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A Plasmodium LARC GAP provides
preerythrocytic, stage and species
transcending protection in mice
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Malonyl-CoA-acyl carrier protein transacylase (MICAT) catalyzes the transfer of a malonyl moiety from
malonyl-CoA to acyl carrier protein during the initiation step of type |l fatty acid synthesis (FASII). The
Plasmodium FASII pathway was found to be essential for late liver-stage development in rodent
malaria parasites. Here, we generated a novel genetically attenuated parasite (GAP) by disrupting
Plasmodium MCAT. Deleting MCAT in rodent malaria parasites did not affect asexual blood-stage
propagation and mosquito-stage development. MCAT KO sporozoites failed to initiate blood-stage
infection in mice. Hepatic MCAT KO parasites showed impaired nuclear division and apicoplast
biogenesis. This led to a defect in hepatic merozoite formation and attenuation of parasites during late
liver stages. Vaccination of mice with MCAT KO sporozoites exhibited sterilizing immunity against
homologous and heterologous species challenge. Further, MCAT KO-immunized mice were able to
clear blood stage infection after iRBCs challenge. These findings highlight that late-liver arresting
MCAT KO sporozoite is a promising GAP vaccine candidate for inducing pre-erythrocytic, stage, and

species-transcending protection in mice.

Malaria continues to be a significant global health concern caused by an
obligate intracellular protozoan parasite of the genus Plasmodium.
According to the WHO Report 2024, there were 263 million malaria cases
and 0.59 million deaths in 2023, with approximately 94% of these malaria
cases occurring in sub-Saharan Africa'. Currently, malaria control programs
aim to eliminate this deadly but preventable disease. However, the emer-
gence of resistance against frontline antimalarials threatens advances in
malaria control’™*, To accelerate the elimination of malaria, the development
of a range of new and more effective solutions is urgently needed. RTS,S/
ASO01 and R21/Matrix-M are the two subunit vaccines recommended by
WHO for use in Africa. Both vaccines elicit antibody responses against
Plasmodium falciparum circumsporozoite protein (CSP)’. However, a key
limitation of this type of vaccine is the lack of an efficient and durable
immune response’.

Compared with subunit vaccines, whole-sporozoite (WSp) vaccines
induce greater antigenic breadth responses’. Three WSp vaccine approaches
include radiation-attenuated sporozoites (RASs), genetically attenuated
parasites (GAPs), and chemoprophylaxis and sporozoites (CPSs). RASs are
metabolically active parasites that infect hepatocytes but arrest early in liver
stage development and do not replicate their DNA*. Vaccination with
PfSPZ RAS has provided 12-14 months of protection since the last
immunization in malaria-naive individuals'’. CPS WSp is another type of

vaccination in which sporozoites are given in combination with antimalarial
agents, and it offers increased protection at lower doses than the RAS
does'"">. However, the protective efficacy of CPS wanes rapidly over time,
and questions of intrinsic safety and feasibility remain a concern at higher
immunization dosages'”'"". GAPs lack genes essential for liver stage devel-
opment and have proven to be highly effective and provide much control
over their safety and efficacy'”'>'°. GAPs either arrest early (early arresting
replication deficient, EARD) or late (liver stage-arresting replication-com-
petent, LARC) during liver stage development'®**". The few successfully
generated PfEARD GAPs were PfGAP3KO (Pfp52/p36/sapl KO)* and
PfSPZ-GAL1 (Pfb9/slarp KO)*, which provided 50% and 12% vaccine effi-
cacy, respectively, in controlled human malaria infections (CHMI). LARC
GAPs offer better pre-erythrocytic immunity than EARD GAPs do by
expressing late liver-stage antigens. In addition, LARC GAPs are also cap-
able of providing stage-transcending immunity due to the expression of
blood-stage overlapping antigens (Goswami et al., 2024; Richie et al., 2023).

In our group, we recently generated a Scd/Scotl LARC GAP by dual
gene deletion that was safe at very high doses of sporozoites. Scd/Scotl GAP
immunization induced greater and broader CD8 + T-cell responses and
elicited stage-transcending immunity'. Two other LARC GAPs, GA2 and
LARC2, with mutations in mei2 and mei2/lineup, respectively, have also
been characterized in mice and are advancing into humans™”.
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Immunization with PyLARC?2 elicited robust humoral and cellular immune
responses and conferred sterile immunity against infection'’. Next, they
generated KOs in P. falciparum and cryopreserved PfSPZ-LARC2 for safety,
immunogenicity, and efficacy trials planned in the near future in malaria-
exposed Africans”. Recently, it was demonstrated that single immunization
with GA2 via mosquito bites can induce substantial protection against
sporozoite challenge infection”. P. falciparum sporozoites can be easily
produced in the laboratory, and several PfWSp-based vaccine candidates are
being assessed in clinical trials®. In contrast, P. vivax WSp has not been
developed because of the lack of a continuous in vitro culture system. The
use of transgenic P. berghei parasites expressing Pf or Pv antigens offers a
promising approach for WSp vaccination against P. falciparum or P. vivax.
PfCSP-expressing Pb sporozoites (PbVac) have been used as a vaccine
platform for human malaria both preclinically” and clinically”. Recently, a
Pb parasite expressing the VK210 variant of PvCSP (PbViVac) was
generated’. The immunization of mice with PbViVac sporozoites elicited
an antibody response that recognized and bound to Pv sporozoites’. This
novel vaccination approach can be employed to fight Pv malaria.

The type II fatty acid synthesis pathway is essential for late liver-stage
development in rodent malaria parasites. FAS II mutants in P. yoelii are
completely arrested in the late liver stage of development™”’. However,
occasional breakthrough infections have been observed with FAS Il mutants
in P. berghei**”. The FASII pathway involves nine different enzymes, with
four important enzymes responsible for catalyzing the extension step: FabB/
F, FabG, Fabl, and FabZ”. The essentiality of the FASII pathway differs
among different Plasmodium species. Targeted deletion of key enzymes of
the FASII pathway, such as FabB/F, FabZ, and Fabl in P. yoelii were found to
be dispensable for the blood and mosquito stages but essential for late liver
stage development™. Late liver-arresting FabB/F KO parasites have long
been used in preclinical mouse models to compare the immune response to
RAS and EARD**”. Unlike P. yoelii, genetic knockout of Fabl and FabB/F in
P. falciparum resulted in loss of sporogony”. Malonyl-CoA-acyl carrier
protein transacylase (MCAT) is a key enzyme in the FAS II pathway that
catalyzes the transfer of a malonyl group from malonyl-CoA to the acyl
carrier protein (ACP)”. The generated Malonyl-ACP serves as a substrate
for enzymes involved in the downstream extension step of the FASII
pathway. Studies have shown that the prepared recombinant PIMCAT
without a leader sequence at its N-terminal sequence exhibits malonyl-
coenzyme A:ACP transacylase activity™.

