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SUMMARY
Plasmodium replicates within the liver prior to reaching the bloodstream and infecting red blood cells.
Because clinical manifestations of malaria only arise during the blood stage of infection, a perception exists
that liver infection does not impact disease pathology. By developing a murine model where the liver and
blood stages of infection are uncoupled, we showed that the integration of signals from both stages dictated
mortality outcomes. This dichotomy relied on liver stage-dependent activation of Vg4+ gd T cells. Subsequent
blood stage parasite loads dictated their cytokine profiles, where low parasite loads preferentially expanded
IL-17-producing gd T cells. IL-17 drove extra-medullary erythropoiesis and concomitant reticulocytosis,
which protected mice from lethal experimental cerebral malaria (ECM). Adoptive transfer of erythroid precur-
sors could rescue mice from ECM. Modeling of gd T cell dynamics suggests that this protective mechanism
may be key for the establishment of naturally acquired malaria immunity among frequently exposed indi-
viduals.
INTRODUCTION

In malaria-endemic areas, naturally acquired immunity tomalaria

protects millions of individuals routinely exposed to Plasmodium

falciparum and other Plasmodium spp. parasites against life-

threatening manifestations of the disease. The nature of ac-

quired immunity against malaria is, most certainly, multifactorial.

Although cumulative exposure to natural Plasmodium infections

results in decreased levels of circulating parasites, the major

readout of acquired immunity to malaria is protection from

severe disease and death. Although the establishment of such

protective responses has been extensively explored, no single

molecular signature, key cellular determinant, or immune mech-

anism is causally associated with clinical protection from severe

malarial disease.1

Under natural transmission settings, malaria infections start

with the transmission of Plasmodium hepatotropic sporozoites

(spz) by an infected Anopheles mosquito. Once inside hepato-

cytes, spz replicate into thousands of blood-infectious merozo-

ites, initiating the symptomatic stage of the disease. Indeed, all
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the clinical symptoms of malaria are a consequence of infection

of human erythrocytes.2 As such, basic researchaddressing para-

site virulence or malaria-associated pathophysiology mostly em-

ploys either in vitro culture systems of P. falciparum in human

red blood cells (RBCs) or rodentmodels of infection initiated by in-

fected (i) RBC transfusion. Both of these experimental strategies

ignore the liver stage (LS) of infection altogether, which is

assumed to not contribute to the establishment of pathology.2

However, the LS of infection—traditionally thought to be immuno-

logically silent—can control parasite load by stimulating an innate

immune response.3,4 The host’s ability to sense and respond to

intra-hepatic parasite forms led us to hypothesize that the LS

pre-conditions the host response to the subsequent blood stage

(BS) of infection and potentially influences the course of infection.

Our data show that, even though severemanifestations of malaria

only occur during the BS of infection, signals from the preceding

liver stage contribute to disease outcomes. Such crosstalk be-

tween parasite developmental stages results in the activation of

distinct subsets of gd T cells, with IL-17-promoted stress erythro-

poiesis being at the basis of disease protection.
blished by Elsevier Inc.
commons.org/licenses/by/4.0/).
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RESULTS

Plasmodium cross-stage interplay determines the
outcome of malaria
We sought to determine whether the LS contributes to the clin-

ical outcome of Plasmodium infections by comparing the course

of a BS infection following, or not, an LS infection. However, a

direct comparison between spz- and iRBC-initiated infections

is challenging as (1) it is difficult to ensure that LS-derived mero-

zoites initiate a BS infection, in both timing and parasite load,

comparable with that of an iRBC transfusion and (2) Plasmodium

passage through the mosquito vector resets parasite virulence

via epigenetic reprogramming.5 To curtail these hurdles, we

developed an infection system that enables the uncoupling of

the two stages of Plasmodium infection within the mammalian

host while controlling for the initial BS parasite inoculum. In

this system (hereafter termed LS + BS), mice were initially

subjected to a non-productive Plasmodium berghei ANKA

(PbANKA) LS infection, initiated by the administration of attenu-

ated liver-infectious spz that establish within the hepatocyte but

do not produce RBC-infective progeny. Two days later, when the

egress of LS-produced merossomes and merozoite release

starts in rodents infected with virulent spz,4 a BS infection was

initiated by the transfusion of PbANKA iRBCs (Figure 1A). Given

that clinical immunity is associated with low parasite load during

the erythrocytic stage of parasite development,6,7 we employed

two distinct inocula of iRBC, i.e., 104 and 106 iRBCs (BSlow and

BShigh infections, respectively). As reported,8 mice receiving

salivary gland material of non-infected (NI) mosquitoes (liver-

mocked infection) followed by a BS infection 2 days later

succumbed to the neurologic syndrome known as experimental

cerebral malaria (ECM), irrespective of the BS inoculum (Fig-
Figure 1. Plasmodium cross-stage interplay determines the outcome

(A) Schematic representation of the protocol for LS + BS infections and assesse

(B–H) Survival (left) and parasitemia (right) of WT C57BL/6 mice subjected to in

followed, 2 days later, by 106 (n = 20; 4 ind. exp.) or 104 (n = 10; 2 ind. exp.) PbANK

19; 4 ind. exp.) or 104 (n = 10; 2 ind. exp.) PbANKA iRBCs, (D) 20,000 PbANKA lisp2

PbANKA iRBCs, (E) 20,000 PbANKA uis4� spz followed, 2 days after, by 106 (n =

PbANKA spz followed, 2 days after, by 106 (n = 9; 2 ind. exp.) or 104 (n = 10; 2 ind. e

by 106 (n = 5; 1 ind. exp.) or 104 (n = 10; 2 ind. exp.) PbANKA iRBCs, and (H) 20,000

(n = 10; 2 ind. exp.) PbANKA iRBCs.

(I) Representative microphotographs of hematoxylin and eosin stained sagittal se

C57BL/6 mice (n = 4) or following BSlow (n = 4), BShigh (n = 5), LS + BSlow (n = 5

succumbing to ECM (red double arrow) following BSlow, BShigh, or LS + BShigh in

sponding to the normal height of the pons) or those subjected to a BS + LSlow infec

by the dilation of the 4th ventricle (4thV,*) and focally extensive cerebral necrosis

bars, 2.5 mm).

(J) Representative microphotographs of modified von Kossa stained coronal sect

experimental groups as in (I). Multifocal cerebral hemorrhage (black arrowheads)

BShigh) in contrast to NI and LS + BSlow-infected C57BL/6 mice. Original magnifi

(K) Schematic representation of the protocol used for exposure to multiple, lo

outcomes.

(L) Survival (left), patency (middle), and parasitemia (right) of WT C57BL/6 mice re

doses of 100 g-irradiated PbANKA spz, or left unexposed (n = 5; 1 exp.) followed

(M) Survival (left), patency (middle), and parasitemia (right) of C57BL/6 mice receiv

500 PbANKA spz 7 (n = 10; 2 ind. exp.), 60 (n = 10; 2 ind. exp.), or 120 (n = 10; 2 in

included in the survival and parasitemia graphs.

(B–H, L, and M) Survival (log-rank test) and parasitemia (linear mixed-effects re

iRBCs ± SEM, respectively.

(I and J) Data (unpaired t test with Welch’s correction) are represented as box pl

See also Figure S1.
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ure 1B). LS + BS infections resulted in opposing outcomes,

i.e., survival or death, depending on the dose of the iRBC inoc-

ulum employed. When subjected to an LS infection (initiated by

either a single bolus of 20,000 radiation- or genetically attenu-

ated spz) followed by the inoculation of 104 iRBCs (LS + BSlow)

all mice survived, in contrast to those receiving 106 iRBCs

(LS + BShigh) (Figures 1C–1E). LS infection with a single bolus

of 4-fold fewer spz still afforded complete protection following

an LS + BSlow infection, whereas a 20-fold reduction in LS para-

site burden decreased survival by 70% ± 14.1% (Figures 1F and

1G). Protection upon LS + BSlow infection was also lost when

mice received equivalent amounts of heat-killed spz, implying

that such protection requires parasite establishment within

hepatocytes (Figure 1H). Histopathological analysis of the

central nervous system (CNS) revealed that protected mice

receiving an LS + BSlow infection showed reduced brain swelling

and minimal hemorrhage when compared with either LS +

BShigh- or BSlow-infected mice (p = 0.0467 and p = 0.0004 vs.

LS + BShigh and p = 0.0207 and p = 0.015 vs. BSlow, respectively)

(Figures 1I and 1J). Akin to ECM (Figures 1B and 1C), the

observed protection could be extended to a distinct model of

severe disease, malaria-associated acute respiratory distress

syndrome (MA-ARDS).9 Mice exposed to LS + BShigh, BShigh or

BSlow infections upon transfusion of iRBCs with the lung-

sequestering P. berghei K173 (PbK173) strain10 succumbed to

MA-ARDS (Figures S1A and S1B) after developing pulmonary

edema and pleural effusion in the absence of overt CNS pathol-

ogy (Figures S1C–S1G). By contrast, exposure to an LS + BSlow

infection afforded full protection against lung pathology

(p < 0.0001 vs. LS + BShigh) (Figures S1B–S1G). Collectively,

our data show that exposure to an LS infection impacts the

outcome of malaria, suggesting that the establishment of
of malaria

d outcomes.

fections consisting of (B) salivary gland material of non-infected mosquitoes

A iRBCs, (C) 20,000 g-irradiated PbANKA spz followed, 2 days later, by 106 (n =
� spz followed, 2 days later, by 106 (n = 15; 3 ind. exp.) or 104 (n = 10; 2 ind. exp.)

