4E), and the pattern of recognition
was mostly cell internal, based on the sparse colocalization with MSP1, in agreement
with the inconsistent lack of serum reactivity to MSP1 (Fig. 3A). Thus, immunization of
outbred SW mice with late liver stage-arresting GAP elicited humoral responses that
recognize multiple parasite stages.

Since we saw a consistent immune response to MSP1 in immunized BALB/cJ
mice (Fig. 3B), we repeated a similar IFA time course on sporozoite and liver stage
parasites (Fig. 4) using pooled immune sera to determine the extent of the humoral
response (Fig. 5). As with pooled sera from SW immunized mice, there was antibody
binding to the sporozoite surface (Fig. 5A), and early in liver stage development, at 24
h (Fig. 5B), serum reactivity showed a circumferential localization although in contrast
to the SW-immunized sera, there was also some internal localization. As for SW-
immunized sera, later on in liver stage development, the sera recognized the parasite
periphery (surface and/or parasitophorous vacuole) but also internal structures, sug-
gesting that humoral responses to late liver stage schizonts were also being generated
(Fig. 5C and D). Interestingly and in agreement with the MSP1 ELISA data, the immune
sera specifically recognized the exoerythrocytic merozoite surface in segmenting liver
stage schizonts (Fig. 5E and F), in contrast to the SW-immunized sera that mostly

FIG 5 P. yoelii lisp2� plasmei2� GAP immunization of BALB/cJ mice elicits humoral responses to multiple
life cycle stages. (A to F) IFA was used to determine IgG antibody activity against the parasite from
GAP-immunized mice. Sera from pooled mice were diluted 1:200 for IFA, and bound antibody was
detected with a fluorescent secondary antibody. (A) Sera from GAP-immunized mice (IgG, top left, in red)
but not sera from naive mice (IgG, top right) recognize the sporozoite surface. Differential interference
contrast images of the sporozoites are shown in the bottom images. (B to D) Liver stage IFAs using
GAP-immunized sera (shown in red) show liver stage peripheral and internal reactivities at 24 (B), 34 (C),
and 44 (D) h of development. At 52 h (E), sera recognize the surface of exoerythrocytic merozoites in a
segmenting schizont, magnified for clarity in panel F. The parasite was visualized with antibody to BiP
(shown in green) and DNA in blue. Scale bar: 10 �m.
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reacted with internal merozoite antigens (Fig. 4E). Thus, immunization of inbred
BALB/cJ mice with lisp2� plasmei2� late liver stage-arresting GAP elicited humoral
responses that recognize the sporozoite, the liver stage parasites, the blood stage
parasites, and the exoerythrocytic merozoite surface.

(ii) T cell responses. Numerous studies have shown that immunization with both
GAP and RAS elicits protective CD8 T cells (30, 43, 45–50) and CD8 T cell subsets that
play critical roles include CD8 effector memory T cells (TEM) (47) as well as CD8 T cells
that home to the liver via the chemokine receptor CXCR6 (51, 52). To study CD8 T cell
recruitment to the liver after P. yoelii lisp2� plasmei2� GAP immunization, a subset of
SW mice i.v. rechallenged with 7,000 P. yoelii GFP-luciferase sporozoites were analyzed
for liver stage burden using bioluminescence imaging at 42 h after the challenge.
Immunized mice had a significantly reduced liver stage burden, 89% � 6.9%, compared
to that of control naive mice (Fig. 6A), demonstrating the efficacy of the immune
response in eliminating liver stage parasites. The mice were then sacrificed immediately
following the measurement of parasite liver burden, and their livers were perfused for
phenotyping of liver-resident CD8 T cells by flow cytometry. Immunized mouse livers
contained significantly more total lymphocytes than challenged naive controls (Fig. 6B).
Importantly, the livers of immunized mice had increases in CD8 TEM (5.7-fold increase)
(Fig. 6C), known to be important in mounting rapid responses to infected hepatocytes.
In addition, we also observed increased numbers of antigen-experienced CD44hi

CXCR6� CD8 T cells (5.2-fold increase) (Fig. 6D) in the liver, suggesting the significance
of these liver-resident CD8 T cells in mounting an effective cellular response against
infected hepatocytes. To further assay the importance of CD8 T cells for protection, CD8
T cells from the livers of lisp2� plasmei2� GAP-immunized BALB/cJ mice were adop-
tively transferred to naive mice and these mice were subsequently challenged with P.
yoelii wild-type infectious sporozoites by mosquito bite. Control naive mice received
CD8 T cells from mock-immunized mice. To assay the ability of the transferred T cells
to prevent liver stage development, luciferase activity was measured at 44 h. The liver

