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Clinical immunity against Plasmodium falciparum infection develops in resi-
dents of malaria endemic regions, manifesting in reduced clinical symptoms
during infection and in protection against severe disease but the mechanisms
are not fully understood. Here, we compare the cellular and humoral immune
response of clinically immune (0-1 episode over 18 months) and susceptible (at
least 3 episodes) during a mild episode of Pf malaria infection in a malaria
endemic region of Malawi, by analysing peripheral blood samples using high
dimensional mass cytometry (CyTOF), spectral flow cytometry and single-cell
transcriptomic analyses. In the clinically immune, we find increased propor-
tions of circulating follicular helper T cells and classical monocytes, while the
humoral immune response shows characteristic age-related differences in the
protected. Presence of memory CD4" T cell clones with a strong cytolytic
ZEB2" T helper 1 effector signature, sharing identical T cell receptor clonotypes
and recognizing the Pf-derived circumsporozoite protein (CSP) antigen are
found in the blood of the Pf-infected participants gaining protection. More-
over, in clinically protected participants, ZEB2" memory CD4" T cells express
lower level of inhibitory and chemotactic receptors. We thus propose that
clonally expanded ZEB2" CSP-specific cytolytic memory CD4" Thl cells may
contribute to clinical immunity against the sporozoite and liver-stage Pf
malaria.

Plasmodium falciparum (P. falciparum, Pf) infection remains highly
prevalent with an estimated 241 million cases of malaria worldwide and
an estimated 627,000 deaths in 2019". Malaria infection is also asso-
ciated with significant morbidity including decreased cognitive
function and anemia in school-aged children®*. The P. falciparum
parasite evades host immunity by preventing optimal T and B cell
responses, and by subverting effective vaccination through a variety
of mechanisms®’. These include generating immense antigenic

diversity, also through distinct stages of development®, promoting
inflammation®™, and inducing multiple immune suppressive
mechanisms™®. Nevertheless, residents of highly malaria-endemic
regions with high transmission develop clinical immunity, a host state
that protects them from severe illness and death despite infection.
Patients with clinical immunity have mild to no clinical symptoms and
have low parasite burdens that are often submicroscopic during
infection'”", Protection from severe disease and the lack of symptoms
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during infection appears to be long lasting if residents remain in
endemic regions?®?.. The only WHO-recommended malaria vaccine,
RTS,S/AS01, modestly reduces the number of clinical malaria episodes
by 46% and severe malaria by 36%*. In addition, the efficacy of RTS,S/
ASO1 wanes over time, with only 2.5% efficacy four years after vacci-
nation, with some vaccines having a rebound in the number of clinical
malaria episodes during the fifth year?*. Thus, a more effective and
long-lasting vaccine is still needed. Studies of naturally acquired clin-
ical immunity may shed light on protective immune mechanisms that
could be leveraged in the development of a more effective vaccine.
How natural protection is achieved remains poorly understood and
could serve as a stepping stone to uncover immune mechanisms
relevant to host immunity against P. falciparum.

Both innate and adaptive responses have been associated with
host protection against P. falciparum infection and clinical disease, and
long-term immunological memory relies on parasite-specific CD4" T,
CD8' T, and B lymphocytes. In individuals vaccinated with irradiated
sporozoites and subsequently challenged with homologous spor-
ozoite parasites in human and animal studies, polyfunctional memory
CD8" and possibly CD4" T cells help mediate robust liver stage
protection®™, The liver stage of infection represents a Pf parasite
population bottleneck, where there is limited parasite genetic varia-
tion, and effective protection could be achieved. It is known that IFNy
and cytolysis of infected hepatocytes are involved, however, the exact
effector mechanisms that are needed and the sequences of events
leading to host protection are still being debated. Whether any of these
mechanisms are implicated in naturally acquired immunity also
remains to be determined.

Once merozoites are released from the liver to the blood cir-
culation, which occurs within -7 days in humans, parasite-specific
antibodies (Ab), most notably IgG**"* but also IgM***¥’, represent
essential mediators of naturally acquired immunity. The production
of parasite-specific protective Ab is a lengthy and complex process
that may take years of endemic exposure to malaria, likely as a result
of multiple negative regulatory mechanisms®. Serum Ab from
clinically protected patients react against a higher number of
parasite antigens (Ag) and have increased titers compared to sera
from susceptible individuals®**°, but which parasite Ag need to be
targeted and whether specific functional features of targeting Ab
are necessary to achieve clinical immunity is still unknown. Parasite-
specific CD4" T cells, especially follicular helper CD4* T (Tgy) cells,
are required to produce protective Ab by parasite-specific B cells.
However, the development of a CD4" Tgy cell response that pro-
motes effective and long-lasting parasite-specific protective Ab
results from multiple competing mechanisms orchestrating CD4" T
cell differentiation during infection. Malaria infections, both in
humans and in mouse models, drive robust T helper 1 (Tyl)
responses as a result of a highly inflammatory environment, in
which CD4' T cells upregulate the Tyl master transcriptional reg-
ulator T-bet, produce IFNy, and have cytolytic potential*®*, all of
which contribute to protective antimalarial responses®. These
T cells also express high levels of cell-surface CXCR3 and have poor
Tey cell functional characteristics”***. However, as the inflamma-
tory response decreases in individuals developing naturally
acquired immunity, less Tyl polarized CD4" T cells develop and
differentiate into CXCR5'PD-1"'CXCR3 CD4" T cells which exhibit the
functional phenotype of Tgy cells and the ability to provide strong
help to parasite-specific B cells. Highly differentiated IFNy" CD4"
T cells can also co-secrete the immunoregulatory cytokine IL-10,
dampening the immunopathology associated with the excessive
inflammatory responses driven by the parasite during acute
infection'®***’, Thus, CD4" Ty cells are essential for effective pro-
tection against malaria, yet exactly how these subsets are related to
each other during malaria infection, how they develop during
acquisition of natural immunity and contribute to protection, is not

clear. The functional features that these cells need to acquire to
provide an effective host antimalarial response are mostly
unknown.

In the current work, we undertake a comprehensive, unbiased
systems immunology approach to define humoral and cellular immune
signatures during symptomatic P. falciparum infection in residents of a
high transmission malaria endemic area in Malawi. Participants are
classified as clinically susceptible or clinically immune based on the
number of clinical malaria episodes per participant over an 18-month
longitudinal study. Using these clinical classifications, we then char-
acterize their P. falciparum-specific Ab response and conduct high
dimensional cytometry by time of flight (CyTOF) and spectral flow
cytometry phenotyping and single-cell transcriptomic analysis of their
memory CD4" T cells to identify signatures associated with clinical
immunity against malaria. Our results show that older participants with
clinical immunity have greater parasite-specific Ab breadth, titers and
merozoite opsonization capacity compared to younger protected and
susceptible participants. Importantly, we reveal in malaria-infected
participants the existence of a population of clonally expanded
memory CD4' T cells that share identical TCR clonotypes and express a
robust cytolytic signature and the ZEB2 master regulator of terminally
differentiated effector cells. ZEB2" memory CD4" T cells react to the
pre-erythrocytic stage circumsporozoite (CSP) P. falciparum-derived
Ag and could play a key role in clinical immunity.

Results

Longitudinal study of P. falciparum infected patients in Chik-
wawa District, Malawi

To identify immune signatures associated with clinical immunity
against malaria, we conducted an 18-month longitudinal study of
pediatric and adult patients residing in a rural region of southern
Malawi in the Chikwawa District. This is a P. falciparum malaria ende-
mic area with an inoculation rate of 183 infective bites/person per year,
with year-round and high transmission and where older age is asso-
ciated with clinical immunity*®, We enrolled children, adolescents and
adults, and over-sampled younger participants to provide a sufficient
number of participants who displayed variation in clinical immunity.
One hundred and twenty patients, who were otherwise healthy with no
chronic conditions were enrolled during an episode of symptomatic,
mild malaria infection, which was confirmed by microscopy of the
blood smear. Participants were then evaluated monthly and at interim
study clinic visits during illness to monitor for malaria infection, record
temperature and collect blood samples over the course of the study.
Clinical reinfection was defined as symptoms consistent with malaria
and >2500 parasites/ul of blood seen on microscopy. Ninety-seven
participants completed the study at 18 months of follow up (Fig. 1A and
Supplementary Fig. 1A). Two protected participants had sickle cell trait
and were excluded from further analysis as sickle cell confers a unique
protective mechanism against malaria infection®’.

Selection of participants who vary in clinical immunity for in
depth immune analyses

The age at which clinical immunity develops within a population is
based on transmission intensity and other local population level
effects and thus needs to be defined in each malaria endemic
region®>”", To classify Chikwawa participants as either susceptible or
clinically immune we enumerated the number of recurrent clinical
malaria episodes over the 18-month longitudinal study. An infection
was counted if the malaria genotype determined by sequence analysis
was distinct from the prior infection or occurred at least two weeks
after a prior infection in each participant. We then defined clinically
susceptible participants as those with the greatest number of clinical
reinfections (upper tertile, >3) and protected ones as those with the
lowest number of clinical reinfections (lower tertile, <1) (Fig. 1B). As
expected clinically susceptible participants were younger in age

Nature Communications | (2023)14:7726



Article

https://doi.org/10.1038/s41467-023-43376-y

A 18 Month Longitudinal Study
N=120 Monthly clinic visits > N=97
Enroll participants with mild malaria Ty map— Complete Study
B C @ Susceptible
O Protected
» 124 42 5, 20
8 e —_ * "‘O: Kkkk P
510 e X
= o o — 515/ Y
® 8 O g 3 =
= ‘ L upper tertile g 2 =
= & s g 101
S g 2 T
[S) % ‘« %
@ — = o £ 5
Qo ©
E o
2 } lower tertile ol 0l
D w 127 2=-.0.242 @ Susceptible, <13 yr
- ® < @ Protected, <13 yr
2 10- F<0.0001 e Protected, 213 yr
8 o O Sample not analyzed
N
c
I
©
2
£
©
©
@
Ko}
£
=
c
age (year)
-@®- Parasitemia
@ Temperature
+ PCR positive
3 | Susceptible, <13 yr | Protected, <13 yr | | Protected, 213 yr |
26 + + ++ ++ + ++ ++ + ++40 _
S5 ® o
8 39 T
3 (0]
O 4] =
o) A 38 2
= 37 3
:§ 2 2 *D . “e- g‘
8 1 I op 6 2
39! 4 35
0 3 6 9 1 15 180 3 6 9 12 15 180 3 6 9 12 15 18
Study visit month

Fig. 1| Identification of participants with varied clinical immunity against
malaria in a longitudinal study of an endemic region in Malawi. A Overview of
the 18-month longitudinal study of mild malaria participants with total enrollment
number, clinical visits, and retention number at the end of the study. B Number of
clinical reinfection episodes (symptoms, >2500 parasites/ul blood, with a prior
episode at least 2 weeks apart) of each participant that completed the study. Upper
tertile (67%) (=3 clinical reinfections, susceptible, n = 33) and lower tertile (33%) (<1
clinical reinfection, protected, n = 41) of participants are indicated. C Clinical
parameters of temperature (°C), hematocrit (g/dL) and parasitemia (parasites/ul
blood) of each protected (<1 clinical reinfection, protected, n = 41) and susceptible
participants (=3 clinical reinfections, susceptible, n = 33) at the enrollment visit.

D Number of total clinical reinfection episodes (y-axis, >2500 parasites/ul blood, at
least 2 weeks apart) and participants’ age at time of enrollment (x-axis). Data was
stratified by age, with susceptible participants (<13 yr, >3 clinical reinfections),
protected participants (<13 yr, <1 clinical reinfection) and protected participants
(=13 yr, <1 clinical reinfection) are indicated. Pearson correlation coefficient and
statistical significance are indicated. E Parasitemia (left axis), temperature (°C, right
axis) and Pf PCR status indicated for each clinical visit of one representative sus-
ceptible, one protected age-matched and one protected adult participants over the
18-month longitudinal study. Dotted line is at 37.5 °C. Statistics: Two-sided Stu-
dent’s t test was conducted between indicated groups, *p < 0.05, **p < 0.01,

***p < 0.001, ***p < 0.0001. Data are presented as means + SEM (C).
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compared to protected individuals (Supplementary Fig. 1B). They had
higher body temperature, greater blood parasite loads and lower
hematocrits than the protected participants at the enrollment malaria
episode (Fig. 1C). To determine if the greater number of clinical
infections in younger participants compared to protected individuals
was not due to higher exposure to malaria, we measured the total
number of afebrile (temperature <37.5 °C), low blood parasite load
(<2500 parasites/ul) and asymptomatic reinfections and the number of
microscopy negative/PCR positive reinfections over the course of the
study and found no differences between the groups in either scenario
(Supplementary Fig. 1C). This suggested that the age-related differ-
ences in the number of clinical reinfections was not simply secondary
to differences in P. falciparum infections, and thus likely related to
immune status.