9; 2 ind. exp.) or 104 (n = 10; 2 ind. exp.) PbANKA iRBCs, (F) 5,000 g-irradiated

xp.) PbANKA iRBCs, (G) 1,000 g-irradiated PbANKA spz followed, 2 days after,

heat-killed PbANKA spz followed, 2 days after, by 106 (n = 10; 2 ind. exp.) or 104

ctions through hindbrain and quantification of brain volume of non-infected (NI)

), and LS + BShigh (n = 4) infections. Height of the pons in WT C57BL/6 mice

fections contrasted with that of NI C57BL/6 mice (black double arrow, corre-

tion (red arrowhead). Severe swelling of the hindbrain was often accompanied

(#). p, pons; m, medulla; and cb, cerebellum. Original magnification 13 (scale

ions through olfactory bulb and quantification of hemorrhage area in the same

is seen in all experimental groups succumbing to ECM (BSlow, BShigh, and LS +

cation 13 (scale bars, 2.5 mm).

w inoculum spz administrations followed by live spz infection and assessed

ceiving 4 (n = 10; 2 ind. exp.), 2 (n = 10; 2 ind. exp.), and 1 (n = 10; 2 ind. exp.)

by infection with 500 PbANKA spz.

ing 4 doses of 100 g-irradiated PbANKA spz as in (L) followed by infection with

d. exp.) days after the last dose. Only mice with established BS infection were

gression) are represented as the mean survival rate and mean percentage of

ot (min. to max.). For complete statistical analysis, please refer to Data S3.
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pathology does not rely solely on the BS of infection but rather on

the integration of signals from both stages of parasite develop-

ment. Further, it implies that protection from death following

spz exposure depends on the fine-tuning of parasite burdens

in both the hepatic and the erythrocytic stages of infection, i.e.,

a sufficiently high threshold of LS parasites coupled with low

enough parasite density in the subsequent BS of infection.

In malaria-endemic areas, it is estimated that each individual

may be exposed to up to 300 infectious mosquito bites per

year.11 The fact that, in rodents, spz inoculated during an

ongoing BS infection establish within hepatocytes but become

growth arrested and fail to develop into RBC-infective merozo-

ites12 opens the possibility that exposure to non-productive

Plasmodium liver infections may also occur in humans during

continuous re-infections in natural transmission settings. This,

together with the notion that natural protection against malaria

associates with the host’s ability to limit the load of erythrocytic

parasites,6,7 led us to hypothesize that the LS of infection

influences the incidence of severe disease under natural trans-

mission conditions. In order to determine if that was the case,

we assessed ECM establishment under physiological infection

conditions following exposure to multiple spz infections (in the

range of those expected under natural transmission condi-

tions13,14) by inoculating non-productive spz prior to a natural

infection (Figure 1K). Our results show that 4 administrations

of 100 radiation-attenuated spz, interspaced by one week,

were sufficient to afford complete protection from ECM

following a subsequent infection with fully infectious spz (Fig-

ure 1L). The observed protective effect was dependent on the

exposure rate, as protection dwindled to 70% ± 14.1% and

30% ± 14.1% upon two or a single spz exposure, respectively

(p < 0.0011; single vs. 4 spz exposures). None of the spz expo-

sure regimens provided sterile immunity or delayed patency

(p = 0.0614; no exposure vs. 4 spz exposures) (Figure 1L). Addi-

tionally, protection against ECM upon exposure to spz waned

over time with a decrease in host survival when spz exposure

and infection were separated by 120 days (p = 0.0103)

(Figure 1M). This is consistent with the notion that, even after it

develops, clinical immunity in humans can be lost in 3–5 years

in the absence of re-exposure.15,16 Together, these data show

that continued exposure to low-inoculum spz infections is

sufficient to afford protection from severe pathology following

a natural infection, in a dose- and time-dependent manner.

The outcome of Plasmodium infection relies on the liver
stage-dependent activation of gd T cells
Next, we sought to unveil the mechanism responsible for

the observed protection from ECM. Since host hepatocytes

initiate and propagate a type I interferon (IFN)-dependent

response upon spz infection3,4 and type I IFNs modulate disease

severity17,18 we assessed the contribution of type I IFN to the

LS + BSlow-driven protection from ECM. Type I IFN receptor sub-

unit 1-deficient mice (Ifnar1�/�) showed similar clinical outcomes

to wild-type (WT) mice when given LS + BShigh, LS + BSlow, or

liver-mocked, BS infections (Figures S1H and S1I), showing that

type I IFN was not required for the observed protection.

Cerebral malaria in both mice and humans is associated with

the presence of CD8+ T lymphocytes in the CNS.19–21 Exposure

to spz during the LS of infection can result in early priming and
activation of potentially pathogenic effector CD8+ and CD4+ T

lymphocytes specific for spz-derived or cross-stage antigens,

thus biasing the immune response during the subsequent BS

of infection.22–24 Therefore, we asked whether the establishment

of Plasmodium spz affected adaptive immune responses leading

to ECM. Time-dependent analysis of the frequency of CD8+ T

lymphocytes in the CNS revealed kinetics of accumulation

consistent with that of the emergence of clinical signs of ECM

in both BShigh (p < 0.0001 vs. uninfected; day 7 post infection

[p.i.]) and BSlow (p = 0.0005 vs. uninfected; day 8 p.i.) infections

(Figure S1J). By contrast, mice subjected to an LS +BShigh infec-

tion exhibited an earlier accumulation of CD8+ T lymphocytes in

the CNS at a time when infiltration of adaptive immune cells was

not noticeable in BShigh-infected mice (p < 0.0001; day 4 p.i.),

which persisted until mice succumbed to ECM (Figure S1J).

This was also the case during an LS + BSlow infection, where

CD8+ T lymphocytes accumulated, and persisted, at levels com-

parable with those of LS + BShigh-infected mice (p = 0.2256; day

4 p.i.) (Figure S1J). CD4+ T lymphocyte accumulation in the CNS

followed similar kinetics (Figure S1K). Pre-infective transfer of

traceable, Plasmodium cross-stage antigen-specific PbT-1

CD8+ T lymphocytes,25 which are sufficient to cause ECM

when transferred into mice lacking endogenous CD8+ T lympho-

cytes,23 resulted in similar numbers of these cells present in

the CNS of protected mice undergoing an LS + BSlow infection

when compared with those present in mice succumbing to

ECM following either an LS + BShigh (p = 0.4698) or a BSlow

(p = 0.1010) infection (Figure S1L). Moreover, endogenous

CD8+ and PbT-1 T lymphocyte activation and effector function,

as assessed by the production of IFN-g and granzyme B, did

not differ significantly between all groups, independent of the

clinical outcome of infection (Figures S1M and S1N). In sum-

mary, these data show that, even if liver infection precipitated

CD8+ T cell-driven inflammation, protection from ECM upon

spz exposure acts independently of the accumulation of effector

CD8+ T lymphocytes in the CNS.

We next pursued the hypothesis that gd T cells, which respond

during Plasmodium liver stage,26,27 are at the basis of protection

from severe pathology following exposure to spz. To test this hy-

pothesis, we made use of Tcrd�/� mice, which are deficient for

this particular cellular subset. Although the absence of gd

T cells had no impact on the clinical outcome when infection

was initiated by iRBCs only, independent of the inoculum

(Figures 2A, 2B, and S2A), protection from ECM, as afforded

by the LS + BSlow infection in WT mice, was lost in Tcrd�/�

mice (p = 0.0294 vs. WTmice) (Figures 2C and S2A). By contrast,

Tcrd�/� mice failed to develop ECM when subjected to an LS +

BShigh infection, whereas most WT mice succumbed to the

neurological syndrome (p = 0.0014) (Figures 2D and S2A). Simi-

larly to WT mice (Figures S1J, S1K, and S1M), the accumulation

and activation of CD8+ and CD4+ T lymphocytes in the CNS

of protected Tcrd�/� mice following an LS + BShigh infection

did not differ from that of ECM-succumbing WT controls

(Figures S2B–S2D). Moreover, the LS-dependent protection

from ECM in Tcrd�/� mice also acted independently of the

suppression of the BS parasitemia (Figures 2C and 2D), suggest-

ing that protection from ECM following exposure to spz

reflected a mechanism of host tolerance, rather than resistance,

to infection.28 Collectively, these data show that the integration
Immunity 56, 592–605, March 14, 2023 595



Figure 2. The outcome of Plasmodium infection relies on liver stage-dependent activation of distinct gd T cell subsets

(A) Survival (left) and parasitemia (right) of WT (n = 9; 2 ind. exp.) and Tcrd�/� (n = 5; 1 exp.) C57BL/6 mice subjected to BSlow infections.

(B) Survival (left) and parasitemia (right) of WT (n = 10; 2 ind. exp.) and Tcrd�/� (n = 11; 3 ind. exp.) C57BL/6 mice subjected to BShigh infections.

(legend continued on next page)
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of signals from both the liver and blood stages of infection, crit-

ical for the clinical outcome of infection, operates in a gd

T cell-dependent manner. In accordance, hepatic gd T cells

accumulated following LS + BS infections, when compared

with BS infections alone, independent of the iRBC inoculum

(p < 0.0001) (Figure 2E).

Functional specification of gd T cells dictates protection
or death
gd T cells exhibit pleiotropic functional capacities, with the

production of IFN-g (gdIFN) and IL-17 (gd17) defining the two

predominant effector subsets.29,30 Analysis of hepatic gd T cell

functional subsets revealed that gdIFN cells expanded in the

liver of mice subjected to an LS + BShigh infection (p < 0.0001,

LS + BSlow vs. LS + BShigh), whereas gd17 cells predominated

following an LS + BSlow infection (p = 0.0004, LS + BSlow vs.

LS + BShigh) (Figure 2E). This functional dichotomy was particu-

larly evident in activated (CD44+) Vg4+ gd T cells, which exhibited

decreased levels of IFN-g and increased production of IL-17

when isolated from the livers of mice subjected to an LS +

BSlow infection (Figure 2F). Conversely, liver Vg4+ gd T cells

from mice subjected to LS + BShigh infection produced mostly

IFN-g, inverting the ratio between gdIFN and gd17 cells (Fig-

ure 2F). In contrast to Vg4+ gd T cells, the ratio between IFN-g

and IL-17 producers among Vg1+ gd T cells was not altered be-

tween mice that succumbed, or not, to ECM (Figure S2E). The

production of IL-17 in the liver was restricted to Vg4+ gd

T cells, with a negligible contribution of liver-infiltrating CD4+ T

lymphocytes (Figure S2F). Collectively, these results show that

altered ratios of gd17 and gdIFN T cells associate with protection

from, or establishment of, ECM.