FIG 6 P. yoelii lisp2� plasmei2� GAP immunization induces long-term liver-specific CD8 T cell immunity. SW mice were immunized three times, challenged after
6 weeks by mosquito bite (Table 2), and then rechallenged i.v. with 7,000 luciferase-expressing P. yoelii sporozoites 40 days later. (A) Parasite liver burden was
assessed at 42 h postinfection by bioluminescent imaging. (B to D) Mice were sacrificed and their livers perfused for isolation of liver nonparenchymal cells and
phenotyping by flow cytometry. The total numbers of liver lymphocytes (B), CD8 TEM (CD8� CD62L� KLRG1� population) (C), and antigen-experienced CD8�

CXCR6� T cells (CD8� CD44hi CXCR6�) (D) are shown compared to those in naive, challenged controls. (E) CD8 T cells were isolated from the livers of BALB/cJ
45 days after they had been immunized twice with lisp2� plasmei2� GAP. A total of 1.5 � 106 liver CD8 T cells from immunized mice and an equivalent number
from mock-immunized mice were injected i.v. into naive BALB/cJ mice. Twenty-four hours after the transfer, each mouse was infected i.v. with 1,500
luciferase-expressing wild-type sporozoites. Forty-four hours later, liver stage burden was quantified by in vivo bioluminescent imaging (total flux, y axis). Each
point represents a single mouse. Statistical comparisons were performed by Mann-Whitney U test (*, P � 0.05; **, P � 0.01).

Plasmodium yoelii Late Liver Stage Arrest Infection and Immunity

May 2018 Volume 86 Issue 5 e00088-18 iai.asm.org 11

http://iai.asm.org


stage burden in mice with adoptively transferred T cells from immunized mice had
a significantly reduced mean liver stage burden, 91.5%, compared to control mice
(Fig. 6E), demonstrating the role of liver-resident CD8 T cells from immunized mice in
eliminating liver stage parasites. Taken together, these data demonstrate that lisp2�

plasmei2� GAP immunization of mice induces protracted, liver-resident memory CD8 T
cell responses that are important in providing robust protection.

DISCUSSION

Attenuated preerythrocytic P. falciparum malaria parasites engender immune re-
sponses that protect human subjects from an infectious sporozoite challenge (10, 19,
53, 54). Their clinical testing was inspired and built on extensive research studies with
attenuated preerythrocytic stages of the rodent malaria parasites P. yoelii and P. berghei
(11, 27, 55, 56). Attenuation was first achieved by the irradiation of sporozoites, but
more recently, genetic attenuation by precise gene deletion(s) has been possible.
Whereas sporozoite irradiation, by means of random DNA damage, causes the uncon-
trolled early arrest of the liver stage parasite before extensive DNA replication, genetic
attenuation has design potential and, depending on the gene deletion, could arrest the
liver stage parasite at any point during its development. While first-generation GAP
were built by gene deletion(s) of loci that control the early stages of hepatocyte
infection, thereby causing early liver stage arrest, the deletion of genes encoding fatty
acid biosynthesis (FAS II) in rodent malaria parasites caused arrest late in liver stage
development (27, 28). The distinct liver stage growth arrest phenotypes allowed for
comparisons of the immunogenicity and efficacy of late liver stage-arresting attenuated
rodent malaria GAP to early liver stage-arresting rodent malaria RAS and GAP. These
studies showed that not only could late liver stage-arresting GAP confer superior
protection against homologous sporozoite challenge in inbred and outbred mice, but
also they protected mice against a heterologous rodent malaria sporozoite challenge
and a lethal blood stage challenge (30, 31, 44). The enhanced protection is likely
mediated by a diversification of the antigenic targets of the protective CD8 T cell
response and the antibody responses, demonstrating the importance of both arms of
the immune system in this unprecedented protection. These findings provide a con-
vincing rationale for the development of a late liver stage-arresting P. falciparum GAP
as an optimal live-attenuated vaccine. Unfortunately, however, FAS II gene deletions in
P. falciparum prevent sporozoite formation (32, 33), and in consequence such a vaccine
cannot be produced.