To conduct a subanalysis of the immune response among age-
matched participants defined by their clinical immunity status, we age-
stratified the clinically protected participants (lower tertile, <1, Fig. 1B)
into two groups, e.g., younger than 13 years or 13 years or older
(Supplementary Fig. 1D). In the less than 13 years of age group more
males were found in the protected compared to the susceptible group
(upper tertile, >3, Fig. 1B). Within these groups, we selected a set of
participants for further analyses (filled symbols, Fig. 1D). Plots of
representative individuals for all three groups reporting all infections
(including microscopic and submicroscopic/PCR"), parasitemia and
temperature over 18 months of follow up are provided (Fig. 1E and
Supplementary Fig. 1E). In summary, we established a well-
characterized cohort residing in a high transmission P. falciparum
endemic area that demonstrated variation in clinical immunity. This
enabled us to carry on deeper analyses including in depth immuno-
phenotyping of their peripheral blood mononuclear cells (PBMC),
analysis of their plasma Ab and single-cell transcriptomic to investigate
host immune mechanisms associated with protection against symp-
tomatic re-infections.

P. falciparum-specific humoral responses in malaria immune
compared to clinically susceptible participants

Ab recognizing malaria Ag play an important role against disease
and are associated with clinical immunity*°>2*%5>% To examine the
link between anti-malarial Ab responses and clinical immunity we
characterized the Ab response from participants’ enrollment
plasma samples during clinical malaria using a P. falciparum protein
array displaying -1130 predicted and known P. falciparum
proteins®~** (Fig. 2 and Supplementary Fig. 2). Among all partici-
pants combined, plasma IgG Ab reactivity was found against a total
of 372 P. falciparum Ag represented in a heatmap (Supplementary
Fig. 2A and Supplementary Data 1). Overall, plasma anti-malarial IgG
Ab from the older protected group reacted to a significantly higher
number of Pf Ag (-177 antigens) compared to the susceptible group
(-125) (Fig. 2A, upper graph). There were a greater number of IgG Ab
reactive to Pf-Ag in the young protected compared to susceptible
(160 vs 120), but this did not reach statistical significance. Further,
plasma IgG Ab levels against individual P. falciparum-Ag were sig-
nificantly higher in older protected plasma (-2) compared to that
from susceptible (-0.7) and young protected participants (-0.95)
(Fig. 2A, lower graph). There were higher P. falciparum-Ag 1gG Ab
levels in young protected compared to susceptible, but this was not
statistically significant.

Of note, many of the P. falciparum-Ag reactive IgG Ab (n = 102)
were detected in all groups but they exhibited significant differences in
titers (Supplementary Fig. 2B and Supplementary Data 2). Among the
372 Pf reactive Ag a significantly higher IgG reactivity was measured
against 45 Pf Ag in all protected compared to susceptible participant
plasma which included 16 Pf surface proteins, 24 non-surface proteins
and 8 unknown proteins (Fig. 2B and Supplementary Data 3). One of
the most differentially abundant Ab reactivities was against the liver

stage antigen 3 (LSA-3), which is expressed during the liver stage and
the asexual stage®®’. Unlike other Ags, LSA-3 is highly conserved and
immunization with LSA-3 induces protection in primates against het-
erologous strain challenges®®. Ab against the merozoite stage (MSP1,
MSP4, MSP10, MSA180, and Duffy binding like merozoite surface
protein®®) were greater in older protected individuals compared to
susceptible participants (Fig. 2B and Supplementary Data 3).

To determine if there were also functional differences in anti-
merozoite Ab, we conducted a P. falciparum merozoite opsoniza-
tion assay. Pf 3D7 strain was grown in vitro under standard condi-
tions and merozoites were isolated and labeled with the YOYO-1
fluorescent dye to detect parasite nucleic acid by flow cytometry.
Fluorescently labeled merozoites were incubated with plasma for
1 h, washed and co-cultured with THP-1 cells for 10 min prior to
quantification of uptake by flow cytometry (Fig. 2C). Approximately
50% of THP-1 cells were YOYO-1" when co-cultured with merozoites
sensitized by preincubation with clinically immune participants
plasma of all ages. In comparison, only 35% of THP-1 cells stained
positive for YOYO-1 after co-culture with merozoites preincubated
with plasma from the susceptible group. The addition of control
plasma from malaria-unexposed US donors or no plasma, resulted
in 10% YOYO-1" staining of THP-1 cells. The P. falciparum merozoite
uptake was reduced in the presence of anti-Fc receptor blocking Ab,
indicating that plasma incubated Pf merozoites uptake involved Fc-
receptor (Supplementary Fig. 2C). Uptake of merozoites pre-
incubated with plasma from clinically immune participants was also
partially blocked by cytochalasin D, indicating a role for actin
polymerization. Overall, the older protected group’s plasma had a
greater number and abundance of antimalarial Ab exhibiting
greater opsonization capacity of merozoites compared to that of
the young susceptible group. The young protected Ab responses
and merozoite opsonization were greater than the young suscep-
tible; however, the differences were not statistically significant. The
overall trend of increased Ab responses with age is consistent with
prior reports showing breadth and intensity of Ab reactivity
increases with age in participants living in malaria endemic
regions®.

High-dimensional CyTOF analysis of immune cell populations

We next globally surveyed the immune cell populations occurring in
the peripheral blood of participants undergoing acute P. falciparum
malaria infection using a comprehensive immunophenotyping panel
of markers we developed for mass cytometry (CyTOF) analysis of all
major mononuclear myeloid and lymphoid cell lineages (Fig. 3,
Supplementary Fig. 3A and Supplementary Data 4). The panel inclu-
ded established cell-surface and intracellular markers to discriminate
effector and memory lymphocytes (CD45RA, CD27), and several
helper CD4" T cell functional subsets (FOXP3, CCR4, CCR6, PD-1,
CXCRS, CXCR3). Using this panel, we analyzed PBMCs from clinically
susceptible participants (n = 12) and the two clinically protected
aged-matched (<13 yr, n = 9) and adult groups (=13 yr, n = 10) (Fig. 1D
and Supplementary Fig. 1E). We processed the analysis of our high
dimensional mass cytometry data using both t-Distributed Stochastic
Neighbor Embedding (t-SNE) and flow Self-Organizing Map (Flow-
SOM) tools for unsupervised clustering, respectively allowing for
dimensionality reduction, and for the visualization of discrete cell
subsets and their relative proportions (Fig. 3A). The distribution of
cell populations differed between the groups, with the highest cell
subset diversity in the young protected group compared to the
susceptible group, and as quantified by the Shannon diversity and
equitability indexes, which measure how diverse and evenly dis-
tributed cell subsets in a population are. Further gating on known cell
populations confirmed the heterogeneity in the proportions of
immune cell subsets in the protected versus the susceptible groups
(Fig. 3B and Supplementary Fig. 3B, C). Specifically, among innate
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immune cell populations, we observed significantly higher fre-
quencies of classical monocytes (CD14'CD16™®) in both the young
and older protected groups (-22-27%) compared to the susceptible
group (-7%, factor of -3-4), consistent with prior observations™.
However, non-classical, patrolling monocytes (CD149™CD16%) were
significantly reduced in the young protected group (-2%, factor of ~4)
compared to the susceptible group (-8%). Frequencies of

+5

plasmacytoid dendritic cells (pDCs, CD123", -0.2%) and myeloid DCs
(CD11c', ~0.5%) were not significantly different across the groups.
Likewise, the proportion of total B (-4-9%), CD4" T (16-21%), CD8" T
(9-13%) and NK (-2%) lymphocytes did not significantly differ in all
groups. Upon sub-analysis of these lymphocyte subsets into naive
(CD45RA'CD27%), effector (CD45RA'CD27), and memory
(CD45RA'CD27) cells, there was an increased frequency of memory
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Fig. 2 | Monitoring of P. falciparum specific antibody responses in participants
during mild malaria illness. A Number of Pf antigens recognized by participant’s
plasma IgG (top) and abundance (bottom) of P. falciparum-reactive plasma IgG
antibodies (mean intensity) in plasma determined on Pf antigen array. The center
line of box plots denotes medians of data points and the box hinges correspond to
the 1st and 3rd quartiles, the whiskers of the box and whisker plot extend from the
box to the minimum and maximum observations within 1.5 times the IQR of the
lower and upper quartile, respectively. Two-sided Welch’s unpaired t-test was
conducted between indicated groups (susceptible, <13 yr (n = 36, pink), protected,
<13yr (n=11, orange) and protected, >13 yr (n=17, green) *p < 0.05, *p < 0.01, **p <
0.001. B Heatmap of normalized levels of IgG antibodies in individual participants
(columns) against 45 Pf antigens (rows) that are significantly higher in protected

versus susceptible groups (Two-sided Mann-Whitney test, p < 0.0001). C Pf mer-
ozoite opsonization assay with YOYO-1 labeled Pf merozoites incubated with
indicated participant’s plasma, washed and then co-cultured with THP-1 cells. FACS
plots of a representative sample within indicated groups, quantifying YOYO1"
THPI cells after the co-culture (left). Summary of %YOYO1" THPI cells (right) indi-
cating % Pf merozoite uptake when labeled merozoites were incubated with or
without indicated plasma (n = 3) from susceptible (n = 8, pink), protected < 13yr (n=
6, orange), protected >13 yr (n = 7, green) and co-cultured with THP1 cells. Two-
sided Welch’s unpaired ¢ test were conducted between indicated groups, *p < 0.05,
*p < 0.01, **p < 0.001. Pool of two independent experiments represented as
individual data and means + SEM (C).
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malaria-infected participants. A FlowSOM (top) and t-SNE (bottom) visualization
of live PBMCs of a representative sample within each indicated group based on
lineage markers expressed on cells and detected by mass cytometry (CyTOF).
Shannon Diversity Index for each group of patients (susceptible, <13 yr (n = 10,
pink), protected, <13 yr (n = 8, orange) and protected, > 13 yr (n = 10, green), with
individual symbol representing one patient. Overlaid immune cell populations on
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T cells among CD4* T but not CD8" T cells, in the older protected
group compared to the susceptible group, which is likely age-related
(-33 versus 20%, factor of ~1.6 fold, Fig. 4A, B)*°.

Interestingly, the proportion of circulating follicular helper CD4*
T (cTey) cells, but not of FOXP3 regulatory T (T,g) cells (-4-6%) among
CD4" T cells, was increased in both protected groups compared to the
susceptible counterpart (-8 versus 12-17%). Consistent with this
observation, we detected a significantly higher frequency of memory B
cells (CD19*CD27", factor of ~2-3) among both protected compared to
the susceptible group (21-31% versus 12%, Fig. 4C). We also quantified
increased proportions of immunoglobulin isotype class-switched B
cells (39 versus 21-24% of IgM’IgD™ B cells, factor of ~1.8) and reduced
frequency of non-switched B cells when comparing adult protected to
the two other groups (42 versus 55-58% of IgM*IgD" B cells, factor of
~1.3). Of note, similar frequencies of atypical memory B cells
(CD27°CD21"), which were reported to be expanded in malaria-infected
patients, were measured across all groups'®®*%, In summary, both
clinically protected groups undergoing an episode of mild P. falci-
parum malaria infection exhibited a significantly expanded population
of classical monocytes, CD4" cTgy and class-switched B cells compared
to the clinically susceptible group.

Single-cell transcriptomic analysis of circulating memory CD4*
T cells in protected participants

Since CD4" T cells are essential to the control of P. falciparum infec-
tions and the induction of long-term protective parasite-specific
humoral responses®’, we next sought to further characterize the
memory CD4" T cells present in the clinically protected adult group
during an episode of mild malaria, using single-cell transcriptomic and
T cell receptor (TCR) sequencing. Utilizing high-speed Fluorescence
Activated Cell Sorting with gating on live cells, memory CD4" T cells
(CD45RO" CD27* or CD27) and naive CD4" T cells (CD45RO'CD27%)
were purified from the PBMCs of three participants in the clinically
protected adult group (age 18, 25, 34 yrs, Supplementary Fig. 4A, B).
Whole transcriptome single-cell RNA sequencing was performed on
the sorted populations using the 10X Genomics platform. We inte-
grated the single cell transcript expression data from all three parti-
cipants and conducted dimensional reduction analysis to visualize
transcriptionally distinct cell subsets in a UMAP plot based on tran-
scriptional similarities between cells (Fig. 5A). This identified eight
transcriptionally distinct memory CD4" T cell subsets, found across the
three participants analyzed. The distribution of subsets within indivi-
dual participants was similar (Supplementary Fig. 4C). As a control, we
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examined naive CD4" T cells which exhibited a very different tran-
scriptional profile and, as expected, clustered with central memory
CD4" T cells visualized on the UMAP plots (Supplementary Fig. 4D and
Supplementary Data 5). None of the other, more differentiated clusters
of memory CD4" T cells overlapped with that of the naive.