Given the association between the differential accumulations

of gdIFN vs. gd17 cells within the Vg4+ gd T cell compartment

and the opposing outcomes of infection, we hypothesized that

this functional dichotomy explains the phenotypic dichotomy

afforded by the crosstalk between the LS and BS of infection

on the establishment of severe pathology (LS + BSlow vs. LS +

BShigh, Figures 1C–1E). Consistent with this, Il-17�/� mice
(C) Survival (left) and parasitemia (right) of WT (n = 10; 2 ind. exp.) and Tcrd�/� (n

(D) Survival (left) and parasitemia (right) of WT (n = 9; 2 ind. exp.) and Tcrd�/� (n

(E) Quantification of gd (left), gdIFN (middle), and gd17 (right) T cells isolated from

circles), LS + BSlow (black triangles), and LS + BShigh (black circles) infections, 3

(F) Representative flow cytometry plots of the production of IFN-g (upper row) and

isolated from the liver of WT C57BL/6mice subjected to LS + BSlow (black triangle

gating strategy shown in Figure S5C.

(G) Survival (left) and parasitemia (right) ofWT (n = 9; 2 ind. exp.), CD3DH (n = 8; 2 in

infections.

(H) Survival (left) and parasitemia (right) of WT (n = 10; 2 ind. exp.), CD3DH (n = 14

BShigh infections.

(I) Representative flow cytometry plots and relative abundance of gdIFN and gd17

(yellow triangles) C57BL/6 mice subjected to an LS + BSlow infection, 3 days afte

(J) Representative flow cytometry plots and the ratio between gdIFN and gd17 cells

of salivary gland material of non-infected mosquitoes (open diamonds) or 4 dose

500 PbANKA spz, 5 days after live spz infection. Cell gating strategy shown in F

(K) Survival (left), patency (middle), and parasitemia (right) of WT (n = 10; 2 ind. exp

ind. exp.) C57BL/6 mice receiving 4 weekly doses of 100 g-irradiated PbANKA s

(A–D, G, H, and K) Survival (log-rank test) and parasitemia (linear mixed-effects r

iRBCs ± SEM, respectively.

(E, F, I, and J) Data are represented as dot-plot; red line represents mean. For c

See also Figures S2 and S5.
behaved similarly to Tcrd�/� mice (Figure 2C), succumbing to

ECM when subjected to an LS + BSlow infection (p = 0.0014

vs. WT mice) (Figures 2G and S2A). This was, however, not the

case for CD3g and CD3d double-haploinsufficient (CD3DH;

Cd3g+/� Cd3d+/�) mice, shown to have reduced peripheral

gdIFN T cells,31 which were as protected from ECM after an

LS + BSlow infection as WT mice (Figures 2G and S2A).

Conversely, all Il-17�/� mice succumbed to ECM when sub-

jected to an LS + BShigh infection, similarly to WT mice, whereas

CD3DH mice behaved akin to Tcrd�/� mice (Figure 2D) and

mostly failed to develop ECM upon LS + BShigh infection

(p < 0.0001 vs. WT mice) (Figures 2H and S2A). As in Tcrd�/�

mice (Figures 2C, 2D, and S2B–S2D), the opposing outcomes

of infection were not associated with differences in parasitemia

(p = 0.186 and p = 0.579 in LS + BSlow and LS + BShigh infections,

respectively) (Figures 2G and 2H) or with the pattern of CD8+ and

CD4+ T lymphocyte accumulation and activation in the CNS

(Figures S2B–S2D). None of these cellular/molecular factors

were found to be relevant for the establishment of ECM following

a liver-mocked, BS infection, irrespective of the initial iRBC inoc-

ulum (Figures S2A, S2G, and S2H). Absence of IL-17 associated

with increased frequency of IFN-g producers within liver Vg4+

(Figure 2I), but not Vg1+ (Figure S2I), gd T cells following an

LS + BSlow infection. This suggests that pathogenic IFN-g pro-

duction by gd T cells is the default functional specification

pathway during the BS of infection, which is countered by

gd17 T cells. In conclusion, the observed dichotomy of the

outcome of infection relied on the LS-dependent activation of

Vg4+ gd T cells, which exhibited distinct cytokine profiles selec-

tively sustained by different blood stage parasite loads, i.e., host

survival relied on gd T cells and IL-17 production, and thus gd17

T cells, whereas gdIFN T cells were responsible for ECM estab-

lishment. Our findings employing the LS + BS infection model

were corroborated following exposure to multiple, low-inoculum

infections with non-productive spz prior to a natural infection

(Figures 1L and 1M), which resulted in a similar pattern of cyto-

kine production (Figures 2J and S2J), with gd T cells and IL-17

production being critical for protection from ECM (Figure 2K).
= 11; 2 ind. exp.) C57BL/6 mice subjected to LS + BSlow infections.

= 12; 3 ind. exp.) C57BL/6 mice subjected to LS + BShigh infections.

the liver of WT C57BL/6 mice subjected to BSlow (open triangles), BShigh (open

days after transfusion of iRBCs. Cell gating strategy shown in Figure S5C.

IL-17 (bottom row) and the ratio between gdIFN and gd17 cells in Vg4+ gd T cells

s) or LS + BShigh (black circles) infections, 3 days after transfusion of iRBCs. Cell

d. exp.), and Il-17�/� (n = 14; 2 ind. exp.) C57BL/6mice subjected to LS +BSlow

; 3 ind. exp.), and Il-17�/� (n = 18; 3 ind. exp.) C57BL/6 mice subjected to LS +

cells in Vg4+ gd T cells isolated from livers of WT (black triangles) and Il-17�/�

r transfusion of iRBCs. Cell gating strategy shown in Figure S5C.

in Vg4+ gd T cells isolated from the liver ofWTC57BL/6mice receiving 4 doses

s of 100 g-irradiated PbANKA spz (black diamonds) followed by infection with

igure S5C.

.), Tcrd�/� (n = 14; 3 ind. exp.), CD3DH (n = 19; 3 ind. exp.), and Il-17�/� (n = 8; 2

pz followed, 7 days after, by infection with 500 PbANKA spz.

egression) are represented as the mean survival rate and mean percentage of

omplete statistical analysis, please refer to Data S3.
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Figure 3. Mathematical model recapitulating

the interactions between parasite develop-

mental stages on host mortality and theoret-

ical predictions

(A) Schematic representation of the within-host

model. In this model, BS parasites replicate and

contribute to the development of pathology. LS

sporozoites stimulate the activation and proliferation

of IL-17- or IFN-g-producing gd T cells in a manner

dependent on feedback from BS density. The den-

sity of each gd T cell subtype promotes its own

continued proliferation but gd17 cells inhibit the

proliferation of their gdIFN counterparts. gd17 cells

promote processes that decrease the progression

to ECM (‘‘damage’’).

(B) Simulated survival of hosts subjected to BShigh or

BSlow infections alone or following an inoculum of LS

infection.

(C) The predicted interaction of LS by BS on mor-

tality rates (days until death) on a continuous scale

(dark, die; white, survive).

(D) The predicted ratio of gdIFN and gd17 cells over

LS by BS parameter space. Red indicates the pre-

dominance of gdIFN cells, whereas yellow indicates

the predominance of gd17 cells. At high BS density,

gd T cells are quickly coerced toward high IFN-

g-producing ratios, while at low BS density, IL-17

producers have time to inhibit the proliferation of

IFN-g-producing cells before BS levels reach a

sufficient density to engage them.

(E and F) The predicted impact of transmission fre-

quency (malaria infections per year) on the produc-

tion of protective gd17 cells in competition with

gdIFN cells. (E) In a low exhaustion index scenario

(ki = 0.04), frequent episodes of infection result in an

increased, near-maximal level of gd17 cells, partic-

ularly when the ability of gdIFN cells to inhibit gd17 is

asymmetrically low (dotted line) compared with sit-

uations where both subtypes minimally inhibit each

other (solid line) or strongly inhibit each other

(dashed line). (F) Under high rates of gd T cell sub-

type exhaustion, protective gd17 cell frequency is

maximized at intermediate exposure frequencies

regardless of symmetry and strength of T cell sub-

type inhibition.