In this study, we selected PDMCAT and found that it was expressed in
the blood, sporozoite, and liver stages and localized to the apicoplast. Tar-
geted deletion of PDOMCAT did not affect blood or mosquito stages devel-
opment but arrested the parasite in the late liver stage, with occasional

breakthrough infections. PYMCAT KO parasites showed a similar pheno-
type, with complete late liver-stage arrest and no liver-to-blood-stage
infection. Vaccination with MCAT KO parasites confers sterilizing
immunity against sporozoite challenge and provides species- and stage-
transcending protection. Thus, MCAT is another gene target for generating
LARC GAP vaccines.

Results

PbMCAT is expressed in blood schizonts, sporozoites and the
liver stage and is localized to the apicoplast

To detect PO MCAT throughout the parasite life cycle, we endogenously
tagged the gene with the 3XHA epitope (Supplementary Fig. S1A). Correct
gene tagging was confirmed by diagnostic PCR (Supplementary Fig. S1B).
The resulting PbMCAT-3XHA transgenic parasites completed their life
cycle normally (Supplementary Fig. S1C and S1D). The expression of the
PbMCAT-3XHA fusion protein in the transgenic parasites was verified via
Western blot analysis. As predicted, Western blotting of schizonts revealed
the correct size of the PbMCAT-3XHA fusion protein (Fig. 1A). Next, we
monitored PbMCAT expression via indirect immunofluorescence (IFA)
assays with anti-HA antibodies. PbMCAT-3XHA expression was detected
in blood schizonts (Fig. 1B), salivary gland sporozoites (Fig. 1C), and liver
stages (Fig. 1D). We observed single dot staining in salivary gland spor-
ozoites that colocalized with the anti-ACP signal, indicative of apicoplast
localization. Furthermore, we analyzed anti-HA and anti-ACP co-immu-
nostained liver-stage parasites. The staining pattern revealed PbOMCAT
localization in the apicoplast. Taken together, the expression and localiza-
tion data indicate that PDMCAT is expressed in all stages of the parasite and
is localized to the apicoplast.

Plasmodium MCAT is not required for blood-stage growth and
mosquito stage development

To understand the importance of Plasmodium MCAT, we disrupted the
gene via double cross-over homologous recombination (Supplementary Fig.
S2A). Recombination enables the substitution of the MCAT ORF with GFP
and hDHFR:yFCU cassette and successful replacement of the gene was
confirmed by observing GFP-expressing parasites (Supplementary Figure
S2B). Two clonal lines were obtained by limiting dilution of the parasites.
The correct site-specific integration of the targeting cassette and the absence
of the ORF were confirmed by diagnostic PCR (Supplementary Fig. S2C).
To check the specificity of the phenotype, the PDMCAT complemented
parasite line was generated by reintroducing the gene at the same locus
(Supplementary Fig. S2D). The restoration of the locus was confirmed by
diagnostic PCR (Supplementary Fig. S2E). The growth of PbMCAT KO

Fig. 1 | Expression and localization of PPMCAT
during the parasite life cycle. A Western blot
confirmation of PPOMCAT-3XHA expression in
blood-stage schizonts. Probing with an anti-HA
antibody revealed a ~47 kDa PbMCAT-3XHA
fusion protein. No bands were detected with the WT
parasite lysate. The blot was stripped and reprobed
with an anti-HSP70 antibody, which recognized the
band in both WT and Pb MCAT-3XHA parasite
lysates. B PbMCAT-3XHA blood-stage schizonts
were immunostained with anti-HA and anti-HSP70
antibodies. C Salivary gland sporozoites were
immunostained with anti-HA and anti-ACP anti-
bodies. D Coimmunostaining of fixed, PbMCAT-
3XHA sporozoite-infected HepG2 cells at 40 and 60
hpi with anti-HA and anti-ACP antibodies. Nuclei
were stained with Hoechst. Anti-HA signal overlaps
with the apicoplast signal.
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Table 1 | Infectivity of PDOMCAT KO sporozoites in C57BL/6, BALB/c and Swiss albino mice

Exp. Mice Parasite Number of sporozoites inoculated Mice positive/Mice inoculated Prepatent period (days)

1 C57BL/6 WT GFP 5000 5/5 3
PbMCAT KO c1 5000 2/5 9
PbMCAT KO c2 5000 1/5 9
PbMCAT Comp 5000 5/5 3

2 C57BL/6 WT GFP 5000 5/5 3
PbMCAT KO c1 5000 0/5 NA
PbMCAT KO c2 5000 1/5 9

3 C57BL/6 WT GFP 5000 5/5 3
PbMCAT KO c1 5000 1/5 9
PbMCAT KO c1 10,000 1/5 9
PbMCAT KO c1 20,000 2/13 8.5
PbMCAT KO c1 50,000 1/5 7

4 BALB/c WT GFP 20,000 3/3 3]
PbMCAT KO c1 100,000 0/5 NA

Swiss albino WT GFP 20,000 3/3 3

PbMCAT KO c1 100,000 0/5 NA

5 BALB/c WT GFP 20,000 3/3 3
PbMCAT KO c1 100,000 0/5 NA

Swiss albino WT GFP 20,000 3/3 3

PbMCAT KO c1 100,000 0/5 NA

Exp. Parasites Number of mosquitoes/mice Mice positive/Mice infected Pre-patent period (days)

Mosquito bite C57BL/6 WT GFP 20 5/5 4
PbMCAT KO c1 20 0/5 NA
PbMCAT KO c2 20 0/5 NA

parasites was then evaluated, which was comparable to that of WT GFP
parasites. (Supplementary Figure S2F). To determine the PbMCAT KO
phenotype in the mosquito and liver stages, we transmitted the parasites to
the mosquitoes by allowing them to probe for blood meal in infected mice.
We found that ookinete, oocyst, and midgut sporozoite development was
normal in PbMCAT KO parasites (Supplementary Fig. S3A-F). Next, we
evaluated the sporozoite numbers in the salivary glands of PbMCAT KO
parasites, which were comparable to those of WT GFP parasites (Supple-
mentary Fig. S3G-H). These findings demonstrate that PbOMCAT is dis-
pensable for blood and mosquito stage development.

