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The development of a vaccine capable of conferring sterile protection

against Plasmodium, the causative agent of malaria, is amajor priority for
global eradication efforts. Whole-organism vaccines using liver-infective
sporozoites provide high levels of sterile protection against pre-erythrocytic
infection. Yet, determinants of sporozoite immunogenicity remain poorly
characterized. Here we demonstrate, using rodent models of vaccination, that
the ability of Plasmodium sporozoites to actively migrate through multiple
host cells before infecting hepatocytesis required for sterilizing immunity,
regardless of the extent of intrahepatic development of immunizing parasites.
We further establish host cell traversal as a dominant contributor to the
induction of sterile protection. Impaired cell traversal precludes protective
liver-resident memory CD8T cell responses following vaccination but not the
production of antiplasmodial antibodies. Our findings show that intrahepatic
parasite development alone does not fully account for the magnitude and
durability of protectioninduced by whole-sporozoite vaccination, and
highlight parasite behaviour traits as criticalimmunogenic events shaping
sterilizing cellularimmunity against Plasmodium liver stages.

Despite major progress in malaria control over the past two decades,
Plasmodium infection-associated disease remains a leading cause of
morbidity and mortality due to communicable diseases worldwide.
Nearly half of the global population lives at risk of Plasmodium infec-
tion, with the World Health Organization reporting over 282 million
casesand 610,000 deathsin 2024 alone'. In malaria-endemic regions,
natural exposure to Plasmodium is non-sterilizing?®. This persistent
susceptibility to re-infection highlights theimmunological challenges
faced when developing a malaria vaccine capable of conferring com-
plete and durable protection.

From all malaria vaccination strategies targeting the differ-
ent stages of parasite development, those directed against the

pre-erythrocytic stages of Plasmodiuminfection are especially prom-
ising®. During this obligatory phase of infection, which precedes the
onset of blood-stage disease, sporozoites (SPZ) are inoculated by an
infected anopheline mosquito, enter the bloodstream and travel to the
liver. There, SPZ traverse multiple non-parenchymal and parenchymal
cells by repeatedly breaching cell membranes, migrating through the
cytoplasm and exiting without establishing infection, in a process
termed cell traversal (CT)*".

So far, two malaria subunit vaccines based on the Plasmodium
falciparum pre-erythrocytic circumsporozoite protein (CSP) have been
licensed for use in endemic settings®®. While these vaccines reduce
disease burden, they do not consistently prevent infection®”, a key
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requirement for eradication. By contrast, whole-sporozoite (W-SPZ)
vaccination strategies employing radiation- or genetically attenuated
SPZ, or fullyinfectious SPZ under chemoprophylaxis, induce sterilizing
immunity in both humans'®" and rodent models™.

While the current view is that this protection largely depends on
the capacity ofimmunizing parasites to infect hepatocytes and sustain
prolonged, or even complete, intrahepatic development”™, sterile pro-
tectionis also achieved with attenuated parasites whose development
arrests early after infection'®'*"”. Now, we show that CT of host cells by
immunizing SPZ during the initial steps of infection has a crucial role
in shaping protective immunity. We demonstrate that CT is not only
required but also a dominant contributor to sterilizing protection
after W-SPZ vaccinationin rodents by promoting the establishment of
Plasmodium-specific liver-resident memory CD8T cells. Our findings
open new avenues for rational vaccine design and highlight the need
to consider parasite behaviour traits, and not only antigenic load and
diversity, for optimizing protective immunity against Plasmodium.

Results

CTisrequired for sterile protection after W-SPZ vaccination
We sought to compare the immunogenicity of CT-competent Plas-
modium berghei wild-type (PbWT) parasites with that of CT-deficient
parasites lacking the sporozoite microneme protein essential for cell
traversal 1 (PbSpectl”) gene'®. To control for potential immuno-
genic effects of the SPECT1 protein itself, we generated a distinct
CT motility-deficient parasite line lacking the perforin-like protein
1(PbPIpI") gene (Extended Data Fig. 1a,b). As previously reported”,
PbPIpI parasites failed to traverse HepG2 cellsinin vitro cellwounding
assays (Extended DataFig.1c), while displaying comparableintrahepatic
development to their wild-type counterparts (Extended Data Fig. 1d).
Assessment of SPZ gliding motility revealed no detectable differences
between PbWT, PbSpect1 and PbPIp1- parasites (Extended DataFig.1e),
consistent with prior reports showing that defectsin CT do notimpair
SPZ locomotion’®"’, Both CT-deficient parasite lines exhibit reduced
infectivity invivo'®", complicating the direct comparison of their pro-
tective efficacy relative to POWT parasites at equivalent liver infec-
tion loads. To overcome this, the liver loads of increasing inocula of
PbSpectl and PbPIpI radiation-attenuated SPZ (RAS) were compared
with that resulting from the inoculation of 10* POWT RAS. This revealed
that equivalent parasite loads at 16 h post infection (h.p.i.) required a
15:1inoculationratio of PbSpectl” or PbPIpI relativeto POWT parasites
(Fig.1a,b). Given that whole-liver quantitative PCR (QPCR) signal at this
early stage of infection could, in principle, include contributions from
bothresidual SPZ and early exoerythrocytic forms (EEFs), we validated
that the 15:1 ratio of PbSpect1™ to PbWT fully infectious SPZ resulted
in comparable hepatic parasite loads at 42 h.p.i. (Fig. 1c), a stage at
which the qPCR signal reflects actively replicating intrahepatic EEFs.
Under this condition, both parasite lines displayed comparable intra-
hepatic development (Fig. 1d). When administered at these adjusted
doses, infectious CT-competent and CT-deficient parasites seeded
comparable blood-stage infections leading to the establishment of
experimental cerebral malaria (ECM) (Extended Data Fig. 1f,g), show-
ing that the different inocula are functionally equivalent and consist-
entwith CT-deficient parasites entering hepatocytes and undergoing
productive intrahepatic development in vivo at levels comparable to
their wild-type counterparts.

The standardized inocula were subsequently used in a well-
established prime-boost-boost RAS immunization protocol in
C57BL/6 mice® (Fig. 1e) to evaluate the protective efficacy of each
Pb line in the 12-day-period after challenge with fully infectious,
luciferase-expressing POWT parasites. In vivo bioluminescence imag-
ing at 48 h post challenge (h.p.c.) revealed that non-immunized mice
harboured metabolically active parasites in the liver, whereas PBPWT
RAS-immunized mice had no detectable bioluminescence activity
(Fig.1f g and Extended Data Fig. 1h). By constrast, both PbSpect1” and

PbPIp1” RAS-immunized mice displayed higher bioluminescence activ-
ity than POWT RAS-immunized mice, albeit significantly reduced com-
pared with non-immunized mice (Fig. 1f,g and Extended Data Fig. 1h).
Sterile protection, assessed by the absence of blood-stage parasites
after challenge by bioluminescence, was observed in 82.5% + 4.5%
(mean + s.e.m.) of the POWT RAS-immunized cohort, whereas none
of PbSpect1” and only 13.3% + 13.3% of PbPIlpI” RAS-immunized mice
remained protected after challenge (Fig. 1h). Erythrocytic infection
became patent in unprotected PbOWT RAS-immunized mice on day
6.1+ 0.6after challengeandondays 4.7 + 0.2and 4.2 +1.3in PbSpect1
and PbPIpI” RAS-immunized mice, respectively (Fig. 1h). The decreased
number of parasites seeding the blood stage of infection led to the
delayed progression of parasitemiain unprotected mice fromallimmu-
nized cohorts (Extended Data Fig. 1i), with varying levels of protec-
tion from ECM (Extended DataFig. 1j). Together, these data show that
the establishment of sterilizing protection after W-SPZ vaccination
requires CT activity by immunizing SPZ, rather than a specific protein
mediating the process.

Several studies suggest that the timing of intrahepatic parasite
arrest has a major role in the potency of the immune response elic-
ited by vaccination, with longer development of immunizing para-
sites potentially exposing the host to a wider breadth and quantity
of antigens?+?. To assess whether CT remained relevant for sterile
protection after immunization regimens enabling extended or even
complete intrahepatic development of immunizing SPZ, we used
two immunization regimens with infectious SPZ under azithromycin
or chloroquine chemoprophylaxis (that is, chemoprophylaxis with
azithromycin (CPS-AZ)* and chemoprophylaxis with chloroquine
(CPS-CQ)*) (Fig. 1i). PbWT-immunized mice under both CPS immuniza-
tion regimens had no detectable metabolically active parasites in the
liver at 48 h.p.c. (Fig. 1j,k and Extended Data Fig. 1k,n), with100% and
80% +11.5% of immunized mice remaining blood-stage parasite-free
for the 12-day-period after challenge with POWT SPZ (Fig. 11,m). By
contrast, PbSpectl” CPS-AZ- and CPS-CQ-immunized cohorts exhib-
ited only partial reductions in liver stage parasite load (Fig. 1j,k and
Extended Data Fig. 1k,n) and failed to achieve sterile protection, with
blood-stage infection becoming patent on days 5.1+ 0.2and 4.0 £ 0.2
after challenge, respectively (Fig. 11,m). Unprotected mice, irrespec-
tive of receiving CT-competent or CT-deficientimmunizing parasites,
exhibited delayed parasitemia (Extended DataFig.1l,0) and were pro-
tected from ECM (Extended Data Fig.1m,p). Notably, azithromycin also
prevented ECM in non-immunized controls (Extended Data Fig. Im),
suggesting that it can counter severe neurological manifestations of
malaria. Collectively, these datademonstrate that host CT by immuniz-
ing SPZ is a critical determinant of pre-erythrocytic sterilizing immu-
nity after W-SPZ vaccination, regardless of the duration of intrahepatic
parasite development.

CT by immunizing SPZ is a dominant contributor for
sterilizing immunity

Next, we interrogated the relative contributions of CT and hepato-
cyte infection for protection by employing Pb parasites lack-
ing the P36p (PbP36p~) gene®, which retained in vivo CT activity
(Extended Data Fig. 2a) but exhibited markedly reduced intrahepatic
development, either alive or after irradiation (Extended Data Fig. 2b,c).
Both POWT and PbP36p~ RAS-immunized mice (Fig. 1e) showed no
liver bioluminescence at 48 h.p.c., indicating the successful elimina-
tion of hepatic parasites (Fig. 2a and Extended Data Fig. 2d). Consist-
ently, bothimmunized cohorts exhibited comparable levels of sterile
protection (Fig.2b). Delayed blood-stage onset in unprotected POWT
and PbP36p~ RAS-immunized mice (Fig. 2b and Extended DataFig. 2e)
correlated withreduced ECM incidence (Extended Data Fig. 2f). Given
their comparable levels of short-term sterile protection, we next
assessed the durability of protection by challenging POWT and PbP36p™
RAS-immunized mice at increasing intervals after priming (Fig. 2¢).
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Fig. 1| CT motility ofimmunizing parasites is required for sterilizing immunity
against Plasmodium hepaticinfection. a, Linear regression of Plasmodium
18SrRNA levelsinthelivers of C57BL/6 mice, 16 h after receiving the indicated
amounts of PbSpectl” (n=3 per dose) (left) or PbPIpI” (n =3 per dose) (right) or
10* PBWT (n =3) RAS. Dotted lines indicate the estimated number of PbSpect1” or
PbPIpI” RAS required to achieve liver infection loads equivalent to that yielded by
theinjection of 10* PPWT RAS. b, Qantification of Plasmodium 18S rRNA levels in
the livers of C57BL/6 mice, 16 h after receiving 10* PBWT (n = 20; four independent
experiments), 15 x 10* PbSpectl” (n=10; two independent experiments) or

15 x10*PbPIp1 (n=9;two independent experiments) RAS. ¢,d, Quantification of
Plasmodium 18S rRNA levels (c) and EEF size (d) in the livers of C57BL/6 mice, 42 h
afterinoculation of 10* PBWT (n=11) or 15 x 10* PbSpectI” (n=12) live SPZ (three
independent experiments). e, Protocol of RAS immunizations and challenge. B,
firstboost; B,, second boost; C, infectious challenge; P, prime. f,g, Representative
luciferase bioluminescence images of non-immunized and POWT or PbSpect1 (f),
and non-immunized and POWT or PbPIpI” RAS-immunized C57BL/6 mice (g),48 h
after challenge with PBWT SPZ. p, photons; sr, steradian. h, Sterile protection,
represented as percentage of blood-stage parasite-free mice (left), and time to
patency (right) of non-immunized (n = 35; seven independent experiments),
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PbWT (n =40; eightindependent experiments), PbSpect]” (n=20;4 independent
experiments) or PbPIpI (n=15; threeindependent experiments) RAS-immunized
C57BL/6 mice in the 12-day period after challenge with PAWT SPZ. d.p.c., days
post challenge. i, Protocol ofimmunizations with live SPZ under CPS-AZ or
CPS-CQchallenge. j k, Representative luciferase bioluminescence image of non-
immunized and PbWT or PbSpectl” CPS-AZ-immunized (j) or CPS-CQ-immunized
(k) C57BL/6 mice, 48 h after challenge with PPWT SPZ.1,m, Sterile protection,
represented as percentage of blood-stage parasite-free mice (left), and time

to patency (right) of non-immunized, and PBWT or PbSpectl” CPS-immunized
C57BL/6 mice under azithromycin (AZ) (I) (n=5; one independent experiment,
n=15;threeindependent experiments, and n =10; two independent experiments,
respectively) or chloroquine (CQ) (m) (n =15; three independent experiments,
n=25;fourindependent experiments and n =19; fourindependent experiments,
respectively) coverage in the 12-day period after challenge with POWT SPZ.In a,
dataare mean +s.e.m., with asimple linear regression connecting all data points;
inb-d, data are represented as dot plots, with the black line representing the
mean;inh,land m (left), dataare mean +s.e.m.,and inh,land m(right), dataare
the mean day to patency. NS, not significant.*P < 0.05, **P< 0.01, ***P < 0.001, two-
sided Mann-Whitney test. For complete statistical analysis, see Source Data Fig 1.