See also Tables S1 and S2 and Data S1 and S2.
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To further clarify our conceptual understanding of the potential

feedbacks governing the crosstalk between both stages of para-

site development and the distinct gd T cell subsets, we created a

mathematical model of coupled ordinary differential equations

representing the hypothetical players in the system (Figure 3A;

Data S1). Our within-host model closely recapitulated the empir-

ical observations of interactions between parasite develop-

mental stages on host mortality (Figure 3B). This prediction

held over a continuous distribution of LS by BS interaction

effects and reflected the ratio of gd17 to gdIFN cells

(Figures 3C and 3D). Such dependency relied on the assumption

that gdIFN cells have a faster BS-dependent proliferation rate

(Table S1), consistent with their enhanced responses to T cell re-

ceptor stimulation in mice32 and the notion that they are more

sensitive to Plasmodium-derived phosphoantigen recognition

in humans.33,34
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Previous studies in humans note an association between

asymptomatic malaria episodes and reduced levels of circu-

lating IFN-g-producing Vg9Vd2 T cells, which are suggested to

become exhausted in frequently exposed individuals.35–37 How-

ever, our experimental data (Figures 2F–2K), supported by our

within-host model (Figures 3B–3D) raised the possibility that

gd17 T cells may negatively regulate the expansion of damage-

promoting IFN-g producers while also promoting tolerance. To

address this question, we built a discrete-time model of gd

T cell interactions to predict gd17 dynamics over a 3-year period

for hosts that vary in the average frequency of malaria infection,

from one episode per month to one per year (Data S2). We varied

the probability of gd T cell exhaustion per infection event and the

relative intensity of reciprocal negative regulation among gdIFN

and gd17 T cells (Figures 3E and 3F). Our simulations suggest

that in the absence of exhaustion (Figure 3E), gd17 T cell
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frequency increased with exposure frequency, particularly when

inhibition by gdIFN is relatively inefficient. The accumulation of

exhaustion markers by gd T cells with repeated exposure re-

sulted in the highest levels of gd17 at intermediate transmission

frequencies and may be sufficient to explain the observed

decline in gdIFN T cell levels with increasing infection frequency

in human populations. This role of gd17 cells is potentially

reflected in the fact that protection from severe manifestations

of malaria and death is established fast and after only a few

exposures to Plasmodium infection.16

gd T cells and IL-17 promote splenic erythropoiesis and
reticulocytosis
Next, we sought to understand how gd17 cells mediate protection

from severe CNS pathology. During our investigations, we unex-

pectedly observed thatWTmice subjected to an LS +BSlow infec-

tionexhibitedan increase inspleensize,whencomparedwithboth

Tcrd�/�and Il-17�/�mice (p = 0.0002 and p < 0.0001, respectively)

(Figure4A). Further,gdTcell accumulation, assessedby functional

luciferase expression in Tcrd-GDLmice,38 was evident as early as

2daysp.i. in the spleenofWTmice subjected toanLS+BSlow, but

not anLS+BShigh, infection (p=0.0012andp=0.5134vs.NImice,

respectively) (Figure 4B), evidencing that gd T cell accumulation in

the spleenwas associatedwith protection from severe pathology.

A critical role for the spleen in ECM protection upon exposure to

spz infectionwasdemonstratedby thecomplete lossofprotection

in splenectomized (SPX)mice subjected to an LS +BSlow infection

(p < 0.0001 vs. sham-operated mice) (Figure 4C), which exhibited

the pathological hallmarks of ECM (Figures S3A and S3B). Like-

wise, surgical removal of the spleen prior to exposure to multiple,

low-inoculum infections with non-productive spz followed by an

infectionwith fully infectious spz resulted in a complete lossof pro-

tection from ECM (Figure 4D). A thorough analysis of the different

cellular subsets in the spleen following an LS + BSlow infection re-

vealed that, contrary to both Tcrd�/� and Il-17�/� mice, WT mice

exhibited an increase, both in absolute numbers (p = 0.0005 and

p < 0.0001 vs. WT mice, respectively) and relative frequency (p =

0.0004 and p < 0.0001 vs. WT mice, respectively), of erythrocyte

progenitors (erythroblasts) on the days preceding the onset of

ECM (Figures 4E–4G). Consequently, we observed an increased

frequency of circulating young (CD71+) reticulocytes in ECM-pro-

tected WT mice, contrasting with Tcrd�/� and Il-17�/� mice,

where the frequency of CD71+ reticulocytes decreased steadily

throughout LS + BSlow infection until mice succumbed to ECM

(Figure 4H). Further corroborating that the observed production

of reticulocytes following exposure to spz was sustained by the

spleen is (1) the lack of CD71+ reticulocyte emergence in the

peripheral blood of WT SPX, but not of sham-operated, mice

subjected to an LS + BSlow infection (Figure S3C) or exposed to

low-inoculum infections with non-productive spz prior to a natural

infection (Figure S3D) and (2) the severe reduction of erythroblasts

in the bone marrow of WT, Tcrd�/� and Il-17�/� mice, irrespective

of the outcome of infection (Figures S3E–S3G). At later stages of

infection, splenic erythroblasts further expanded in protected WT

mice pre-exposed to spz, while bone marrow erythropoiesis

remained impaired (Figures S3H–S3J). This was also the case in

the small cohort of Tcrd�/� and Il-17�/� mice surviving an LS +

BSlow infection (Figures S3H–S3J). Taken together, our data

show that protection from ECM following an LS + BSlow infection
is associated with splenic erythropoiesis and concomitant

reticulocytosis in a gd T cell- and IL-17-dependent manner.

Increased reticulocyte availability curtails the
development of ECM
To test whether the observed increased reticulocytosis was at the

basis of protection, we resorted to the antibody-mediated

engagement of the stress sensor CD24, which results in erythroid

progenitor expansion in the spleen39 and in the subsequent

transient elevation of reticulocyte numbers in the circulation

of WT, Tcrd�/�, and Il-17�/� mice (Figure S4A). Administration of

aCD24 mouse antibody prevented severe neuropathology

following a natural infection of WT mice (p < 0.0001 vs. IgG2b

administration) (Figures 5A and S4B) and restored protection

from ECM in Tcrd-/- and Il-17�/� mice subjected to an LS +

BSlow infection (p < 0.0001 and p = 0.0001 vs. IgG2b administra-

tion in Tcrd�/� and Il-17�/� mice, respectively) (Figures 5B, 5C,

S4C, and S4D). Increased reticulocytosis following aCD24 treat-

ment prevented ECM in the absence of an LS infection, as shown

by the protection conferred to hosts receiving solely aBSlow infec-

tion, irrespective of their genotype (Figures 5D–5FandS4E–S4G).

Therapeutic increase of circulating reticulocytes by the adoptive

transfer of full blood obtained from donors treated with phenylhy-

drazine into WT mice infected with fully infectious spz, starting

5 days p.i., was sufficient to curb ECM establishment while

the transfer of equivalent amounts of RBCs failed to do so

(Figures5GandS4H).Thiswasalso thecaseuponadoptive trans-

fer of reticulocyte-enriched blood, but not of RBCs, into Tcrd�/�

and Il-17�/� mice receiving an LS + BSlow infection (Figures 5H,

5I, S4I, and S4J). Analysis of circulating reticulocytes following

adoptive transfer revealed that a substantial proportion of trans-

ferred CD71+ reticulocytes was readily infected 4 h post transfer

and became almost undetectable on the following day prior to a

new adoptive transfer (Figures S4H–S4J). The rapid exhaustion

of circulating reticulocytes upon adoptive transfer may reflect

the preference of PbANKA to invade reticulocytes over normo-

cytes and the fast remodeling of reticulocytes upon invasion,

with concomitant loss of CD71 expression.40,41

Adherence of Plasmodium iRBCs to the vascular endothelium,

referred to as sequestration, is a crucial event for the onset of

malaria pathology.42,43 Thus, we next asked whether parasite

sequestration was affected by reticulocyte availability. Our re-

sults show that following an LS + BSlow infection, Il-17�/� mice

receiving RBCs from days 5 to 7 p.i. exhibited increased seques-

tration of iRBCs in the CNS (p = 0.0016 vs. WT mice), whereas

the adoptive transfer of reticulocytes lowered this to levels com-

parable with those of LS + BSlow-infected WT mice (p = 0.0517)

(Figure 5J) with consequent protection from ECM (Figure 5I).

DISCUSSION

We showed that Plasmodium cross-stage interplay dictated

malaria outcome via gd T cells and that IL-17-promoted stress

erythropoiesis was at the basis of disease protection. Our data

reinforce the notion that the pathophysiology of severe malaria

following Plasmodium infections initiated by spz is distinct from

that ensuing after the transfusion of iRBCs, as recently shown in

a controlled human malaria infection (CHMI) model,44 and is in

line with observations where altered parasite and host factors
Immunity 56, 592–605, March 14, 2023 599



Figure 4. gd T cells and IL-17 promote splenic erythropoiesis and reticulocytosis during Plasmodium infections

(A) Quantification of spleen weight of WT (black), Tcrd�/� (red), and Il-17�/� (yellow) C57BL/6 mice, either non-infected (cross) or subjected to LS + BSlow

(triangles) infection, 7 days after transfusion of iRBCs.

(B) Representative spleen bioluminescence images (left) and time-dependent quantification of functional luciferase expression (right) in gd T cells in non-infected

Tcrd-GDL C57BL/6 mice (cross), or following LS + BShigh (black circles) or LS + BSlow (black triangles) infections.

(C) Survival (left) and parasitemia (right) of sham-operated (Sham) (n = 24; 4 ind. exp.) or splenectomized (SPX) (n = 29; 5 ind. exp.) C57BL/6mice subjected to LS +

BSlow infections.

(D) Survival (left) and parasitemia (right) of sham-operated (Sham) (n = 10; 2 ind. exp.) or splenectomized (SPX) (n = 10; 2 ind. exp.) C57BL/6 mice receiving

4 weekly doses of 100 g-irradiated PbANKA spz followed by infection with 500 PbANKA spz.

(E) Representative flow cytometry plots of erythroblast accumulation in the spleen ofWT (left column), Tcrd�/� (middle column), and Il-17�/� (right column) C57BL/

6 mice, either non-infected (NI) (upper row) or subjected to LS + BSlow infection (bottom row), 7 days after transfusion of iRBCs. Cell gating strategy shown in

Figure S5D.

(F and G) (F) Quantification and (G) relative abundance of erythroblasts in the spleen of WT (black), Tcrd�/� (red), and Il-17�/� (yellow) C57BL/6 mice, either non-

infected (cross) or subjected to LS + BSlow infection (triangles), 7 days after transfusion of iRBCs. Cell gating strategy shown in Figure S5D.

(H) Time-dependent quantification of the relative abundance of reticulocytes in the peripheral blood of WT (left; black) (n = 14; 3 ind. exp.), Tcrd�/� (middle; red)

(n = 10; 2 ind. exp.), and Il-17�/� (right; yellow) (n = 16; 3 ind. exp.) C57BL/6 mice subjected to LS + BSlow infection. Cell gating strategy shown in Figure S5E.

(A, B, F, and G) Data are represented as dot-plot; red line represents mean.

(C and D) Survival (log-rank test) and parasitemia (linear mixed-effects regression) are represented as the mean survival rate and mean percentage of iRBCs ±

SEM, respectively.