We continued our search for gene deletions that cause a late liver stage-arresting
phenotype and attempted to combine gene deletions that in concert would yield a
completely attenuated GAP. Here we have shown that a novel P. yoelii GAP, created by
deletion of lisp2 and plasmei2, is a synthetic lethal and completely arrests the parasite
late in liver stage development. Although deletion of either gene alone is not sufficient
to arrest liver stage development completely, resulting in infrequent breakthrough
blood stage infection, the simultaneous deletion of both genes causes complete growth
arrest and death of the parasite. Typically in synthetic lethality, a single gene deletion
does not have a profound effect on phenotype, but this is not always the case. In our
studies, the PlasMei2 deletion had a pronounced phenotype and only showed liver
stage-to-blood stage breakthrough in a small subset of susceptible BALB/cByJ mice,
whereas the LISP2 deletion was less deleterious and even a relatively small dose of
1,000 sporozoites administered i.v. led to patency in less susceptible BALB/cJ mice. It
appears counterintuitive that combining a gene deletion associated with a strong
attenuation phenotype with a gene deletion with a weak attenuation phenotype would
result in complete attenuation. Nevertheless, this synergistic effect was observed in the
dual loss of gene function, but how precisely the LISP2 and PlasMei2 gene deletions
interact—the former functioning at the liver stage parasitophorous vacuole (37) and
the latter in RNA homeostasis (34)—to severely impact parasite development remains
to be determined. The postgenomic tools of systems biology allow for the functional
characterization of genes through understanding gene-gene interactions, as well as
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interactions between biological pathways, and exploiting synthetic lethality can aid in
the investigation of these interactions. Synthetic lethal screening is a powerful tech-
nique and has been used with great success in model organisms such as Saccharomyces
cerevisiae (57), Drosophila melanogaster (58), and Caenorhabditis elegans (59) and is
currently being pursued for cancer therapy (60). The rationale behind such screens is
that the deletion of two genes whose interaction is essential will result in lethality,
whereas the gene deletions on their own can be tolerated. Gene-gene interactions in
Plasmodium are poorly understood, particularly for the liver stage parasite. Research in
this arena could aid in the discovery of further gene-gene interactions that could be
perturbed for the purpose of GAP creation. Rapid, successive gene deletions in Plas-
modium are now possible with CRISPR/Cas9 technology (40, 61, 62), and thus, the
creation of multilocus-attenuated late liver stage-arresting GAP is within reach.

We found that immunization with P. yoelii lisp2� plasmei2� completely protects
against sporozoite challenge and also confers stage-transcending protection against a
lethal blood stage challenge. The breadth and duration of the immune responses
engendered by P. yoelii lisp2� plasmei2� vaccination might be vital for the breadth of
protection. lisp2� plasmei2� GAP immunization elicited antibodies that recognized the
sporozoite surface, including CSP, known to be critical for humoral protection against
sporozoite infection, and provided projection from mosquito bite challenge after
passive transfer. Immune sera also recognized the liver stages at 24, 34, and 44 h of
development as well as blood stage parasites. Although it is not clear if antibody
recognition of the liver stage parasite plays a role in protection, antibody recognition
of the blood stage parasite is an important component of the stage-transcending
protection provided by late liver stage-arresting GAP, as previously shown for the P.
yoelii fabb/f� GAP (31). Indeed, P. yoelii lisp2� plasmei2� was as protective as P. yoelii
fabb/f� against a lethal blood stage challenge. This suggests that the induction of
stage-transcending protection is a universal feature of late liver stage-arresting GAP
and appears not to depend on the particular gene knockout that causes the attenua-
tion.

Sterile immunity engendered by attenuated parasite vaccination is critically depen-
dent on CD8 T cells that target the liver stage-infected hepatocytes. Recently, it has
been shown that in addition to CD8 TEM cells, liver-resident CD8 T cells also play a vital
role in protection (47, 52, 63, 64). We observed that P. yoelii lisp2� plasmei2� GAP
immunization led to significant increases in antigen-experienced CD8 TEM cells and
liver-resident CD8 T cells. These CD8 T cells undoubtedly play a significant role in
conferring robust sterile protection. We showed this by adoptive transfer of CD8 T cells
from lisp2� plasmei2� GAP-immunized mice into naive mice, which dramatically re-
duced liver stage burden after i.v. sporozoite challenge. This mode of challenge largely
bypasses the humoral protection that plays a role in preventing sporozoites from
exiting the skin after mosquito bite infection.