Both groups displayed a comparable decline in protection over time,
with most mice exhibiting patent blood-stage infections when chal-
lenged at195 days after priming (Fig. 2d-f), suggesting that long-term
protection wanes at a similar rate regardless of parasite genotype.
Nevertheless, PPWT RAS-immunized mice consistently showed slightly

higher levels of sterile protection than PbP36p~ RAS-immunized mice,
although this difference did not reach statistical significance. This
trend probably reflects additional parasite-host interactions during
infection that may subtly influence the magnitude of the response.
By contrast, PbOWT and PbP36p~ RAS-immunized mice that remained
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the establishment of sterile protection following W-SPZ RAS vaccination.

a, Representative luciferase bioluminescence image of non-immunized, and POWT
or PbP36p~ RAS-immunized C57BL/6) mice, 48 h after challenge with POWT SPZ.
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experiments), and POWT (n = 34; five idepedent experiments) or PbP36p™ (n=34;
fiveindependent experiments) RAS-immunized C57BL/6 mice in the 12-day period
after challenge with PBWT SPZ. ¢, Protocol of RAS immunizations and challenge
used to evaluate long-term protection. d-f, Sterile protection, represented as
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percentage of blood-stage parasite-free mice (left), and time to patency (right)
of non-immunized, and PbWT or PbP36p~ RAS-immunized C57BL/6 mice in the
12-day period after challenge with POWT SPZ 75 days (d) (n=19,n=25and n=25,
respectively; fourindependent experiments), 135 days (e) (n=12,n=20 and
n=15, respectively; two independent experiments) and 195 days (f) (n=5,n=10
andn =10, respectively; oneindependent experiment) after prime. Inb-f (left),
dataare mean +s.e.m.; inb-f(right), dataare the mean day to patency. *P < 0.05,
**P<0.01, **P<0.001, two-sided Mann-Whitney test.

blood-stage parasite-negative following the initial challenge 28 days
after prime (Fig. 2a,b) maintained robust levels of sterile protection
upon subsequent consecutive re-challenges at the same timepoints
(Extended Data Fig. 2g-j). Together, these observations show that
immunization with RAS exhibiting highly reduced intrahepatic devel-
opment but preserved CT motility can induce sterile protection with
comparable durability to their wild-type counterparts, reinforcing
that CT is not only required (Fig. 1), but also a major determinant for
effective immunity induced by W-SPZ vaccination.

Lack of CT by SPZ during immunization hinders cellular
immunity

The presence of blood-stage parasites after infectious challenge of
mice immunized with CT-deficient SPZ (Fig. 1) probably reflects the
role of CT in promoting and/or maintaining immune mechanisms
relevant for parasite clearance during hepatic infection. W-SPZ vac-
cination inrodents elicits both humoral and cellular responses that
cooperate to eliminate SPZ and infected hepatocytes®. Toinvestigate
which of these protective immune mechanisms is hindered in the
absence of CT, we assessed the dynamics of parasite elimination dur-
ing challenge of POWT and PbSpectl” RAS-immunized mice (Fig. 3a).
Atthefirsttimepointanalysed, 8 h.p.c., both RAS-immunized cohorts
showed comparable reductionin parasite liver load when compared
with non-immunized controls (Fig. 3a), indicating early partial control

ofinfection. Aligned with the notion that elevated antiplasmodial anti-
body titre following immunization hinder parasite establishment??*,
both POWT and PbSpectl” RAS-immunized mice exhibited increased,
but comparable, levels of anti-SPZ IgG before each boost and at the
time of challenge (Fig. 3b). This was also the case for PbPIp1” and
PbP36p~ RAS-immunized mice (Extended Data Fig. 3a,b), which is
consistent with preserved antibody responses despite impaired CT
or infectivity. Assessment of the temporal dynamics of liver stage
development from16 h.p.c. withinfectious SPZ showed a progressive
increase in liver parasite burden in PbSpectl” RAS-immunized mice,
indicative of ongoing intrahepatic development, whereas that of
POWT RAS-immunized mice remained unaltered throughoutinfection
(Fig.3a). Together, our data show that CT is essential for the genera-
tion of protective cellular immunity against infected hepatocytes,
whereas antiplasmodial antibody responses occur independently
of CT and, notably, of the extent of intrahepatic development of
immunizing parasites, as indicated by the production of anti-SPZ
antibodies after immunization with PbP36p™ parasites. To determine
whether the requirement for CT in promoting sterile protection is
specific to cellularimmunity-dominated responses, we used our RAS
immunization protocol (Fig. 1e) in BALB/c mice, a strain known to
mountstrong antibody-mediated responses® . As for C57BL/6 mice
(Fig.1b), the15:1PbSpectl to PbWT inoculumratio yielded equivalent
RASinfections at16 h.p.i. (Extended DataFig. 3¢). However, analysis
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Fig. 3| Cellular immunity, but not humoral immunity, is hindered by the lack of
host CT during immunization. a, Time-dependent quantification of Plasmodium
18SrRNA levelsin thelivers of non-immunized, and POWT or PbSpectl” RAS-
immunized C57BL/6) mice at 8 (n = 6; two independent experiments), 16 (n=7;
two independent experiments), 24 (n = 7; two independent experiments), 32
(n=4;oneindependent experiment), 40 (n =4; oneindependent experiment)
and 48 h (n = 8; two independent experiments) after challenge with POWT SPZ.
Grey arearepresents an 18S rRNA unspecific amplification signal in non-infected
controls (n = 6; one independent experiment). b, Quantification of circulating
anti-SPZ IgG levels in non-immunized (NI) (n=12),and PbWT (n =18) or PbSpectI
(n=18) RAS-immunized C57BL/6) mice at the indicated days after priming (two
independent experiments). ¢, Time-dependent quantification of Plasmodium
18SrRNA levelsin thelivers of non-immunized, and PBWT or PbSpectI” RAS-
immunized BALB/c mice at 8 (n=6),16 (n = 6) and 24 h (n = 6) after challenge with
PbWT SPZ. Grey arearepresents an unspecific 18S rRNA amplification signal in
non-infected controls (n = 7) (two independent experiments). d, Representative
luciferase bioluminescence image of non-immunized, and PBWT or PbSpect1”

RAS-immunized BALB/c mice, 48 h after challenge with POWT SPZ. e, Sterile
protection, represented as percentage of blood-stage parasite-free mice (left),
and time to patency (right) of non-immunized (n =10), and POWT (n =10)

or PbSpectl” (n=10) RAS-immunized BALB/c mice in the 12-day period after
challenge with PPWT SPZ (two independent experiments). f, Protocol of RAS
immunizations and challenge after the administration of CD8 T cell-depleting
antibodies. g, h, Sterile protection, represented as percentage of blood-stage
parasite-free mice (left), and time to patency (right) of non-immunized, and
PbWT RAS-immunized C57BL/6) (g) (n=10; two independent experiments,
n=15;threeindependent experiments and n = 8; two independent experiments,
respectively) or BALB/c (h) (n = 5; one independent experiment, n = 10; two
independent experiments and n = 8; two independent experiments, respectively)
mice receivingIgG2b or anti-CD8 T cell-depleting antibodies followed by
challenge with POWT SPZ.Ina-c, data are represented as dot plots, with the black
linerepresenting the mean. Ine,gand h (left), dataare mean +s.e.m.;ine,gandh
(right), data are the mean day to patency. *P < 0.05,**P < 0.01,**P < 0.001,
two-sided Mann-Whitney test.

of the temporal dynamics of infectious parasite elimination revealed
that, unlike C57BL/6 mice (Fig. 3a), neither POWT nor PbSpectl”
RAS-immunized BALB/c mice displayed detectable liver parasite loads
atany of the timepoints analysed post challenge (Fig. 3¢). The rapid
clearance ofinfectious SPZin PPWT RAS-immunized BALB/c mice cor-
related with the production of anti-SPZ IgG (Extended Data Fig. 3d),
potentially leading to efficient SPZ neutralization before hepato-
cyte invasion?®. Accordingly, no bioluminescence was detected in
the livers of BALB/c mice immunized with either CT-competent or
CT-deficient parasites (Fig. 3d and Extended Data Fig. 3e), with100%
of mice remaining blood-stage parasite-free over the 12-day monitor-
ing period (Fig. 3e). Together, these data suggest that CT is dispen-
sable when sterile protection following W-SPZ immunization relies
heavily on antibody-mediated clearance of infectious parasites. To
confirm that the contrasting strain-specific dependence on CT for
protection (Figs. 1f-h and 3d,e) reflected a dependency on cellular
versus antibody-mediated immunity, we depleted CD8 T cellsin PBWT
RAS-immunized C57BL/6 and BALB/c mice 4 days before challenge
(Fig.3f).CDS8T cell depletionin C57BL/6 mice (Extended Data Fig. 3f)

abrogated sterile protection (Fig. 3g), consistent with a dominant
role for T cell-mediated clearance of infected hepatocytes®>*. By
contrast, BALB/c mice remained blood-stage parasite-free after CD8
Tcelldepletion before challenge (Fig. 3h and Extended Data Fig. 3f),
despite the sustained reductionin CD8 T cell frequenciesinthe liver
and the spleen throughout the 12-day monitoring period after chal-
lenge (Extended Data Fig. 3g,h).