(H) Lines represent individual mice. For complete statistical analysis, please refer to Data S3.

See also Figures S3 and S5.
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Figure 5. Increased reticulocyte availability curtails the development of ECM

(A) Survival (left) and parasitemia (right) ofWT C57BL/6mice receiving aCD24 (n = 9; 2 ind. exp.) or isotype control (n = 10; 2 ind. exp.) antibodies 4 h after infection

with 500 PbANKA spz.

(B and C) Survival (left) and parasitemia (right) of (B) Tcrd�/� or (C) Il-17�/�C57BL/6 mice subjected to LS + BSlow infection and receiving aCD24 (Tcrd�/� n = 16; 3

ind. exp., Il-17�/� n = 15; 3 ind. exp.) or isotype control (Tcrd�/� n = 16; 3 ind. exp., Il-17�/� n = 17; 3 ind. exp.) antibodies on the day of spz exposure.

(D–F) Survival (left) and parasitemia (right) of (D) WT, (E) Tcrd�/�, or (F) Il-17�/�C57BL/6 mice subjected to BSlow infection and receiving aCD24 (WT n = 14; 3 ind.

exp., Tcrd�/� n = 12; 2 ind. exp., Il-17�/� n = 15; 3 ind. exp.) or isotype control (WT n = 10; 3 ind. exp.; Tcrd�/� n = 15; 3 ind. exp., Il-17�/� n = 14; 3 ind. exp.)

antibodies 2 days before transfusion of iRBCs.

(G) Survival (left) and parasitemia (right) of C57BL/6 mice following infection with 500 PbANKA spz, and receiving daily adoptive transfers of 23 108 reticulocytes

(Ret) (n = 10; 2 ind. exp.) or equivalent amounts of RBC (n = 8; 2 ind. exp.) from days 7 to 11 after infection (represented by gray area).

(H and I) Survival (left) and parasitemia (right) of (H) Tcrd�/� and (I) Il-17�/� C57BL/6 mice subjected to LS + BSlow infection, receiving daily adoptive transfers of

23 108 reticulocytes (Ret) (Tcrd�/� n = 10; 2 ind. exp., Il-17�/� n = 15; 3 ind. exp.) or equivalent amounts of RBC (Tcrd�/� n = 10; 2 ind. exp., Il-17�/� n = 12; 3 ind.

exp.) from days 5 to 9 after transfusion of iRBCs (represented by gray area).

(legend continued on next page)

ll
OPEN ACCESSArticle

Immunity 56, 592–605, March 14, 2023 601



ll
OPEN ACCESS Article
set apart the course and outcome of infections initiated by the two

distinct routes.26,45 Although the integration of signals from both

the liver andbloodstagesof infectiondictated theclinical outcome

of infection, themechanismof protection seemed to occur entirely

during the erythrocytic stage of parasite development. The pro-

duction of IL-17 by gd T cells induced extra-medullary erythropoi-

esis and concomitant reticulocytosis throughout the BS of

infection, which was capable of protecting mice from ECM. Of

note, increased levels of erythropoietin, which is essential for the

differentiation of erythroid cells, are correlated with protection

from severe disease in both humans46 and rodents.47,48 Although

others attribute the protective role of erythropoietin in ECM to its

neuroprotective and immune-modulatory functions,47–49 our find-

ings support the possibility that increasing erythropoietin levels

may contribute to host survival during Plasmodium infections50

by stimulating erythropoiesis and the de novo production of

reticulocytes. Here, we showed that the increased availability of

reticulocytesduring infection reduced theaccumulationofparasit-

ized RBC in target organs. Given the central role of iRBC seques-

tration in the establishment of severe malarial pathology,20 we

postulate that such reduction mediates the observed protection

from ECM. Such protection was decoupled from the activation

and accumulation of effector CD8+ T cells in the CNS.

Upon their first encounter with malaria parasites, individuals

almost invariably develop a febrile illness which, if left untreated,

may evolve into severe, and sometimes fatal, complications. For

populations living in malaria-endemic areas, the risk of severe

disease and death is highest in young children and declines

rapidly.6 Susceptibility to non-life-threatening clinical episodes

of malaria continues but falls steadily such that by early adult-

hood febrile episodes are few and mild. Still, the risk of infection

continues throughout life, implying that the acquisition of immu-

nity to disease is distinct from that of immunity to the parasite.

Although immune responses could potentially target any stage

of the parasite to which humans are exposed to, most research

focuses on the concept that naturally acquired immunity is pre-

dominantly against BSs, with no involvement of pre-erythrocytic

stages. Our data have challenged this concept. Using rodent

models of infection, supported by mathematical modeling, our

findings imply that the ratio between gdIFN and gd17 cells, trig-

gered by exposure to hepatotropic parasites and specified by

distinct circulating parasite burdens, is a critical determinant of

the onset of severe disease among frequently exposed individ-

uals living in moderate-to-high malaria transmission regions.

Accordingly, multiple human population studies report a nega-

tive relationship between the frequency of malaria episodes

per year and the levels of IFN-g-producing Vg9Vd2 T cells,35–37

with children with the lowest levels of this particular gd T cell sub-

set more likely to have asymptomatic malaria episodes, while

those with the highest levels being symptomatic.35 Moreover,

genetic studies on IL-17F and IL-17RA polymorphisms in African
(J) Parasite accumulation/sequestration in the CNS following an LS + BSlow infect

(black triangles) and Il-17�/� C57BL/6 mice receiving adoptive transfer of 2 3 10

(yellow triangles, black line, except WT) on days 5, 6, and 7 after infection. Mice

(A–I) Survival (log-rank test) and parasitemia (linear mixed-effects regression) are

respectively.

(J) Data are represented as dot-plot; red line represents mean. For complete sta

See also Figure S4.
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populations suggest a protective role for this molecular pathway

against CM,51 further supporting our model. Thus, boosting

IL-17 responses may constitute a promising strategy to tackle

disease severity in endemic areas of Plasmodium infection.

Limitations of the study
Our study disclosed that the clinical outcome of Plasmodium in-

fections is dictated by the integration of signals from both stages

of parasite development within the mammalian host. Protection

from severe malarial neuropathology afforded by the pre-expo-

sure to hepatotropic forms of the parasite prior to low iRBC inoc-

ulum is mediated by gd T cells and IL-17. A limitation of the study

relies on the associative nature of these findings due to the cur-

rent lack of appropriate genetic models allowing for the specific

deletion of IL-17-producing gd T cells.52,53 Of note, gd T cells

were the major source of IL-17 in the liver following ECM-protec-

tive, LS + BSlow infections, with negligible contributions of other

IL-17-producing cell types, including of CD4+ T cells. Although

protection is lost in the majority of Tcrd�/� and Il-17�/� mice, a

small proportion still survive. This suggests that additional fac-

tor(s) play a residual role in protection from ECM following pre-

exposure to spz, which was not addressed in our study.

Based on our experimental data obtained using rodentmodels

of infection, and our mathematical simulations, we propose that

IL-17-producing gd T cells, i.e., gd17 cells, are at the basis of pro-

tection from severemalaria manifestations in frequently exposed

humans living in endemic areas. Subsequent studies in human

populations are needed to evaluate whether this is, in fact,

the case.
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Antibodies

Unconjugated anti-mouse CD16/CD32,

clone 93

eBiosciences Cat# 14-0161-82;

RRID: AB_467133

PerCP anti-mouse CD3, clone 145-2C11 Biolegend Cat# 100325; RRID: AB_893319

Brilliant Violet 710 anti-mouse CD3,

clone 145-2C11

Biolegend Cat# 100349; RRID: AB_2565841

APC-Cy7 anti-mouse CD4, clone GK1.5 Biolegend Cat# 100413; RRID: AB_312698

APC-Cy7 anti-mouse CD4, clone RM4-5 Biolegend Cat# 100525;

RRID: AB_312726

PE-Cy7 anti-mouse CD8a, clone 53-6.7 Biolegend Cat# 100722;

RRID: AB_312761

FITC anti-mouse/human CD11b, clone Biolegend Cat# 101205;

RRID: AB_312788

PE anti-mouse TCRg/d, clone GL3 Biolegend Cat# 118107; RRID: AB_313831

PE-Cy7 anti-mouse Vg4 (Vg2 in the

Garman nomenclature), clone UC3-10A6

eBiosciences Cat# 25-5828-82;

RRID: AB_2573474

APC anti-mouse TCR Vg1.1, clone 2.11 Biolegend Cat# 141107; RRID: AB_10897806

Brilliant Violet 605 anti-mouse/human

CD44, clone IM7

Biolegend Cat# 103047; RRID: AB_2562451

Brilliant Violet 510 anti-mouse CD45,

clone 30-F11

Biolegend Cat# 103137; RRID: AB_2561392

APC anti-mouse CD45, clone 30-F11 Biolegend Cat# 103111; RRID: AB_312976

PE anti-mouse CD71, clone RI7217 Biolegend Cat# 113807; RRID: AB_313568

PerCP-Cy5.5 anti-mouse Ter-119,

clone TER-119

eBiosciences Cat# 45-5921-82;

RRID: AB_925765

APC-Cy7 anti-mouse Ter-119,

clone TER-119

Biolegend Cat# 116223;

RRID: AB_2137788

Brilliant Violet 711 anti-mouse IFN-g,

clone XMG1.2

Biolegend Cat# 505835; RRID: AB_11219588

PE anti-mouse IFN-g, clone XMG1.2 Biolegend Cat# 505808;

RRID: AB_315402

PE-Cy7 anti-human/mouse Granzyme B,

clone QA16A02

Biolegend Cat# 372214;