The enhanced magnitude and breadth of protective immune responses that is
observed with late liver stage-arresting GAP provides advantages compared to early
liver stage-arresting parasites. Of clinical significance, the immunizing dose of sporo-
zoites required to achieve protection is lower. Thus, the number of sporozoites per
immunization can be decreased and/or the total number of immunizations can be
decreased without leading to a loss of sterile protection against infection. In addition,
immune responses confer protection against heterologous challenge and may even
show cross-species protection, as has been demonstrated for immunization with the
late liver stage-arresting P. yoelii fabb/f� GAP, which protected against a P. berghei
challenge (30). Finally, the demonstration that P. yoelii lisp2� plasmei2� immunization
protects from a lethal, heterologous blood stage challenge raises the hope that even if
sterile protection against preerythrocytic infection wanes, stage-transcending protec-
tion could prevent fulminant blood stage replication and consequently alleviate malaria
disease. Ultimately, a late liver stage-arresting P. falciparum lisp2� plasmei2� strain has
yet to be generated, and with both the lisp2 gene and plasmei2 gene showing high
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conservation among malaria parasites it is possible to pursue such a promising GAP in
P. falciparum for human vaccination.

MATERIALS AND METHODS
Experimental animals. Six- to 8-week-old female SW mice from Harlan (Indianapolis, IN) were used

for parasite life cycle maintenance and production of transgenic parasites. Six- to 8-week-old female
BALB/cAnN mice from Harlan were used for assessments indirect immunofluorescence assays (IFAs). Six-
to 8-week-old female BALB/cJ and BALB/cByJ mice from the Jackson Laboratory (Bar Harbor, ME) were
used to assess the attenuation and ability of parasites to act as experimental vaccines. P. yoelii parent 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 Research Council (65). The Center for Infectious
Disease Research has an OLAW Animal Welfare Assurance (A3640-01). The protocol was approved by the
Center for Infectious Disease Research Institutional Animal Care and Use Committee.

Creation of P. yoelii lisp2�, lisp2� plasmei2�, and fabb/f�. All oligonucleotide primers used for the
creation and analyses of parasites are detailed in Table S1 in the supplemental material. Deletion of P.
yoelii LISP2 was achieved based on the previously reported CRISPR/Cas9 strategy using plasmid pYC (40).
In brief, LISP2 was deleted using double-crossover homologous recombination following a double-
stranded DNA break mediated by Cas9 containing a guide RNA targeting the gene of interest. Comple-
mentary regions upstream and downstream of the open reading frame were ligated into plasmid pYC,
as was the 20-nucleotide guide RNA sequence (40), resulting in the creation of plasmid pYC_LISP2. The
pYC plasmid was transfected into the blood stage schizonts of P. yoelii line 1971cl1 (41), a marker-free
parasite that behaves as the wild type and expresses a green fluorescent protein (GFP)-luciferase fusion
throughout the life cycle under the control of the elongation factor 1 alpha promoter. This led to the
creation of the P. yoelii lisp2�. Two separate knockout clones from two independent transfections were
initially phenotypically analyzed throughout the life cycle. To create P. yoelii lisp2� plasmei2�, the
plasmid originally used to create P. yoelii plasmei2�, pL0034_PlasMei2 (34), was transfected into the
marker-free P. yoelii lisp2� parasite and two clones from separate transfections were isolated for further
analysis. To achieve deletion of FabB/F, the GIMO technology used to create P. yoelii plasmei2� was used
and the pL0034_FabB/F plasmid was transfected into the blood stage schizonts of the luciferase-
expressing P. yoelii line 1971cl1 (41).

After transfection of all parasites and intravenous injection into SW mice, pyrimethamine was used
for the positive selection and downstream cloning of recombinant parasites using standard techniques
(66). Transgenesis was confirmed by PCR using methodology we have used on multiple occasions (see
reference 25 for a recent example).

Immunofluorescence analysis. (i) Liver stage. BALB/cAnN mice were injected i.v. with approxi-
mately 3 � 105 sporozoites, and livers were harvested from euthanized mice at several time points
postinfection. Livers were perfused with 1� phosphate-buffered saline (PBS) and fixed in 4% (vol/vol)
paraformaldehyde (PFA) in 1� PBS, and lobes were cut into 50-�m sections using a Vibratome apparatus
(Ted Pella, Redding, CA). For IFA, sections were permeabilized in 1� Tris-buffered saline (TBS) containing
3% (vol/vol) H2O2 and 0.25% (vol/vol) Triton X-100 for 30 min at room temperature. Sections were then
blocked in 1� TBS containing 5% (wt/vol) dried milk (TBS-M) for at least 1 h and incubated with primary
antibody in TBS-M at 4°C overnight. After a washing in 1� TBS, fluorescent secondary antibodies were
added in TBS-M for 2 h at room temperature in a manner similar to that described above. After a further
washing, the section was incubated in 0.06% (wt/vol) KMnO4 for 2 min to quench background fluores-
cence. Sections were then washed with 1� TBS and stained with 1 �g/ml of 4,6-diamidino-2-
phenylindole (DAPI) in 1� TBS for 5 to 10 min at room temperature to visualize DNA and mounted with
FluoroGuard anti-fade reagent (Bio-Rad, Hercules, CA).

