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Introduction
Despite the significant efforts and investments to complement the current control strategies with an effec-
tive vaccine (1), malaria remains a major global health problem, with 249 million cases and an estimated 
608,000 deaths in 2022 (2). Although promising results have been reported with the R21/Matrix-M 
malaria vaccine (2, 3), until recently, the only malaria vaccine recommended by the WHO was RTS’S, 
which provides partial protection of  between 18% and 28% over 4 years in young children without boost-
er vaccination (4, 5). Recently, inoculation with Plasmodium falciparum sporozoites (SPZs) chemoatten-
uated with chloroquine (CQ) (PfSPZ-CVac [CQ]) was shown to induce dose-dependent protection that 
ranged between 33% and 100%, against P. falciparum after controlled human malaria infection (CHMI) 
with PfSPZ (6–8). Vaccine efficacy was associated with a significant increase in polyfunctional memory 
CD4+ T cells in response to SPZ or infected red blood cell antigens, as well as in circulating γδ T cells 
identified by flow cytometry (6), while the frequency of  detectable antigen-specific CD8+ T cells was low 
(6). These results are consistent with previous flow cytometry studies that have linked human CD4+ and 
γδ T cells to the control of  parasitemia in protected individuals, while the CD8+ T cells response could 
not be robustly captured (9, 10). However, studies in nonhuman primates vaccinated with attenuated 

Vaccination of malaria-naive volunteers with a high dose of Plasmodium falciparum sporozoites 
chemoattenuated by chloroquine (CQ) (PfSPZ-CVac [CQ]) has previously demonstrated full 
protection against controlled human malaria infection (CHMI). However, lower doses of PfSPZ-
CVac [CQ] resulted in incomplete protection. This provides the opportunity to understand the 
immune mechanisms needed for better vaccine-induced protection by comparing individuals who 
were protected with those not protected. Using mass cytometry, we characterized immune cell 
composition and responses of malaria-naive European volunteers who received either lower doses 
of PfSPZ-CVac [CQ], resulting in 50% protection irrespective of the dose, or a placebo vaccination, 
with everyone becoming infected following CHMI. Clusters of CD4+ and γδ T cells associated with 
protection were identified, consistent with their known role in malaria immunity. Additionally, 
EMRA CD8+ T cells and CD56+CD8+ T cell clusters were associated with protection. In a cohort from 
a malaria-endemic area in Gabon, these CD8+ T cell clusters were also associated with parasitemia 
control in individuals with lifelong exposure to malaria. Upon stimulation with P. falciparum–
infected erythrocytes, CD4+, γδ, and EMRA CD8+ T cells produced IFN-γ and/or TNF, indicating their 
ability to mediate responses that eliminate malaria parasites.
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SPZs have shown that, although circulating antigen-specific CD8+ T cells were present in the periphery, 
their frequency was much higher in the liver (11, 12). The development of  mass cytometry provides the 
opportunity to study, in much greater detail, the specific immune cells associated with vaccine immu-
nogenicity or efficacy (13, 14). In a recent study investigating the cellular immune profile and dynamic 
changes in immune responses to malaria parasites in preexposed Africans and malaria-naive Europeans, 
mass cytometry was capable of  identifying novel immune signatures associated with naturally acquired 
immunity that controls parasitemia (15).

In the present study, we used mass cytometry (16) to characterize the immune profiles of  malaria-na-
ive Europeans vaccinated with PfSPZ-CVac [CQ] or placebo prior to CHMI, as well as the changes in 
immune responses after CHMI to identify immune profiles and function associated with protection at a 
much higher granularity compared with conventional flow cytometry. With this vaccination approach, we 
found that CD8+ T cell responses can be induced, detectable in human peripheral blood, and associate with 
vaccine-induced protection.

Results
Study participants. Of  the 12 volunteers studied, 4 received saline (placebo group) and 8 were vaccinated 3 
times with PfSPZ-CVac [CQ] at 28-day intervals (6). To assess the ability of  PfSPZ-CVac [CQ] to induce 
protective immunity, all 12 volunteers underwent CHMI by direct venous inoculation of  live PfSPZ (6). 
All 4 volunteers in the placebo group developed parasitemia following CHMI, as indicated by thick blood 
smear (TBS) and PCR data (Supplemental Table 4; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.170210DS1). Four of  8 volunteers were vaccinated with 3 doses 
of  3,200 SPZ and the rest with 12,800 SPZ. Irrespective of  the vaccine dose, 4 of  8 volunteers remained 
thick blood smear (TBS) and PCR negative throughout the 21-day follow-up period after CHMI and were 
referred to as protected (Supplemental Table 4). The remaining 4 vaccinated volunteers, developed parasi-
taemia and were referred to as nonprotected (Figure 1B and Supplemental Table 4). Four volunteers (2 per 
vaccine dose) developed parasitemia (referred to as the nonprotected group) (Figure 1B and Supplemental 
Table 4). Baseline demographic data for the volunteers are shown in Table 1. Groups were similar with 
regard to age, sex, and BMI.