RRID: AB_2728381

APC-Cy7 anti-mouse IL-17A, clone

TC11-18H10.1

Biolegend Cat# 506939; RRID: AB_2565780

InVivoMAb anti-mouse CD24,

clone M1/69

BioXCell Cat# BE0360; RRID: AB_2894779

InVivoPlus rat IgG2b isotype control,

Clone LTF-2

BioXCell Cat# BP0090; RRID: AB_1107780

Plasmodium parasite strains

Plasmodium berghei ANKA wild-type Propagated in house54 N/A

Plasmodium berghei ANKA uis4- Propagated in house23 N/A

Plasmodium berghei ANKA lisp2- Provided by F. Frischknecht55

and propagated in house

N/A

Plasmodium berghei K173 Propagated in house9 N/A

Chemicals, peptides, and recombinant proteins

Hoechst 33342, Trihydrochloride, Trihydrate Invitrogen Cat# H1399

DNase I recombinant, RNase-free Roche Cat# 04716728001
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Collagenase from Clostridium

histolyticum, type VIII

Sigma-Aldrich Cat# C2139

Percoll� Sigma-Aldrich Cat# P1644

Percoll� Sigma-Aldrich Cat# GE17-0891-01

Phenylhydrazine hydrochloride Sigma-Aldrich Cat# 114715

IVISbrite D-Luciferin Potassium Salt

Bioluminescent Substrate (XenoLight)

PerkinElmer Cat# 122799

Brefeldin A from Eupenicillium brefeldianum Calbiochem Cat# 203729

Phorbol 12-myristate 13-acetate (PMA) Merck Cat# P8139

Ionomycin calcium salt from

Streptomyces conglobatus

Calbiochem Cat# 407952

PureZOL� RNA Isolation Reagent Bio Rad Cat# 7326890

Critical commercial assays

NZY Total RNA Isolation kit NZYtech Cat# MB13402

One-step NZYSpeedy RT-qPCR

Probe kit, ROX plus

NZYtech Cat# MB350

LIVE/DEAD� Fixable Violet

Dead Cell Stain Kit

ThermoFisher Cat# L34963

CD8a+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat# 130-104-075

Deposited data

Raw and analyzed data This paper Mendeley Data: https://doi.org/

10.17632/8v5y93rpxk.1

Experimental models: Organisms/strains

Mouse: C57BL/6J mice Charles Rivers Laboratories CRL Code #632; RRID:

IMSR_JAX:000664

Mouse: Transgenic PbT-I mice Provided by W. Heath56 and bread at

Department of Microbiology and

Immunology, The University of

Melbourne, Australia.

N/A

Mouse: Tcrd-/-: B6.129P2-Tcrdtm1Mom/J Jackson Laboratory and bread at iMM-JLA. JAX stock #002120;

RRID:IMSR_JAX:002120

Mouse: Cd3g-/- Provided by D. Kappes52 and bred at iMM-JLA. N/A

Mouse: Cd3d-/- Provided by I. Luescher53 and bred at iMM-JLA. N/A

Mouse: Il-17-/- Provided by F. Powrie with permission from

Y. Iwakura57 and bred at iMM-JLA.

N/A

Mouse: Great: B6.129S4-Ifngtm3.1Lky/J Provided by M. Mohrs58 and bred at iMM-JLA. JAX Stock #017581;

RRID:IMSR_JAX:017581

Mouse: Tcrd-GDL: Provided by I. Prinz38 and bred at iMM-JLA. N/A

Mouse: Ifnar1-/-: Bred at Instituto Gulbenkian de Ciência N/A

Oligonucleotides

Primer: P. berghei 18s gene - Forward:

AGGGAGCCTGAGAAATAG

This paper N/A

Primer: P. berghei 18s gene - Reverse:

GTCACTACCTCTCTTATTTAGAA

This paper N/A

Probe: P. berghei 18s gene – 6-FAM-

ACCACATCTAAGGAAGGCAGCA-BHQ1

This paper N/A

Primer: M. musculus hypoxanthine-guanine

phosphoribosyltransferase (Hprt) gene–

Forward: GAACCAGGTTATGACCTA

This paper N/A

Primer: M. musculus hypoxanthine-guanine

phosphoribosyltransferase (Hprt) gene–

Reverse: TCTCCTTCATGACATCTC

This paper N/A
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Probe: M. musculus hypoxanthine-guanine

phosphoribosyltransferase (Hprt) gene– 6-FAM-

TTCAGTCCTGTCCATAATCAGTCCAT-BHQ1

This paper N/A

Software and algorithms

NDP.view2 Image Hamamatsu; https://www.hamamatsu.

com/eu/en/product/life-science-and-

medical-systems/digital-slide-scanner/

U12388-01.html

Cat# U12388-01

STEPanizer https://www.stepanizer.com/ N/A

Living Image V3.0 PerkinElmer N/A

FlowJo V10.7.1 Tree Star Inc.; https://www.flowjo.com/ RRID:SCR_008520

Prism V8.4.3 Graphpad; https://www.graphpad.com/

scientific-software/prism/

RRID:SCR_002798

NLME package of R V3.1-155 http://cran.r-project.org/ N/A

Illustrator CS6 Adobe; https://www.adobe.com/pt/

products/illustrator.html

RRID: SCR_010279
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Maria M.

Mota (mmota@medicina.ulisboa.pt).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data is available in the main text or in the supplemental information and can be assessed at Mendeley Data: https://doi.org/10.

17632/8v5y93rpxk.1. The original code for the mathematical models is available at Mendeley Data: https://doi.org/10.17632/

f3sfsw7vn2.1. Any additional information required to reanalyze the data reported in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J wild-type mice were obtained from Charles River Laboratories International Inc. Tcr delta-deficient mice (Tcrd-/-; originally

obtained from The Jackson Laboratory), CD3g and CD3d double-haploinsufficient mice (CD3DH, Cd3g+/- Cd3d+/-; obtained by

crossingCd3g-/- males (originally obtained fromD. Kappes, FoxChaseCancer Center, Philadelphia57) withCd3d-/- females (originally

obtained from I. Luescher, Ludwig Institute for Cancer Research, Lausanne58), Il-17-deficient mice (Il-17-/-; originally obtained from F.

Powrie, University of Oxford, Oxford, with permission fromY. Iwakura, TokyoUniversity of Science, Chiba, Japan),56 Greatmice (IFN-

g reporter with endogenous polyA tail, originally obtained from M. Mohrs, Trudeau Institute, NY),54 and Tcrd-GDL mice (expressing

GFP, human Diphtheria Toxin (DTx) receptor, and luciferase under the control of an internal ribosome entry site (IRES) in the 30UTR of

the Tcrd gene, originally obtained from I. Prinz, Hannover Medical School, Hannover38) were bred at the Instituto de Medicina Mo-

lecular – João Lobo Antunes (iMM-JLA), Lisbon, Portugal. Type 1 IFN receptor subunit 1-deficient mice (Ifnar1-/-) were obtained from

IGC, Oeiras. PbT-1 transgenic mice23 were bred at the Department of Microbiology and Immunology, The University of Melbourne,

Australia. All genetically-modified mouse strains used are in the C57BL/6J genetic background and have been backcrossed at least

ten times. All mice were maintained in specific pathogen–free conditions. For the studies, both males and females (6-10 weeks old)

were used. Animal experimentation protocols were approved by the institutional animal welfare body –ORBEA-iMM-JLA – and by the

Direcção-Geral de Alimentação e Veterinária (Portugal), and by the Melbourne Health Research Animal Ethics Committee, University

of Melbourne (Australia). All procedures were performed in strict accordance with the Directive 2010/63/EU and the Australian code

of practice for the care and use of animals for scientific purposes.

Parasites
GFP-expressing P. bergheiANKA (PbANKA) wild-type,55 uis4- (upregulated in infective sporozoites gene 4)59 and lisp2- (liver-specific

protein 2)60 sporozoites were obtained by dissection of the salivary glands of infected Anopheles stephensi mosquitoes bred at the
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iMM-JLA (Lisbon). Fresh RBCs infected with either PbANKA or P. berghei K173 (PbK173)9 parasites to seed BS infections with the

designated inocula were obtained from a passage mouse, 4 days after injection via intraperitoneal route with 107 crio-preserved

iRBCs from each parasite line.

METHOD DETAILS

Infections
For LS+BS infections, mice were injected, via retro-orbital route, with the designated quantity of radiation-attenuated (16,000 rads;

Caesium137 g-source, Gammacell� 3000 Elan, Theratronics) or genetically-attenuated sporozoites in 200ml of DMEMmedium. Heat-

killed sporozoites (15 minutes at 72�C followed by 15 minutes at 95�C) were injected into mice at the indicated quantities using the

same volume and administration route. BS-infected controls received equivalent amounts of salivary glands extract from uninfected

Anopheles stephensi mosquitoes using the same volume and administration route. At the designated times after sporozoite admin-

istration, mice received the designated quantity of fresh WT GFP-expressing PbANKA or PbK173 infected RBCs in 200ml of PBS via

intraperitoneal or retro-orbital routes. For live sporozoite infections, mice were injected, via retro-orbital route, with the designated

quantity of sporozoites in 200ml of DMEM medium. Parasitemia (expressed as percentage of iRBCs) was monitored daily either

directly (GFP-expressing PbANKA) or following DNA staining using Hoescht 33342 (4,4mg/mL; Invitrogen) to detect parasitized

Ter119+ CD45- RBCs (PbK173) by fluorescence activated cell sorting (FACS) on a Fortessa analyzer (BD Biosciences) using

FlowJo-V10 software (Tree Star Inc.).

ECM assessment
Mice survival was monitored twice daily from day 4 post infection onwards. ECM onset was evaluated by the development of neuro-

logical symptoms (ataxia and paralysis), assessed as the inability of mice to self-right.

Histopathology and Stereology
Mice were euthanized with CO2 narcosis, necropsy was performed and lung and/or CNS (brain, cerebellum and spinal cord)

were collected and fixed in formalin. Brains were collected after overt ECM (BSlow at day 8 p.i.; BShigh at day 7 p.i.; LS+BShigh at

day 6 p.i.), except for LS+BSlow group (day 8 p.i.). Lungs were collected after overt MA-ARDS (days 7-8 p.i. for all groups) except

for LS+BSlow group (day 8 p.i.).