PbMCAT knockout sporozoites exhibit occasional breakthrough
infection in C57BL/6 mice

To determine the effect of PDMCAT deletion during liver stage develop-
ment, PbMCAT KO, WT GFP and PbMCAT complemented (PbMCAT
comp) salivary gland sporozoites were injected intravenously into groups of
C57BL/6 mice. Another group of mice was inoculated with sporozoites
through mosquito bites. The appearance of parasites in the blood was
determined via examination of Giemsa-stained blood smears. All the mice
inoculated with WT GFP or PbMCAT complemented sporozoites devel-
oped blood-stage infection within a normal prepatent period. Moreover,
PbMCAT KO sporozoites either completely failed to develop a blood-stage
infection or exhibited occasional breakthrough infection with delayed
patency (Table 1). Compared with BALB/c mice, C57BL6 mice are highly
susceptible to P. berghei sporozoite infections”. Next, we tested Pb MCAT
KO sporozoite infection in BALB/c and Swiss albino mice, which resulted in
complete attenuation at higher sporozoite doses (100,000) compared with
the incomplete attenuation phenotype in C57BL/6 mice (Table 1). To
determine the stage-specific defect, we investigated the invasion ability of the
PbMCAT KO sporozoites. We found that PbMCAT KO sporozoites
invaded hepatocytes normally. Next, we quantified the parasite biomass in

the liver after sporozoite inoculation. We found that parasite biomass was
comparable in PO MCAT KO and WT GFP-infected mice livers harvested at
40 hpi. However, there was a significant decrease in the parasite biomass in
PbMCAT KO-infected livers at 55 hpi (Fig. 2). Taken together, these results
demonstrate that PbOMCAT is critical for late liver stage development.

Late arresting PbMCAT KO parasites display impaired apicoplast
branching and cannot form hepatic merozoites

To further investigate the observed defects in PbMCAT KO liver stage
development, HepG2 cells were infected with PbMCAT KO sporozoites.
The cultures were harvested at different time points and fixed with 4%
paraformaldehyde (PFA). IFA with an anti-UIS4 antibody revealed similar
growth patterns in WT GFP and PbMCAT KO exoerythrocytic forms
(EEFs) (Fig. 3A). We enumerated the number and size of EEFs at 40 and 55
hpi and detected no difference between WT GFP and PbMCAT KO
parasites (Fig. 3B, C). Next, we immunostained EEFs harvested at 65 hpi
with anti-ACP or anti-MSP1 antibodies to visualize apicoplast or merozoite
development, respectively. We found impaired apicoplast branching in
PbMCAT KO parasites that failed to form merozoites (Fig. 4A, B). At 65 hpi,
differences in DNA segregation were evident between PbMCAT KO and
WT GFP parasites (Fig. 4C). Next, we observed the culture supernatant to
form detached cells (merosomes). We detected detached cells in the WT
GFP-infected culture but not in the PbMCAT KO-infected culture. To
quantify the number of detached cells, the culture supernatants were col-
lected and counted via a hemocytometer (Fig. 4D). We did not observe
detached cells in PBDMCAT KO; hence, the same amount of culture super-
natant was injected into Swiss mice to assess infectivity. WT GFP-injected
mice developed blood-stage infection, whereas the PbMCAT KO-injected
group remained negative until the observation period of 20 days (Table 2).
Together, these results demonstrate that PbMCAT plays a role in apicoplast
biogenesis and hepatic merozoite formation.

npj Vaccines| (2025)10:97


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-025-01149-2

Article

6_

*kk

S
|

n.s.

N
|

Normalized Pb18S rRNA
copy number x 103

<<Q \1\9
NS o s\

40 h 55h

Fig. 2 | PbLMCAT KO parasites exhibit defects in the late liver stage development.
We infected the mice with 5 x 10° PbMCAT KO sporozoites, and livers were har-
vested at 40 and 55 hpi. RNA was extracted, cDNA was synthesized, and the parasite
burden was quantified by measuring Pb18s rRNA levels via real-time PCR. There
was no difference in parasite burden at 40 hpi (P = 0.6476), but it was significantly
decreased in PbMCAT KO parasites than in WT GFP parasites at 55 hpi
(***P=0.0006). The data are shown as mean + SEM of two independent experi-
ments. #n =5 mice per group. Statistical significance was measured using the Stu-
dent’s t-test.
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PyMCAT KO parasites show complete attenuation in the liver
The attenuation level of the same gene KO differed between P. yoelii and P.
berghei. FAS Il mutants were completely attenuated in P. yoelii but showed
occasional breakthrough infections in P. berghei’***. However, no reports
have compared the attenuation levels of KO parasites in these two rodent
malaria species. Owing to the occasional breakthrough infection observed
with the PDOMCAT KO parasite, we created its KO in P. yoelii. Like the
PbMCAT KO construct, we generated the PYMCAT targeting construct by
cloning two fragments in the pBC-GFP-hDHER vector (Supplementary
Fig. S4A). Integration of the targeting cassette was confirmed by observing
GFP-expressing parasites (Supplementary Fig. S4B), and diagnostic PCR
confirmed site-specific integration (Supplementary Fig. S$4C). Consistent
with the PDMCAT KO phenotype, PYMCAT KO parasites exhibited
similar blood growth and mosquito stage development (Supplementary
Fig. S4D-F). These observations confirm the dispensability of MCAT for
blood and mosquito stage development in rodent malaria parasites.

To further investigate the infectivity of PyMCAT KO sporozoites,
BALB/C mice were inoculated with 5x 10° to 5 x 10° sporozoites. The
appearance of parasites in the blood was observed by making Giemsa-
stained blood smears. All the mice inoculated with PyWT sporozoites
became patent on day 3 post-infection, whereas the KO-inoculated mice did
not develop blood-stage infection until the observation period of 20 days
(Table 3).

Immunization with MCAT KO parasites protects against infec-
tious sporozoite challenge

To determine whether immunization with MCAT KO sporozoites protects
against infectious sporozoite challenge, C57BL/6, and BALB/c mice were
immunized intravenously (i.v.) thrice with 20,000 PbMCAT and PyMCAT
KO sporozoites, respectively, at intervals of two weeks (Fig. 5A, E). The
control mice were mock immunized with an equivalent volume of unin-
fected mosquito salivary gland debris (SGD). Another group included naive
mice that did not receive any immunogen. Ten days after the last immu-
nization, the mice were challenged with 5000 PbWT or 10,000 PyWT
infectious sporozoites. Another group of mice that were immunized with
PbMCAT or PyMCAT KO sporozoites was challenged with 5000-10,000
PbGFP-luciferase-expressing infectious sporozoites. The parasite load in the
liver was measured by quantifying bioluminescence using an in vivo