Vaccine-induced immune cells detected prior to CHMI that associate with protection against malaria. We inves-
tigated the immune response to PfSPZ-CVac [CQ] associated with protection at the pre-CHMI time point 
(c–1; 8–10 weeks after the third PfSPZ-CVac [CQ] vaccination and 1 day prior to CHMI). Unsupervised 
clustering using hierarchical stochastic neighbor embedding (HSNE) (17, 18) identified a total of  103 dis-
tinct cell clusters (Supplemental Figure 1), classified into lineages and subsets (Supplemental Table 1) based 
on their marker expression. Seven major immune lineages were annotated: CD4+ T cells, CD8+ T cells, γδ 
T cells, unconventional T cells, B cells, and innate lymphoid cells (including NK cells) as well as monocytes 
and DCs (Supplemental Figure 1).

The difference in cell frequency prior to CHMI among the placebo, nonprotected, and protected groups 
was calculated using generalized linear mixed-effects (GLME) model (FDR ≤ 0.05), controlled for with-
in-individual variation. Although distinct patterns were seen in the distribution of  cells, as visualized in 
the HSNE map among the placebo, nonprotected, and protected groups (Figure 2A), there were no sta-
tistical differences in the percentage of  cells at the lineage level among the groups prior to CHMI (Sup-
plemental Figure 2A). At the subset level, only the frequency of  terminally differentiated effector mem-
ory cells reexpressing CD45RA, EMRA (CD45RA+CCR7–) CD8+, and CD56+CD8+ T cell subsets were 
increased significantly in the protected group compared with the nonprotected and placebo groups (Figure 
2B and Supplemental Figure 2, B and C). A more detailed examination of  the CD56+CD8+ T cell subset 
revealed that clusters 96 and 99 displayed differential expression of  CD45RO (Supplemental Figure 1B). 
In addition, unlike many other CD56+CD8+ T cell clusters, these clusters lacked the expression of  CD161, 
CD27, or CD127 (Supplemental Figure 1B). Thus, these cell clusters accounted for the association of  the 
CD56+CD8+ T cell subset with protection as tested by CHMI (Figure 2, C and D).

Cluster 67 of  EMRA CD8+ T cells, distinguished by its lack of  CD27 expression (Supplemental Figure 
1B), was also significantly more abundant in the protected group compared with the nonprotected and 
placebo groups (Figure 2E). In addition, we found that cluster 74 of  EM CD8+ T cells expressing HLA-DR 
and CD38 (Supplemental Figure 1B) were significantly increased in the placebo group compared with the 
vaccinated groups (Figure 2F).
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Moreover, we characterized in more depth, CD4+ T cells and γδ T cells that Mordmüller et al. 
(6) identified to be associated with protection. We observed that the frequency of  the EM CD4+ T 
cell cluster expressing PD1 (cluster 37) but negative for CD161 and CD28 (Supplemental Figure 
1A) and γδ T cell cluster 81 expressing CD56, CD45RO, and CD11c (Supplemental Figure 1C) was 
significantly higher in the protected groups compared with the nonprotected and the placebo groups 
(Figure 2, G and H).

These results show, at a high resolution, which clusters of  EM CD4+ T cells and memory γδ T cells, 
that were found by conventional flow cytometry (6), are associated with protection against malaria. 
Importantly, we also detected distinct CD8+ T cell populations in peripheral blood that were induced by 
vaccination with PfSPZ-CVac [CQ] and were associated with protection against malaria.

Dynamic changes of  immune cell clusters following CHMI. Next, the changes over time following PfSPZ 
challenge in the 3 groups (placebo, nonprotected, and protected) were examined.