Among clusters of memory CD4" T cells, clusters 1, 2, and 3,
showed a robust Ty1 expression profile (Fig. 5B, C). Cluster 1 compared
to 2 and 3, exhibited significantly higher levels of transcripts coding for
T-BET (TBX2I), the master Thl transcriptional regulator, and for ZEB2,
a key transcription factor (TF) that cooperates with T-BET to drive
terminal effector CD8" T cell differentiation®***. Moreover, cluster 1
expressed higher levels of transcripts coding for the TF RUNX3, which
epigenetically programs and enables the differentiation of long-lived
cytolytic memory T cells®>*°, We also noted upregulation in cluster 1 of
genes encoding multiple effector molecules including granzymes
(GZMB, GZMA, GZMK, GZMH), granulysin (GNLY), perforin (PRFI), IFNy,
as well as NKG7 which codes for a membrane protein that regulates
target cell killing®”. Clusters 2 and 3 selectively expressed transcripts
coding for granzyme K (GZMK) but not B (GZMB), compared to cluster
1. Other notable differences between cluster 2 and 3 were the abun-
dance of granzyme H, IFNy and perforin-encoding transcripts in clus-
ter 2 (Fig. 5B). While these 3 clusters have a clear Tyl cell signature,
they may represent distinct stages or paths of differentiation.

In addition, the single cell transcriptomic analysis identified a
subset of effector and regulatory T cells, likely Tg1 cells (cluster 4), with
migratory and proliferating capacities (CXCR6, KI67) that expressed
transcripts coding for inhibitory receptors (LAG-3, CTLA-4, ICOS,
TIGIT) and the cytokines IL-10 and IL-21, while also encoding mRNA of
TF that regulate terminal effector cell differentiation (ID2, IRF4)*¢4755%,
Another cluster (cluster 5) included T, cells that expressed increased
transcript levels of the TFs FOXP3 and IKZF2 (Helios), and inhibitory
receptors CTLA-4, ICOS, and TIGIT. Among the largest subsets
revealed by this analysis, we found gene expression signatures asso-
ciated with central memory cells (Tcy, cluster 6) and GATA-3" (possibly
Ty2 effector cells, cluster 7) with high levels of transcripts coding for
their associated transcription factors TCF7 and GATA-3, respectively.
Lastly, we report an abundant subset of memory CD4" T cells (cluster
8) that contained high levels of transcripts coding for the TF TCF7, the
chemokine receptor CCR6, the cytokine BAFF, and the IL-7 receptor,
consistent with a signature of circulating Tgy cells (CTgy)” %%,

Most expanded memory CD4" T cell clones expressing shared
TCR clonotypes have a cytolytic transcriptional signature
Concomitantly with the single cell transcriptomic analysis, we
sequenced the TCRa and TCRp variable chains expressed in each
memory CD4" T cell sorted from P. falciparum-infected protected
participant PBMC (Fig. 6 and Supplementary Fig. 5). With this
approach, we could determine if individual memory CD4" T cells
expressed exactly the same pair of TCRa and 3 chain sequences and
thus shared the same TCR clonotypes (Fig. 6A and Supplementary
Fig. 5A). Between -0.3% to 4.3% of memory CD4" T cells bear identical
TCR clonotypes in each participant, suggesting that each of these
expanded T cell clones are the progeny of the same original clone
proliferating in response to a specific Ag. These frequencies of
pathogen-specific CD4" T cells are consistent with those reported in
patients undergoing influenza infection’. Since the TCR sequencing
analysis was conducted on the memory CD4" T cells for which we ran
our transcriptomic analysis, we could link each expanded T cell clone
to its expression signature and the memory CD4" T cell clusters
defined in Fig. 5A (Fig. 6B). The large majority (-95%) of expanded T cell
clones sharing a same TCR clonotype across the three participants
belonged to cluster 1 -which expressed transcripts encoding a robust
cytolytic Tyl effector program (Fig. 6C). Most expanded clones
expressed high levels of transcripts coding for master transcription
factors governing effector T cell signatures and fates, namely ZEB2

(-60%), RUNX3 (-35%) and T-BET (-20%) (Supplementary Fig. 5B).
These cells also expressed transcripts coding for the cytolytic effector
proteins NKG7 (-100%), granulysin (GLNY, ~93%), granzymes (GZMH,
GZMA, -94%), granzyme B (GZMB, -70%) and perforin (PRFI, ~-80%).
Clusters 2 and 3 (Tyl, GMZK*, GZMB'GNLY’), and cluster 4 (Tgl)
respectively accounted for -2% of the expanded clones (Fig. 6C).

To further determine if expanded T cells expressing the same TCR
clonotypes were found in the multiple memory CD4" T cell clusters
defined in Fig. 5A, we next tracked the fate of each of them across the
various clusters (Fig. 6D). Several clones sharing the same TCR clo-
notype, belonged to various clusters (1and 2,1and 3,1and 4,1, 2 and 3,
2 and or 4, 1, 3 and 4), suggesting that an expanded clone can have
multiple Ty fates. To assess individual clone fates in the context of
T-cell differentiation, we defined single-cell trajectories using
Monocles”. Monocles models single-cell gene expression data as a
function of pseudotime to place a cell along the differentiation process
(Fig. 6E). Pseudotime is an arbitrary measure reflecting how far an
individual cell is in the differentiation process with respect to a pre-
defined cell of origin (roots). Here we used T¢y, as the root (cluster 6,
Fig. 5A) since these cells are reported to maintain the highest differ-
entiation potential among memory cells. Together with their indivi-
dual distribution among the relevant clusters (1 to 4, Fig. 6E), this
analysis suggested that the most highly differentiated memory CD4* T
cell subset (Tyl, cluster 1), where expanded clones accumulated, likely
derived from less differentiated states that included Tgl, Tyl cluster 2
or Tyl cluster 3. Taken together these results show that the great
majority of expanded memory CD4" T cell clones sharing identical TCR
clonotypes in clinically protected individuals during mild P. falciparum
malaria infection, were terminally differentiated and expressed a
robust cytolytic effector program.

To identify potentially unique biomarkers of the expanded clones,
we defined the clonotype transcriptional signatures and compared
their proportion among all memory CD4" T cell transcripts (Fig. 6F and
Supplementary Fig. 5C). Among the transcripts encoding for tran-
scription factors, ZEB2 was the most highly expressed in expanded
clones, and ~35% of the ZEB2-expressing memory CD4" T cells were
expanded clones. In addition, among the transcripts coding for cyto-
lytic effector molecules, GZMB expressing memory CD4" T cells con-
sisted of the largest proportion of expanded clones among memory
CD4" T cells (-60%). Both ZEB2- and GZMB-expressing memory CD4"
T cells contained a significantly higher proportion of expanded clones
compared to all memory CD4" T cells (factor of 7-12, Fig. 6G). These
results collectively suggested that a substantial proportion of memory
CD4" T cells that express ZEB2 and/or GZMB transcripts are clonally
expanded and presumably respond to P. falciparum Ag, raising the
possibility that expression of ZEB2 and perhaps granzyme B, may be
useful surrogate markers to identify malaria-specific memory CD4*
T cells that are clonally expanded.

ZEB2" memory CD4" T cells recognize the P. falciparum derived
circumsporozoite protein (CSP) antigen

Given the importance of TF in orchestrating T cell fates, we focused on
the ZEB2 TF and first confirmed that we could detect a population of
ZEB2" memory CD4" T cells in PBMC from malaria-infected patients by
flow cytometry (Fig. 7A). We used PBMC from clinically immune adult
participants from our cohort that were undergoing a malaria episode
(Supplementary Fig. 6A). Consistent with the proportion of expanded
clones among memory CD4" T cells in our single cell analysis (between
0.3 and 4.3%, Fig. 6A), ZEB2* memory CD4" T cells (~half of expanded
clones, Fig. 6G) represented between 0.5 and 10% of all memory CD4"
T cells. To next assess if ZEB2* memory CD4" T cells reacted to P. fal-
ciparum Ag, we conducted an in vitro Activation Induced Marker (AIM)
assay which monitors the upregulation of several cell surface activa-
tion markers (here CD25, 0X40 and 4-1BB) in response to given Ag’?,
allowing for the identification of cognate Ag-reactive T cells (Fig. 7B).
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Fig. 6 | Expanded memory CD4" T cell clones in malaria protected patients
exhibit a cytolytic gene expression signature. (A) Frequency of each expanded
memory CD4" T cell clone expressing an identical TCR clonotype among all
memory CD4" T cells in patient 1 (n=10, Orange), patient 2 (n=6, Green), patient 3
(n=9, Blue), as defined by single-cell TCR-seq. (B) Expanded memory CD4" T cell
clones (at least 10 cells sequenced with the exact same TCRa and TCRp chains) in
each of the 3 participants, highlighted on the concatenated UMAP visualization
shown in Fig. 5A. (C) Pie-chart of expanded memory CD4" T cell clone proportions
across distinct transcriptional clusters defined in Fig. SA and across the 3 protected

participants. (D) Distribution of individual clones with identical TCR clonotype
across memory CD4" T cell cluster 1, 2,3 and 4 (as defined in Fig. 5) and across the 3
protected participants. (E) Pseudotime analysis of the memory CD4" T cell subsets
of Fig. 5A. (F) Cumulative proportion of expanded memory CD4" T cell clones
expressing indicated gene-encoding transcripts across the 3 participants.

(G) Proportion of cells that express ZEB2 or (Granzyme B (GZMB) transcripts among
all memory CD4" T cells or only among expanded T cell clones (n=3). Pool of three
independent experiments represented as individual data and means + SEM (A, F, G).

We reasoned that PBMCs from participants in our study cohort con-
tained circulating monocytes, dendritic cells and P. falciparum-specific
B cells that could recognize and present P. falciparum Ag to the T cells.
We used major known P. falciparum Ag, namely the circumsporozoite-

derived protein (CSP), the merozoite-derived protein 1 (MSP-1), the
apical membrane antigen-1 (AMA-1) and the erythrocyte binding anti-
gen 175 (EBA-175), all of which against we detected IgG Ab reactivity in
patient sera (Supplementary Fig. 2A and Supplementary Data 1). ZEB2*
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Fig. 7 | ZEB2' memory CD4" T cells react to the P. falciparum-derived circum-
sporozoite protein 1 (CSP) antigen. A Gating strategy of ZEB2" memory CD4"

T cells on a representative protected malaria participant during illness. Frequency
of ZEB2" memory CD4" T cells across all study participants (n=23) and during a
malaria episode. B Experimental design of the AIM assay. Representative FACS dot
plots of CD25 and OX40 expression by ZEB2" memory CD4" T cells in i) Healthy
controls (HC) stimulated with control antigen (ctrl Ag) (n = 3,white) or all Pf Ag
(Circumsporozoite Protein (CSP), Merozoite Surface Protein-1 (MSP-1), Apical

Membrane Antigen 1 (AMA-1), Erythrocyte Binding Antigen 175 (EBA-175) (n =
4,brown) and in ii) Malaria Patients (MP) stimulated with ctrl Ag (n = 6,white), all Pf
Ag (n =12, brown) or PfCSP (n = 5, red). C Cell-surface expression of indicated
markers by ZEB* versus ZEB2"¢ memory CD4" T cells across participants (n = 23)
using spectral flow cytometry. Each symbol is one participant. P-values were cal-
culated using two-sided unpaired Student’s ¢ tests. Pool of 3 independent experi-
ments represented as individual data and means + SEM (A-C).
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memory CD4" T cells from malaria-patients responded to a mixture of
the four P. falciparum Ag and CSP alone (-35% CD25'0X40°, ~16%
CD25°4-1BB*) while control Ag (i.e., the Exo protein A (EPA) and the P.
pastoris (Pp) Pfs25M) stimulation failed to induce any significant
upregulation of these activation marker (Fig. 7B and Supplementary
Fig. 6B). In addition, P. falciparum or control Ag-stimulated ZEB2*
memory CD4" T cells from healthy US participants also failed to exhibit
any significant Ag-specific activation. Of note, ZEB2"® memory CD4"
T cells from malaria-infected patients also contained P. falciparum-Ag
reactive T cells, although in lower proportion among the memory CD4*
T cells (-15%, Supplementary Fig. 6C), confirming that ZEB2* memory
cells were enriched in P. falciparum-specific memory CD4" T cells
compared to non-ZEB2" counterparts.