Fig. 3 | PbMCAT is not required for parasite A
growth in the liver. A HepG2 cultures were infected
with WT GFP and PbMCAT KO sporozoites and
fixed at the indicated time points. Parasites were
stained with an anti-UIS4 antibody, and nuclei were
stained with Hoechst. Visually, the growth of EEFs
was comparable in WT GFP and PbMCAT KO
parasites. B The number of EEFs was counted under
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sites at 40 (P = 0.7094) and 55 hpi (P = 0.4348). The
counts from three independent experiments are
presented as Mean + SEMs performed in duplicate.
C Images were acquired using a fluorescence
microscope to determine the EEF area, and the area
was measured via Nikon NIS elements BR imaging
software. The EEF area was comparable between
PbMCAT KO and WT GEFP at 40 (P =0.2434) and 55
55 hpi (P=0.1671). Data from 41, 54, 48 and 32
(40 h) and 58, 59, 59 and 62 (55 h) EEFs of WT,
PbMCAT KO c1, Pb MCAT KO ¢2 and PbMCAT
complemented parasites are shown. The data from
three independent experiments are presented as
mean + SEM performed in duplicate. Statistical
significance was measured using the Student’s ¢-test.
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Fig. 4 | PbMCAT KO parasites exhibit impaired
late liver stage development. A Infected HepG2
cultures harvested at 65 hpi were immunostained
with an anti-ACP antibody. PbMCAT KO parasites
show impaired apicoplast branching. B Infected
HepG2 cultures harvested at 65 hpi were immu-
nostained with an anti-MSP1 antibody. PbMCAT
KO parasites do not show MSP1 staining and fail to
form merozoites. C Infected cultures harvested at 65
hpi were stained with Hoechst, and the nuclei were
counted. The data were pooled from three inde-
pendent experiments and are presented as the
mean + SEM. 59, 60, 60 and 57 EEFs of WT GFP,
PbMCAT KO c1, Pb MCAT KO ¢2 and PbMCAT
comp, respectively, were analyzed. The number of
nuclei was significantly decreased in PbMCAT KO
parasites (¥***P = < 0.0001, one-way ANOVA).
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hemocytometer. The data are presented as the
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PbMCAT KO parasites despite producing compar-
able EEFs with WT GFP (****P < 0.0001), Student’s
t-test). Data from three independent experiments is
shown as mean + SEM.

c
ACP Hoechst Merge
L
i
w
=
-
0 =
g
% R R
? Ot
& A&
S S
D
MSP1 Hoechst Merge 2 1200 ernn

mm Detached cells

1000 mEEFs

Scale bar 5pm
Detached cells vs Number of EE|

Table 2 | Infectivity of detached cells in Swiss mice

Parasite Number of Detached  Mice positive/ Prepatent
cells injected Mice injected period (days)

WT GFP 10 5/5 4

PbMCAT Supernatant 0/5 NA

KO c1

PbMCAT Supernatant 0/5 NA

KO c2

Table 3| Infectivity of PyMCAT KO sporozoites in BALB/c mice

Experiment Parasite Number of Mice Prepatent
sporozoites positive/ period(day)
inoculated Mice

inoculated
1 PyWT 5000 5/5 3
PyMCAT KO 5000 0/5 NA
2 PywWT 5000 5/5 3
PyMCAT KO 200,000 0/5 NA
3 PyWT 10,000 3/3 3
PyMCAT KO 500,000 0/5 NA
4 PyWT 10,000 3/3 3
PyMCAT KO 500,000 0/5 NA

imaging system (IVIS) at 42-44 hpi. All SGD-immunized mice showed a
strong luciferase signal, whereas no bioluminescence was observed in
MCAT KO-immunized mice (Fig. 5B, C, F and G). Next, all the mice
challenged with homologous or heterologous parasites were observed for
blood-stage infection by making Giemsa-stained blood smears. All the
control mice became patent after the challenge. In contrast, KO-immunized
mice remained negative throughout the observation period and were thus
protected against sporozoite challenge (Figs. 5D, H and I). These results
demonstrate that immunization with MCAT KO parasites provides sterile
and species-transcending protection.

Immunization with LARC GAP elicits long-lasting and stage-
transcending protection

Next, we investigated durability and stage-transcending protection in
BALB/c mice immunized with PYMCAT KO sporozoites (LARC GAP).
Groups of BALB/c mice were intravenously immunized three times with
50,000 PyMCAT KO sporozoites at intervals of one month (Fig. 6A). The
control mice were mock immunized with SGD, and another group of naive
mice did not receive any immunogen. All three groups of mice were then
challenged with 10,000 P. yoelii infectious sporozoites on day 70. All the
control mice developed blood-stage infection, whereas PyMCAT KO-
immunized mice were completely protected against challenge (Fig. 6B). We
next investigated durability by rechallenging the mice with 10,000 PyWT
sporozoites on day 250. Eight of the ten mice were completely protected
against the challenge. Mice that were blood-stage positive displayed delayed
patency (Fig. 6C). To investigate the ability of LARC GAP to elicit cross-
stage immunity, another group of BALB/c mice were challenged intrave-
nously with 5000 P. yoelii iRBCs on day 70. The control mice developed
blood-stage parasitemia that increased over time and were euthanized
according to the animal protocol 7 days after the challenge. LARC GAP-
immunized mice showed reduced parasitemia, which was cleared 13 days
after iRBC challenge (Fig. 6D). We next decreased the number of immu-
nization dosages to assess the impact on protective efficacy. To this end,
groups of BALB/c mice were immunized twice, either intravenously (i.v.) or
intramuscularly (i.m.), with 50,000 PyMCAT KO sporozoites at intervals of
1 month (Fig. 6E). Thirty days after the last immunization, the mice were i.v.
challenged with 10,000 P. yoelii infectious sporozoites. All the control mice
developed blood-stage infection, whereas PYMCAT KO-immunized mice
via the i.v. route were completely protected against challenge (Fig. 6F). Nine
of the ten mice immunized with PYMCAT KO sporozoites via the i.m. route
were protected against infection (Fig. 6G). Furthermore, we assessed pro-
tection after a single dose was administered via the i.v. or i.m. route. BALB/c
mice were immunized with 50,000 PYMCAT KO sporozoites and chal-
lenged with 10,000 P. yoelii infectious sporozoites thirty days after the
immunization (Fig. 6H). All the control mice developed blood-stage
infections, whereas PYMCAT KO-immunized mice via the i.v. route were
completely protected against challenge (Fig. 6I). Fifty percent of the mice
immunized with PyMCAT KO sporozoites via the i.m. route were protected
against infection (Fig. 6]). These results demonstrate that immunization
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with LARC GAP elicits long-lasting and stage-transcending protection and
that different administration routes can be used for protective vaccination.

LARC GAP immune sera recognize different stages of parasites
and inhibit sporozoite infection

Next, we evaluated the humoral immunity generated by PDLARC GAP. To
investigate the antibody response, sera were collected from naive or

immunized C57BL/6 mice and pooled (Fig. 7A). For comparison with
PbEA-GAP, sera from a previous study were used'®. We next performed IFA
with immune sera against different stages of the parasites. PDLARC GAP
sera recognized sporozoites, liver, and blood-stage parasites. EA-GAP sera
recognized sporozoites and liver but did not recognize blood-stage parasites
(Fig. 7B-D). To determine the effect of the sera on sporozoite infection,
sporozoites were incubated with the sera and then added to the HepG2
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Fig. 5 | Inmunization with LARC GAP prevents sporozoite infection and pro-
vides species-transcending protection. A Groups of C57BL/6 mice were intrave-
nously (i.v.) immunized and challenged, as shown in the schematic. B Luciferase
signals were detected in C57BL/6 mice using an in vivo imaging system after chal-
lenge with PbGFP-luciferase sporozoites. No signals were detected in the mice
immunized with PbMCAT KO parasites. C Luciferase signals were quantified and
are presented as total flux/second. There was a significant difference in luciferase
signals between SGD- and PbMCAT KO-immunized mice (**P = 0.0055, Student’s
t test). The data are presented as mean + SD. D The survival curve shows the per-
centage of C57BL/6 mice that were negative for parasites in a Giemsa-stained blood
smear during the observation period of 20 days after sporozoite challenge.