(ii) Sporozoite. Salivary gland sporozoites were extracted from infected mosquitoes, washed once in
1� PBS, fixed in 4% (vol/vol) paraformaldehyde (PFA) in 1� PBS, and allowed to dry onto 12-well
microscope slides. Sporozoites were permeabilized and blocked with 3% bovine serum albumin (BSA)
and 0.25% Triton X-100 in 1� PBS, washed three times in 1� PBS, and incubated with a 1:200 dilution
of mixed sera from five mock-immunized and five GAP-immunized mice. After an hour, sporozoites were
washed three times with 1� PBS, and fluorescent secondary antibodies were added in 1� PBS for 1 h
at room temperature in a manner similar to that described above. Sporozoites were stained with 4 �g/ml
of DAPI in 1� PBS to visualize DNA, washed once with 1� PBS, and mounted with FluoroGuard antifade
reagent (Bio-Rad, Hercules, CA).

(iii) Blood stage. Infected erythrocytes were processed for IFA using a previously described method
(67). Erythrocytes were pelleted initially (and between all steps) at 2,000 � g in a microcentrifuge at room
temperature for 1 min. Cells were washed twice in 1� PBS, fixed in 1� PBS plus 4% (vol/vol) PFA plus
0.0075% (vol/vol) glutaraldehyde for 30 min at room temperature, and permeabilized in 1� PBS plus
0.2% (vol/vol) Triton X-100 for 10 min at room temperature. A 1� PBS plus 3% (wt/vol) BSA (blocking
solution) was applied at 4°C overnight. Primary antibodies were diluted in blocking solution and
incubated for 1 h with end-over-end rotation at room temperature. Following two washes with 1� 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 1� PBS for 5 to 10 min at room temperature. Cells were washed three times with 1� PBS
and mounted with FluoroGuard antifade reagent (Bio-Rad, Hercules, CA).
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All preparations were analyzed for fluorescence using a fluorescence inverted microscope (Eclipse
TE2000-E; Nikon), and images were acquired using Olympus 1 � 70 DeltaVision deconvolution micros-
copy.

Phenotypic analysis of P. yoelii liver stages. After IFA, liver stage size was measured by determin-
ing the area of the parasite at its greatest circumference. Viability was measured by examining the
integrity of the parasitophorous vacuole membrane (PVM) marker Hep17. If Hep17 expression did not
completely delineate the PVM, the parasite was considered nonviable. Liver stage development was also
measured using an in vivo imaging system (IVIS) since the parasites used in this study express luciferase
and are thus bioluminescent. Luciferase activity in animals was visualized through imaging of whole
bodies using the IVIS Lumina II animal imager (Caliper Life Sciences, USA) as previously described (68–70).
Mice were injected with 100 �l of RediJect D-luciferin (PerkinElmer) intraperitoneally prior to being
anesthetized using the isoflurane anesthesia system (XGI-8; Caliper Life Sciences). Measurements were
performed within 5 to 10 min after the injection of D-luciferin. Bioluminescence imaging was acquired
with a 10-cm field of view (FOV), medium binning factor, and an exposure time of 1 to 5 min. Quantitative
analysis of bioluminescence was performed by measuring the luminescence signal intensity using the
region of interest (ROI) settings of the Living Image 3.0 software. ROIs were placed around the whole
animal and ROI measurements were expressed as total flux (photons/second).

Sporozoite inoculation and challenge. Sporozoites were isolated from the salivary glands of
infected A. stephensi mosquitoes between 14 and 18 days after the infectious blood meal and injected
i.v. into the tail veins of recipient mice. For assessment of attenuation, sporozoites were injected into
highly susceptible BALB/cByJ mice (39). Liver stage-to-blood stage transition (blood stage patency) was
assessed by Giemsa-stained thin blood smear starting at day 3 after inoculation and ending at day 21,
at which time negative smear was attributed to complete attenuation. For immunizations, C57BL/6,
BALB/cJ, and SW mice were primed and boosted with P. yoelii sporozoites and subsequently challenged
i.v. with P. yoelii XNL sporozoites or by P. yoelii XNL infectious mosquito bite. Breakthrough to blood stage
patency was assessed by Giemsa-stained thin blood smear starting at day 3 after challenge and ending
at day 21, at which time a negative smear was attributed to complete protection. Mice immunized only
with mosquito salivary gland extract were used as controls.