Further phenotyping of ZEB2* versus ZEB2"¢ memory CD4" T cells
using high dimensional spectral flow cytometry and markers chosen
from our single cell analysis (Supplementary Fig. 6D and Supplemen-
tary Data 4), revealed that while ZEB2* memory CD4" T cells were
largely effector memory T (Tgy) cells (CD62L'°CX3CR1°CD127"), they
contained a significantly higher proportion of CD62L*CX3CR1'CD127*
cells compared to ZEB2"® counterparts. A significant higher propor-
tion of them also expressed CD39 which is associated with Ag-
experienced T cells. Compared to the ZEB2"# cells, we also noted
higher expression of the co-inhibitory receptors PD-1, LAG-3, and TIGIT
as well as of the CCR6 and CXCR3 chemokine receptors involved in cell
recruitment to inflammatory tissue sites. While trending higher, cell
surface expression of CXCRS5 and ICOS were not significantly different
from that of ZEB2"¢ cells. In summary, ZEB2" memory CD4" T cells
recognized the P. falciparum-derived CSP Ag, exhibited a Tgy cell
phenotype, and expressed markers associated with exhaustion and
higher levels of chemokine receptors mediating cell homing to
inflammatory tissues.

Expansion of ZEB2* memory CD4" T cells in patients gaining
clinical immunity

Since ZEB2" memory CD4" T cells contained clonally expanded P. fal-
ciparum CSP-specific T cells, we next hypothesized that protected
patients should have greater proportion of these cells than susceptible
ones, if these cells are indeed associated with clinical immunity against
malaria. Thus, we tracked ZEB2* cells among memory CD4* T cells in
the blood of our study participants at the time of acute infection and
30 days later at convalescence (Fig. 8A). Both in susceptible and young
protected groups, ZEB2" memory CD4" T cells were significantly
expanded during the infection compared to convalescence. However,
we did not find any significant differences in their proportions across
these two groups and times. ZEB2" cells were also detected in older
and clinically protected participants at equivalent frequencies as in
other convalescent participants, but we did not detect a greater
expansion of the ZEB2" memory CD4" T cells during illness in this older
protected group, which contrasted with our observation in the
younger groups.

In order to further refine this analysis, we next asked if we could
identify participants among the susceptible group who were gaining
(or predicted to gain) clinical immunity or not during the course of our
18-month longitudinal study, and if the expansion of ZEB2* memory
CD4" T cells differed between these two groups. To find such partici-
pants, we first identified those who had at least two episodes of clinical
malaria. We then determined each individual rate of recurrent clinical
malaria and using a mixed effects model, we identified five participants
who were gaining clinical immunity and four participants who
remained clinically susceptible during the study and had available
PBMC (Supplementary Fig. 6E). We compared the frequency of ZEB2*
memory CD4" T cells during the enrollment episode of clinical malaria
to the frequency during a subsequent episode of clinical malaria
between the two groups. The ZEB2* memory CD4" T cells in these two
groups expanded only in the blood of those gaining clinical immunity

but not in the other group, consistent with our original hypothesis that
expansion of these cells may correlate with the acquisition of protec-
tive immunity against clinical malaria (Fig. 8B). Further analysis of the
phenotype of ZEB2" memory CD4" T cells revealed an increased
expression of inhibitory receptors (PD-1, LAG-3 and TIGIT) and che-
motactic receptors (CXCR3, CCR6) on the CD39" Ag-activated sub-
population from susceptible compared to protected aged-matched
patients (Fig. 8C). In addition, ZEB2" memory CD4" T cells from pro-
tected individuals had significantly lower proportions of PD-1'LAG-3*
cells compared to the susceptible group (Fig. 6D). Thus overall, these
data suggested that ZEB2* memory CD4"* T cells may expand more in
individuals who develop clinical immunity against Pf malaria com-
pared to those that do not. Results also reveal that activated (CD39%)
ZEB2' memory CD4" T cells from protected participants express lower
levels of inhibitory and chemotactic receptors than those from sus-
ceptible patients.

Discussion

In this work, we conducted a longitudinal study to monitor individuals
living in a malaria-endemic area with high, year-round transmission,
where residents develop naturally acquired clinical immunity against
severe disease and clinical illness during P. falciparum infection. We
postulated that a comparison between individuals who have or have
not yet developed clinical immunity would reveal new functional
immune cell subsets associated with protection that may ultimately
inform the design of an efficacious malaria vaccine. We present a
detailed phenotypical classification of study participants who vary in
clinical immunity to provide a robust foundation for our immune
analyses. During an episode of mild malaria, we found that protected
individuals were less likely to be febrile, had lower blood parasite
loads, and higher hematocrit. These individuals exhibited greater
parasite-specific Ab responses (breadth, titers, opsonization) and
higher proportion of classical monocytes, switched IgG* B cells and
circulating CD4" Tgy cells. Most importantly, we report the identifica-
tion of a subset of highly differentiated memory CD4" T cells that are
clonally expanded during clinical malaria, recognize the P. falciparum-
derived CSP pre-erythrocytic stage Ag, express the ZEB2 transcrip-
tional regulator and exhibit a robust cytolytic effector gene signature.
These cells exhibit greater expansion in infected individuals that may
be gaining clinical immunity over the course of the study than those
that did not. Furthermore, age-matched protected individuals express
lower levels of T cell exhaustion markers (PD-1, LAG-3, TIGIT) and
chemotactic receptors involved in homing to inflammatory sites
(CXCR3, CCR®).

The presence of cytolytic CD4" T cells in malaria-infected patients
and mouse models of malaria was first reported several decades
ago*®”, Building on the hypothesis that CD8" T-cell dependent cyto-
lytic activity could play a major role in anti-sporozoite immunity, these
original studies isolated MHC class Il-restricted cytolytic CD4" T cell
clones that recognized a P. falciparum CSP derived epitope (human)
and a P. berghei epitope common to both the liver and blood stage
infection of this rodent parasite. In both studies, these clones could
expand, produce IFNy and effectively lyse parasite Ag-pulsed target
cells. The mouse model further established that transfer of these cells
protected mice against infection with a live sporozoite challenge. In
these reports, the CD4" T cell cytolytic clones were isolated from the
animal model of malaria or human participants that received irradiated
sporozoite immunizations. The presence of parasite (CSP)-specific
CD4" T cells with cytolytic activity was more recently confirmed in
individuals inoculated with irradiated or live sporozoite
immunizations**>”*, To our knowledge, however, no studies have
reported the presence of such cells in endemic area residents who have
developed immunity against P. falciparum. This finding is particularly
interesting as sporozoite immunization induces potent protection
against homologous P. falciparum challenge infections and is viewed
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as a promising vaccine strategy that could induce high levels of
immunity”**#7>7¢, While immunity is not sterilizing, it still effectively
lessens the symptoms of clinical malaria episode and prevents severe
disease, and it is long-lived. The ZEB2" cytolytic memory CD4" T cells
we described are clonally expanded in the blood of clinically immune
individuals and react to the P. falciparum-derived CSP Ag. We also
confirmed their overall expansion among memory CD4" T cells in the

blood of susceptible and young protected groups undergoing an
episode of acute malaria compared to convalescence. This was not
observed in the older clinically immune group which may be the result
of differences in the kinetics and localization of these cells. The
immune response in vaccinated or immune individuals is known to be
faster and more potent upon infection, likely enabling more rapid
containment of microbial pathogens which could involve the ZEB2*
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Fig. 8| ZEB2 memory CD4" T cells expand during P. falciparum infection and in
individuals gaining clinical immunity. A Frequencies of ZEB2' cells among
memory CD4" T cells in susceptible, <13 yr (n = 7, pink), protected, <13 yr (n =8,
orange) or protected, >13 yr (n = 8, green) malaria participants during illness (circle
symbol) and at day 30 post illness (convalescence, triangle symbol).

B Representative examples of recorded temperature, blood parasitemia and PfPCR
testing of two aged-matched participants either gaining clinical immunity or not
during our 18-month study. Predictive model of such behavior in each participant is
shown. Frequencies of ZEB2* memory CD4" T cells across participants gaining (n =

6) or not (n = 6) clinical immunity during the study period, at an early and later
episode of malaria. C Cell-surface expression of indicated markers on CD39* or
CD39"™t ZEB2* memory CD4" T cells of aged-matched protected (n = 8, Orange)
versus susceptible participants (n = 8, Pink). D Co-expression of PD1 and LAG-3 on
ZEB2" memory CD4" T cells of aged-matched protected (n = 8, Orange) versus
susceptible participants (n = 8, Pink). Each symbol is one participant and P-values
were calculated using two-sided Student’s ¢ tests with *p < 0.05, **p < 0.01. Pool of
two independent experiments represented as individual data and means +

SEM (C, D).

cytolytic memory CD4" T cells. The fact that these cells were more
expanded in comparable aged-matched groups of individuals that
either developed or did not develop clinical immunity during the
length of our study, supports their contribution to protection,
although more work is needed to confirm these findings.

Many studies have reported the existence of cytolytic CD4" T cells
(Tem, Temra), in large part during human viral infections”’. These cells
are prominent in viral infections that target HLA class Il-expressing
cells such as Cytomegalovirus, Epstein Bar Virus, Dengue, and Human
Immunodeficiency Virus, and which include antigen-presenting cells
(DC, B cells) and CD4" T cells. In influenza and hepatitis C viral infec-
tions too, lung epithelial cells and hepatocytes upregulate cell-surface
expression of HLA class Il molecules, becoming targets for cytolytic
CD4" T cells. During viral infections (SIV, HIV, Influenza), these cyto-
lytic CD4" T cells may contribute to the control of viral replication
through multiple effector mechanisms including direct cytolysis of
infected cells. In malaria, T cell-dependent cytolysis has mostly been
invoked as a mechanism to protect against liver-stage infection,
through CD8" T cell-mediating the rapid killing of MHC class
l-expressing hepatocytes infected by P. falciparum sporozoites’’’.
Yet, the liver stage of infection is time limited (up to a week), with a
very low proportion of infected hepatocytes since mosquitoes only
deliver a few hundred sporozoites into the host dermis, making it
unlikely that memory CD8* T cells developed in the course of endemic
region P. falciparum infections could confer significant levels of pro-
tection. It has been shown, however, that irradiated sporozoite
immunizations®’®, and Plasmodium strains genetically engineered to
arrest at late pre-erythrocytic stages®, are able to promote high levels
of parasite-specific immunity, likely through the production of high
numbers of liver-resident parasite-specific memory CD8" T cells®.
Thus, upon repeated exposure to P. falciparum infection, it is con-
ceivable that sufficiently high numbers of PfCSP specific memory
CD4" T cells with cytolytic features may accumulate systemically and
perhaps reside in the liver of infected individuals, to help rapidly
control sporozoite liver re-infections prior to the progression to the
blood stage of infection occurs. In contrast to ZEB2"® counterparts,
the ZEB2" memory CD4" T cells we describe express high levels of
transcripts encoding for granulysin and multiple other effector mole-
cules (granzymes, perforin, NKG7, IFNy), as well as chemotactic
receptors (CXCR3, CCR6) that may help their rapid migration or resi-
dency next to sites of injury where sporozoites first enter. Plasmodium
sporozoites were indeed shown to glide along the liver sinusoids until
they pause and traverse Kupffer cells or liver sinusoid endothelial cells
to reach hepatocytes’. Kupffer cells express high levels of MHC class II
and it is possible that upon recognition of parasite Ag, ZEB2" CSP-
specific memory CD4" T cells arrest and release granulysin which could
directly lyse paused sporozoites. Several studies suggested that CD8"
T cells can use such mechanism to lyse Mycobacterium bacteria and P.
vivax parasites®* It is worth noting that ZEB2" memory CD4" T cells in
age-matched protected compared to susceptible children, express
lower levels of the “inflammatory site homing” chemotactic receptors
CXCR3 and CCR6, and of the T cell exhaustion markers PD-1, LAG-3 and
TIGIT. This seems consistent with the idea that these cells may be more
restricted in their access to inflammatory sites (thus limiting systemic
inflammation) while preserving higher functional features to clear the

parasites. Thus, it is tempting to speculate that they may represent
important contributors of clinical immunity against P. falciparum
malaria in vivo. Further investigations will be needed to define which
antigenic peptides from CSP these cells recognize and if they may react
to other sporozoite parasite Ag, and if and how they may confer
immunity against liver-stage malaria. Such studies will need to over-
come the present lack of reagents to track Ag-specific CD4" T cells in
malaria, due to the tremendous HLA class Il diversity, parasite Ag
variability and difficulty in characterizing strong P. falciparum-reactive
epitopes across human populations.