n = number of mice. A significant difference was observed between the control and
immunized groups (****p < 0.0001, log-rank Mantel-Cox test). E Groups of BALB/

¢ mice were intravenously immunized and challenged as shown in the schematic.
F Detection of luciferase signals in BALB/c mice after challenge with PbGFP-
luciferase sporozoites. G Luciferase signals were not detected in mice immunized
with PyMCAT KO parasites. However, the difference was statistically insignificant
due to masking of a signal in a group scan of the mice (P = 0.0713, Student’s t-test).
The data are presented as the mean + SD. H, I The survival curve shows the per-
centage of BALB/c mice that were negative for the parasites in a Giemsa-stained
blood smear either challenged with PbGFP-luciferase or PYWT parasites and
observed up to 20 days after the sporozoite challenge. n = number of mice. A
significant difference was observed between the control and immunized groups in
both PbGFP-luciferase challenged (***P =0.0002) and PyWT challenged

(****p < 0.0005) mice groups. Statistical analysis was done using the log-rank
Mantel-Cox test.

culture. We observed a significant reduction in the EEFs produced by EA-
GAP and LARC GAP sera-incubated sporozoites compared with those
produced by preimmune serum-incubated sporozoites (Fig. 7E). These
results demonstrate that LARC GAP-immunized mice generate robust pre-
erythrocytic and blood-stage humoral immune responses.

Discussion
Plasmodium possesses its own FASII pathway, which is localized to the
apicoplast”. FASII pathway elongation enzymes were found to be dis-
pensable for the blood and mosquito stages but essential for the late liver
stage development in rodent malaria parasites™". FASII pathway genes fabl
and fabB/F mutants were generated in P. falciparum to immunize humans.
However, these mutants were found to be essential for sporozoite devel-
opment in the mosquito midgut, raising concerns about the generation of
FASII elongation gene mutants as GAP vaccines™. Here, we report the role
of the enzyme MCAT that catalyzes the transfer of a malonyl group from
malonyl-CoA to ACP before the FASII pathway enters the elongation step.
Disruption of MCAT in the rodent malaria parasites P. berghei and P. yoelii
resulted in phenotypes similar to those of the other FASII gene mutants.
However, the attenuation level of MCAT KO differed between P. yoelii and
P. berghei. PyMCAT KO parasites were completely attenuated with an
inoculum as high as 5 x 10° sporozoites, but Pb MCAT KO parasites in
C57BL/6 mice presented occasional breakthrough infections. Similarly,
FASII mutants analyzed previously were completely attenuated in P. yoelii
but not in P. berghei’**. Interestingly, Pyp52/p36" or Pyfabb/f deficient
parasites” were completely arrested in BALB/c mice and failed to initiate
blood-stage infections even at high sporozoite inoculation doses. In P. fal-
ciparum, p52/p36-based GAP showed comparable attenuation*. However,
disruption of the same genes in P. berghei resulted in incompletely atte-
nuated GAP”. Surprisingly, another p52/p36 double-gene deletion line
generated in P. falciparum® produced replicating liver stages, contrary to
previous reports of severe intrahepatocytic growth defects*. Overall, these
reports indicate that the deletion of candidate genes across different species
can lead to different phenotypes. It was also found that mutant parasites
behave differently in different hosts. In fact, P. berghei p52/p36 mutant
parasites exhibited different attenuation levels in BALB/c and C57BL/6
mice. Compared with occasional breakthrough blood infections in C57BL/
6, no breakthrough blood infections were observed in BALB/c mice”.
Another example is the deletion of PDH-Ela, which generated completely
attenuated P. yoelii parasites compared with the incompletely attenuated P.
berghei ortholog®. Therefore, we tested PP MCAT KO infection in BALB/c
and Swiss albino mice and, interestingly, found complete attenuation
compared with the incomplete attenuation phenotype in C57BL/6 mice.
Therefore, we propose stringent screening criteria to assess the adequacy of
sporozoite attenuation in multiple rodent malaria parasites in different
mouse strains before advancing into further clinical development and stu-
dies in humans.

The difference in the attenuation level between the two rodent malaria
species might be due to a difference in the dependence on FASII for suc-
cessful liver-stage development. Alternatively, these findings reflect

differences in the virulence of the two rodent malaria parasites. P. berghei
ANKA parasites produce severe lethal infections compared with P. yoelii
17XNL infections, which are nonlethal and can be cleared by host immune
responses”’. Another reason for differences in attenuation among Plasmo-
dium mutants may also be due to differences in intracellular survival of
attenuated sporozoites in different hosts. Interestingly, our observation of
PbMCAT KO sporozoites in different hosts suggest that sporozoite
attenuation is not only dependent on Plasmodium species but also influ-
enced by host factors. This study highlights the potential of P. berghei /
C57BL/6 mouse models for preclinical testing of GAPs. A P. berghei mutant
completely attenuated in C57BL/6 mice may have a better chance of success
in P. falciparum than P. yoelii in BALB/c or Swiss mice. The complete
attenuation phenotype of MCAT GAP in P. falciparum can be tested by its
inability to form viable hepatic merozoites using the humanized liver mouse
of infection as previously described'****.

FASII elongation step enzymes were found to be unsuitable for gen-
erating GAP in P. falciparum because of their role in sporozoite formation™.
Future work might determine whether the deletion of MCAT in P. fal-
ciparum affects sporozoite formation in the mosquito midgut. Our fully late
liver-arrested PYMCAT GAP warrants further investigation as a GAP in P.
falciparum. LARC GAPs constitute a promising approach for developing a
safe and efficacious WSp vaccine that induces pre-erythrocytic and stage-
transcending protection. Depending on gene function, GAPs can be cus-
tomized to arrest late during liver stage development’. LARC GAPs have an
advantage over RASs because knockout parasites are clonal lines that do not
rely on external technical variables such as the radiation dosage and their
consistency in attenuation in different batches of sporozoites''. The
PfLARC2 candidate represents a promising future for WSpz malaria
vaccines'>*"7*, which holds great promise in the global fight against
malaria. PILARC2 was generated by double deletion of the Mei2/LINUP
genes because individually, Mei2 and LINUP KO parasites showed rare
breakthrough infections™***>*. However, our quest for new candidates
should continue until LARC2 shows success in malaria-naive healthy adults
and in malaria-endemic settings where prolonged exposure to genetically
diverse P. falciparum infections may impact vaccine performance. In fact,
we have witnessed that irradiated sporozoites or GAP vaccination yielded
lower protection in endemic individuals® than in malaria naive volunteers™.
On the basis of our data on PyMCAT KO, we project PYMCAT as a GAP
vaccine for inclusion in future double- or triple-KO parasites with Scd/
Scotl'’. The protective efficacy and favorable safety profile of PYMCAT
GAP are highly encouraging. The safety profile of PbMCAT GAP in BALB/
¢ and Swiss albino mice amplifies our enthusiasm, as all the mice were
negative for blood-stage infection when inoculated with high doses of
sporozoites. LARC2 does not express MSP1 in the infected liver. However, it
protects against blood-stage infection. Although MCAT or Scd/Scotl KO
parasites do not form hepatic merozoites, they partially express MSP1. Like
LARC2, we achieved 100% protection against blood-stage challenge. A
direct comparison of protection correlates is needed to prioritize a GAP
vaccine. One important question in the future is, therefore, which GAP
vaccines should be prioritized for future development. In this context, the
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results of the ongoing clinical evaluation of Pf-LARC2 are highly antici-
pated. We believe that the reality of WSpz malaria vaccination is indeed
possible, and this goal was achieved by continuously identifying novel
candidates for generating GAP. Similarly, our quest to identify novel GAP
vaccine candidates continues to improve the existing ones.