CT promotes the establishment of hepatic CD8 T, T cells
Havingestablishedits critical role in eliciting protective cell-mediated
immunity against Plasmodium liver stages (Fig. 3), we next sought
to investigate how CT influenced the hepatic immune landscape in
terms of cellular composition and frequency following vaccination. To
thisend, we used spectral flow cytometry to comprehensively profile
hepaticleukocyte populationsin PBWT and PbSpectl” RAS-immunized
C57BL/6 mice 28 days after priming. This timepoint was selected to
capture the steady-state immune milieu established after immuniza-
tion and to assess CT-dependent alterations in the development or
maintenance of hepaticimmune populations.
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Hierarchical, unsupervised clustering of hallmark markers
using FlowSOM on concatenated CD3" lymphocytes and CD3™ cells
expressing CD11b and/or NK1.1identified 14 and 7 distinct cell clusters,
respectively (Fig. 4a and Extended Data Fig. 4a). Of these, PbSpectl~
RAS-immunized mice exhibited increased frequencies of natural killer
(NK) T cell clusters and of hepatic CD11b™ NK1.1" cells compared with
mice immunized with POWT RAS (Fig. 4b and Extended Data Fig. 4b).
NK and NK T cells have previously been associated with the elimi-
nation of Plasmodium liver stages***, arguing against a causal link
between the expansion of these cell clusters and the loss of protec-
tion observed following PbSpectI- RAS immunizations (Fig. 1). By
contrast, only one cluster showed altered abundance associated with
protection. CD69" KLRG1™ CD8 tissue-resident memory T (Tg,) cells
were enriched, in both frequency and total numbers, in protected
miceimmunized with POWT RAS, but significantly under-represented
in the unprotected PbSpectl” RAS-immunized cohort (Fig. 4b,c and
Extended Data Fig. 4c). Targeted phenotypic characterization con-
firmed hallmark features of hepatic tissue residency?, including high
expression of CXCR3 and CXCR6, accompanied by increased CD127
and PD-1levels (Extended Data Fig. 4d-g), which is consistent with
long-lived, antigen-experienced resident cells***”. The absence of
CX3CR1expression (Extended Data Fig. 4h) further supported exclu-
sion fromacirculating effector phenotype®. Reflecting the long-term
persistence of memory T cell subsets, hepatic CD8 Ty, cells in the
PbWT-immunized cohort were stably maintained at 75 days post prim-
ing (Fig.4d), atimepoint associated with substantial protection against
SPZ challenge (Fig. 2d). Together, these findings show that lack of CT by
immunizing parasites impairs the establishment of bona fide hepatic
CD8 Ty cells,apopulationrequired for localized and durable immunity
against liver stage parasites following W-SPZ vaccination®*’,

Repetitive exposure to RAS generates long-lived Plasmodium-
specific CD8 Ty cell populations that persist within the hepatic niche
independently of circulating memory pools and are essential for sterile
protection®*'. Therefore, we next assessed whether the CT-dependent
differences observed in the overall hepatic CD8 Ty, cell compartment
extended to the generation of Plasmodium-specific CD8 Ty, cells.
For this, we focused on two well-defined Plasmodium epitopes with
distinct expression patterns: the thrombospondin-related anonymous
protein (PbTRAP 3, 155)*°, which is expressed mostly at the SPZ stage
and shed during parasite locomotion***’, and the putative 60S riboso-
mal protein L6 (PbRPL6,,,_1,,)**, associated with intrahepatic parasite
development*. When compared with non-immunized controls, PPWT
RAS-immunized C57BL/6 mice displayed increased frequencies and

absolute numbers of CD8 Ty, cells specific for both epitopes 28 days
after priming (Fig. 4e). By contrast, PO TRAP,;,_;35-specific CD8 Ty,
cellswere markedly reducedinthelivers of PbSpectl” RAS-immunized
mice, whereas PbRPL6,,,_1,,-specific CD8 Ty, cells remained detect-
able, albeit with reduced abundance (Fig. 4¢). Plasmodium-specific
CD8 Ty cell hepatic subsets in both CT-competent and CT-deficient
RAS-immunized mice were preferentially enriched within the
tissue-resident compartment (Fig. 4f) and exhibited a cytotoxic pro-
file characterized by increased production of granzyme B (GzmB) and
interferon-y (IFNy) following ex vivo stimulation, although the distribu-
tion of these effector molecules differed between PbRPL6,,,_;,,-specific
cells from PBWT- and PbSpectI -immunized mice (Fig.4g,h). Together,
these observationsindicate that the absence of CT during immuniza-
tion does not uniformly impair CD8 Ty cell formation, but instead
selectively compromises the establishment of POTRAP,;, 135-specific
CD8 Ty, cells, reflecting a CT-dependent requirement for responses
directed against antigens highly expressed at the SPZ stage*¢. Such
reductionwas not associated, however, with diminished levels of TRAP
shed during gliding motility by PbSpectl~ SPZ compared with their
wild-type counterparts (Extended Data Fig. 4i).

Given that CD8 T cell responses following RAS immunization
have been shown to initiate in the spleen*, we next asked whether
the CT-dependent impairment in Plasmodium-specific CD8 Ty, cell
formationreflected altered splenic priming by performing RASimmu-
nizations in splenectomized (SPX) C57BL/6 mice (Fig. 4i). Removal of
the spleen resulted in a global reduction in the frequencies of hepatic
CD8 Ty, cells independently of the CT competency of immunizing
parasites (Fig. 4j). Notably, however, the relative reductionin PATRAP5,_
ss-specific CD8 Ty, cells observed in miceimmunized with CT-deficient
PbSpectI~ RAS was preserved in SPX hosts, when compared with the
PbWT RAS-immunized cohort (Fig. 4k). The overall reductionin hepatic
CD8 Ty cells following splenectomy was associated with loss of sterile
protection across all SPX cohorts, with 80% and 100% of mice immu-
nized with CT-competent or CT-deficient RAS becoming patent on days
4.6 +0.2and 4.3 + 0.1, respectively (Extended Data Fig. 5a—e). Together,
these observations suggest that while splenic priming contributesto the
overall magnitude and protective capacity of cellularimmune response
following RAS exposure, CT at the site of infectionis important for shap-
ing the antigen-specific composition of the hepatic CD8 Ty, cell pool.

Discussion
Despite majoradvancesin our understanding of hostimmune responses
during Plasmodium liver infection, parasite-intrinsic determinants

Fig. 4| CTimpacts the establishment of hepatic-resident memory CDS8 T
cells following W-SPZ vaccination. a, Uniform manifold approximation and
projection (UMAP) representation (left) and mean fluorescence intensity of
each hallmark marker (right) inimmune cell clusters identified by FlowSOM

in concatenated CD3" immune cells isolated from the livers of non-infected
(n=6),and PBWT (n=10) or PbSpect1 (n=10) RAS-immunized C57BL/6) mice,
28 days after prime (two independent experiments). Cell gating strategy is
shownin Extended Data Fig. 6a. b, Heat map of normalized cell frequencies
within eachidentified cluster of CD3* lymphocytes in the livers of non-infected,
and PbWT or PbSpectl” RAS-immunized C57BL/6) mice, 28 days after prime.

¢, Quantification of CD69* KLRGI Ty CD8 T cells in the livers of non-immunized
(n=15),and PbWT (n=24) or PbSpect1 (n=25) RAS-immunized C57BL/6) mice,
28 days after prime (five independent experiments). Cell gating strategy is
shownin Extended DataFig. 6b. d, Quantification of CD8 Ty, cells in the livers
of non-immunized (n=3) and PbWT (n = 4) RAS-immunized C57BL/6) mice,

75 days after prime (one experiment). e, Representative flow cytometry plots
and frequency and quantification of PBTRAP 5_i55-specific and PDRPL6, 1,7
specific CD8 Ty, cells in the livers of non-immunized (n = 6), and PBWT (n =10)
or PbSpectI” (n=10) RAS-immunized C57BL/6) mice, 28 days after prime (two
independent experiments). Cell gating strategy is shown in Extended Data Fig.
6b. f, Distribution of POTRAP,;,_;¢-specific (left) and PBRPL6,,, 1,,-specific (right)
CD8T cellsin circulating (central memory T (T¢y,) cell and effector T (T) cell) and

resident (Tgy) cellular compartmentsin the livers of non-immunized (n=9), and
PbWT (n=14) or PbSpectl (n=14) RAS-immunized C57BL/6) mice 28 days after
prime (threeindependent experiments). g, h, Representative flow cytometry
plots and frequency of GzmB and IFNy expression in POTRAP 3, _35-specific CD8
Trucellsinthelivers of PDWT (n =10) RAS-immunized C57BL/6) mice (g) and
PbRPL6,,, 1,,-specific CD8 Ty, cellsin the livers of POWT (n =10) or PbSpect]
(n=10) RAS-immunized C57BL/6) mice (h) 28 days after prime (two independent
experiments). Cell gating strategy is shown in Extended Data Fig. 6b. i, Protocol
of splenectomy and RAS immunizations. j, Quantification of Tg,, CD8 T cellsin
the livers of non-immunized, and PBWT or PbSpectl” RAS-immunized C57BL/6)
mice, either sham-operated (n =3, n=4and n =5, respectively; one independent
experiment) or SPX (n=9,n=8and n =9, respectively; two independent
experiments), 28 days after prime. Cell gating strategy is shown in Extended
DataFig. 6b.k, Frequency and quantification of PATRAP 5, ;5-specific CD8 Ty
cellsinthelivers of non-immunized, and POWT or PbSpectl” RAS-immunized
C57BL/6) mice, either sham-operated (n =3,n=4and n=>5, respectively; one
independent experiment) or SPX (n =9/10, n =8 and n =9, respectively; two
independent experiments), 28 days after prime. Cell gating strategy is shownin
Extended DataFig. 6b. In c-e j k, dataare represented as dot plots, with the black
line representing the mean; in f-h, data are mean +s.e.m. *P<0.05,*P<0.01,
***P < 0.001, two-sided Mann-Whitney test (b-g,j, k) and two-way repeated
measures ANOVA (h). Ty, effector memory T cell.
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that shape these responses remain poorly defined. Efforts in vaccine
development have mostly focused onidentifying and targeting specific
antigens or epitopes capable of eliciting protective immune responses.
Our findings challenge this antigen-centric view by demonstrating that
parasite behaviour traits are acritical contributor to cellularimmunity
elicited during W-SPZ immunization.

Inthis study, we showed that CT by immunizing SPZ, whichoccurs
before hepatocyte invasion*, was a major immunogenic determinant
for inducing sterilizing immunity following W-SPZ vaccination. This
finding contrasts with the prevailing view that vaccine-induced protec-
tionis primarily driven by productive hepatocyte infection and by the
extent of intrahepatic parasite development™. Using multiple genetic
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parasite models, we showed that even when CT-deficient parasites were
allowed to fully replicate in hepatocytes, they failed to confer protec-
tion. Conversely, CT-competent parasites that are replication-impaired
still elicited robust protection, equivalent to wild-type parasites. These
data establish CT asakeyimmunogenic event and demonstrate that it
isuncoupled from sterilizing protection following W-SPZ vaccination
from productive Plasmodium intrahepatic development.

RAS-based immunizations elicit both humoral and cellular
responses, each contributing to preclude re-infection of immunized
hosts***". The observation that sterile protection was abrogated in
C57BL/6 miceimmunized with CT-deficient parasites, despite high SPZ
antibody levels, underscores that CT contributes to cell-mediated, but
not antibody-mediated, immunity. Consistent with this and aligning
with observations by others*®, CD8 T cell depletion in CT-competent
RAS-immunized C57BL/6 mice abrogated protection. By contrast, in
BALB/c mice, which favour antibody-mediated immunity*~', both
CT-competent and CT-deficient immunizing parasites elicited com-
parablelevels of protection,independent of CD8 T cells. These results
highlight how host genetics dictateimmune correlates of protection,
and underscore CT as a non-redundant component for inducing CD8
T cell-mediated immunity in hosts where this response dominates.

Cellular responses, particularly those dependent on CD8 T cells,
are essential for the clearance of infected hepatocytes*s, with pro-
longed protection following malaria vaccination being associated
with the presence of liver-resident CD8 Ty, cells®. Using unsupervised
clustering of liver leukocytes, we found that CD8 Ty cells expanded
significantly following immunization with CT-competent versus
CT-deficient RAS. Within this compartment, PhTRAP,;,_;5-specific CD8
Tgrw cells were markedly under-represented in mice immunized with
CT-deficient RAS, revealing that this parasite behaviour trait shapes the
antigenic composition of the hepatic CD8 Ty, cell pool. Such selective
lossis particularly notable since repeated RAS immunization hasbeen
shown to skew the hepatic CD8 T,,, compartment towards specificities
targeting highly abundant SPZ antigens, including TRAP, which become
dominant contributors to protection®. Our findings provide amecha-
nistic explanation for this bias, suggesting that by facilitating antigen
disseminationacross multiple host cells early during infection, CT may
preferentially amplify cellular responses against SPZ-derived antigens,
and thereby shape both the composition and protective capacity of
the hepatic CD8 Ty, cell compartment. Consistent with this model,
complementary work by Pohl et al.*” demonstrates that the absence
of CT prevents activation of bone marrow-derived macrophages and
consequently impairs the priming of protective CD8 T cell responses,
revealing an innate immune mechanism that may account for the
downstream defects in hepatic CD8 Ty, cell abundance and specificity
observed following immunization with CT-deficient parasites.