More than 95% of the expanded clones sharing identical TCR
clonotypes in protected participants during a malaria illness, expres-
sed a robust Tyl cytolytic effector program including transcripts
encoding for multiple lytic effector proteins and the TFs ZEB2, T-BET,
and RUNX3 (cluster 1). While we identified them among the CD45RO*
CD4" T cells, these cells are reminiscent of CD45RA" Tgm (Temra) cells
that express a highly cytotoxic effector program and were reported to
expand in viral infections (Dengue, Cytomegalovirus)®***. The tran-
scription factor (TF) ZEB2 was shown to drive the onset of terminally
differentiated KLRGI" effector CD8' T cells in murine models of viral
and bacterial infections, likely under the transcriptional control of
T-BET®***, Expression of T-BET and RUNX3 can turn off ThPOK and
transcriptionally re-program mature CD4" Ty cells, the key Ty cell
master TF that suppresses the cytolytic program in CD4* T cells®.
These findings are consistent with the transcriptional signature of
expanded clones in cluster 1. Interestingly, the “late” CD4" Tgy; cells
described in the P. chabaudi (Pc) murine model of chronic malaria
infection®, and were associated with improved parasite clearance,
could represent murine equivalent of these cells. Another ~1.5% and
~0.5% of the expanded clones belonged to Tyl cluster 2 and 3,
respectively, which differentially express transcripts encoding gran-
zyme K and ZEB2. Pseudotime analysis suggests that the expanded
memory CD4" T cell clones in clusters 2 and 3 represent intermediate,
less differentiated stages, before they develop into robust cytolytic
ZEB2" memory cells. In particular, cluster 2 expanded clones express
Eomes and IL-15 receptor beta chain transcripts, which regulates the
expression of granzyme B in T cells. From the expanded clones, we also
found that ~2% had a gene expression signature consistent with that of
effector and regulatory Tg; cells (cluster 4). From the pseudotime
analysis, cluster 4 cells appear less differentiated than clusters 1-3, and
on a distinct developmental trajectory, proliferating (Ki67* and con-
taining expanded clones) and with migratory features (CXCR6") to or
from infected tissues. In the mouse model of Pc malaria, highly pro-
liferative CD4" Tyl intermediates exhibit either a Tyl or a Ty fate®®*?,
and some Ty cells also initiate the expression of genes associated with
Try cells (10, Lag3, Ctla4), consistent with our findings in the human
P. falciparum malaria infection. While we did not detect any expanded
clones sharing identical TCR clonotypes in the circulating memory Ty
cells, it is possible that these cells are retained in lymphoid organs or
infected livers and thus were not detected in the peripheral blood
samples. The CyTOF analysis revealed a higher proportion of circu-
lating memory CD4" Tgy cells in protected groups, which may also
reflect the overall increase of this compartment in protected indivi-
duals. Further investigations are clearly needed to establish the origin
of these cells and whether the CSP-specific ZEB2" cytolytic memory
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CD4' T cells expand in liver-draining lymph nodes before migrating to
the peripheral blood and reach sporozoite-infected livers while Tgy
counterparts remain in draining lymph nodes and thus were not
detected in the PBMC of P. falciparum-infected patients. The sig-
nificantly higher proportion of classical monocytes (CD14°CD16) in
protected compared to susceptible participants that we and others>*¢®
reported may influence the differentiation of the ZEB2* memory cells,
as proposed in the mouse study®s,

This work includes a carefully defined classification of clinical
immunity, and the application of advanced analytic methods including
mass cytometry and single cell analysis to provide insights into pro-
tective immune responses during natural P. falciparum infection®. We
provide one of the most comprehensive analyses of immune respon-
ses during mild malaria infection and expand upon prior focused
studies to identify memory CD4" T cell subsets associated with clinical
immunity'®%%-%%, We report the first single-cell analysis of CD4* T cell
responses during human malaria infections for a granular analysis that
defines subsets, characterize their potential functions and track
expanded clones sharing identical TCR clonotypes and their antigenic
specificity. This approach has recently been conducted in the mouse
model of malaria®®*® and expands upon prior whole blood transcrip-
tional analysis to provide insights into key adaptive cellular subsets
and potential functions during the human infection®”. In summary, our
study has identified humoral and cell-mediated signatures associated
with clinical immunity, and the identification of a clonally expanded
subset of ZEB2" memory CD4" T cells with a robust cytolytic phenotype
that recognize the pre-erythrocytic stage CSP Ag. Signatures of
immunity may vary by malaria endemicity, host and parasite factors
and malaria control interventions. Similar analyses in other regions
and in RTS,S-vaccinated individuals could provide further insights into
the importance of these cells in malaria immunity®*°.

Methods

Study design

To identify immune correlates of clinical immunity in a high trans-
mission malaria endemic region we recruited study participants who
presented with mild malaria into a prospective 18-month longitudinal
study to enumerate malaria reinfections over time at the Mfera Health
Center in Chikwawa District under the auspices of the Malawi Inter-
national Center of Excellence for Malaria Research”. The Chikwawa
District of Malawi is a wet, low-lying rural district in the Shire Valley
with high, year-round malaria transmission®®.

Enrollment criteria required an episode of mild malaria which was
defined by the WHO as presenting symptoms compatible with mild
malaria and without signs of severe malaria. Participants had positive
rapid diagnostic test for malaria (SD BIOLINE, Malaria Ag P. f., Abbott)
at the field site, which was later confirmed positive by microscopy.
Patients with chronic medical conditions including a history of HIV
infection were excluded from enrollment. To capture variation in
naturally acquired clinical immunity in a highly malaria-endemic
region, 40 participants in each of 3 age groups (1-5, 6-12, and 13-50
years) were enrolled. After the enrollment visit, study participants
underwent monthly clinic study visits and interim visits during illness
to evaluate symptoms of malaria, record temperature, collect a blood
smear and a blood drop onto a FTA classic cards (Whatman, NJ) for
PCR detection of Pf ”’. Recurrent clinical malaria was defined as an
episode with clinical symptoms consistent with malaria and a positive
malaria blood smear (>2500 parasites/uL)®”. Parasitemia was deter-
mined by microscopy and was recorded as the geographic mean value
of two independent readers. Whole blood samples were collected in
ethylenediaminetetraacetic acid (EDTA) coated tubes at enrollment,
during each subsequent episode of clinical malaria and day 30 post-
infection. Within 6 h of collection, the blood sample was centrifuged to
collect plasma aliquots and isolate PBMCs using ACK lysis buffer
(Crystalgen) with standard methods'°. PBMC aliquots were stored in

5% DMSO and 95% FBS (Fisher Scientific) in liquid nitrogen. PBMC and
plasma samples were shipped to Albert Einstein College of Medicine in
New York, in liquid nitrogen gas and stored in liquid nitrogen for
subsequent immunophenotyping and protein array analysis. Filter
papers were collected during each episode of clinical malaria and
routinely at each monthly visit for parasite genotyping”. An infection
was counted if the malaria genotype by sequence analysis was distinct
from the prior infection or occurred at least two weeks after a prior
infection in each participant (including episodes of non-clinical
malaria and submicroscopic infections). Participants who were diag-
nosed with clinical malaria were treated with 3 days of artemether/
lumefantrine per Malawi Ministry of Health National Treatment Pro-
tocol. Participants were considered lost to follow-up if they did not
present for > 3 consecutive monthly study clinic appointments.

Informed written consent was obtained prior to study enrollment.
Institutional Review Board approvals were obtained from the Albert
Einstein College of Medicine, Michigan State University, the University
of Maryland, and the University of Malawi College of Medicine
Research and Ethics Committee.

Detection of sickle cell polymorphism

Sickle cell polymorphism was an exclusion criterion for further
immune analysis. To determine sickle cell status, blood was spotted
onto FTA classic cards (Whatman, NJ) from the enrollment whole
blood sample in EDTA tubes. Whole DNA was extracted using QlAamp
DNA mini kit (Qiagen, Hilden Germany) following the manufacturer’s
instructions. Following whole DNA extraction, the sickle cell allele
status was determined by restriction fragment length polymorphism
(RFLP) on PCR amplified DNA and gel electrophoresis following pre-
viously published protocols'. Genomic DNA (gDNA) from a patient
homozygous for the sickle cell trait was used as a positive control.

Identification of participants gaining or not gaining clinical
immunity

To identify participants who gained immunity over the 18-month
study, we estimated participant-specific rates of recurrent clinical
malaria per additional exposure event by fitting a mixed effects
regression model with the total number of recurrent clinical malaria as
the binary outcome, the number of exposure events as the main pre-
dictor, and included a random intercept and a random slope (i.e. a
random coefficient to the number of exposure events). Only partici-
pants who had at least two clinical malaria episodes during the study
period were included. Recurrent clinical malaria was defined by a
temperature of >37.5 °C with a P. falciparum parasitemia density >2500
parasites/uL. Based on these models, we estimated conditional average
trends and participant-specific trends. The participants were then
ranked by predicted value of participant-specific rates of clinical
malaria (i.e. conditional modes of the random slope)'*.

Immunophenotyping by cytometry by time of flight (CyTOF)
and spectral flow-cytometry

Frozen vials of PBMCs were placed in a 37 °C water bath and gently
agitated until ~90% was thawed. The vials were transferred to a tissue
culture hood and 1ImL of sterile warmed media (RPMI/20%FBS) was
added to the PBMC for 5 min before transferring drop-wise to a 10mL
volume of warmed media (RPMI/20%FBS) containing 200U/ml of
DNase I (Roche, Switzerland). After 10 min at room temperature, the
PBMC were centrifuged at 300xg, at room temperature for 5 min. The
pellets were washed twice with room temperature media (RPMI/20%
FBS) before transferring to 96 well plates for staining with antibodies
for CyTOF or spectral flow cytometry.

For mass cytometry, PBMC samples were labeled with cisplatin,
stained with heavy-metal conjugated Ab listed in Supplementary
Data 4, and barcoded following the manufacturer’s protocol (Fluidigm,
US) with minor modifications. Ab not commercially available as
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conjugated with specific heavy metal ions were conjugated using the
ready-to-label antibody format and Maxpar Antibody Labeling kit
(Fluidigm, US). Briefly, cells were stained with extracellular Ab in
Maxpar staining buffer for 30 min on ice followed by the addition of
cisplatin (5uM in PBS) for 2 min at room temperature. Cells were
washed twice in Maxpar staining buffer followed by fixation and per-
meabilization using the eBioscience FoxP3/transcription factor stain-
ing kit (Thermofisher Scientific) for intracellular staining and barcode
labeling. Lastly, barcoded samples were combined for intercalation
using Cytofix/Cytoperm buffer (BD) and 2% PFA/Ir solution for 30 min
at room temperature. This was followed by a wash and resuspension of
cells in MaxPar cell staining buffer with 125nM of Ir and storage at 4 °C
before running on the Helios CyTOF instrument (Fluidigm) at the Icahn
School of Medicine Mount Sinai, Human Monitoring Core (New York,
NY). The data was analyzed on FlowJo LLC software (v10.7.1, BD,
Ashland OR).

For spectral flow cytometry, participant’s PBMCs were first stained
with Live/dead Fixable Aqua (Thermofisher Scientific) for 30 min at
room temperature. Cells were washed and incubated with human Fc
block (BD) for 15 min on ice, followed by staining for extracellular
markers with fluorochrome-conjugated antibodies (Supplementary
Data 4) in FACS buffer (PBS, 1% FCS, 0.02% Sodium Azide, 2mM EDTA)
and 50l of BD Brilliant stain buffer (BD) for 30 min on ice. Cells were
washed twice and then fixed and permeabilized with the eBioscience
FoxP3/transcription factor staining kit (Thermofisher Scientific). Cells
were resuspended in blocking permeabilization buffer (1% mouse
serum, 100U/ml heparin, 0.2% BSA) for 20 min at room temperature
before the addition of fluorochrome-conjugated antibodies against
intracellular markers (Supplementary Data 4) on ice for 30 min. Cells
were washed and resuspended in FACS buffer and stored at 4 °C before
acquisition on the 5 laser Cytek Aurora instrument (Cytek Biosciences).
The data was analyzed on Flowjo LLC software (v10.7.1, BD, Ash-
land OR).