The expression data revealed that MCAT is expressed in the blood,
sporozoite, and liver stages. Like FASII pathway elongation enzymes,
MCAT is essential only for Plasmodium late liver stage development but not
for the blood and mosquito stages. Thus, in all other life cycle stages, the
parasite can scavenge fatty acids from the host. The way in which the

Days post injection

parasite utilizes lipids from the mosquito midgut is not clear, but it has been
clearly shown that parasites scavenge fatty acids from the host serum during
the blood stage growth®*. The functional significance of MCAT expression
in sporozoites is unclear; nevertheless, the enzyme is not important for
sporozoite formation. This is not surprising because several genes upregu-
lated in infectious sporozoites (UISs) are dispensable in sporozoites but
essential in liver stage development'***>*~",

The FASII pathway for de novo fatty acid synthesis occurs in the
apicoplast. Plasmodium can scavenge lipids from its host and also utilize its
own de novo fatty acid synthesis”. Deletion of genes encoding FASII
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Fig. 6 | Immunization with PyMCAT KO sporozoites confers durable and stage-
transcending protection. A Groups of BALB/c mice were intravenously immunized
and challenged, as shown in the schematic. B The survival curve shows the per-
centage of BALB/c mice that were negative for the parasites in a Giemsa-stained
blood smear, challenged with PyWT parasites on day 70, and observed up to 20 days
after the sporozoite challenge. A significant difference was observed between the
control and immunized groups (***P < 0.0001). C Mice protected after challenge
with sporozoites on day 70 were rechallenged on day 250. All control mice became
blood-stage positive, whereas 80% of PYMCAT KO immunized mice were protected.
A significant difference was observed between control and KO-immunized mice
(****P =< 0.0001). D Stage transcending protection in BALB/c mice immunized
with PyMCAT KO sporozoites followed by challenge with 5 x 10° PyWT iRBCs. All
Naive, SGD- and PyMCAT KO-immunized mice developed parasitemia, which
grew exponentially in the naive and SGD-immunized mice. However, parasitemia in
PyMCAT KO-immunized mice started decreasing after reaching a point that was

cleared 13 days after the challenge. Data is presented as mean + SD. Statistical
analysis was performed using Student’s ¢-test. P values of naive vs PYMCAT KO and
SGD vs PyMCAT KO are shown in green and red, respectively. E Groups of BALB/c
mice were immunized twice, either i.v. or intramuscularly (i.m.), and challenged, as
shown in the schematic. F, G The survival curve shows the percentage of BALB/c
mice that were immunized twice, either i.v. or i.m., and were negative for the
parasites in a Giemsa-stained blood smear and challenged with PyWT parasites on
day 60. A significant difference was observed between the control and immunized
groups (****P < 0.0001). H Groups of BALB/c mice were immunized once either i.v.
or i.m. and challenged, as shown in the schematic. I, J The survival curve shows the
percentage of BALB/c mice immunized once either i.v. or i.m. and negative for the
parasites in a Giemsa-stained blood smear and challenged with PyWT parasites on
day 30. A significant difference was observed between the control and immunized
groups (****P < 0.0001). n = number of mice. Statistical analysis of survival curves
was performed using the log-rank Mantel-Cox test.

elongation enzymes results in parasite arrest in the late liver stage
development™***. The parasite undergoes remarkable growth and devel-
opment during the liver stage, increasing the cell mass ~10,000-fold and
forming thousands of merozoites®. MCAT KO liver-stage parasites dis-
played aberrant organelle segregation and no merozoite formation. MCAT
KO parasites also displayed a lack of merosome formation. Despite simi-
larities in phenotype, PDMCAT KO parasites showed occasional break-
through infections compared to completely arrested P. yoelii KO parasites.
The exclusive role of MCAT in the liver stage is possibly due to the for-
mation of thousands of hepatic merozoites for which the demand for lipids
cannot be met by the host and the parasite switches to de novo synthesis. A
further hypothesis is that the fatty acids are likely converted into the
phospholipids necessary for the massive membrane expansion of the
developing apicoplast™.

We assessed the efficacy of MCAT GAP in mice. BALB/c mice were
immunized once or twice via the i.v. route with PYMCAT GAP and chal-
lenged thirty days after the last immunization were completely protected.
However, the protection was decreased when mice were immunized via the
im. route. Three vaccination doses of 2 x 10° PbMCAT or PyMCAT GAPs
in C57BL/6 or BALB/c mice, respectively, completely prevented parasite
development in the liver and blood stages against infectious sporozoites
challenge. We also showed that PYMCAT GAP immunized mice were
protected against challenge with the heterologous species P. berghei spor-
ozoite. The antigens eliciting immunity in the liver are unknown. Never-
theless, species-transcending protection indicates that the antigens
expressed during the Plasmodium liver stage are possibly conserved across
malaria parasite species”. We evaluated protection in PyMCAT GAP-
immunized BALB/c mice receiving three doses of sporozoites at an interval
of one month and demonstrated long-lasting and stage-transcending pro-
tection. Challenging mice 10 days after the last immunization provided
100% protection against sporozoites and iRBC challenge. Immunized mice
were cleared and survived an iRBC challenge, indicating that LARC GAP
expressed several blood-stage antigens'®. Rechallenging mice after
~7 months provided 80% protection. We previously showed that the
immune response in Scd/Scot1 GAP immunized mice wanes over 6 months.
In agreement with previous reports", our data indicate that immunization
with PyMCAT GAP provides long-lasting protection.