The change in cell frequencies per group between time points before CHMI (c–1) and 11 days after 
CHMI (d11) were assessed using the GLME model (FDR ≤ 0.05), including time as fixed effect and sam-
ple ID as random effect. Within each of  the groups, we observed variations in the frequency of  cell clus-
ters over time. Notably, the placebo group exhibited more pronounced changes, potentially linked to their 
initial exposure to malaria parasites. In contrast, the observed changes in the nonprotected and protected 
groups may reflect cumulative effects stemming from the vaccinations and the associated protection (or 
lack thereof) (Supplemental Table 5). However, it is important to acknowledge that these results did not 
consider the potential confounding by immune profiles prior to vaccination.

To address this, we incorporated an interaction term among the groups and the CHMI time points 
(c–1 and d11) in our analysis. This approach allowed us to statistically test whether changes over time are 
significantly different among the groups, thus identifying immune cell populations associated with pro-
tection with respect to placebo. At the lineage level, no differences in cell frequencies were seen between 
groups. However, within the protected group, the frequency of  EMRA CD8+ T cell subset decreased sig-
nificantly over time (Figure 3A). This was further illustrated at the cluster level by the significant decrease 
at d11 of  the frequency of  EMRA CD8+ T cell cluster 67, which was seen to be elevated at the prechal-
lenge time point in the protected group (Figure 3, B and C).

Figure 1. TüCHMI trial and outcome. (A) Healthy volunteers included in the trial were split in 2 
main groups: the experimental group (in brown) consisted of volunteers (n = 8) receiving 3 doses 
of PfSPZ vaccine at 28-days intervals (V0, V28, and V56) in combination with a weekly dose of 
chloroquine up to 5 days after the last inoculation (V61) (PfSPZ-CVac [CQ]), and the placebo group 
(in blue), which consisted of volunteers (n = 4) inoculated with saline buffer. Eight to 10 weeks 
after the last inoculation, all volunteers in both the experimental and placebo groups underwent 
a CHMI trial. Immune responses to PfSPZ-CVac [CQ] inoculation were assessed at c–1 (1 day before 
the challenge [c0]) and d11 (11 days after the challenge). (B) Proportion of protected volunteers. 
Kaplan-Meier survival curves for days to parasitemia determined by thick blood smear for PfSPZ-
CVac [CQ]–vaccinated (brown) and placebo (blue) groups. Volunteers in the placebo group all 
became malaria positive by day 18 after CHMI, while in the vaccinated group, some volunteers (4 of 
8 volunteers vaccinated in total) remained malaria negative up to 21 days after CHMI.
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Similarly, a decrease was observed in CD56+CD8+ T cell cluster 96, which again was significantly high-
er at prechallenge (Figure 3, B and D). This may reflect that upon exposure the reactive cells induced by 
vaccination relocate from the periphery to tissues, such as the liver, where they may play a protective role 
against malaria. Alternatively, these cells can become activated or die. In addition, we show that, in the pro-
tected group, the frequency of  γδ T cells expressing CD56, CD45RO, and CD11c (cluster 81), which was 
significantly elevated prechallenge, decreased significantly (Figure 3, B, E, and F). In contrast, the frequency 
of  CD161– EM CD4+ T cells expressing PD1 (cluster 37), which was also higher at prechallenge, increased 
significantly. A new cluster emerging from this analysis, the CD161+ EM CD4+ T cells (cluster 22) (Sup-
plemental Figure 1A), which has been shown to be associated with protection in individuals with naturally 
acquired immunity in endemic areas (15), increased significantly in the protected group (Figure 3G). Only 
one cell cluster differentially changed in the placebo group after CHMI (Figure 3B); the frequency of  EM 
CD8+ T cells expressing HLA-DR and CD38 (cluster 74), which was high at the prechallenge time point in 
the placebo group, decreased significantly at d11 (Figure 3H). The cell abundance of  cluster 74 at d11 in the 
placebo group is similar to that observed at c–1 in the protected and the nonprotected groups (Figure 3H), 
which might suggest that these cells respond specifically to encountering PfSPZ inoculum.

Overall, these results suggest that upon challenge the CD56+ and EMRA CD8+ T cell clusters, which 
we were able to detect using mass cytometry, leave the peripheral blood, as do γδ T cells, possibly to medi-
ate protection against malaria parasites in the liver. At the same time, CD4+ T cells increase over time in the 
protected group, confirming earlier reports of  their role in immunity.