Cell sorting for single-cell RNA-sequencing

PBMCs isolated during malaria infection were thawed as described
above and stained with Live/dead Fixable Aqua (Thermofisher Scien-
tific) for 30 min at room temperature. Cells were washed and incu-
bated with antibodies against CD3, CD4, CD19, IgD, IgM, CD45RO,
CD27, and CXCR3 on ice for 30 min in MACS buffer (PBS, 2% BSA, 2mM
EDTA). Cells were washed, resuspended in a solution of 50% MACS
buffer and 50% FBS, and run on the BD Aria Ill with the 100um nozzle.
Up t0 19,000 live naive CD4" T cells (CD19° CD3" CD4* CD45RO CD27*)
or memory CD4" T cells (CD19° CD3* CD4* CD45RO") were sorted into
the solution of 50% MACS buffer and 50% FBS. Sorted cells were
applied to the 10x Genomics single-cell RNA-seq platform for cell
barcoding, cDNA synthesis and 5’ gene expression library and V(D))
library preparation following the manufacturer’s protocols. 5’ gene
expression and V(D)J libraries were sequenced on the Hi-seq Illumina
platform (2 x 150bp paired-end, Genewiz).

Single-cell RNA-seq analysis and differential expression analysis
Unique Molecular Index (UMI) Count Matrices for gene expression
were generated using the CellRanger count (Feature Barcode) pipeline
(v2.1.1). Reads were aligned on the GRCh38-3.0.0 transcriptome
reference (10x Genomics). Chemistry was Single Cell 5' R2-only. Fil-
tering for low-quality cells according to the number of RNA, genes
detected, and percentage of mitochondrial RNA was performed. Then,
gene expression matrix was regressed for cellular sequencing depth
and mitochondrial percentage using linear modeling as implemented
in Seurat ScaleData function (Seurat v3.2.2).

Datasets were integrated within each condition, naive and mem-
ory representing a total of 6,664 and 7,934 cells respectively using the
Seurat Canonical Correlation Analysis (CCA) and graph-based inte-
gration tool on the 3,000 most expressed genes across datasets to

correct for batch effect (Supplementary Code 1). The 30 first dimen-
sions of the PCA of the batch effect corrected matrix was used to
generate the Shared Nearest-neighbor (SNN) graph and the UMAP.
Graph-based clustering using Louvain algorithm with a resolution
parameter of 0.46 on the FindCluster function was used to cluster
cells. Each cluster was annotated using cell type-specific markers.
Markers for each cluster were identified using FindAllMarkers function
with default parameter. Genes were then ranked based on their
expression fold change, the difference of detection of this gene in the
cluster versus all other clusters and the specificity for the cluster, and
top cluster-specific genes were compared with published cell type-
specific genes to annotate the cluster. Up and down-regulated genes
for each cluster were identified using likelihood-ratio test for single-
cell gene expression comparing the cluster of interest with all other
clusters. P-values for reported genes were <0.01.

Single-cell RNA-seq TCR analysis

Raw data from the TCR libraries were first processed with the Cell-
Ranger VD] pipeline (ChemistrySingle Cell V(D)J). We used V(D))
Reference GRCh38-alts-ensembl and Cell Ranger Version 2.1.1. The
output TCR sequences in each cell were integrated with their expres-
sion data using the shared cell barcodes within each sample. Down-
stream analyses were applied in R/ Seurat package (v3.2.2). We use
clonotype frequency distribution to define clonally expanded cells.
The threshold used based on the distribution tail was a clonotype
frequency greater than 10. Differential expression analysis between
expanded versus non-expanded was performed using likelihood-ratio
test for single-cell gene expression. P-values for reported genes
were <0.01.

Pseudotime analysis

Differentiation trajectory analyses were conducted with monocle”
(monocle3). Preprocessed Seurat object were imported using
importCDS function from the monocle R package. Monocle’s orderCells
function was used to arrange cells along a pseudo-time axis to indicate
their position in a differentiation continuum. Monocle generates for
each cell a pseudotime value with respect to predefined cell of origins
(roots). Here the Ty cells were used as roots. We specify the root of
the trajectory programmatically, as recommended, by first grouping
the cells according to which trajectory graph node they are nearest to.
Then, calculate what fraction of the cells at each node come from the
earliest time point followed by selecting the node that is most heavily
occupied by early cells and returns that as the root.

Parasite culture and merozoite opsonization assays

Pf3D7 parasites (MR4) were cultured in vitro in parasite media (RPMI,
0.6% HEPES, 0.05% gentamicin sulfate, 0.005% hypoxanthine, 0.2%
sodium bicarbonate, 0.5% Albumax II, 0.0001% 0.5N NaOH, pH 7.4)
with 5% hematocrit in plugged flasks with 1% O,, 5% CO,, 94% N, gas
mixture at 37 °C. Cultures were maintained at 2-4% parasitemia.
Merozoite opsonization assay was adapted from previously published
protocols'®'°*, Briefly, Pf 3D7 cultures at ~2-6% parasitemia were
enriched for late stages (trophozoites and schizonts) after diluting the
culture by 50% in parasite media and passing it over magnetic LS col-
umns (Miltenyi). Late-stage enriched Pf 3D7 cultures were incubated
for 12 h in 10uM E64 (Epoxysuccinyl-L-leucylamido 4-guanidino
butane) supplemented parasite media at 37 °C with 1% O,, 5% CO,,
94% N, gas mixture. Late-stage enriched Pf 3D7 cultures were then
passed through a 1.2um filter to release merozoites and then passed
over a magnetic MS column Fito (Miltenyi) to recover merozoites
without hemozoin. Isolated hemozoin-free merozoites were labeled by
incubation with 0.5uM YOYO-1 lodide dye (Thermo Fisher) for 30 min
at room temperature. Labeled merozoites were washed and cen-
trifuged at 3700 x g for 10 min before resuspension in RPMI media.
Absolute numbers of labeled merozoites were determined by flow
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cytometry and CountBright™ Absolute Counting Beads (Thermo
Fisher). Labeled merozoites were incubated with US control plasma or
participant plasma (1:10 dilution or 1:100 dilution) or no plasma for 1 h
at 37 °C. Opsonization assay was established with a ratio of 1 THP-1 cell
to 10 labeled merozoites pre-incubated with participant plasma (2400
THP1 cells: 24,000 labeled merozoites) in FBS-blocked 96 well
U-bottom plates for 10 min at 37 °C. Opsonization was terminated by
placing cells on ice and washed with cold FACS buffer and centrifuged
at 300g for 10 min at 4 °C. Cells were fixed in 2% PFA for 10 min on ice.
Cells were washed, resuspended in FACS buffer and stored at 4 °C
before acquisition on the BD Aria Ill. The percentage of THP-1 cells
positive for YOYO-1 DNA staining was reported.

Activation induced marker (AIM) assay

Cryopreserved PBMCs were thawed, washed, suspended in com-
plete medium (RPMI1640 Glutamax, supplemented with -mercap-
toethanol, pyruvate, pen/strep, and 10%FBS) and cultured at 2-3 x
10° cells/well in 96-well U-bottom plates with parasite Ag or control
peptides. Recombinant purified Ag from CSP (amino acids Gly86 to
Ser410 of the full-length CSP), AMA-1, MSP-1, EBA-175 or control £.
coli derived Exo Protein A (EPA) and P. pastoris (Pp) derived Pfs25M
(each at 5pg/mL) were incubated with PBMCs for 24 h at 37°C in
presence of anti-CD28 (clone L293) and anti-CD49d (clone L25) mAb
at 1 pug/mL (BD Biosciences). Malaria Ag were either expressed in Pp
(AMA-1 FVO, CSP) or E. coli (MSP-14, FVO). Control Ag were also
expressed and purified from Pp (Pfs25M) or E. coli (EPA)'®°. These Ag
were provided by Dr. Patrick Duffy, NIAID, NIH. Recombinant EBA-
175 RIl was expressed in P. pastoris and obtained through BEI
Resources, NIAID, NIH (MRA-1162), and contributed by Annie Mo.
After 24 hrs, PBMCs were washed with FACS buffer and incubated
with anti-Fc blocking Ab for 15 min at 4 °C prior to surface staining
with the mAb against CD3-eFluor450 (UCHTI1, 1/20), CD4-APC (SK3,
1/10), CD25-Per-CP (M-A251, 1/20), CD45RO-FITC (UCHLI, 1/10),
CD134-Biotin (ACT-35, 1/20), 41-BB-PE-Cy7 (4B4-1, 1/20) for 30 min at
4 °C, followed by incubation with streptavidin PE for 20 min. Cells
were then fixed and permeabilized with the FOXP3/Transcription
Factor Staining Buffer Set following the manufacturer’s instructions
(eBioscience) and stained with anti-ZEB2-AF700 (1/60) for 20 min at
4° C in the dark. Stained cells were collected on BD Aria Il

Analysis of P. falciparum antigen microarray probed with
participant plasma
Plasmodium arrays were constructed as previously described®*. The
Pf900/Pf250 array used in the present study, comprising 826 unique
features corresponding to 676 unique Pf genes, was a down-selected
array based on results from previous microarray field studies®-***>1°¢,
Each microarray chip contained multiple negative in vitro transcrip-
tion/translation control spots that lack plasmid template and serially
diluted human immunoglobulin (Ig) G and anti-IgG control spots.
Plasma samples diluted to 1:100 in Protein Array Blocking Buffer
(Whatman) were preincubated in 10% of Img/ml Escherichia coli lysate,
and microarrays were probed with plasma samples by incubation
overnight at 4°C. The slides were washed 5 times in Tris buffer (pH 7.6)
and incubated in Qdot 800-conjugated goat anti-human IgG diluted at
1:100 (Grace Bio-Labs, Inc., Ref # RD480080). The slides were washed 5
times in Tris buffer containing 0.05% Tween 20, followed by a final
wash with water. Air-dried slides were scanned at 500ms and quanti-
fied using an ArrayCam 400-S Microarray Imaging System (Grace Bio-
Labs, Incco transformed. A log2 (FOC) value of 0.0 means that the
intensity is not different from the background intensity and a value of
1.0 indicates a doubling with respect to the background. A threshold of
alog, (FOC) of 1 was used to define seropositivity. Ag were considered
reactive when mean log2 (FOC) among any of the groups is greater
than 1.0.

Statistics and reproducibility

We conducted an observational longitudinal study of a cohort of
Malawian children and adults to detect malaria infections using active
and passive surveillance over 18 months. To enroll sufficient numbers
of malaria-susceptible and protected participants and to allow sub-
analyses by sex, we conducted sample size calculations based on prior
malaria epidemiologic data from Malawi. Categorical data such as self-
reported sex was compared using the Chi-squared test. Numerical data
such as age, number of malaria infections and cellular subsets were
analyzed using Student’s, Welch’s ¢ test, Mann-Whitney test or two
way ANOVA test as appropriate. For the analysis of the protein array
data, Differential analyses of the log2-transfomed data were per-
formed using a Bayes-regularized ¢ test for protein arrays. Differences
were considered significant with Benjamini-Hochberg corrected p-
values < 0.05. The antibody profile breadth was defined as the number
of seropositive Ag (log2 (FOC) > 1) recognized by an individual or for a
population using the mean signal intensity for the population.
Mann-Whitney p values were calculated by comparing the distribution
of signals among different groups. Analysis was performed using the R
statistical environment (http://www.r-project.org). Graphs were pro-
duced in R, Graphpad and Excel software programs.

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

Data availability

The accession number for the single cell RNA-seq and TCR-seq data
reported in this paper is GEO:GSE182536. All other data is available in
the main text or the supplementary information and source data
files. Source data are provided with this paper.

References

1. World Health Organization. World Malaria Report 2021
(WHO, 2021).

2. Boivin, M. J. et al. Malaria illness mediated by anaemia lessens
cognitive development in younger Ugandan children. Malar. J. 15,
210 (2016).

3. Fernando, D., de Silva, D. & Wickremasinghe, R. Short-term impact
of an acute attack of malaria on the cognitive performance of
schoolchildren living in a malaria-endemic area of Sri Lanka. Trans.
R. Soc. Trop. Med. Hyg. 97, 633-639 (2003).