This study also highlights the superiority of LARC GAP over EA-GAP.
Both GAPs elicited similar pre-erythrocytic immune responses. However,
LARC GAP also induced a stage-transcending immune response. The
development of MCAT KO-based LARC GAP in P. falciparum is highly
possible. Several GAPs validated in preclinical studies were successful in
human malaria parasites. However, clinical studies on P. falciparum LARC
GAPs are essential for determining the fate of this LARC GAP. Few P.
falciparum GAPs cause breakthrough infections at high doses of
sporozoites”. The LARC GAP generated in this study can be combined with
other LARC GAPs, such as Scd* or Scotl KO™ parasites, for complete
attenuation if this leads to any breakthrough infection in humans. The

protection of PYMCAT GAP immunized mice wanes over the course of
6 months. Hence, before the translation of PYMCAT GAP into a human
malaria parasite, a detailed evaluation of T cell functionality is warranted.
These studies can be used to rapidly investigate and prioritize PyMCAT
GAP for subsequent human assessment. The essentiality of MCAT also
indicates the development of an inhibitor against this enzyme. An inhibitor
may be developed to kill liver-stage parasites and contribute to malaria
elimination.

Methods

Mice

Animal experiments were performed at the animal facility of CSIR-Central
Drug Research Institute, India. Six to eight-week-old female Swiss albino
mice were used for the passage and transmission of parasites. C57BL/6 and
BALB/c mice (6-8 weeks old) were used for P. berghei and P. yoelii spor-
ozoite infection. All animal experiments were conducted following the
approval of procedures from the Institutional Animal Ethics Committee at
CSIR-Central Drug Research Institute, India (IAEC reference no: IAEC/
2018/F-03,IAEC/2023/15 and IAEC/2025/33). Mice were kept undera 12 h
light/dark cycle at a temperature of 23°C+2°C and 55+10% relative
humidity. Feed and water were provided ad libitum. Mice were sedated by
intraperitoneal injection of 100-200 mg/kg and 5-16 mg/kg body weight of
Ketamine and Xylazine, respectively. Infected mice were euthanized when
they presented signs of severe discomfort from exposure to carbon dioxide.

Parasites, mosquitos and cell lines

Rodent malaria parasites P. berghei ANKA (MRA-311), P. berghei ANKA
GFP (MRA-867 507 mécll) and P. yoelii 17XNL (MRA-593 1.1) were
obtained from BEI Resources, USA. As previously described, P. berghei
sporozoites were obtained by infecting female Anophleles stephensi
mosquitoes'®. P. yoelii-infected mosquitoes were kept in an environmental
chamber at 25°C with 80% relative humidity. Parasite liver stage develop-
ment was analyzed by infecting Human liver hepatocellular carcinoma
(HepG2) cells as previously described'’.

Generation of MCAT KO and complemented parasite lines

PbMCAT (PBANKA_1410500) was disrupted by double-crossover (DCO)
homologous recombination. For DCO, two fragments, F1 (0.69 kb) and F2
(0.689kb), from 5 and 3" untranslated region (UTR) of the gene were
amplified via the primer sets 1762/1763 and 1756/1757, respectively.
Fragments F1 and F2 were sequentially cloned into pBC-GFP-
hDHFR:yFCU vector at Xhol/Sall and Notl/AscI sites, respectively. The final
construct was then linearized via Xhol/Ascl and transfected into P. berghei
ANKA schizonts as previously described in ref. 65. Similarly, the PyMCAT
(PY05492) construct was generated by amplifying fragments F3 (0.69 kb)
and F4 (0.576 kb) via primer sets 2157/2158 and 2159/2160 and cloned
them into pBC-GFP-hDHEFR vector at Xhol/Clal and Notl/Ascl, respec-
tively. The construct was linearized via Xhol/Ascl and transfected into P.
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Fig. 7 | Inmune sera recognize different stages of the parasite and inhibit the
infectivity of sporozoites. A C57BL/6 mice were immunized three times with
PbMCAT KO (LARC GAP) sporozoites, and the serum was collected and pooled, as
shown in the schematic. B Salivary gland sporozoites were immunostained with sera,
and an anti-TRAP antibody was used for identification. C Immunostaining of EEFs
with sera and an anti-UIS4 antibody. D Blood-stage schizonts were immunostained
with EA-GAP or LARC GAP sera. Parasites were identified using anti-SPATR

Scale bar 5 pm

antibody. LARC GAP sera recognized schizonts, but EA-GAP sera failed to detect
them. E Preincubation of sporozoites with sera reduced their infectivity. Compared
with PIS-incubated sporozoites, there was a significant decrease in the number of
EEFs in HepG2 cultures infected with sera-incubated sporozoites (***P = 0.0003,
one-way ANOVA). The data are shown as the mean + SEM from three independent
experiments performed in duplicate.

yoelii 17XNL schizonts as previously described in ref. 66. The transfected
parasites were selected by oral administration of pyrimethamine (Sigma-
Aldrich, 46706). Clonal lines were obtained by limiting dilution of the
parasites. Correct integration of the targeting cassette was confirmed by
diagnostic PCR via primer sets 1866/1225 and 1215/1867 for PbMCAT KO
parasites and 2163/1225 and 1215/2164 for PyMCAT KO parasites.
PbMCAT complemented parasite line was generated by restoring gene
function. For this purpose, a fragment F5 (2.5 kb) comprising 5"UTR, ORF,
and 3’UTR of the PbMCAT gene was amplified using primers 1762/1757
and transfected into PbMCAT KO schizonts. The transfected parasites were
selected negatively using the drug 5-fluorrocytosine (5-FC) (Sigma-Aldrich,
F7129)%. The restored PbMCAT locus was confirmed by genotyping using

primers 2097/2098. PbMCAT-3XHA-tagged plasmid was obtained from
PlasmoGem resources™”. The construct was linearized using Nofl and
transfected into P. berghei ANKA schizonts as described above. The correct
integration was confirmed via primer pair 2036/2400. Primers used in this
study are detailed in Supplementary Table SI.

Western blotting

The purified schizont pellet was resuspended in Laemmli buffer (Bio-Rad,
1610747), resolved via SDS-PAGE and transferred onto a nitrocellulose
membrane (Bio-Rad, USA) as previously described in ref. 70. The mem-
brane was blocked with 1% BSA-PBS and further incubated for 1 h at room
temperature with anti-HA (dilution 1:1000, C29F4; Cell Signaling
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Technology) or anti-HSP70 (dilution 1:1000) antibodies. The membrane
was then washed three times with 1X PBST, followed by incubation with
HRP-conjugated anti-rabbit or anti-mouse IgG (dilution 1:5000, Amer-
sham Biosciences, United Kingdom, NA934V/NA931V). The membrane
was subsequently washed three times with 1X PBST, and the blot was
developed using ECL Chemiluminescent Substrate (Bio-Rad, 170-5060)
and imaged with a ChemiDoc XRS+ System (Bio-Rad, USA).