Comparison of  CD8+ T cells in naturally acquired and vaccine-induced immunity. Given the current detection 
and characterization of  CD8+ T cell responses in vaccine-induced immunity to malaria, we next asked 
whether we could find similar CD8+ T cell clusters in naturally acquired immunity in people with lifelong 
exposure to malaria.

To this end, we used a data set generated in a CHMI study in Gabon (LaCHMI-001 trial; ClinicalTri-
als.gov NCT02237586) (19), which identified individuals with naturally acquired immunity that controlled 
parasitemia, using mass cytometry panel with an identical set of  markers as those used in our panel and 
applied our analysis pipeline (15). In this study, a total of  20 individuals from Gabon with prior malaria 
exposure and 5 malaria-naive Europeans underwent a CHMI (15). All malaria-naive individuals subse-
quently tested positive for malaria infection. Within the group with prior malaria exposure, 12 of  20 partic-
ipants developed parasitemia as determined by TBS, while 8 participants did not develop parasitemia up to 
28 days after the CHMI, when they received presumptive treatment. The frequencies of  cell clusters prior to 
CHMI (c–1) and following PfSPZ challenge (at d11) were assessed using generalized linear mixed models 
(P < 0.05), comparing malaria-naive Europeans, preexposed susceptible Africans (Africans who develop 
parasitemia within 28 days after the CHMI) and preexposed resistant Africans (Africans who did not devel-
op parasitemia up to 28 days after the CHMI). Using unsupervised clustering with HSNE in Cytosplore, 
CD56+, EMRA, EM, CM, and naive subsets were identified within the CD8+ T cell compartment (Figure 
4A). The frequency of  these subsets did not differ significantly among the groups. However, at the cluster 
level, 7 clusters of  CD8+ T cells were significantly different among the groups prior to CHMI (Figure 4B).

Interestingly, a cluster of  EMRA CD8+ T cells (cluster 16) was strongly associated with resistance as 
assessed after CHMI (Figure 4B) and found to significantly decreased over time in preexposed Africans 
(Figure 4C). This is a cluster of  EMRA cells phenotypically similar to cluster 67 of  EMRA CD8+ T cells 
(Supplemental Figure 1B), which as described above in our vaccine trial were high prior to CHMI and 
significantly decreased at d11 in PfSPZ-CVac [CQ] protected vaccinees (Figure 3C). Similarly, cluster 6 
of  CD56+CD8+ T cells (Figure 4B) was found to be high in the resistant group at c–1 (Figure 4D), which 
is in line with the finding of  our trial that cluster 96 of  CD56+CD8+ T cells (Supplemental Figure 1B) was 

Table 1. Differences in sociodemographic characteristics among the placebo, nonprotected, and protected groups

Placebo (control) Nonprotected Protected P value
n = 4 n = 4 n = 4

Age in yr, median (range) 24 (20–27) 24 (23–25) 26 (25–26) 0.286A

BMI (median ± SD) 18.5 ± 3.6 23.1 ± 4.9 26.2 ± 5 0.069A

Sex ratio (M/F) 0.25 (1/3) 0.75 (3/1) 0.75 (3/1) 0.454B

AKruskal-Wallis test; Bχ2 test. BMI.
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high prior to CHMI in the vaccinated group that were protected, compared with other groups (Figure 2C). 
However, no significant decrease was seen at d11 for cluster 6 (Supplemental Figure 2D). Taken together, 
these data indicate that similar clusters of  CD8+ T cells are associated with both naturally acquired and 
PfSPZ-CVac [CQ]–induced immunity.

Functional responses associated with control of  parasitemia. We next assessed functional responses by mea-
suring intracellular expression of  cytokines in response to P. falciparum–infected red blood cells (PfRBCs) in 
CD4+, CD8+, and γδ T cells, which were found to be associated with PfSPZ-CVac [CQ]–induced protection. 
Specifically, while antigen-specific robust IFN-γ and TNF responses were measured following PfRBC stimu-
lation (Supplemental Figure 3A), compared with uninfected red blood cells (uRBCs) as control (Supplemental 
Figure 3B), other cytokines (IL-2, IL-4, IL-5, IL-13, IL-17, and IL-10) were produced in negligible amounts.