For pulmonary pathology, in addition to quantifying the volume of pleural effusion (fluid in the thoracic cavity), lung was paraffin-

embedded, sectioned at 4mm, stained with Hematoxylin and Eosin and sections were analyzed by a pathologist blinded to

experimental groups, in a Leica DM2000 microscope coupled to a Leica MC170 HD microscope camera (Leica Microsystems,

Wetzlar, Germany). Pulmonary edema was scored according to 5-tier system with 0–4 grading scale (0, absent; 1, minimal; 2,

mild; 3, moderate; 4, marked).

For brain pathology, stereology was used to measure brain volume and area (fraction) of cerebral hemorrhages. Briefly, after

removal of the skull, brain was placed in a 1-mm mouse brain matrix, immersed in agarose and, once solidified, eight 2-mm thick

coronal brain slices were obtained, placed into a cassette and processed for paraffin-embedding. 4mm sections were then stained

with Hematoxylin and Eosin for assessment of brain volume; and with modified von Kossa stain (with omission of the silver nitrate

step), for enhanced visualization of cerebral hemorrhages. Each section was digitally scanned in Nanozoomer SQ and visualized

in NDP.view2 Image viewing software (Hamamatsu). Estimates of brain volume were obtained according to the Cavalieri method61

using the STEPanizer software,62 by using the formula V = T x a/p x
P

Pi, where T is the thickness between sections, Pi is the number

of points hitting the brain and (a/p) is the area associatedwith each point. In order tomeasure the volume of intracerebral hemorrhage,

a grid composed of squares (4x5mm) was superimposed on the slide thumbnail, on the screen. The sampling was randomly started

from a corner of the slide that did not include tissue section. Then, the slide was moved in the X- and Y-directions at equal distances.

A grid containing 296 points (+), the central one encircled (4), was superposed on the tissue displayed in the screen. Volume

measurements were obtained as follows: (1) Brain: every time brain was hit by the encircled point (4); (2) Hemorrhage: every

time hemorrhage was hit by a point (+). The fraction of intracerebral hemorrhage volume was obtained dividing the points hit by

hemorrhagic foci by the points hit by brain:

VF =
PiðHemorrhageÞ
PiðBrainÞ x 296 :

The hemorrhage volume was estimated from volume fraction: V (Hemorrhage) = VF x V(Brain).

PbT-1 CD8+ T cell isolation and adoptive transfer
CD8+ T cell were negatively enriched from the spleens and lymph nodes of GFP-expressing PbT-1 transgenic mice using CD8a+ T

Cell Isolation Kit (Miltenyi Biotec), according to the manufacturer’s instructions. Twenty-four hours prior to infection, recipient mice

received 50,000 purified GFP+ PbT-1 cells, via intravenous route, in 200ml of HBSS buffer.
Immunity 56, 592–605.e1–e8, March 14, 2023 e4
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Isolation of tissue-infiltrating leukocytes
Mice were euthanized with CO2 narcosis at the indicated time points after infection, transcardially perfused with 15 mL of ice-cold

PBS, and brains, livers, spleens and bone marrow cells were harvested. Brains were homogenized in HBSS (+ calcium, + magne-

sium; ThermoFisher) supplemented with collagenase VIII (0.2mg/mL; Sigma) and DNAse I (2U/mL; Roche) and incubated at 37�C
for 30 minutes. Brain samples were then filtered through a 100 mm mesh and centrifuged. Livers and spleens were homogenized

in PBS supplemented with DNAse I (2U/mL; Roche). Brain samples were resuspended in 30% isotonic Percoll (Sigma), whereas liver

samples were resuspended in 35% isotonic Percoll. After centrifugation at 1360g for 20 minutes at room temperature, cell pellets

were harvested and red blood cells were lysed. Bonemarrow cells were isolated from femurs and tibiae by flushing with a 27G needle

using RPMI (ThermoFisher) and homogenized by repeated pippeting. Spleen and bone marrow cell suspensions were centrifuged

and analyzed before (erythroblasts) or following (leukocytes) red blood cells lysis. Total cell numbers were assessed in an Accuri�
C6 Plus analyzer (BD Biosciences), by acquiring a pre-established volume of each cell suspension.

Flow cytometry
Leukocytes, circulating reticulocytes and erythroblasts were immunophenotyped by labeling with monoclonal antibodies specific

for CD3 (145-2C11), CD4 (GK1.5 or RM4-5), CD8 (53-6.7), CD11b (M1/70), TCRd (GL3), Vg1 (2.11), CD44 (IM7), CD45 (30-F11),

CD71 (RI7217) (all Biolegend), Vg4 (UC3-10A6) and Ter119 (TER-119) (eBioscience). Fc receptors were blocked using a monoclonal

antibody specific for CD16/CD32 (93; eBioscience). Dead cells were excluded using a live/dead fixable dye (ThermoFisher). Produc-

tion of cytokines was evaluated directly (IFN-g production in gd T cells isolated fromGreat transgenicmice) or following re-stimulation

of isolated leukocytes by phorbol 12-myristate 13-acetate (PMA) (50ng/mL; Sigma) and ionomycin (500ng/mL; Calbiochem) for 4

hours at 37�C in the presence of brefeldin A (10mg/mL; Calbiochem). Cells were then surface labeled with antibodies and fixed

with 2% paraformaldehyde. Intracellular staining was performed using monoclonal antibodies specific for IFN-g (XMG1.2), IL-17

(TC11-18H10.1) or granzyme B (QA16A02) (all Biolegend) after cell permeabilization using saponin (5mg/mL; Sigma). Cells were

analyzed on a Fortessa analyzer (BD Biosciences) using FlowJo-V10.7.1 software (Tree Star Inc.).

In vivo aCD24 antibody administration
Mice received 100mg of aCD24 mouse monoclonal antibody (M1/69; BioXCell) or isotype control IgG2b antibody (LTF-2; BioXCell)

diluted in saline via intraperitoneal route, 4 hours after spz administration (natural and LS+BSlow infections) or 2 days prior to

transfusion of iRBCs (BSlow infection).

Adoptive transfer of cells
CD71+ reticulocyte-enriched full blood was obtained from donor mice receiving three daily intraperitoneal injections of phenylhydra-

zyne (40 mg/kg of body weight; Sigma) diluted in PBS, 6 days after the first injection. RBC donor mice were injected with an

equivalent volume of PBS in the same schedule. Recipient mice received 2x108 CD71+ reticulocytes in 200mL of PBS from days 5

to 9 p.i. (LS+BSlow infections) or fromdays 7 to 11 p.i. (live spz infections) via retro-orbital route. Control recipients received equivalent

amounts of RBC on the same schedule, using the same volume and administration route.

Real time bioluminescence imaging
Ex vivo spleen functional luciferase activity in gd T cells was determined at the indicated time points after infection using an IVIS

Lumina imaging system (PerkinElmer) and Living Image 3.0 software (PerkinElmer). Following light isofluorane anesthesia, mice

received 200 mL D-luciferin (10mg/mL; PerkinElmer) dissolved in PBS via subcutaneous injection. After 9 minutes, animals were

sacrificed, spleens were removed and bioluminescence images were acquired with a 12.5 cm field of view (FOV), medium binning

factor, and an exposure time of 4 minutes. Quantitative analysis of bioluminescence was performed by measuring the luminescence

signal radiance using the Living Image 3.0 software.

Splenectomy
Following anaesthesia (isoflurane 2-3%), mice received buprenorphine (1,5ug/ml) for pre-emptive analgesia and were prepared for

surgery by shaving and desinfection of the dorsal left toracolumbar region. An incision wasmade left of the spine to open the skin and

the abdominal cavity. The spleen was exposed, the splenic vessels isolated with an hemostat and cauterized. Vessels were cutted

distal to the cauterized section and the spleen was removed. The abdomen and the skin were closed with sutures and surgical glue

(3M Vetbond). Mice are monitored for pain and allowed to recover for one week before infection.

RNA isolation and quantitative reverse-transcriptase PCR
Total RNA was extracted from CNS tissue at the indicated time points after infection using PureZOL� RNA Isolation Reagent

(Bio Rad) and NZY Total RNA Isolation kit (NZYtech) according to the manufacturer’s instructions, and quantified in a Nanodrop

1000 (Thermo Scientific). Primer/probe sets specific for P. berghei 18s gene (50 primer: AGGGAGCCTGAGAAATAG; 30 primer:

GTCACTACCTCTCTTATTTAGAA; probe: 6-FAM-ACCACATCTAAGGAAGGCAGCA-BHQ1) and Mus musculus hypoxanthine-gua-

nine phosphoribosyltransferase gene (Hprt) (50 primer: GAACCAGGTTATGACCTA; 30 primer: TCTCCTTCATGACATCTC; probe:

6-FAM-TTCAGTCCTGTCCATAATCAGTCCAT-BHQ1) were used. 100ng of total mRNA was used for tandem cDNA synthesis and

amplification in an RT-PCR 7500 Fast cycler (Applied Biosystems) with One-step NZYSpeedy RT-qPCR Probe kit (NZYtech). The
e5 Immunity 56, 592–605.e1–e8, March 14, 2023
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protocol consisted of 1 cycle at 50�C for 20 minutes, 1 cycle at 95�C for 5 minutes followed by 40 cycles of 95�C for 5 seconds and

60�C for 1minute. The parameter threshold cycle (Ct), corresponding to the point at which each amplification curve crosses the back-

ground level, was used to quantify the relative expression of P. berghei 18s gene with the comparative DCt method. Hprt served as

the normalizing reference gene.