Phenotypic characterization of MCAT KO parasites in the blood
and mosquito stages

To analyze the asexual blood-stage propagation of MCAT KO parasites,
Swiss mice were intravenously injected with an equal number of iRBCs as
previously described in ref. 71. The progression of parasitemia was mon-
itored daily via Giemsa-stained blood smears. Female Anopheles mosquitoes
were allowed to probe for a blood meal on infected mice to initiate parasite
transmission in mosquitos. To analyze ookinete development, mosquito
midguts were dissected and crushed 24 h after a blood meal and visualized
under a fluorescence microscope. Ookinete numbers were quantified using
ahemocytometer as previously described in ref. 72. To determine the oocyst
numbers and sporogony patterns, the mosquito midguts of P. yoelii and P.
berghei were dissected and imaged on days 9 and 14 post-blood meal,
respectively. A batch of mosquito midguts was also crushed with a plunger
to enumerate the number of midgut sporozoites. To determine salivary
gland sporozoite numbers, P. yoelii and P. berghei mosquitoes were dis-
sected on days 14-16 and 18-22 post-blood meal, respectively, and the
numbers were enumerated as previously described™.

Analyzing parasite in vivo infection and liver burden

As previously described™, C57BL/6 mice (5 mice/group) were injected
intravenously with salivary gland sporozoites or inoculated via mosquito
bites. The appearance of parasites in the blood was monitored by making
Giemsa-stained blood smears. To analyze the liver-stage parasite biomass,
another group of C57BL/6 mice was inoculated with 5000 salivary gland
sporozoites, and the livers were harvested at 40 and 55 hpi. Liver was
homogenized in RNAiso Plus (Takara, 9108). The RNA was isolated
according to the manufacturer’s instructions. cDNA was synthesized as
previously described in ref. 73. The parasite burden was quantified by
amplifying 18S rRNA via the primers 1195/1196 using real-time PCR (CFX
Opus 96 real-time PCR system; Bio-Rad) as previously described in ref. 74.
18S rRNA expression was normalized with amplification of mouse GAPDH
using primers 1193/1194. The primers used are listed in Supplementary
Table S1.

Analysis of in vitro liver stage development

HepG2 cells were cultured in DMEM supplemented with 10% FBS, and
6 x 10" cells/well were seeded on a 48-well collagen-coated plate. Cells were
infected with 5 x 10° sporozoites and fixed with 4% PFA (Sigma-Aldrich,
HT5012) at 40 and 55 hpi, as previously described in ref. 75. For the
detached cell assay, 1 x 10° HepG2 cells were seeded on a 24-well collagen-
coated plate and infected with 3 x 10* sporozoites/well. The culture super-
natant was harvested at 65 hpi, and detached cell (merosome) numbers were
counted using a hemocytometer. To analyze infectivity, Swiss albino mice
were intravenously injected with detached cells, and the appearance of
blood-stage infection was monitored by making Giemsa-stained blood
smears.

Immunofluorescence assays

Blood and mosquito-stage parasites were prepared and immunostained as
previously described in ref. 76. Cells were permeabilized with 0.1% Triton-
X-100 (Sigma-Aldrich, T8787) for 10 min at RT. Fixed infected HepG2
culture was permeabilized with Methanol (Merck, SC7SF67273) for 20 min
at 4°C. The permeabilized cells were blocked with 1% BSA/PBS and
incubated with primary antibodies for 1-2 h at RT. The following primary
antibodies were used: anti-HA (Cell Signaling Technology- C29F4, diluted
1:1000 and 6E2, diluted 1:100), anti-HSP70”" (diluted 1:1000), anti-CSP”®

(diluted 1:1000), anti-ACP” (diluted 1:1000), anti-UIS4'* (diluted 1:1000),
and anti-MSP1* (diluted 1:5000). Primary antibody signals were detected
via Alexa Fluor 488- or 594-conjugated secondary antibodies as previously
described” (Invitrogen, diluted 1:1000). Nuclei were stained with Hoechst
33342 (Sigma-Aldrich, 41399). Coverslips were mounted with Prolong
Diamond antifade reagent (Invitrogen, P36970). The number of EEFs
produced was counted manually, and the area was measured using Nikon
NIS elements BR imaging software under an Eclipse 80i fluorescence
microscope/Plan Fluor 40x/0.75 objective. Asexual blood-stage and
mosquito-stage images were acquired from a Leica DM 3000 LED micro-
scope with 100x (NA 1.25, oil), 40x (NA 0.65, air) or 10x (NA 0.25, air)
objectives. Images of EEFs were acquired via FV1000 software on a confocal
laser scanning microscope (Olympus BX61WTI) with a UPlanSAPO 100x
(NA 14, oil) objective.

Sporozoite immunization and challenge

P. berghei or P. yoelii MCAT KO salivary gland sporozoites were injected
intravenously (i.v.) or intramuscularly (i.m.) into C57BL/6 or BALB/c mice,
respectively as indicated in schematic. Control mice were injected with
salivary gland debris (SGD). Immunized mice were challenged with WT
sporozoites 10 to 30 days after the last immunization. Blood stage infection
was assessed by making Giemsa-stained blood smears. As previously
described, another group of immunized mice was challenged with WT GFP-
luciferase-expressing infectious sporozoites'’.

Assessment of immunized mouse serum reactivity

To assess the reactivity of sera against different parasite stages, Pb MCAT
KO-immunized mice blood was collected in a heparinized tube by retro-
orbital bleeding on day 10 post-last immunization. The sera were pooled
and used to immunostain sporozoites, EEFs, and iRBCs. Sporozoites, EEFs
and iRBCs were immunostained with anti-TRAP, anti-UIS4, and anti-
SPATR antibodies to identify the parasites. Nuclei were stained with
Hoechst 33342. To check the parasite-neutralizing activity of sera, spor-
ozoites were incubated with sera at 25°C for 20 min and then added to the
HepG2 culture as previously described'®. Cultures were harvested at 36 hpi
and immunostained with anti-HSP70 antibody’’. The number of EEFs was
counted under a Leica DM 3000 LED microscope using 40x (NA 0.65, air)
objectives.

In vivo imaging of parasite development in the liver

Luciferase activity in the whole bodies of live mice was visualized through
imaging as previously described'’. Briefly, immunized mice were challenged
with Pb-GFP-luciferase parasites and then imaged using an in vivo imaging
system (IVIS Spectrum) 42-44 h post-challenge. The mice were anesthe-
tized, their belly was shaved, and D-luciferin (100 mg/kg; Promega, P1043)
was injected intraperitoneally. Bioluminescence images were acquired with
a 10 cm FOV, a medium binning factor, and an exposure time of 120s.
Quantitative bioluminescence analysis was performed by measuring the
luminescence signal intensity using the ROI settings of the Aura imaging
software. ROI measurements are expressed as total flux (photon/second).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software. The
data are presented as the mean + SEM or mean + SD. The statistical sig-
nificance of differences between the two groups was analyzed using an
unpaired two-tailed Student’s t-test, log-rank Mantel-Cox test, or one-
way ANOVA.

Data availability

The data supporting the findings of this study are available within the paper
and its supplementary information files. All the datasets and raw data
analyzed during the current study will be made available upon request.
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