Prior to CHMI, we observed, within the CD8+ T cell compartment, a significant increase in IFN-γ–produc-
ing (but not TNF-producing) CD56+CD8+ T cells (cluster 73) as well as EMRA CD8+ T cells (cluster 60) in the 
protected group (Figure 5, A–C). This indicates that EMRA cells induced by PfSPZ-CVac [CQ] are not hypore-
active and are able to respond to PfRBCs. Furthermore, EM CD4+ T cells also responded to PfRBC stimulation. 
Indeed, a cluster of EM CD4+ T cells expressing CD161, CD28, and PD1 (cluster 33) producing IFN-γ was 
found in higher frequency in the protected group prior to CHMI (Figure 5, A and D). Similarly, an increased 

Figure 2. Vaccine-induced immunity associated with protection prior to CHMI. (A) Hierarchical stochastic neighbor embedding density maps showing 
differences in major cell lineages among volunteers n the placebo (n = 4), nonprotected (n = 4), and protected (n = 4) groups. The cell density per individual 
map is indicated by color. (B) Heatmap summary of Z scores of the normalized cell count per cell subset per group, where colors represent the mean Z score 
as indicated. (C) Box plots showing the frequency of CD56+CD8+ T cell cluster 96, (D) CD56+CD8+ T cell cluster 99, (E) EMRA CD8+ T cell cluster 67, (F) HLA-
DR+CD38+ EM CD8+ T cells, (G) CD4+ T cell cluster 37, and (H) CD56+γδ T cell cluster 81 relative to CD45+ cells, comparing placebo (n = 4, blue), nonprotected (n 
= 4, gray), and protected (n = 4, orange) groups. The box plots represent the median and first and third quantile, and the whiskers represent the maximum/
minimum, no further than 1.5 times the interquartile range (IQR). *P ≤ 0.05, **P < 0.01, ***P < 0.001, computed using the GLME model after FDR correction.
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frequency of IFN-γ– and TNF-producing CD56+ γδ T cells (cluster 8) expressing CD161 and CD45RO (Figure 
5, A and E) was seen following PfRBC stimulation. However, a higher frequency of cytokine-producing γδ T 
cells was found in the placebo group compared with the nonprotected and protected groups.

A number of changes in cytokine-producing cell frequencies between c–1 and d11 (Figure 5F) that were not 
statistically significant following FDR correction might be worth considering. For example, we could see that 
the proinflammatory cytokine-producing CD56+ (cluster 73) and EMRA CD8+ T cells (cluster 60) decreased 
after PfSPZ challenge (Figure 5F and Supplemental Figure 3, C and D), in line with the decrease over time in 
the protected group of CD56+ and EMRA CD8+ T cell frequencies, as seen in Figure 3, C and D, suggesting the 

Figure 3. Dynamic changes of immune cell clusters following CHMI. (A) Heatmap summary of log2 fold change (FC) of cell subsets from c–1 to d11. (B) Circos 
heatmap showing the log2 FC from c–1 to d11 for each cluster per group. Clusters that significantly change overtime are in red. (C) The frequency of EMRA 
CD8+ T cell cluster 67, (D) CD56+CD8+ T cell cluster 96, (E) CD56+ γδ T cell cluster 81, (F) CD161– EM CD4+ T cell cluster 37, (G) CD161+ EM CD4+ T cell cluster 22, 
and (H) HLA-DR+CD38+ EM CD8+ T cells (cluster 74), from c–1 to d11 per placebo (n = 4, blue), nonprotected (n = 4, gray), and protected (n = 4, orange) groups. 
Data in C–H are presented as box plots, representing the median and first and third quantile, while the whiskers indicate the overall data range no further 
than 1.5 times the interquartile range (IQR). The interaction among the groups and the time points was computed in a generalized linear mixed models 
(GLMM) for binomial family) model to assess the dynamic change overtime. *P ≤ 0.05, **P < 0.01, ***P < 0.001 after FDR correction. The abundance of the 
indicated clusters is given as a percentage of CD45+ cells.
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relocation of such cells to the liver. Interestingly, the frequency of CD56+ γδ T cells (cluster 8) producing proin-
flammatory cytokine was also seen to decrease at d11 (Figure 5F and Supplemental Figure 3E). This decrease 
could potentially be attributed to the relocation of these cells to the liver, resulting in reduced frequency of cyto-
kine-producing cells. This observation aligns with the declining frequency of these cells from c–1 to d11. This 
also agrees with previous observations in endemic regions, where repeated malaria exposure has been shown to 
result in decreased frequency of proinflammatory cytokine-producing γδ T cells to antigen reexposure.