Within-host model
Parasite growth

Blood stage parasites (B) grow exponentially at rate rP, with a logistic constraint governed by the carrying capacity KB, which reflects

a finite supply of red blood cells. Liver parasites (L) can suppress the proliferation of blood stage parasites through an independent,

phenomenological mechanism (e.g. representing partially protective immunity or parasite competition) by reducing the carrying

capacity for the blood stage parasites. Liver stage parasites can replicate exponentially at rate rL, but this is inhibited by high blood

stage densities. Liver stage parasites transition to blood stage parasites at rate tr. Both stages have a natural mortality rate mi.

dL

dt
= rLLe

� aLB � trL � mLL (Equation 1)
dB

dt
= rPB

�
1 �

�
B

KBe� aBL +B

��
+ trL � mPP (Equation 2)

gd T cell dynamics

In the absence of liver stage parasites, gd T cells are not appreciably activated. However, in the presence of liver stage parasites, both

gd17 (T17) - and gdIFN (TN) cells replicate in a liver stage density-dependent manner, as governed by a Hill function. KL is the density

of liver stages in which replication rates are half-maximum, and nL is the coefficient that governs the steepness of the activation slope

with respect to liver density. gd T cell autoactivation and parasite density-dependent replication were structured similarly to the Th cell

polarization model first presented in Yates et al.63 Both gd T cell types undergo auto-activation according to positive feedbacks from

their own densities at rate rTi and have some maximum carrying capacity KT. gd T cell replication also receives feedback from blood

parasite densities according to another Hill function, where KrB is the density at which the replication rate si is half-max. Each gd T cell

subtype can inhibit the other according to an exponential decay parameter ui. Finally, gd T cells die at rate mT.

dT17
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Sequestration and ECM-associated damage

Sequestration of erythrocytes (S) to the endothelium contributes to the onset of ECM, and occurs at rate gB in a blood parasite den-

sity-dependent manner. The maximal rate of BS-dependent sequestration is modified by overall gd T cell density (half-max is rep-

resented by KS). TN cells aggrevate sequestration at rate gN, while T17 cells dampen sequestration at rate ε (e.g., through the stim-

ulation of new reticulocytes). Sequestered erythrocytes have a background clearance rate of mC. Sequestration-induced damage (D),

representing ECM, accumulates at rate b, with KD representing the sequestration levels that produce half-maximum damage rates.

Damage can be repaired by the host at rate mD.

dS

dt
= gBB
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1+
�
T17 +TN
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�nS
!

+ gNTN � εT17 � mCS (Equation 5)
dD

dt
= b

�
1

1+ e� aS+KD

�
� mDD (Equation 6)
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Parameters and assumptions

All simulations were run using the ode45 solver in MATLAB (R2016a). The model was first parameterized (Extended Data

Table S1) to recapitulate empirical parasite and ECM dynamics in the absence of liver stages (e.g. Figure 1B). Then, the model

was parameterized to produce differences in empirically-derived gd T cell proliferation patterns (e.g. Figures 2F and S2E) ac-

cording to blood stage and liver stage parasite density, respectively. There are some significant asymmetries in these param-

eters. Most notably, gd17 T cells proliferate slightly more rapidly than gdIFN T cells in the presence of the liver stage parasites

(parameter rti), but gdIFN T cells proliferate more rapidly in the presence of blood stage parasites (si), as suggested by our

experimental data. gd T cell proliferation rates and hill coefficients are based on values used in Yates et al.63 In addition,

the model suggests that to achieve the empirically observed mortality effects, gd T cell-dependent processes override the

source of BS-dependent pathology that predominates in the absence of liver stage (i.e. nS is high), as might be expected

under a scenario where gd T cells have hierarchical priority in coordinating responses over innate immune responses to blood

stage. Currently, to reflect experimental conditions, there is no transition of liver stages to blood stages (tr = 0), but this

parameter could be modified in the future to model natural sporozoite infection. The model is reasonably sensitive to hill func-

tion coefficients; these are kept constant in the different simulations.

Modelling the influence of transmission frequency on gd T cell dynamics
While an increase in gd17 activity may contribute to clinical tolerance of malaria infection in frequently exposed individuals, themech-

anisms that regulate this activity are unclear. Previous studies have noted an upregulation of inhibitory checkpoint molecules such as

Tim-3 in the Vg9Vg2 T cells of frequently exposed individuals.37 Thus, it is possible that over the long term, frequent exposure leads to

exhaustion or depletion of these subsets, or possibly a phenotypic shift away from pro-inflammatory IFN-g production toward amore

NK-cell-like ADCC role, as suggested by the upregulation of CD16 in gd T cells of frequently exposed children.36 However, the func-

tional contribution of potential exhaustion mechanisms to clinical immunity, and the rate of decline over exposure frequency, has not

been directly tested.

Could the gd17-dependent active regulation of gdIFN and promotion of tolerance explain the pattern of a reduction in severe ma-

laria with increasing exposure frequency, whether or not gd T cells actually become exhausted or otherwise dysfunctional? To test

this question, we built a discrete time model of gd T cell boosting and interaction among the IFN-g- and IL-17-producing subsets.

Each time step represents a 2-week period, and we monitored hosts over time for 36 months, similar to timescales in Jagannathan

et al.35,37 and Farrington et al.36 Hosts could become re-exposed to infection at a frequency of once per year to once per month,

roughly reflecting the range of transmission frequency for different human populations (e.g. Farrington et al.36). To keep the model

as simple as possible, we assume that the associated probability of developing severe malaria is likely to decrease as gd17 T cell

levels increase, and thus we recorded these levels (scaled between 0 and 1) as the primary output from the model. We assume

that gd T cell levels (both IFN-g- and IL-17-producing, with each subset indexed in i) decay over time at rate bi, with longer periods

between infections leading to more cell decay. These decay rates can be symmetrical or asymmetrical among gd T cell subtypes,

although we assume symmetrical (default b = 0.05).

Each infection event can potentially stimulate the proliferation of both subsets of gd T cells in a sporozoite-density-dependent

manner (represented by f(spz), below) as suggested by our mouse data, although we simplify our initial investigations by assuming

a constant dose of 200 spz per infection event. To reflect the different hypotheses concerning the waning of functional gdT responses

with exposure frequency, we allow for two distinct but not mutually exclusive possibilities:

a) Frequent re-boosting of gd T cells by exposure events leads to the accumulation of exhaustion markers (coefficient ci, scaled

between 0 and 1) on each cell subtype, and this accumulation (at a magnitude of wi, with default w = 0.05 per infection event)

can be symmetrical or asymmetrical among subtypes, although we assume symmetrical here. The cells can clear these

markers at rate ki, such that more time between infection events allows for revival. We allow cells to be very good at clearing

these markers (ki = 0.04) or struggle to clear them, and remain susceptible to exhaustion (ki = 0.005). The maximum rate of cell

proliferation upon new infection (ri) is dampened in proportion to the accumulation of exhaustion markers (effective r = ri*(1-ci)).

Thus, increasing infection frequency could lead to gd T cell exhaustion and the inability of these cells to produce inflammation.

b) Each gd T cell subtype inhibits the proliferation and/or effective function of the other subtype, as first represented in the within-

host model, with efficiency yi. Here, we have simplified this negative inhibition to an exponential decay term as befits the

discrete-time dynamics. These negative feedbacks prevent either gd T subtype from proliferating to maximum levels as

long as yIFN = y17 and yi is not a trivial number. At yi = 1, the subtypes inefficiently inhibit each other, and as yi increases to

2 or 3 they become more efficient. Here, we assume that yi is either i) symmetrical among subtypes, or ii) that gd17 are

more efficient at inhibiting the effects of gdIFN than vice versa (yIFN = 2, y17 =3), as suggested by the dynamics of the

within-host model.

Thus, the dynamics of the system over repeated infection events (v) can be represented by Equations 7 and 8, where each subtype i

increases in a sporozoite-dependent manner unless inhibited by exhaustion (c) and/or each other (y), and both cell decay (b) and the

clearance of exhaustion markers (k) is dependent on time (t) between exposure events:

Tiðv +1Þ = ðTiðvÞ � bi

�
t
�
TiðvÞ

�
+ fðspzÞð1 � ciÞe� yi�Tx (Equation 7)
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ciðv+ 1Þ = ciðvÞ +wiciðvÞ � ciðvÞkiðtÞ (Equation 8)

Default parameter values are presented in Extended Data Table S2. There is little experimental data with which to precisely esti-

mate key values or functional forms of model parameters like Vg9Vd2 T cells decay, the relationship between exhaustion marker

quantity and proliferation rates, or inhibition dynamics. Moreover, many variables are scaled between 0 and 1 for simplicity and trac-

tability. Therefore, we caution against quantitative clinical interpretations of model results or even interpretation of the precise func-

tional form (e.g. linear, concave) of model predictions, particularly with regard to human data, and instead aim here to compare broad

qualitative results in our different scenarios.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistically significant differences between two different groups were determined using Log-rank (Mantel-Cox) test, non-parametric

two-tailed Mann-Whitney test or Unpaired two-tailed t-test, as indicated. All the tests were carried out in GraphPad Prism except for

those performed for parasitemia. The up-slopes of the growth of blood stage parasites over the first week, i.e., the period of ECM

establishment, (for comparisons of parasitemia) or the down-slopes for loss of reticulocytes (from day 4 to minimum level) were

analyzed using linear mixed-effects models. In this approach, we use all the measurements available for each mouse, using mouse

ID as the grouping (or random) factor to account for the repeated measurements made in each animal. We tested the effect of the

experimental condition (e.g., dose of BS infection) by analyzing the interactions of the slope of growth over time post infectionwith the

experimental condition. We report these differences. Assumptions and appropriateness of the fitted models and the distribution of

residuals were checked by visual inspection of fitting and residual plots. The bestmodel for the data was chosen using a log likelihood

test, which accounts for different numbers of parameters. For these analyses we used the lme function of the NLME package of R

(http://cran.r-project.org/). Biological replicates (n) refers to the number of mice, pooled from experiments performed independently

(ind. exp.), as indicated in the figure legends. Sample sizes on mice experiments were chosen on the basis of historical data. No sta-

tistical methods were used to predetermine sample size.
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