While it may seem paradoxical that Plasmodium parasites evolved
abehaviour that promotes CD8 T cell responses capable of killing
infected hepatocytes, this probably represents an evolutionary com-
promise. Ininfections occurring in endemic settings, this traitis essen-
tial for parasite infectivity, allowing SPZ to cross host barriers in the skin
and at the liver sinusoids®>*". In such case, the number of SPZ that suc-
cessfully reach the liver upon mosquito transmission is relatively low™,
contrasting with the artificially high parasite loads used in W-SPZ vac-
cination regimensinbothrodents®and humans'. Therefore, itis likely
that, under natural transmission conditions, theimmunostimulatory
effects of CT by Plasmodium parasites reflect an evolutionary trade-off
toensure successful infectioninendemic populations, whereas during
vaccination, the amplified exposure to CT-dependent immunogenic
cuesdrivesrobustimmune activation. These findings carry important
implications for the development of malaria vaccines for human use.

Traditionally, vaccine design has prioritized the search for opti-
mal antigens, epitopes and immune signatures. While this approach
remains essential, our findings linking CT and protective immunity
should broaden the focus fromsolely considering the antigenic content

ofimmunizing strategies toinclude the dynamicinteractions between
the parasite and host tissues. This conceptual shift opens new avenues
for malaria vaccine development, where parasite behaviour can be
harnessed to shape effective and durable immunity. Responses to
W-SPZ vaccinesin humans are known to be heterogeneous, with afrac-
tion of vaccinees failing to develop sterile protection'®". The reasons
behind such variability are not fully understood but may include differ-
encesinvaccine delivery, host genetics and immune history, as well as
limitations indirectly interrogating protectiveimmune mechanismsin
humans. As a result, while mechanistic insight into cellular immunity
can be obtained in animal models, its contribution to protection in
humans remains largely correlative, in part because key effector popu-
lations such as liver-resident CD8 T cells are not readily accessible for
directassessment. Our dataraise the possibility that parasite behaviour
during vaccination, includingits capacity to traverse host cells, repre-
sentsa previously unappreciated determinant of vaccine outcome that
may influence how differentimmune effector mechanisms are engaged
and balanced acrossindividuals. Next-generation W-SPZ vaccines may
benefit fromengineering or selectingimmunizing parasites with opti-
mized behavioural properties, particularly, enhanced CT motility, to
promote effective and long-lasting CD8 Ty, cell responses. Moreover,
the currently licensed malaria vaccines RTS,S and R21, consisting of
subunit formulations targeting the CSP of Plasmodium falciparum,
rely heavily on humoral immunity** and consistently fail to prevent
infection, albeit reducing clinical disease burden®™’. The identifica-
tion of molecular and inflammatory cues induced by CT may enable
the design of adjuvantsthat replicate itsimmunostimulatory effectin
cellularimmunity, extending the applicability of this principle beyond
W-SPZ vaccines.

Methods

Mice

C57BL/6 and BALB/c wild-type mice were obtained from Charles
River Laboratories. All mice in this study were housed in specific
pathogen-free conditions, at 23 °C and 40-50% humidity with a 12-h
light/12-h dark cycle, in accordance with the European Commission
recommendations on housing and care of animals. Forimmunizations
andinfections, both male and female mice (5-6 weeks old) were used.
Animal experimentation protocols were approved by the institutional
animal welfare body, ORBEA-GIMM, and by the Direc¢io-Geral de
Alimentacio e Veterinaria (license no. 002469/2021). All procedures
were performedinstrictaccordance with the Directive 2010/63/EU for
the care and use of animals for scientific purposes.

Parasites

For this study, Anopheles stephensi female mosquitoes, bred and
housed at GIMM Insectary, were infected with the following Pb ANKA
(PbANKA) parasite lines: (1) PDANKA expressing a GFP-luciferase
fusion protein (676micll; RMgm-29)>, herein referred to as POWT,
(2) marker-free PPANKA expressing GFP (2.34)°°, herein referred to as
PbGFP, (3) PbANKA genetically deleted for the Sporozoite microneme
proteinessentialfor cell traversal 1 (Spectl) gene (RMgm-138)*%, herein
referred to as PbSpectl’, (4) PDANKA genetically deleted for the P36p
gene (417m0cl2; RMgm-41)*, herein referred to as PbP36p™ and (5)
PbANKA genetically deleted for the perforin-like protein 1 (PlpI") gene,
generated in this study and herein referred to as PbPIp1 . The genera-
tion of PbPIpI” was carried out using the PbGFP parasite line and the
PbGEM-293340 (PlasmoGEM) vector. PbGEM-293440 contains amodi-
fied locus of the PBANKA_100630 gene (Plp1; PlasmoDB), consisting of
the Pbeeflaa promoter, followed by the human dihydrofolate reductase
(hDHFR) gene, and the bifunctional yeast enzyme cytosine deaminase
and uridyl phosphoribosyl transferase (yFCU). The modified target
locus was integrated in the PbGFP parasite line by double crossover
homologous recombination, recombinant parasites were selected
with pyrimethamine and dilution cloning was carried out as previously
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described®. The genomic DNA (gDNA) of parasite clones was isolated
from parasitized blood using the NZY Blood gDNA Isolation kit (NZY-
tech), and genotyped by PCR using NZYTaq Il 2x Colourless Master
Mix (0.1U pl™; NZYtech,) and primers specific for the Plp1 WT locus (5’
primer P2 (ACCGTTAGATCTGATTGCGGCCA) and 3’ primer P4 (ACA-
CATAGCGAAACCATGTTGTCT)) and for the correct integration of the
modified target locus (5’ primer P1(TGCGAACTGAGATACGCAGGGA)
and 3’ primer P3 (CATACTAGCCATTTTATGTG)). For this, 1 ug of total
gDNAwas used to amplify the WT and integrationlociinaT100 Thermal
Cycler (Bio-Rad), with a PCR programme consisting of 1 cycle at 95 °C
for 5 min, followed by 40 cycles of 95 °Cfor30's,50 °C for 30 sand 68 °C
for90 s, and afinal cycle of 68 °C for 10 min. The resulting PCR products
wereresolvedinal%agarose gel and visualized in an Amersham Imager
680. Clones were considered ablated for the PlpI gene by the presence
ofthe amplification product corresponding to the correctintegration
of the modified target locus and absence of the WT locus.

Immunizations and infections

SPZ were obtained by the dissection of salivary glands of infected
mosquitoes fromday 20 post blood meal onwards. Alladministrations
of infectious or attenuated SPZ were carried out in 200 pl of DMEM
(Gibco) viaretro-orbital route in mice lightly anaesthetized with iso-
flurane (isoflurane 1,000 mg ml™; Iso-Vet). RAS-based immunizations
consisted of three administrations, on a weekly basis, of 10* PBWT,
15 x10* PbSpectI™, 15 x 10* PbPIp1 or 10* PbP36p™ y-irradiated SPZ
(16,000 rads; Caesium137 y-source, GammaCell 3000 Elan, Thetratron-
ics). Non-immunized controls received equivalent amounts of sali-
vary gland extract from uninfected A. stephensi mosquitoes using the
same volume and administration route. CPS-based immunizations
consisted in three administrations, on a weekly basis, of 10* POWT or
15 x 10* PbSpectI infectious SPZ. Mice were administered azithro-
mycin (16 mg ml™; Farmoz) in 200 pl of saline (NaCl 0.9%; Braun), via
intraperitoneal injection, on days 0, 1and 2 post each immunization
(CPS-AZ), or were given continuous access to water supplemented
with chloroquine diphosphate salt (0.288 mg ml™; Sigma) and glucose
(15g1;NZYtech), from days1to 6 after eachimmunization (CPS-CQ).
Non-immunized controls received equivalent amounts of salivary
gland extract from uninfected A. stephensi mosquitoes using the same
volume and administration route, and were exposed to azithromycin
or chloroquine in doses equivalent to those of immunized cohorts.
Mice from all immunization regimens and respective controls were
challenged with 3 x 10* PBWT infectious SPZ, 28 days post priming.

Splenectomy

C57BL/6 mice were anaesthetized with 2-3% isoflurane (isoflurane
1,000 mg ml™; Iso-Vet) before receiving buprenorphine (1.5 pg ml™)
pre-emptive analgesia, and were prepared for surgery by shaving and
disinfecting the dorsal left thoracolumbar region. The abdominal
cavity was opened by creating an incision left of the spine. The spleen
was exposed, and the splenic vessels were isolated with a hemostat
and cauterized, before being cut distally to the cauterized section,
enabling the removal of the spleen. The abdomen and the skin were
closed with sutures and surgical glue (3 M Vetbond), and the animals
were monitored for pain and given continuous access to water sup-
plemented with buprenorphine (0.9 ul ml™) for 3 days post surgery.
Allimmunization protocols were initiated 15 days after splenectomy.

Invivo bioluminescence

Liver parasite burden at48 h.p.c.was assessed by in vivo functional lucif-
erase activity using the IVIS Luminaimaging system (PerkinElmer) and
Living Image 3.0 software. In brief, mice were administered b-luciferin
(180 mg kg™ of body weight; PerkinElmer), diluted in 300 pl of PBS,
5 minbefore being deeply anaesthetized with aketamine (100 mg kg™
of body weight, Ketamidor; Richter Pharma) and xylazine (10 mg kg™
of body weight, Rompum; Bayer) mixture viaintraperitoneal injection.

After 5 min,images were acquired with a12.5-cm field of view, medium
binning factor and exposure time of 3 min. Quantitative analysis of
bioluminescenceinall experimental cohorts was performed by measur-
ingthe luminescence signal radiance using Living Image 3.0 software.

The day of patency of blood-stage infection was determined by
detecting the presence of bioluminescence activity of circulating
intraerythrocytic parasites using the Firefly Luciferase Assay kit 2.0
(Biotum) in a previously established blood bioluminescence assay®’.
In brief, 5 pl of blood was collected from days 3 to 12 after challenge
from the tail vein of each mouse into 45 pl of lysis buffer 1x, and kept
at —20 °C until analysis. Bioluminescence was detected by adding
50 pl of D-luciferin, previously diluted in Firefly Luciferase Assay
Buffer (0.2 mg ml™; Biotum), to 15 pl of blood sample lysate, imme-
diately measuring emitted luminescence, thrice, with an integration
time of 100 ms, using a Spark multimode microplate reader (Tecan).
Blood-stage infection was considered patent when luminescence val-
uesincreased above 100 for two consecutive days.

ECM assessment
Mouse survival and ECM establishment were evaluated twice daily,
from day 6 post challenge onwards, by the emergence of neurologi-
cal symptoms such as ataxia and paralysis, assessed by the ability of
mice to self-right.

SPZ gliding motility and TRAP protein shedding assessment
Assessment of gliding motility of Pb SPZ was carried out as previously
described®. In brief, 25,000 salivary gland SPZ were dissected from
infected Anopheles mosquitoes as described above, and incubated in
complete DMEM medium for 30 minat37 °C, on top of glass coverslips.
Afterincubation, SPZ were fixed with 4% paraformaldehyde (PFA; Santa
CruzBiotechnology), and stained with mouse anti-PbCSP (3D11) or rab-
bitanti-PbTRAP* primary antibodies followed by incubation with Alexa
Fluor 568-conjugated donkey anti-rabbit IgG (4 pg mI™; Invitrogen)
and Alexa Fluor 647-conjugated donkey anti-mouse IgG-conjugated
(4 pg mI™; Invitrogen) antibodies. Coverslips were imaged using an
LSM 980.32 with Airyscan microscope (Zeiss) at 40x, and SPZ gliding
motility was quantified by counting the number of CSP circles formed
by eachindividual SPZ.

Shedding of TRAP by Pb SPZ during gliding was assessed by meas-
uring the TRAP-specific fluorescence intensity from immunofluores-
cenceimages of gliding trails. Images were analysed using amacro that
quantified the mean fluorescence intensity within regions of interest
drawn around gliding trails. A fluorescence background was estab-
lishedin gliding trails stained with Alexa Fluor 568-conjugated donkey
anti-rabbit IgG (4 pg ml™; Invitrogen) in the absence of anti-PhTRAP
primary antibody. Only pixels with an intensity above background
were quantified.

SPZ intrahepatic development and cell wounding assessment
by immunofluorescence
Invitroinfections were performedin HepG2 cells seeded on coverslips
(12 mm; Menzel-Gliser) at adensity of 100,000 cells per well of a24-well
plate (Costar), cultured in DMEM medium supplemented with 10% fetal
bovine serum,2 mM glutamine and100 U mI™ penicillin-streptomycin
(DMEMC) (all Gibco), and maintained at 37 °C and 5% CO, 24 h before
infection. For the assessment of cell wounding, rhodamine-labelled
Dextran (0.5 mg ml™?; 10,000 Da, lysine fixable; Molecular Probes)
was added to each wellimmediately before infection with al:1ratio of
cellsto PBWT or PbPIpI” SPZ.Plates wereincubated at 37 °Cand 5% CO,,
andinfectionwas halted 2 h.p.i. For assessment of in vitro intrahepatic
development, seeded HepG2 cells were infected with PBWT or PbplpI”
SPZ asbefore, and infection was halted 48 h.p.i. All cells were fixed with
4% PFA (Santa Cruz Biotechnology).