Blood stage challenge. Frozen stocks of P. yoelii YM-infected blood were injected intraperitoneally
into C57BL/6 mice and allowed to develop for 2 to 4 days until parasitemia reached a maximum of 1%
as determined by Giemsa-stained thin smear. These mice were terminally bled via cardiac puncture and
the blood was diluted in PBS to contain 10,000 infected erythrocytes/200 �l. Infected erythrocytes were
then injected i.v. at a volume of 200 �l/mouse into immunized recipient mice. Parasitemia was monitored
by Giemsa-stained thin smears beginning on day 3 postinfection. Mice were euthanized when para-
sitemia reached 60% or became moribund.

ELISA. Anti-P. yoelii CSP and MSP1 ELISA was conducted as previously described (31). Briefly,
high-binding 96-well plates were coated with 1 �g/ml of full-length P. yoelii CSP or MSP1. After blocking
for 1 h at room temperature, serum samples from immunized and naive mice were added at desired
dilutions for 2 h at room temperature. After washing, horseradish peroxidase (HRP)-conjugated anti-
mouse IgG secondary antibody was then added at a 1:5,000 dilution for 1 h at room temperature. Plates
were developed for using SigmaFast OPD (o-phenylenediamine dihydrochloride) for 12 min and optical
density (OD) was read at a wavelength of 450 nm.

Analysis of liver lymphocytes. For analysis of liver lymphocytes, liver nonparenchymal cells were
isolated as previously described (71). Briefly, mice were anesthetized with ketamine-xylazine prior to
perfusion of the liver with 7.5 ml of Hanks’ balanced salt solution (HBSS) with 5 mM HEPES and 0.5 mM
EDTA followed by 7.5 ml of 0.5-mg/ml collagenase in HBSS with 5 mM HEPES. Nonparenchymal cells were
then isolated from liver homogenates by gradient separation using 40% iodixanol. Total lymphocytes per
liver were then counted, and up to 8 � 106 liver lymphocytes in 50 �l of PBS–1% fetal bovine serum (FBS)
were stained with the following anti-mouse antibodies on ice for 1 h: CD8 Alexa Fluor 488, CD44
peridinin chlorophyll protein (PerCP)-Cy5.5, CD127 brilliant violet 421, CD62L brilliant violet 605, B220
brilliant violet 785, CD3 allophycocyanin (APC), CD4 APC-Cy7, CXCR6 phycoerythrin (PE), and KLRG1
PE-Cy7. Cells were then washed and run on a BD LSRII using FlowJo analysis software. Calculations of
total number of cells were determined by expressing the cell type of interest as a percentage of
lymphocytes based on forward and side scatter (FSC/SSC) and multiplying this number by the number
of lymphocytes counted from each liver.

Adoptive transfer of liver-resident CD8 T cells. Liver lymphocytes were isolated as described
above (under “ Analysis of liver lymphocytes”), and CD8 T cells were enriched by negative selection using
the Easy Sep mouse CD8 T cell enrichment kit (StemCell Technologies, Vancouver, BC, Canada). For the
adoptive transfer of CD8 T cells, 1.5 � 106 liver CD8 T cells from immunized mice and an equivalent
number from mock-immunized mice were injected i.v. into naive BALB/cJ mice. Twenty-four hours after
the transfer, each mouse was infected i.v. with 1,500 luciferase-expressing wild-type sporozoites.
Forty-four hours later, mature parasite liver stage burden was quantified by in vivo bioluminescent
imaging as described above (under “Phenotypic analysis of P. yoelii liver stages”).

Passive transfer of IgG. Sera were isolated from lisp2� plasmei2� GAP-immunized BALB/cJ mice 45
days after the second immunization. Serum was used for the extraction of IgG using GraviTrap protein
G columns (GE Healthcare Life Sciences) following the manufacturer’s protocol and concentrated using
Amicon Ultra-15 centrifugal units (EMD Millipore) to 20 to 25 mg/ml in PBS. Two milligrams of IgG was
passively transferred to mice i.v. Twenty-four hours later, mice were challenged by infectious mosquito
bite challenge. Purified nonspecific murine IgG (Sigma) in PBS was used as a negative control.
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