4. Milner, E. M. et al. Association between malaria infection and early
childhood development mediated by anemia in rural Kenya. Int. J.
Environ. Res. Public Health 17, 902 (2020).

5. Crompton, P. D. et al. Malaria immunity in man and mosquito:
insights into unsolved mysteries of a deadly infectious disease.
Annu. Rev. Immunol. 32, 157-187 (2014).

6. Wykes, M. N., Horne-Debets, J. M., Leow, C. Y. & Karunarathne, D.
S. Malaria drives T cells to exhaustion. Front. Microbiol 5,

249 (2014).

7. Finney, O. C., Riley, E. M. & Walther, M. Regulatory T cells in
malaria-friend or foe? Trends Immunol. 31, 63-70 (2010).

8. Ouattara, A. & Laurens, M. B. Vaccines against malaria. Clin. Infect.
Dis. 60, 930-936 (2015).

9. Obeng-Adijei, N. et al. Circulating Th1-cell-type Tfh cells that
exhibit impaired B cell help are preferentially activated during
acute malaria in children. Cell Rep. 13, 425-439 (2015).

10. Portugal, S. et al. Malaria-associated atypical memory B cells
exhibit markedly reduced B cell receptor signaling and effector
function. eLife 4, e07218 (2015).

1. Montes de Oca, M. et al. Type | interferons regulate immune
responses in humans with blood-stage Plasmodium falciparum
infection. Cell Rep. 17, 399-412 (2016).

Nature Communications | (2023)14:7726

17


http://www.r-project.org
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182536

Article

https://doi.org/10.1038/s41467-023-43376-y

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

Butler, N. S. et al. Therapeutic blockade of PD-L1and LAG-3 rapidly
clears established blood-stage Plasmodium infection. Nat.
Immunol. 13, 188-195 (2011).

Furtado, R. et al. Blockade of LAG-3 in PD-L1-deficient mice
enhances clearance of blood stage malaria independent of
humoral responses. Front. Immunol. 11, 576743 (2020).
Horne-Debets, J. M. et al. PD-1 dependent exhaustion of CD8+

T cells drives chronic malaria. Cell Rep. 5, 1204-1213 (2013).
Walther, M. et al. Distinct roles for FOXP3 and FOXP3 CD4 T cells
in regulating cellular immunity to uncomplicated and severe
Plasmodium falciparum malaria. PLoS Pathog. 5,

1000364 (2009).

Couper, K. N. et al. IL-10 from CD4CD25Foxp3CD127 adaptive
regulatory T cells modulates parasite clearance and pathology
during malaria infection. PLoS Pathog. 4, 1000004 (2008).

Wu, L. et al. Comparison of diagnostics for the detection of
asymptomatic Plasmodium falciparum infections to inform con-
trol and elimination strategies. Nature 528, S86-93 (2015).
Harris, I. et al. A large proportion of asymptomatic Plasmodium
infections with low and sub-microscopic parasite densities in the
low transmission setting of Temotu Province, Solomon Islands:
challenges for malaria diagnostics in an elimination setting. Malar.
J.9, 254 (2010).

Chaumeau, V. et al. Contribution of asymptomatic Plasmodium
infections to the transmission of malaria in Kayin State, Myanmar.
J. Infect. Dis. 219, 1499-1509 (2019).

Doolan, D. L., Dobano, C. & Baird, J. K. Acquired immunity to
malaria. Clin. Microbiol. Rev. 22, 13-36 (2009).

Langhorne, J., Ndungu, F. M., Sponaas, A. M. & Marsh, K. Immunity
to malaria: more questions than answers. Nat. Immunol. 9,
725-732 (2008).

Rts, S. C. T. P. Efficacy and safety of RTS,S/AS01 malaria vaccine
with or without a booster dose in infants and children in Africa:
final results of a phase 3, individually randomised, controlled trial.
Lancet 386, 31-45 (2015).

Olotu, A. et al. Seven-year efficacy of RTS,S/AS01 malaria vaccine
among young African children. N. Engl. J. Med. 374,

2519-2529 (2016).

Olotu, A. et al. Four-year efficacy of RTS,S/ASO1E and its interac-
tion with malaria exposure. N. Engl. J. Med. 368, 1111-1120 (2013).
Mordmuller, B. et al. Sterile protection against human malaria by
chemoattenuated PfSPZ vaccine. Nature 542, 445-449 (2017).
Chakravarty, S. et al. CD8+ T lymphocytes protective against
malaria liver stages are primed in skin-draining lymph nodes. Nat.
Med. 13, 1035-1041 (2007).

Ishizuka, A. S. et al. Protection against malaria at 1 year and
immune correlates following PfSPZ vaccination. Nat. Med. 22,
614-623 (2016).

Seder, R. A. et al. Protection against malaria by intravenous
immunization with a nonreplicating sporozoite vaccine. Science
341, 1359-1365 (2013).

Weiss, W. R., Sedegah, M., Beaudoin, R. L., Miller, L. H. & Good, M.
F. CD8+T cells (cytotoxic/suppressors) are required for protection
in mice immunized with malaria sporozoites. Proc. Natl Acad. Sci.
USA 85, 573-576 (1988).

Schofield, L. et al. Gamma interferon, CD8+ T cells and antibodies
required for immunity to malaria sporozoites. Nature 330,
664-666 (1987).

Butler, N. S. et al. Superior antimalarial immunity after vaccination
with late liver stage-arresting genetically attenuated parasites.
Cell Host Microbe 9, 451-462 (2011).

Cohen, S., Mc, G. I. & Carrington, S. Gamma-globulin and acquired
immunity to human malaria. Nature 192, 733-737 (1961).
Richards, J. S. et al. Association between naturally acquired anti-
bodies to erythrocyte-binding antigens of Plasmodium falciparum

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

and protection from malaria and high-density parasitemia. Clin.
Infect. Dis. 51, e50-60 (2010).

Hamre, K. E. S. et al. Antibody correlates of protection from clinical
plasmodium falciparum malaria in an area of low and unstable
malaria transmission. Am. J. Trop. Med. Hyg. 103,

2174-2182 (2020).

Osier, F. H. et al. Breadth and magnitude of antibody responses to
multiple Plasmodium falciparum merozoite antigens are asso-
ciated with protection from clinical malaria. Infect. Immun. 76,
2240-2248 (2008).

Thouvenel, C. D. et al. Multimeric antibodies from antigen-specific
human IgM+ memory B cells restrict Plasmodium parasites. J. Exp.
Med. 218, €20200901 (2021).

Hopp, C. S. et al. Plasmodium falciparum-specific IgM B cells
dominate in children, expand with malaria, and produce func-
tional IgM. J. Exp. Med. 218, 20200901 (2021).

Portugal, S., Pierce, S. K. & Crompton, P. D. Young lives lost as B
cells falter: what we are learning about antibody responses in
malaria. J. Immunol. 190, 3039-3046 (2013).

Crompton, P. D. et al. A prospective analysis of the Ab response to
Plasmodium falciparum before and after a malaria season by
protein microarray. Proc. Natl Acad. Sci. USA 107,

6958-6963 (2010).

Tsuji, M., Romero, P., Nussenzweig, R. S. & Zavala, F. CD4+ cyto-
lytic T cell clone confers protection against murine malaria. J. Exp.
Med. 172, 1353-1357 (1990).

Burel, J. G. et al. Reduced plasmodium parasite burden associates
with CD38+ CD4+ T cells displaying cytolytic potential and
impaired IFN-gamma production. PLoS Pathog. 12,

1005839 (2016).

Bijker, E. M. et al. Cytotoxic markers associate with protection
against malaria in human volunteers immunized with Plasmodium
falciparum sporozoites. J. Infect. Dis. 210, 1605-1615 (2014).
Kurup, S. P., Butler, N. S. & Harty, J. T. T cell-mediated immunity to
malaria. Nat. Rev. Immunol. 19, 457-471 (2019).

Ryg-Cornejo, V. et al. Severe malaria infections impair germinal
center responses by inhibiting T follicular helper cell differentia-
tion. Cell Rep. 14, 68-81 (2016).

Zander, R. A. et al. Th1-like plasmodium-specific memory CD4(+)
T cells support humoral immunity. Cell Rep. 21, 1839-1852
(2017).

Boyle, M. J. et al. The development of Plasmodium falciparum-
specific IL10 CD4 T cells and protection from malaria in children in
an area of high malaria transmission. Front. Immunol. 8,

1329 (2017).

Jagannathan, P. et al. IFNgamma/IL-10 co-producing cells dom-
inate the CD4 response to malaria in highly exposed children.
PLoS Pathog. 10, €1003864 (2014).

Mzilahowa, T., Hastings, I. M., Molyneux, M. E. & McCall, P. J.
Entomological indices of malaria transmission in Chikhwawa dis-
trict, Southern Malawi. Malar. J. 11, 380 (2012).

Archer, N. M. et al. Resistance to Plasmodium falciparum in sickle
cell trait erythrocytes is driven by oxygen-dependent growth
inhibition. Proc. Natl Acad. Sci. USA 115, 7350-7355 (2018).
Gatton, M. L. & Cheng, Q. Modeling the development of acquired
clinical immunity to Plasmodium falciparum malaria. Infect.
Immun. 72, 6538-6545 (2004).

Keegan, L. T. & Dushoff, J. Population-level effects of clinical
immunity to malaria. BMC Infect. Dis. 13, 428 (2013).

Julien, J. P. & Wardemann, H. Antibodies against Plasmodium
falciparum malaria at the molecular level. Nat. Rev. Immunol. 19,
761-775 (2019).

Greenhouse, B. et al. Antibodies to Plasmodium falciparum anti-
gens predict a higher risk of malaria but protection from symp-
toms once parasitemic. J. Infect. Dis. 204, 19-26 (2011).

Nature Communications | (2023)14:7726

18



Article

https://doi.org/10.1038/s41467-023-43376-y

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Doolan, D. L. et al. Profiling humoral immune responses to P. fal-
ciparum infection with protein microarrays. Proteomics 8,
4680-4694 (2008).

Baum, E. et al. Protein microarray analysis of antibody responses
to Plasmodium falciparum in western Kenyan highland sites with
differing transmission levels. PLoS ONE 8, €82246 (2013).
Daubersies, P. et al. Protection against Plasmodium falciparum
malaria in chimpanzees by immunization with the conserved pre-
erythrocytic liver-stage antigen 3. Nat. Med. 6, 1258-1263 (2000).
Morita, M. et al. Immunoscreening of Plasmodium falciparum
proteins expressed in a wheat germ cell-free system reveals a
novel malaria vaccine candidate. Sci. Rep. 7, 46086 (2017).
Fowkes, F. J., Richards, J. S., Simpson, J. A. & Beeson, J. G. The
relationship between anti-merozoite antibodies and incidence of
Plasmodium falciparum malaria: A systematic review and meta-
analysis. PLoS Med. 7, €1000218 (2010).

Chimma, P. et al. A distinct peripheral blood monocyte phenotype
is associated with parasite inhibitory activity in acute uncompli-
cated Plasmodium falciparum malaria. PLoS Pathog. 5,
1000631 (2009).

Jackola, D. R. & Hallgren, H. M. Dynamic phenotypic restructuring
of the CD4 and CD8 T-cell subsets with age in healthy humans: a
compartmental model analysis. Mech. Ageing Dev. 105,

241-264 (1998).

Muellenbeck, M. F. et al. Atypical and classical memory B cells
produce Plasmodium falciparum neutralizing antibodies. J. Exp.
Med. 210, 389-399 (2013).

Illingworth, J. et al. Chronic exposure to Plasmodium falciparum is
associated with phenotypic evidence of B and T cell exhaustion. J.
Immunol. 190, 1038-1047 (2013).

Dominguez, C. X. et al. The transcription factors ZEB2 and T-bet
cooperate to program cytotoxic T cell terminal differentiation in
response to LCMV viral infection. J. Exp. Med. 212,

2041-2056 (2015).

Omilusik, K. D. et al. Transcriptional repressor ZEB2 promotes
terminal differentiation of CD8+ effector and memory T cell
populations during infection. J. Exp. Med. 212, 2027-2039 (2015).
Shan, Q. et al. The transcription factor Runx3 guards cytotoxic
CDB8(+) effector T cells against deviation towards follicular helper T
cell lineage. Nat. Immunol. 18, 931-939 (2017).

Wang, D. et al. The transcription factor Runx3 establishes chro-
matin accessibility of cis-regulatory landscapes that drive memory
cytotoxic T lymphocyte formation. Immunity 48, 659-674

e656 (2018).