In vivo infections for assessment of Plasmodium’s intrahepatic
development were carried out as previously described. Then, 42 h.p.i.,
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mice were killed by CO, narcosis, and the livers were collected and fixed
in4%PFA overnightat4 °C. Thelivers were equilibratedina30%sucrose
solution for 48 h before embedding in optimal cutting temperature
compound (Sakura Finetek), and frozen at -80 °C. Tissue sections
were serially cut in 10-pum-thick slices in a CM2050S cryostat (Leica)
and mounted in glass slides (Marienfeld).

Fixed HepG2 cells were permeabilized with 0.1% (vol/vol) Triton
X-100 (Sigma) before incubation with a blocking solution of 1% (wt/
vol) of Albumin Bovine FractionV (BSA) (NZYtech). The thawed slides
with liver sections were permeabilized and blocked with 5% BSA (wt/
vol) (NZYtech) 0.3% (vol/vol) Triton X-100 (Sigma) in PBS.

For cell wounding assays, cells were incubated with Alexa Fluor
488-conjugated rabbit polyclonal anti-GFP antibody (4 pg ml™; Inv-
itrogen) and Hoechst 33342 (0.01 pg ml™; Invitrogen), all diluted in
blocking solution, for 90 min at room temperature. For in vitro and
in vivo assessment of Plasmodium’s intrahepatic development, sam-
ples were incubated overnight at 4 °C with goat anti-UIS4 polyclonal
antibody (10 pg ml™; Sicgen) followed by incubation with Alexa Fluor
568-conjugated donkey anti-goat IgG (4 pg ml™; Invitrogen), Alexa
Fluor 488-conjugated rabbit anti-GFP polyclonal antibody (4 pg ml™;
Invitrogen) and Hoechst 33342 (0.01 ug ml™; Invitrogen). For in vivo
immunofluorescence staining, all antibodies were diluted in 5% BSA
(wt/vol) (NZYtech) 0.3% (vol/vol) Triton X-100 (Sigma) in PBS. For all
immunofluorescence assays, samples were mounted in Fluoromount
G (Invitrogen) on microscope slides (Marienfeld). Mounted slides were
allowed todryinthe darkat4 °Cfor atleast 24 h beforeimaging. Images
were acquired using an LSM 880 with Airyscan microscope (Zeiss)
at 20x (in vivo intrahepatic development), or at 63x (in vitro assays)
magpnification. EEF size was assessed using amacro in Fiji Image]J (NIH).

Isolation of hepatocytes for in vivo cell wounding assessment
C57BL/6 mice received 160 pg of rhodamine-labelled Dextran
(10,000 Da, lysine fixable; Molecular Probes) diluted in PBS immedi-
ately before inoculation of 5 x 10° POWT or 5 x 10° PbP36p" infectious
SPZ,bothviaretro-oribtal route. Then, 2 hafter, hepatocytes were iso-
lated by amodified two-step collagenase perfusion method®. In brief,
livers were perfused in situ through the vena cava, cutting the portal
vein to enable outflow, with 15 ml of perfusion buffer (HBSS no Ca**,
no Mg*" and no phenol red (Gibco), supplemented with EDTA (0.5 M;
Gibco), and HEPES (25 mM; Gibco)) pre-warmed at 42 °C. Subsequently,
thelivers were perfused with 25 ml of digestion buffer (HBSS with Ca*',
Mg?*and phenolred (Gibco), supplemented with HEPES (25 mM; Gibco)
and Liberase Blendzyme 3 recombinant collagenase (0.04 mg ml™;
Roche Diagnostics)) pre-warmed at42 °C. After perfusion, liver tissue
was gently dispersed inasingle-cell suspension using a pair of forceps.
Single-cell suspensions were passed through a100-um filter, and liver
parenchyma cells wereisolated in a50% Percoll (Cytiva) density gradi-
ent, centrifuged at 70g for 10 min.

Liver load assessment by RT-qPCR

C57BL/6 and BALB/c mice werekilled, and the livers were collected at the
indicated timepoints following infection/challenge, homogenized in
PureZOLRNA Isolation Reagent (Bio-Rad) using the Mini-Beadbeater-16
cell disrupter (BioSpect) for 3 min, and stored at —80 °C until RNA
extraction. Total RNA was extracted using the NZY Total RNA Isola-
tion kit (NZYtech) according to the manufacturer’s instructions and
quantified in a Nanodrop 1000 (Thermo Scientific). Pb18s and Mus
musculus Hprtlevels were assessed using TagqMan MGB probes (Pb18s:
5 primer: AGGGAGCCTGAGAAATAG; 3’ primer: GTCACTACCTCTCT-
TATTTAGAA; probe: 6-FAM-ACCACATCTAAGGAAGGCAGCA-BHQI;
mHprt.5’ primer: GAACCAGGTTATGACCTA; 3’ primer: TCTCCTTCAT-
GACATCTC; probe: 6-FAM-TTCAGTCCTGTCCATAATCAGTCCAT-BHQ1).
One-step NZYSpeedy reverse transcription—-qPCR (RT-qPCR) Probe kit
(NZYtech)was used for tandem cDNA synthesis and amplification from
100 ngoftotal RNA, inaRT-PCR 7500 Fast cycler (Applied Biosystems).

The programme consisted of 1cycle at 50 °C for 20 min, 1cycleat 95 °C
for 5 min, followed by 40 cycles of 95 °C for 5s and 60 °C for 1 min.
The parameter threshold cycle (Ct) was used to quantify the relative
expression of both parasite and host genes with the comparative AACt
method, using Mus musculus Hprt as the normalizing reference gene.

Invivo anti-CD8 antibody administration

RAS-immunized C57BL/6 and BALB/c mice received 200 mg of deplet-
ing anti-CD8 mouse monoclonal antibody (2.43; BioXCell) or IgG2b
(LTF-2; BioXCell) diluted in saline via intraperitoneal route, 24 days
after priming, and 4 days before the administration of 3 x 10* infec-
tious POWT SPZ.

Isolation of splenocytes and hepatic leukocytes

C57BL/6 and BALB/c mice were killed at indicated timepoints, tran-
scardially perfused with 15 ml of PBS, and the livers and spleens were
collected and homogenized in PBS. Hepatic leukocytes were isolated
in a 35% Percoll (Cytiva) density gradient, centrifuged at 1,360g for
20 minatroom temperature. Subsequently, erythrocytes were lysed,
and the total number of splenocytes and liver leukocytes was assessed
in a 5-laser Cytek Aurora (Cytek Biosciences). Ex vivo cytokine pro-
duction of CD8 Ty, cells was assessed following culture with phorbol
12-myristate 13-acetate (50 ng ml™; Sigma) and ionomycin (500 ng ml™%;
Sigma) for 4 h at 37 °C and 5% CO,, in the presence of brefeldin A
(10 pg ml™; Sigma).

Flow cytometry

For high-parameter spectral flow cytometry analysis, hepatic leuko-
cytesandsplenocytesisolated fromimmunized cohorts were labelled
with monoclonal antibodies specific for CD45 (30-F11; Biolegend),
CD3 (17A2; Biolegend), NK1.1 (PK136; Biolegend), TCRS (GL-3,GL3;
eBiosciences), TCRP (H57-597; Biolegend), CD11b (M1/70; Bioleg-
end), CD4 (RM4-5; BD Biosciences), CD8 (53-6.7; BD Biosciences),
CD62L (MEL-14; Biolegend), CD69 (H1.2F3; Biolegend), CD44 (IM7;
Biolegend), KLRGI (2F1; eBiosciences), CXCR6 (SA051D1; Biolegend),
CXCR3 (CXCR3-173; Biolegend), CX3CR1(SAO011F11; Biolegend), CD127
(A7R34; Biolegend), PD-1 (29 F.1A12; Biolegend), CD11a (M17/4; BD
Biosciences), CD11c (N418; Cytek Biosciences), MHC Il (M5/114.15.2;
BD Biosciences), F4/80 (BM8; Biolegend) and Ly6C (HK1.4; Cytek Bio-
sciences). Plasmodium-specific CD8 T cells wereimmunophenotyped
following labelling with H2-K®-PBRPL6,,,_1,, (NVFDFNNL; GenScript)
and H2-D°-PbTRAP 3, 155 (SALLNVDNL; GenScript) tetramers (NIH
Tetramer Core Facility). Before surface staining, Fc receptors were
blocked using a monoclonal antibody specific for CD16/CD32 (93;
eBioscience), followed by incubation with H2-K®-PBRPL6 5 ,,; and
H2-D°-PbTRAP 5,155 tetramers diluted in staining buffer (PBS with 2%
FBS) for 60 min at 4 °C. Next, all antibodies were diluted in staining
buffer, and staining was performed at 4 °C. Dead cells were excluded
using a live-dead fixable dye (Cytek Biosciences or eBioscience),
diluted in PBS and performed at 4 °C before incubation with surface
orintracellular antibodies. Intracellular staining to evaluate cytokine
production was performed using monoclonal antibodies specific for
IFNy (XMG1.2; Biolegend) and GzmB (REA226; Miltenyi Biotec) after cell
fixation and permeabilization using the FoxP3/Transcription Factor
Staining Kit (Invitrogen), according to the manufacturer’s instructions.
Samples were acquired in a 5-laser Cytek Aurora (Cytek Biosciences),
and unmixing and compensation corrections were performed using
single-colour cell controlsin SpectroFlo software version 3.3.0 (Cytek
Biosciences). Data analysis was performed in FlowJo version 10.10.0
software (Tree Star).

Progression of blood-stage infection was evaluated by the daily
assessment of parasitaemia, that is, the frequency of infected eryth-
rocytes. For this, blood samples were collected from the tail vein in
PBS and incubated for 10 min at 37 °C with monoclonal antibodies spe-
cific for Ter-119 (TER-119; eBioscience) and CD45 (30-F11; Biolegend),
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and Hoechst 33342 (Invitrogen), all diluted in PBS. The samples were
acquired on a BD LSRFortessa (BD Biosciences), and compensation
was performed using single-colour cell controls in FACSDiva software
version 6.2.0 (BD Biosciences). Data analysis was performed in FlowJo
verison 10.10.0 software (Tree Star). Frequency of infected erythro-
cytes was determined by the percentage of Ter-119* CD45  Hoechst*
single cells.

To evaluate CD8T cell depletion, circulating leukocytes, hepatic
leukocytes and splenocytes wereisolated at the indicated timepoints,
and stained with monoclonal antibodies specific for CD45 (30-F11;
Biolegend), CD3 (17A2; Biolegend), CD4 (GK1.5; Biolegend) and CD8
(53-6.7; Biolegend). Fc receptors were blocked using a monoclonal
antibody specific for CD16/CD32 (93; eBioscience). Allantibodies were
diluted in PBS. The samples were acquired on a BD LSRFortessa (BD
Biosciences), and compensation was performed using single-colour
cell controlsin FACSDivasoftware version 6.2.0 (BD Biosciences). Data
analysis was performed in FlowJo version10.10.0 software (Tree Star).

To evaluate in vivo cell wounding, liver parenchyma cells were
stained with amonoclonal antibody specific for CD31(MEC13.3; Bioleg-
end) and LIVE/DEAD Fixable Violet Dead Cell stain kit (Invitrogen). Cells
were acquiredinaBD LSRFortessa (BD Biosciences), and compensation
was performed using single-colour cell controls in FACSDiva software
version 6.2.0 (BD Biosciences). Data analysis was performed in FlowJo
version 10.10.0 software (Tree Star).

Hierarchical unsupervised analysis of spectral flow

cytometry data

Analysis was performed using FlowJo verison 10.10.0 software (Tree
Star). Abnormal events were excluded from all samples using the
Peak Extraction and Cleaning Oriented Quality Control (PeacoQC)
plugin. For the analysis of lymphocyte populations, atotal of 80.000
live CD45" CD3" cells were randomly selected per condition, with
equal numbers sampled from each mouse to ensure balanced repre-
sentation. All cells (240,000 total) were concatenated into a single
file. Dimensional reduction was performed using the UMAP plugin,
followed by unsupervised FlowSOM hierarchical clustering based on
the expression of CD8, CD4, NK1.1, TCRS, CD62L, CD44, CD69, KLRG1
and CD11a. For the analysis of myeloid and NK cell populations, a total
of 60,000 live CD45" CD3" cells expressing CD11b and/or NK1.1 were
randomly selected from each condition, with equal numbers sam-
pled from each mouse to ensure balanced representation. All cells
(180,000 total) were concatenated into a single file. Dimensional
reduction was again performed using the UMAP plugin. Hallmark
markers used for hierarchical clustering with FlowSOM were MHCII,
NK1.1, CD11b, F4/80, Ly6C and CDlIc. For both concatenated files,
several numbers of clusters were tested. To avoid over-clustering,
phenotypically similar clusters were manually merged. Ultimately, 14
and 7 were selected, respectively, as best representing inter-cluster
differences in marker expression.

ELISA

Titres of circulating anti-SPZ IgG antibodies were assessed in serum
atthe indicated timepoints, as previously described®. In brief, serum
was obtained by collecting 10 pl of blood from the tail vein of mice into
90 pl of PBS supplemented with heparin (10 U mI™; Braun), followed by
centrifugation for2 minat 800g, at room temperature. Supernatants
were stored at —20 °C until analysis. Dissected POWT SPZ were purified
by nycodenz (Alere Technologies) gradient, and SPZ protein extracts
were obtained by incubating 5 x 10° purified SPZ in extraction buffer
(150 mM NaCl, 20 mM Tris-HCI, 1% triton, 1 mM EDTA, pH of 7.5) and
used to coateach 96-well Nunc Maxisorp ELISA plate (Sigma) overnight.
Coated wells were incubated with blocking buffer (5% non-fat dry milk
in PBS supplemented with 0.05% Tween 20 (Sigma-Aldrich) (PBST)) for
15 minonice, after which100 pl of diluted sera (1:1,000) was added to
eachwellandincubated for 2 h at room temperature with continuous

shaking. After washing with PBST, the samples were incubated with
horeseradish peroxidase-conjugated goat anti-mouse IgG antibody
(0.4 pg ml™; Enzo Life Sciences) for 1 hat room temperature with con-
tinuous shaking. The plates were washed with PBST and incubated with
TMB Substrate Reagent Set (BD OptEIA, BD Biosciences), according
to the manufacturer’s instructions. The colourimetric reaction was
stopped after 10 min by adding 50 pl of2 M H,SO,, and absorbance was
measured at an optical density of 450 nm using 570 nm as a reference
wavelength ina Tecan Spark plate reader (Tecan).

Statistical analysis

Statistically significant differences between two different groups were
determined using the log-rank (Mantel-Cox) test, non-parametric
two-tailed Mann-Whitney t-test, two-way repeated-measures ANOVA
or the two-sided chi-squared test, asindicated. Where Mann-Whitney
tests were used in panels containing three or more groups, compari-
sons were prespecified and hypothesis-driven, reflecting comparisons
against a defined reference condition, and no correction for multiple
comparisons was applied. All tests were carried outin GraphPad Prism
software (version 8.4.3.; GraphPad).

Material availability
This study generated a new Pb line genetically deficient for the
perforin-like protein 1 gene, which is available upon request.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the Article and in the Source data, and can be
assessed at https://doi.org/10.17632/cgfmnssg59.1 Source data are
provided with this paper.
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Extended Data Fig. 1| Generation and characterization of the PbPIp1- parasite
line and clinical outcome following W-SPZ vaccination and challenge.

a, Schematic of the strategy followed to generate the PbPIpI parasiteline,
representing the PBANKA_100630 WT locus (top), the PbGEM 293440 linearized
vector (middle), and the recombined locus (bottom). Dashed lines represenst
homologous recombination sites for the integration of the Pb.GEM-293340
vector into the POWT genome. The recombined locus contains a Pb elongation
factor 1-alpha (PbEeflaa) promoter, followed by aresistance cassette composed
ofthe human dihydrofolate reductase (hRDHFR) gene and the bifunctional yeast
enzyme cytosine deaminase and uridyl phosphoribosyl transferase (yfcu).
Arrows represent the annealing site of primers used for parasite genotyping.

b, Electrophoretic analysis of PbPIpI” parasites after cloning. Bands corresponding
to the presence of the Plp1 wild-type locus are labeled with black arrows pointing
right, and bands corresponding to the correct integration of the resistance
cassette are labeled with black arrows pointing left (2independent experiments).
¢, Representative fluorescence confocal microscopy images of HepG2 cells
either non-infected (left) or infected, 2 hours earlier with PbGFP (middle) or
PbPIpI (right) SPZin the presence of rhodamine dextran. GFP labels SPZ;
rhodamin dextranindicates traversed cells, and Hoescht 33342 stains DNA
(2independent experiments). Images were acquired with 63x magnification and
scale bar represents 20 pm. d, Representative fluorescence confocal microscopy
images (left) and quantification of EEF size (right) of PbGFP (n=12) or PbPIpI”
(n=33) parasites, 48 hours post infection of HepG2 cells. UIS4 labels the
parasitophorous vacuole membrane; GFP labels parasite cytoplasm, and Hoescht
33342 stains DNA (3 independent experiments). Images were acquired with 63x
magnification and scale bar represents 20 pm. e, Representative fluorescence
confocal microscopy images (left) and frequency distribution (right) of PEWT
(n=65), PbSpectI” (n=85) or PbPIpI (n=78) SPZ forming1-2,375, 6-9, or >9
CSP-positive trails during in vitro gliding motility assays over a 30-minute period
(2independent experiments). Images were acquired with 40x magnification

and scale bar represents 20 pm. f, g Parasitaemia (f) and survival (g) in C57BL/6 )

after receiving10* PbWT (n =10; 2 independent experiments), 15x10* PbSpect1
(n=13;3independent experiments) or 15x10* PbPIp1 (n =5;1independent
experiment) live SPZ. Parasitaemia gating strategy shown in Extended Data

Fig. 7a. h, Quantification of functional luciferase activity in non-immunized
(n=5),and PBWT (n=5), PbSpectl” (n=5) or PbPIpI” (n =5) RAS-immunized
C57BL/6 ) mice, 48 hours after challenge with POWT SPZ.1, j Parasitaemia (i) and
survival (j) in non-immunized (n = 35; 5 independent experiments), and patent
PbWT (n =40; 8independent experiments), PbSpectl” (n =20; 4 independent
experiments) or PbPIpI” (n=15; 3independent experiments) RAS-immunized
C57BL/6 ) mice in the 12-days period following challenge with POWT SPZ.
Parasitaemia gating strategy shown in Extended Data Fig. 7a. k, Quantification
of functional luciferase activity in non-immunized (n=5),and PbWT (n = 5) or
PbSpectl (n=5) CPS-AZ-immunized C57BL/6 mice, 48 hours after challenge
with POWT SPZ.1, m Parasitaemia (I) and survival (m) in non-immunized (n=5;1
independent experiment), and patent POWT (n =15; 3 independent experiments)
or PbSpectl” (n=10; 2 independent experiments) CPS-AZ-immunized C57BL/6
mice in the 12-days period following challenge with POWT SPZ. Parasitaemia
gating strategy shown in Extended Data Fig. 7a. n, Quantification of functional
luciferase activity in non-immunized (n = 5),and PbWT (n = 5) or PbSpectl (n=5)
CPS-CQ-immunized C57BL/6 mice, 48 hours after challenge with POWT SPZ.

o, p Parasitaemia (o) and survival (p) in non-immunized (n =15; 3 independent
experiments), and patent POWT (n = 25; 4 independent experiments) or PbSpectI”
(n=19; 4 independent experiments) CPS-CQ-immunized C57BL/6 micein the
12-days period following challenge with POWT SPZ. Parasitaemia gating strategy
shown in Extended Data Fig.7a. d, h, k and n; Data (two-sided Mann-Whitney
test) are represented as dot plots, black line represents mean. e, Data (Chi-square
test) are represented as bars. f, i,1and o; Data (two-sided Mann-Whitney test)
arerepresented as mean percentage of infected erythrocytes + SEM. g, j, mand
p; Data (Log rank (Mantel-Cox) test) are represented as mean survival rate. ns -
non-significant; *- p < 0.05; **- p < 0.01; ***- p < 0.001. For complete statistical
analysis, please refer to Source Data Extended Data Fig.2.
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Extended DataFig. 2| In vivo characterization of PbP36p- parasite line and
sequential challenge protocol. a, Representative flow cytometry plots and
frequency of traversed, rhodamine dextran-positive liver parenchymal cells in
thelivers of C57BL/6 mice, either non-infected (n = 3), or 2 hours after receiving
5x10° PBWT (n = 4) or 5x10° PbP36p™ (n = 4) SPZ (3 independent experiments).
Cell gating strategy shown in Extended Data Fig. 7b. b, ¢, Time-dependent
quantification of Plasmodium 18 s rRNA levels in the livers of C57BL/6 mice
receiving (b) 10* PBWT or PbP36p~ SPZ at 4 (n = 6 per group), 24 (n=6 and

n =8, respectively) and 48 (n = 6 and n = 8, respectively) hours after infection
(2independent experiments) or (c) 10* PPWT (n=10) or PbP36p~ (n =10) RAS
at16 hours after infection (2 independent experiments). Gray area represents
unspecific 18 s rRNA amplification signal in non-infected controls (n =5).

d, Quantification of functional luciferase activity in non-immunized (n = 5), and
PBWT (n =5) or PbP36p™ (n =5) RAS-immunized C57BL/6 mice, 48 hours after
challenge with POWT SPZ. e, f Parasitemia (e) and survival (f) in non-immunized
(n=20; 4independent experiments), and patent POWT (n = 34; 5 independent
experiments) or PbP36p™ (n = 34; 5independent experiments) RAS-immunized

C57BL/6 mice in the 12-days period following challenge with POWT SPZ.
Parasitemia gating strategy shown in Extended Data Fig. 7a. g, Protocol used
for RAS immunizations to evaluate long-term protection following successive
re-challenges. h-j Sterile protection, represented as percentage of blood

stage parasite-free mice (left), and time to patency (right) of POWT or PbP36p~
RAS-immunized C57BL/6 mice following re-challenge with POWT SPZ (h) 75
(n=15and n =15, respectively) (i) 135 (n =9 and n =12, respectively) and (j) 195
(n=7andn =10, respectively) days after prime (2independent experiments).
a-d, Data (two-sided Mann-Whitney test) are represented as dot plots, black
line represents mean. e, Data (two-sided Mann-Whitney test) are represented as
mean percentage of infected erythrocytes + SEM. f, Data (Log rank (Mantel-Cox)
test) are represented as mean survival rate. h-j, left panels, Data (two-sided
Mann-Whitney test) are represented as bars + SEM. h-j, right panels, Data
(two-sided Mann-Whitney test) are represented as the mean day to patency. ns
-non-significant; *- p <0.05;* - p < 0.01; ***- p < 0.001. For complete statistical
analysis, please refer to Source Data Extended Data Fig.2.
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Extended DataFig. 3| BALB/c humoral responses following W-SPZ vaccination

and assessment of CD8 T cell depletion. a, Quantification of circulating aSPZ
IgG levelsin non-immunized (n =10), and POWT (n =10) or PbPIpI” (n =10)

RAS-immunized C57BL/6 mice at the indicated days after priming (2 independent

experiments). b, Quantification of circulating aSPZ IgG levels in non-immunized
(n=5;1independent experiment), and POWT (day 6, n =14; day 13,n=15; and
day 27,n=10; 2 independent experiments) or PbP36p~ (n =15 per time point;
2independent experiments) RAS-immunized C57BL/6 ) mice at the indicated
days after prime. ¢, Quantification of Plasmodium 18 s TRNA levels in the livers of
BALB/c mice, 16 hours after inoculation of 10* POWT (n = 4) or 15x10* PbSpect1
(n=5)RAS (1experiment). d, Quantification of circulating «SPZ IgG levels in
C57BL/6 mice, either non-immunized (n = 5;1independent experiment) or
immunized with POWT RAS (n =10 per time point, 1 independent experiments),
and BALB/c mice, either non-immunized (n =10; 2 independent experiments)
orimmunized with POWT RAS (day 6, n =20; day 13, n =15; and day 27, n =20; 2
independent experiments) at the indicated days after priming. e, Quantification
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of functional luciferase activity in non-immunized (n = 5), and PbPWT (n = 5)

or PbSpectip™ (n =5) RAS-immunized BALB/c mice, 48 hours after challenge
with PBWT SPZ.f, Representative flow cytometry plots (right) and frequency
(left) of CD4 and CD8 T cellsin the peripheral blood of PAWT RAS-immunized
C57BL/6 or BALB/c at the time of challenge after receiving, 4 days earlier,