Ng, S. S. et al. The NK cell granule protein NKG7 regulates cyto-
toxic granule exocytosis and inflammation. Nat. Immunol. 21,
1205-1218 (2020).

Lonnberg, T. et al. Single-cell RNA-seq and computational analysis
using temporal mixture modelling resolves Th1/Tfh fate bifurca-
tion in malaria. Sci. Immunol. 2, eaal2192 (2017).

Soon, M. S. F. et al. Transcriptome dynamics of CD4(+) T cells
during malaria maps gradual transit from effector to memory. Nat.
Immunol. 21, 1597-1610 (2020).

Yang, J. et al. CD4+ T cells recognize unique and conserved 2009
H1N1 influenza hemagglutinin epitopes after natural infection and
vaccination. Int Immunol. 25, 447-457 (2013).

Qiu, X. et al. Single-cell mRNA quantification and differential
analysis with Census. Nat. Methods 14, 309-315 (2017).
Zaunders, J. J. et al. High levels of human antigen-specific CD4+
T cells in peripheral blood revealed by stimulated coexpression of
CD25 and CD134 (OX40). J. Immunol. 183, 2827-2836 (2009).
Moreno, A. et al. Cytotoxic CD4+ T cells from a sporozoite-
immunized volunteer recognize the Plasmodium falciparum CS
protein. Int Immunol. 3, 997-1003 (1991).

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Frevert, U. & Nardin, E. Cellular effector mechanisms against
Plasmodium liver stages. Cell Microbiol. 10, 1956-1967 (2008).
Overstreet, M. G., Cockburn, I. A., Chen, Y. C. & Zavala, F. Pro-
tective CD8 T cells against Plasmodium liver stages: immuno-
biology of an ‘unnatural’ immune response. Immunol. Rev. 225,
272-283 (2008).

Epstein, J. E. et al. Live attenuated malaria vaccine designed to
protect through hepatic CD8(+) T cell immunity. Science 334,
475-480 (2011).

Juno, J. A. et al. Cytotoxic CD4 T Cells-Friend or Foe during Viral
Infection? Front. Immunol. 8,19 (2017).

Kimura, K. et al. CD8+ T cells specific for a malaria cytoplasmic
antigen form clusters around infected hepatocytes and are pro-
tective at the liver stage of infection. Infect. Immun. 81,
3825-3834 (2013).

Cockburn, I. A. et al. In vivo imaging of CD8+ T cell-mediated
elimination of malaria liver stages. Proc. Natl Acad. Sci. USA 110,
9090-9095 (2013).

Fernandez-Ruiz, D. et al. Liver-resident memory CD8(+) T cells
form a front-line defense against malaria liver-stage infection.
Immunity 45, 889-902 (2016).

Stenger, S. et al. An antimicrobial activity of cytolytic T cells
mediated by granulysin. Science 282, 121-125 (1998).

Junqueira, C. et al. Cytotoxic CD8(+) T cells recognize and kill
Plasmodium vivax-infected reticulocytes. Nat. Med. 24,
1330-1336 (2018).

Weiskopf, D. et al. Dengue virus infection elicits highly polarized
CX3CR1+ cytotoxic CD4+ T cells associated with protective
immunity. Proc. Natl Acad. Sci. USA 112, E4256-4263 (2015).
Tian, Y. et al. Unique phenotypes and clonal expansions of human
CD4 effector memory T cells re-expressing CD45RA. Nat. Com-
mun. 8, 1473 (2017).

Mucida, D. et al. Transcriptional reprogramming of mature CD4(+)
helper T cells generates distinct MHC class ll-restricted cytotoxic
T lymphocytes. Nat. Immunol. 14, 281-289 (2013).

Opata, M. M. et al. Protection by and maintenance of CD4 effector
memory and effector T cell subsets in persistent malaria infection.
PL0oS Pathog. 14, 1006960 (2018).

Tran, T. M. & Crompton, P. D. Decoding the complexities of human
malaria through systems immunology. Immunol. Rev. 293,
144-162 (2020).

Loughland, J. R. et al. Transcriptional profiling and immunophe-
notyping show sustained activation of blood monocytes in sub-
patent Plasmodium falciparum infection. Clin. Transl. Inmunol. 9,
e1144 (2020).

Mandala, W. L. et al. Lymphocyte perturbations in Malawian chil-
dren with severe and uncomplicated malaria. Clin. Vaccin.
Immunol. 23, 95-103 (2015).

Nyirenda, T. S. et al. T-regulatory cells and inflammatory and
inhibitory cytokines in malawian children residing in an area of
high and an area of low malaria transmission during acute
uncomplicated malaria and in convalescence. J. Pediatr. Infect.
Dis. Soc. 4, 232-241 (2015).

Spaulding, E. et al. STING-licensed macrophages prime type | IFN
production by plasmacytoid dendritic cells in the bone marrow
during severe Plasmodium yoelii Malaria. PLoS Pathog. 12,
1005975 (2016).

Subramaniam, K. S. et al. The T-cell inhibitory molecule
butyrophilin-like 2 is up-regulated in mild plasmodium falciparum
infection and is protective during experimental cerebral malaria. J.
Infect. Dis. 212, 1322-1331 (2015).

Weiss, G. E. et al. Atypical memory B cells are greatly expanded in
individuals living in a malaria-endemic area. J. Immunol. 183,
2176-2182 (2009).

Nature Communications | (2023)14:7726

19



Article

https://doi.org/10.1038/s41467-023-43376-y

94. Filipe, J. A., Riley, E. M., Drakeley, C. J., Sutherland, C. J. & Ghani, A.
C. Determination of the processes driving the acquisition of
immunity to malaria using a mathematical transmission model.
PLoS Comput. Biol. 3, €255 (2007).

95. Shelton, J. M. et al. Genetic determinants of anti-malarial acquired
immunity in a large multi-centre study. Malar. J. 14, 333 (2015).

96. Ghani, A. C. et al. Loss of population levels of immunity to malaria
as a result of exposure-reducing interventions: consequences for
interpretation of disease trends. PLoS ONE 4, e4383 (2009).

97. Buchwald, A. G. et al. Clinical implications of asymptomatic
plasmodium falciparum infections in Malawi. Clin. Infect. Dis. 68,
106-112 (2019).

98. Mathanga, D. P. et al. Malaria control in Malawi: current status and
directions for the future. Acta Trop. 121, 212-217 (2012).

99. WHO. Guidelines for the Treatment of Malaria 3rd edn. (World

Health Organization, 2015).

Dagur, P. K. & McCoy, J. P. Jr Collection, storage, and preparation

of human blood cells. Curr. Protoc. Cytom. 73, 511-5116 (2015).

101.  Modiano, D. et al. Haemoglobin C protects against clinical Plas-

modium falciparum malaria. Nature 414, 305-308 (2001).

Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-

effects models using Ime4. J. Stat. Softw. 67, 1-48 (2000).

Osier, F. H. et al. Opsonic phagocytosis of Plasmodium falciparum

merozoites: mechanism in human immunity and a correlate of

protection against malaria. BMC Med. 12, 108 (2014).

Hill, D. L., Eriksson, E. M. & Schofield, L. High yield purification of

Plasmodium falciparum merozoites for use in opsonizing antibody

assays. J. Vis. Exp. (2014).

Herrera, R. et al. Reversible conformational change in the plas-

modium falciparum circumsporozoite protein masks its adhesion

domains. Infect. Immun. 83, 3771-3780 (2015).

Dent, A. E. et al. Plasmodium falciparum protein microarray anti-

body profiles correlate with protection from symptomatic malaria

in Kenya. J. Infect. Dis. 212, 1429-1438 (2015).

100.

102.

103.
104.
105.

106.

Acknowledgements

The authors thank The Albert Einstein FACS and genomic core facilities
(Dave Reynolds), and the Mount Sinai School of Medicine Mass Cyto-
metry core (Adeeb Rahman). This work was funded by the National
Institute of Health Grants (NIH/NIAID) Al138552 and 3U19 AlI089683-
03S1to G.L. and J.P.D., R21A1141367 and RO1AI164864 to J.P.D.,
4U19A1089683 to T.T., T32 AI007291 to J.S., the Hirschl Caulier Award
and the Sylvia and Robert Olnick Faculty Scholar in Cancer Research to
G.L. and Grant P3OCA013330 and S100D026833 to the Flow Cytometry
Core Cancer Center. R.F. was supported by the NIH BETTR IRACDA
training grant K12GM102779. We thank biorender.com for Fig. 7B.

Author contributions
R.F., J.P.D. and G.L. designed and interpreted most experiments and
figures and wrote the paper. M.P. did all revision experiments (AIM

assays), data reanalyzes and manuscript editing. R.F. and G.L. with J.Z.
help and input, designed and validated CyTOF and spectral flow cyto-
metry panels. K.S., Andy Bauleni, Andrea Buchwald, S.G., M.L,, T.T. and
J.P.D. contributed to the clinical study design, study management and
analysis. P.K. conducted the sickle cell analysis. F.D. with R.F., J.P.D. and
G.L. analyzed, interpretated all transcriptomic data and contributed to
related figures. L.L., R.F. and P.F. performed protein microarray probing
and analysis and contributed to the related figures and Data. J.S. and
S.C.Z. contributed to manuscript preparation. R.S.K. and J.S. con-
tributed to the biostatistical analysis. R.S.K. was the consulting
statistician.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43376-y.

Correspondence and requests for materials should be addressed to
Johanna P. Daily or Grégoire Lauvau.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Department of Microbiology and Immunology, Albert Einstein College of Medicine, Bronx, New York 10461, USA. 2Department of Medicine, Albert Einstein
College of Medicine, Bronx, New York 10461, USA. ®Department of Epidemiology and Population Health, Albert Einstein College of Medicine, Bronx, New York
10461, USA. *Université de Paris, AP-HP, Hopital Saint-Louis, Laboratoire d'Immunologie et Histocompatiblité, INSERM UMR976, 75010 Paris, France.
SDepartment of Physiology and Biophysics, School of Medicine, University of California, Irvine, CA 92697, USA. ®Malaria Alert Centre, Kamuzu University of
Health Sciences, Blantyre, Malawi. “Blantyre Malaria Project, Kamuzu University of Health Sciences, Blantyre, Malawi. 8Center for Vaccine Development and
Global Health, University of Maryland School of Medicine, Baltimore, MD 21201, USA. ®Department of Osteopathic Medical Specialties, Michigan State
University, East Lansing, MI 48824, USA. "°Department of Genetics, Albert Einstein College of Medicine, Bronx, New York 10461, USA. ""FD: Precision
Oncology, Sanofi, Vitry sur Seine, France. “Present address: RF: BioNTech US, 40 Erie Street, Cambridge, MA 02139, USA. "®Present address: Division of
Infectious Diseases, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA. “These authors contributed equally: Raquel Furtado,
Mahinder Paul. e-mail: johanna.daily@einsteinmed.edu; gregoire.lauvau@einsteinmed.edu

Nature Communications | (2023)14:7726 20


https://doi.org/10.1038/s41467-023-43376-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:johanna.daily@einsteinmed.edu
mailto:gregoire.lauvau@einsteinmed.edu

	Cytolytic circumsporozoite-specific memory CD4+ T cell clones are expanded during Plasmodium falciparum infection
	Results
	Longitudinal study of P. falciparum infected patients in Chikwawa District,�Malawi
	Selection of participants who vary in clinical immunity for in depth immune analyses
	P. falciparum-specific humoral responses in malaria immune compared to clinically susceptible participants
	High-dimensional CyTOF analysis of immune cell populations
	Single-cell transcriptomic analysis of circulating memory CD4+ T�cells in protected participants
	Most expanded memory CD4+ T cell clones expressing shared TCR clonotypes have a cytolytic transcriptional signature
	ZEB2+ memory CD4+ T�cells recognize the P. falciparum derived circumsporozoite protein (CSP) antigen
	Expansion of ZEB2+ memory CD4+ T�cells in patients gaining clinical immunity

	Discussion
	Methods
	Study�design
	Detection of sickle cell polymorphism
	Identification of participants gaining or not gaining clinical immunity
	Immunophenotyping by cytometry by time of flight (CyTOF) and spectral flow-cytometry
	Cell sorting for single-cell RNA-sequencing
	Single-cell RNA-seq analysis and differential expression analysis
	Single-cell RNA-seq TCR analysis
	Pseudotime analysis
	Parasite culture and merozoite opsonization�assays
	Activation induced marker (AIM)�assay
	Analysis of P. falciparum antigen microarray probed with participant�plasma
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