IgG2b (n =10 per group) or xCD8 T cell-depleting (n = 8 per group) antibodies
(2independent experiments). Cell gating strategy shown in Extended Data Fig. 7c.
g, hRepresentative flow cytometry plots and frequency of CD4 and CD8 T cells
in (g) thelivers and (h) the spleens of protected POWT RAS-immunized BALB/c
mice receivingIgG2b (n =10) or xCD8 T cell-depleting (n = 8) antibodies 4 days
prior to challenge, analyzed at the end of the 12-day period after challenge
(2independent experiments). Cell gating strategy shown in Extended Data Fig. 7c.
a-h, Data (two-sided Mann-Whitney test) are represented as dot plots, black line
represents mean. ns - non-significant; *- p < 0.05; **- p < 0.01; ***- p < 0.001. For
complete statistical analysis, please refer to Source Data Extended Data Fig. 3.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Innate and CD8 Trm immune responses following
W-SPZ vaccination. a, Uniform manifold approximation and projection (UMAP)
representation (left) and mean fluorescence intensity (MFI) of each hallmark
marker (right) inimmune cell clusters identified by FlowSOM in concatenated
CD3" immune cells expressing CD11b and/or NK1.1isolated from the livers of
non-infected (n=5),and PBWT (n = 9) or PbSpectI” (n=9) RAS-immunized
C57BL/6 ) mice, 28 days after prime (2 independent experiments). DC - dendritic
cell; Inf. Mono - inflammatory monocyte; M® - macrophage; NK - natural killer.
Cell gating strategy shown in Extended Data Fig. 6a. b, Heatmap of normalized
cellfrequencies within each identified cluster of CD3~ immune cells expressing
CD11b and/or NK1.1in the livers of non-infected, and POWT or PbSpect1
RAS-immunized C57BL/6 ) mice, 28 days after prime. ¢, Uniform manifold
approximation and projection (UMAP) representation of concatenated CD3*
immune cells isolated from the livers of non-infected (n = 6) (left),and POWT
(n=10) (middle) or PbSpectl” (n =10) (right) RAS-immunized C57BL/6 ) mice, 28
days after prime (2 independent experiments). Frequencies of the highlighted
CD8T,,cell cluster (red) are shown for each condition. d-h, Representative

histograms (left) and quantification (right) of mean fluorescence intensity

(MFI) of (d) CXCR3 (n=9 and n =10, respectively; 2 independent experiments),
(e) CXCR6 (n =14 and n =15, respectively; 3 independent experiments), (f)

CD127 (n=9 and n =10, respectively; 2independent experiments), (g) PD-1
(n=9and n =10, respectively; 2independent experiments) and (h) CX3CR1
(n=9and n =10, respectively; 2independent experiments) surface expression
inCD8 T, Torand T, cellsin the livers of POWT or PbSpectl” RAS-immunized
C57BL/6 ) mice 28 days after prime. Cell gating strategy shown in Extended Data
Fig. 6b.1, Representative fluorescence confocal microscopy images (left) and
quantification (right) of mean fluorescence intensity (MFI) of TRAP in the trails of
PbBWT (n = 69) or PbSpectI” (n=75) SPZ during in vitro gliding motility assays over
a30-minute period (2independent experiments). Images were acquired with 40x
magnification and scale bar represents 20 pm. b, Data (two-sided Mann-Whitney
test) are represented as a heatmap. d-i, Data (two-sided Mann-Whitney test)
arerepresented as dot plots, black line represents mean. ns - non-significant;
*-p<0.05;*-p<0.0L;**-p <0.001. For complete statistical analysis, please
refer to Source Data Extended Data Fig. 4.
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Extended DataFig. 5| Sterile protection following W-SPZ vaccinationis lost
insplenectomized mice. a, b Representative luciferase bioluminescence image
(a) and quantification of functional luciferase activity (b) of non-immunized
(n=35),and PbWT (n =5) or PbSpectI (n =5) RAS-immunized splenectomized
(SPX) C57BL/6 ) mice, 48 hours after challenge with POWT SPZ. ¢, Sterile
protection, represented as percentage of blood stage parasite-free mice

(left), and time to patency (right) of non-immunized (n =9), and PbWT (n =10)
or PbSpectI” (n=10) RAS-immunized asplenic C57BL/6 mice in the 12-days
period following challenge with POWT SPZ (2 independent experiments).

d, e Parasitemia (d) and survival (e) in non-immunized (n = 9), and patent
PBWT (n=10) or PbSpect1 (n=10) RAS-immunized asplenic C57BL/6 mice

inthe 12-days period following challenge with PBWT SPZ (2 independent
experiments). Parasitemia gating strategy shown in Extended Data Fig. 7a.

b, Data (Mann-Whitney test) are represented as dot plots, black line represents
mean. ¢, left panel, Data (Mann-Whitney test) are represented as bars + SEM.

¢, right panels, Data (Mann-Whitney test) are represented as the mean day to
patency. d, Data (Mann-Whitney test) are represented as mean percentage
ofinfected erythrocytes + SEM. e, Data (Log rank (Mantel-Cox) test) are
represented as mean survival rate. ns - non-significant; *- p < 0.05; **- p < 0.01;
***.p <0.001. For complete statistical analysis, please refer to Source Data
Extended Data Fig. 5.
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Extended Data Fig. 6 | Gating strategies for main figures. a, Gating strategy
used for downstream cell clustering of liver-isolated leukocytes. Leukocytes were
gated using the forward scatter (FSC-A) and side scatter (SSC-A) parameters,
cell aggregates were excluded using FSC-A vs. FSC-W, and live leukocytes were
selected based on live/dead discriminationina CD45 vs. ViaDye Red plot.
Lymphocytes and natural killer T cells were selected for concatenation based
on the expression of CD3 and NK1.1in a CD3 vs. NK1.1 plot. CD3" leukocytes were
further gated based on the expression of CD11b and/or NK1.1for concatenation
and analysis of myeloid and natural killer subsets. b, Gating strategy used

to evaluate Plasmodium-specific effector and memory CD8 T cell subsets.
Leukocytesisolated from livers were gated using the forward scatter (FSC-A)

and side scatter (SSC-A) parameters, cell aggregates were excluded using FSC-A
vs.FSC-W, and live leukocytes were selected based on live/dead discrimination
ina CD45vs. ViaDye Red plot. Endogenous CD8 lymphocytes were selected
based on the concomitant expression of CD3 and TCRp and further gatedina
CD8vs.CD4 plot. CD8 lymphocytes were discriminated in a CD44 vs. CD62L plot
incentralmemory (CD8 T,,) and activated cell subsets, with the later further
specified in effector (CD8 T,) and resident memory (CD8 T,,)) cells in aKLRG1
vs. CD69 plot and expression of tissue residency markers (for example, CXCR6).
Circulating and tissue resident Plasmodium-specific CD8 T cells were evaluated
ina PbTRAP 3155 US. PBRPL6 5 1,; plot, and their cytotoxic potential analyzed by
the production of granzyme B vs. the production of IFN-y.
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Extended Data Fig. 7| Gating strategies for Extended Datafigures. a, Gating

endothelial cells were excluded based on CD31 expression, and live parenchyma
cells were selected ina CD31wvs. live/dead dye plot. Traversed cells were
identified based on their content of rhodamine dextranina GFP vs. rhodamine
dextran plot. ¢, Gating strategy used to evaluate the depletion of CD8 T cells.
Circulating leukocytes, or isolated from livers or spleens, were gated using the
forward scatter (FSC-A) and side scatter (SSC-A) parameters, cell aggregates
were excluded using FSC-A vs. FSC-W, and lymphocytes were selected based on
CD45 and CD3 expression. Lymphocytes were further gated according to the
expression of CD8 and CD4.

strategy used to analyze the frequency of infected erythrocytes (parasitemia).
Erythrocytes were gated using the forward scatter (FSC-A) and side scatter
(SSC-A) parameters, cell aggregates were excluded using FSC-A vs. FSC-W, and
erythrocytes were selected based on Ter119 expressionin a CD45 vs. TER119
plot. DNA content using Hoechst 33342 discriminated between infected and
non-infected erythrocytes ina Hoechst 33342 vs. CD45 plot. b, Gating strategy
used to analyze the frequency of traversed liver parenchyma cells. Liver
parenchyma cells were gated using the forward scatter (FSC-A) and side scatter
(SSC-A) parameters, cell aggregates were excluded using FSC-A vs. FSC-W,
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The statistical test(s) used AND whether they are one- or two-sided
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Software and code

Policy information about availability of computer code

Data collection  Flow Cytometry: Samples were acquired in a 5-laser Cytek Aurora (Cytek Biosciences) or a BD LSRFortessa (BD Biosciences) analyzer, using the
SpectroFlo software V3.3.0 (Cytek Biosciences) or the FACSDiva software V6.2.0 (BD Biosciences), respectively.
In vivo Bioluminescence: In vivo functional luciferase activity was acquired using the IVIS Lumina imaging system (PerkinElmer).
Confocal Microscopy: Images were acquired in a Zeiss LSM 880 with Airyscan microscope (Zeiss) and a Zeiss LSM 980.32 with Airyscan
microscope (Zeiss) using the ZEN 2.3 SP1 (black edition).

Data analysis Flow Cytometry: Data analysis was performed in FlowJo V10.10.0 software (Tree Star Inc.). For the hierarchical unsupervised analysis, the
Peak Extraction and Cleaning Oriented Quality Control (PeacoQC) plugin was used to exclude abnormal events. The UMAP plugin was then
used to perform dimensional reduction, followed by unsupervised hierarchical clustering using the FlowSOM plugin.

In vivo Bioluminescence: Average radiance was quantified using the Living Image 3.0 software (PerkinElmer).
Confocal Microscopy: Images were analyzed using Fiji Image J (NIH).
Statistical analyses: Statistically significant differences were assessed out in GraphPad Prism software (V8.4.3.; GraphPad).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text and in the source data, and can be assessed at https://data.mendeley.com/preview/cgfmnssg59?a=09c74595-5246-4b89-
b37¢-7197bdb672a7

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or |Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size on mice experiments were chosen on the basis of historical data, established by previous studies conducted by this laboratory.
Data exclusions | No experimental animals were excluded.

Replication All attempts of replication were successful, the observed variation is reported and contributes to the statistical calculation. Biological
replicates are enumerated in the manuscript.

Randomization  Experimental animals were randomly assigned to the different experimental groups.

Blinding All data were collected and analyzed in a non-blind fashion due to the non-subjective nature of the measurements.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZ |:| ChlP-seq
Eukaryotic cell lines |:| & Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

NXXOXKOOS
OO00OXNOXKX

Antibodies

Antibodies used Flow Cytometry:
Unconjugated anti-mouse CD16/CD32, clone 93 eBiosciences; 1:50
PerCP-Cy5.5 anti-mouse Ter119, clone TER-119 eBiosciences; 1:400
APC anti-mouse CD45, clone 30-F11 Biolegend; 1:400
Alexa Fluor 700 anti-mouse CD45, clone 30-F11 Biolegend; 1:300
BV785 anti-mouse CD45.2, clone 104 Biolegend; 1:200
BUV496 anti-mouse CDS8, clone 53-6.7 BD Biosciences; 1:100
BV711 anti-mouse CD8, clone 53-6.7 Biolegend; 1:400
Biotin anti-mouse CD8, clone 53-6.7 Biolegend; 1:550
BUV563 anti-mouse CD11a, clone M17/4 BD Biosciences; 1:300
BV510 anti-mouse CD4, clone GK1.5 Biolegend; 1:400
BUV805 anti-mouse CD4, clone RM4-5 BD Biosciences; 1:100
BV421 anti-mouse IFN-g, clone XMG1.2 Biolegend; 1:100
cFluor V450 anti-mouse CD11c, clone N418 Cytek Biosciences; 1:100
BV480 anti-mouse |-A/I-E, clone M5/114.15.2 BD Biosciences; 1:100
BV510 anti-mouse CD62L, clone MEL-14 Biolegend; 1:300
BV605 anti-mouse/human CD44, clone IM7 Biolegend; 1:200
BV785 anti-mouse/human CD44, clone IM7 Biolegend; 1:300
BV650 anti-mouse CD69, clone H1.2F3 Biolegend; 1:100
BV711 anti-mouse NK-1.1, clone PK136 Biolegend; 1:100
PE anti-mouse NK1.1, clone PK136 CyFlow; 1:500
Vio B515 anti-human/rat/mouse Granzyme B, clone REA226 Miltenyi Biotec; 1:100
PerCP-eFluor 710 anti-mouse KLRG1, clone 2F1 eBiosciences; 1:200
FITC anti-mouse/human CD11b, clone M1/70 Biolegend; 1:400
PE/Dazzle 594 anti-mouse F4/80, clone BM8 Biolegend; 1:200
PE-Cy5 anti-mouse TCR gamma/delta, clone eBioGL3(GL-3, GL3) eBiosciences; 1:200
BV421 anti-mouse TCR gamma/delta, clone GL3 Biolegend; 1:100
PE-Cy7 TCR beta, clone H57-597 Biolegend; 1:100
PE-Cy5 TCR beta, clone H57-597 Biolegend; 1:200
PE-Cy7 anti-mouse CD3, clone 17A2 Biolegend; 1:100
PE anti-mouse CD3, clone 17A2 Biolegend; 1:200
BV711 anti-mouse CXCR®6, clone SA051D1 Biolegend; 1:100
APC anti-mouse CXCR3, clone CXCR3-173 Biolegend; 1:100
Alexa Fluor 647 anti-mouse CX3CR1, clone Z8-50.23 eBiosciences; 1:200
PE-Cy5 anti-mouse PD-1, clone 29F.1A12 Biolegend; 1:300
FITC anti-mouse CD127, A7R34 Biolegend; 1:200
APC anti-mouse CD31, clone MEC13.3 Biolegend; 1:400
cFluor R840 anti-mouse Ly6C, clone HK1.4 Cytek Biosciences; 1:100
BV421 anti-PbTRAP 130-138, SALLNVDNL Genscript, NIH tetramer facility; 1:100
APC anti-PbRPL6 120-127, NVFDFNNL Genscript, NIH tetramer facility; 1:100

In vivo depletions:
InVivo MAb anti-mouse CD8, clone 2.43 BioXCell; 200ug per mouse
InVivo MAb rat IgG2b isotype control, anti-keyhole limpet hemocyanin, clone LTF-2 BioXCell; 200ug per mouse

Confocal Microscopy:

Alexa Fluor 488 rabbit polyclonal antibody anti-GFP, Invitrogen; 1:500
Unconjugated polyclonal antibody goat anti-UIS4, Sicgen; 1:500

Alexa Fluor 568 donkey anti-goat IgG (H+L) polyclonal antibody, Invitrogen; 1:500
Alexa Fluor 568 donkey anti-rabbit IgG (H+L) polyclonal antibody, Invitrogen; 1:500
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Validation

Alexa Fluor 647 donkey anti-mouse IgG (H+L) polyclonal antibody, Invitrogen; 1:500

ELISA:
HRP conjugated, goat anti-mouse IgG F(ab’)2, polyclonal antibody, Enzo Life Sciences; 1:2000

Flow Cytometry: Fluorochrome-conjugated monoclonal antibodies were purchased from commercial vendors. Any information
regarding validation of conjugated antibodies for use in flow cytometry is retrievable from the vendors' website.

In vivo depletions: BIO X CELL warrants that the InVivo MAb anti-mouse CD8 depleting antibody binds to its target antigen, as stated
in the Technical Data Sheet found at found at https://bioxcell.com/pub/media/tds/BE0061-TDS.pdf. In addition, we also validated
efficient CD8 T cell depletion following InVivo MAb anti-mouse CD8 antibody by flow cytometry.

Confocal Microscopy: The laboratory has previously validated the use of Alexa Fluor 488 anti-GFP, unconjugated goat anti-UIS4 and
Alexa Fluor 568 donkey anti-goat IgG antibodies in https://doi.org/10.1038/s41564-025-01949-1 and https://doi.org/10.1016/
j.celrep.2022.110886

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Parasites:

Plasmodium berghei ANKA GFP-LucCON (676m1cl1; RMgm-29) DOI:10.1016/j.molbiopara.2005.09.007; Propagated in house
Plasmodium berghei ANKA GFPCON (2.34) DOI: 10.1016/s0092-8674(04)00449-0; Propagated in house

Plasmodium berghei ANKA Spect1- (RMgm-138) DOI: 10.1371/journal.pbio.0020004; Propagated in house

Plasmodium berghei ANKA Plp1- this paper; Propagated in house

Plasmodium berghei ANKA P36p- (417m0cl2; RMgm-41) DOI:10.1111/j.1365-2958.2005.04801.x; Propagated in house

Mammalian cells:
HepG2 cells were purchased from ATCC.

Parasite fitness was confirmed by functional and phenotypical characterization during infections both in vitro and in vivo by
evaluating infectivity, cell traversal motility, intrahepatic development and malaria establishment (in vivo).

Mycoplasma contamination All cell lines were monitored for Mycoplasma contamination, and found to be negative.

Commonly misidentified lines  None

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Female and male C57BL/6J mice, sourced from Charles Rivers Laboratories, were used at 5 to 6 weeks of age.

Female BALB/c mice, sourced from Charles Rivers Laboratories, were used at 5 to 6 weeks of age.

Mice were maintained under specific-pathogen-free conditions and housed at 23°C and 40-50% humidity with a 12h light/12h dark
schedule in accordance with Portuguese law, the European Commission recommendations on housing and care of animals and the
Federation of European Laboratory Animal Science Associations guidelines category B.

No wild animals were used in this study
Both male and female mice were used in this study.
No field-collected samples were used in this study

Animal experimentation protocols were approved by the institutional animal welfare body — ORBEA-GIMM — and by the Direc¢do-
Geral de Alimentag3o e Veterinaria. All procedures were performed in strict accordance with the Directive 2010/63/EU for the care
and use of animals for scientific purposes.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe

the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

wus LJ/J/J/’/‘C’L/’ y
Describe-anyatuthentication-procedures for-eachseed stock-tised-or-novel-genotype-generated—Describe-any-experiments-tsed-to

> effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Leukocytes: Mice were euthanized at indicated time points, transcardially perfused, and livers and spleens were collected
and homogenized in PBS. Liver-infiltrating leukocytes were isolated in a 35% Percoll density gradient, after which
erythrocytes were lysed. Ex-vivo cytokine production was assessed following culture with phorbol 12-myristate 13-acetate
(PMA) and ionomycin for 4 hours at 37°C, 5% CO2, in the presence of brefeldin A. An incubation at 4°C with a live/dead
fixable dye diluted in PBS was performed to stain dead cells prior to surface or intracellular staining After, Fc receptors were
blocked, and liver-infiltrating leukocytes and splenocytes were labeled with monoclonal antibodies diluted in staining buffer
(PBS with 2% FBS) and staining performed at 4°C. Intracellular staining to evaluate cytokine production was performed after
cell fixation and permeabilization using the FoxP3/Transcription Factor Staining Kit, according to the manufacturer’s
instructions.

Parasitemia: Blood samples were collected from the tail vein in PBS and incubated for 10 minutes at 37°C with monoclonal
antibodies specific for Ter-119, CD45, and Hoechst 33342, all diluted in PBS.

Hepatocytes: Mice received 160ug of rhodamine-labeled Dextran (10,000 Da) diluted in PBS immediately before infection
with sporozoites. Two hours after, livers were perfused in situ through vena cava with 15mL of perfusion buffer pre-warmed
at 42°C. Following, livers were perfused with 25mL of digestion buffer, supplemented with Liberase Blendzyme 3
recombinant collagenase, pre-warmed at 42°C. After perfusion, liver tissue was gently dispersed in a single cell suspension,
passed through a 100um filter, and liver parenchyma cells isolated in a 50% Percoll density gradient, centrifuged at 70g for 10
minutes. To evaluate in vivo cell wounding, hepatic single cell suspensions were stained with a monoclonal antibody specific
for CD31 and Live/Dead Fixable Violet Dead Cell.

Circulating lymphocytes: To evaluate CD8 T cell depletion, blood samples were collected from the tail vein in PBS and
erythrocyte lysis was performed. Leukocytes were incubated for 20 minutes at 4°C with monoclonal antibodies specific for
CD45, CD3, CD4 and CDS8. Prior, Fc receptors were blocked using a monoclonal antibody specific for CD16/CD32. All
antibodies were diluted in PBS.

Instrument Samples were acquired in a 5-laser Cytek Aurora (Cytek Biosciences) or a BD LSRFortessa (BD Biosciences) analyzer.
Software Samples were aquired using SpectroFlo software V3.3.0 (Cytek Biosciences) or FACSDiva software V6.2.0 (BD Biosciences).
Samples were analysed using FlowJo V10.10.0 software (Tree Star Inc.). For the hierarchical unsupervised analysis, the Peak
Extraction and Cleaning Oriented Quality Control (PeacoQC) plugin was used to exclude abnormal events. The UMAP plugin
was then used to perform dimensional reduction, followed by unsupervised hierarchical clustering using the FlowSOM plugin.
Cell population abundance No cell sortings were performed in this study

Gating strategy

Gating strategy used for downstream cell clustering of liver-isolated leukocytes: Leukocytes were gated using the forward
scatter (FSC-A) and side scatter (SSC-A) parameters, cell aggregates were excluded using FSC-A vs. FSC-W, and live leukocytes
were selected based on live/dead discrimination in a CD45 vs. Live dead dye plot. Lymphocytes and natural killer T cells were
selected for concatenation based on the expression of CD3 and NK1.1 in a CD3 vs. NK1.1 plot. CD3- leukocytes were further
gated based on the expression of CD11b and/or NK1.1 for concatenation and analysis of myeloid and natural killer subsets.

Gating strategy used for analysis of liver immune infiltrates and Plasmodium-specific CD8 tissue resident T cells: Leukocytes
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were first gated based on forward scatter (FSC-A) and side scatter (SSC-A) parameters, and cell aggregates were excluded
using FSC-A vs. FSC-W. Live leukocytes were selected by gating on CD45 cells while excluding dead cells using a live dead dye.
T cells were then identified based on TCRP and CD3 expression in a CD3 vs. TCRB plot. CD3 TCRP T cells were further
subdivided into CD4* and CD8" subsets using CD4 vs. CD8 plot. For downstream phenotypic and functional analysis, activated
CD8 T cells were discriminated in a CD44 vs. CD62L plot, and analyzed for the expression of KLRG1 and CD69. Tissue-
residency phenotype was assessed by the expression of CXCR6, CXCR3, CD127 and PD-1, as well as by the lack of CX3CR1
expression. All memory CD8 T cell subsets were analysed for Plasmodium specificity using a PbTRAP vs. PbRPL6 gate.
Functional profiling was performed by assessing the expression of [FN-y and Granzyme B.

Gating strategy used to analyze the frequency of infected erythrocytes (parasitemia): Erythrocytes were gated using the
forward scatter (FSC-A) and side scatter (SSC-A) parameters, cell aggregates were excluded using FSC-A vs. FSC-W, and
erythrocytes were selected based on Ter119 expression in a CD45 vs. TER119 plot. DNA content using Hoechst 33342
discriminated between infected and non-infected erythrocytes in a Hoechst 33342 vs. CD45 plot.

Gating strategy used to analyze the frequency of traversed liver parenchyma cells: Liver parenchyma cells were gated using
the forward scatter (FSC-A) and side scatter (SSC-A) parameters, cell aggregates were excluded using FSC-A vs. FSC-W,

endothelial cells were excluded based on CD31 expression, and live parenchyma cells were selected in a CD31 vs. live/dead
dye plot. Traversed cells were identified based on their content of rhodamine dextran in a GFP vs. rhodamine dextran plot.
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Gating strategy used to evaluate the depletion of CD8 T cells: Circulating leukocytes, or isolated from livers or spleens, were
gated using the forward scatter (FSC-A) and side scatter (SSC-A) parameters, cell aggregates were excluded using FSC-A vs.
FSC-W, and lymphocytes were selected based on CD45 and CD3 expression. Lymphocytes were further gated according to
the expression of CD8 and CDA4.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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