Discussion
Using high-dimensional immune profiling, we could detect clusters of  CD56+ and EMRA CD8+ T cells 
associated with PfSPZ-CVac [CQ]–induced immunity to malaria. In addition, we identified clusters that 
might be responsible for the reported association of  CD4+ and γδ T cells with vaccine-induced immunity to 
malaria (6). Specifically, with regard to CD4+ T cells, we found total CD161+ EM CD4+ T cells and IFN-γ 
producing CD161+CD4+ T cells to increase over time in the protected vaccinees. This is consistent with 
previous data showing their association with naturally acquired immunity, induced after repeated exposure 
to malaria parasites in endemic areas (15). In our study, vaccinees received 3 inoculations of  live chemo-
attenuated PfSPZ prior to CHMI. This regimen resulted in repeated exposure to early blood-stage malaria 
parasites that start to resemble what is seen in natural infections, which might explain the expansion of  
IFN-γ–producing CD161+ EM CD4+ T cells that contribute to vaccine-induced immunity as well as to nat-
urally acquired immunity. Considering γδ T cells, we found that the population associated with protection 
expressed CD56. NK-like γδ T cells have been described to be associated with clinical immunity against 
malaria as a result of  multiple exposures (20, 21), and it was reported that this also leads to a decrease in 
their proinflammatory cytokine production (21). Therefore, in our study, the repeated exposure, inherent to 
PfSPZ-CVac [CQ], could explain (a) the higher induction of  CD56+ γδ T cells associated with protection 
and (b) the decrease in the placebo group in the frequency of  IFN-γ– or TNF-producing CD56+ γδ T cells 
in response to malaria antigens in vitro on d11 after CHMI.

The protective CD8+ T cell responses against malaria, induced by both irradiated SPZs and various sub-
unit vaccines (22–24), have been found to be correlated with liver-stage immunity (25, 26). Here, we could 
identify specific cell clusters and report that CD56+CD8+ T cells and EMRA CD8+ T cells are associated 

Figure 4. Characterization of CD8+ T cells in naturally acquired immunity. (A) HSNE plots showing cell subsets within the 
CD8+ T cells lineage (left), annotated based on the indicated markers (right). Colors represent the arc-hyperbolic sine 5–trans-
formed (arsinh-5–transformed) marker expression as indicated. (B) Heatmap of CD8+ T cell clusters, showing expression of 
markers as median signal intensity after arsinh transformation. Each cluster has a unique cluster number, and the subset to 
which each cluster belongs is shown at the top. The generalized linear mixed models (GLMM) for binomial family was used to 
compare cluster abundance among malaria-naive Europeans (n = 5, blue), lifelong exposed susceptible Africans (n = 12, green), 
and resistant Africans (n = 8, pink). Colored stars below the clusters indicate statistical significance in naive Europeans and 
lifelong exposed resistant Africans. (C and D) Box plot representing the median and first and third quantile of the frequency 
of (C) EMRA CD8+ T cells (cluster 16) and (D) CD56+CD8+ T cells (cluster 6), both relative to CD45+ cells. The whiskers of the box 
plots indicate a range no further than 1.5 times the interquartile range (IQR). *P ≤ 0.05, **P < 0.01, ***P < 0.001. P values 
were computed using the generalized linear mixed models (GLMM) for binomial family.
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with protection against malaria in both malaria-naive Europeans immunized with PfSPZ-CVac [CQ] and 
Africans with lifelong exposure to malaria. Interestingly, in both populations, the frequency of  CD56+ and 
EMRA CD8+ T cells was high prior to CHMI and decreased over time in the vaccine-induced or naturally 
acquired protected group exposed to CHMI, suggesting the migration of  cells to the liver, where CD8+ T 

Figure 5. Cytokine response to PfRBC stimulation. (A) The heatmap on the left shows the expression of markers as median signal intensity after arsinh 
transformation for CD8+, CD4+, and γδ T cells. Each cluster has a unique number. The heatmap on the right shows the summary of Z scores of the normalized 
frequency of cells producing IFN-γ and TNF per cluster (after subtraction of uRBCs) in placebo (n = 4), nonprotected (n = 4), and protected (n = 4) groups at 
baseline. The colors indicated represent the mean Z score per cluster per group. (B) Frequency of IFN-γ– and TNF-producing CD56+CD8+ T cells (cluster 73), (C) 
EMRA CD8+ T cells (cluster 60), (D) CD161+ EM CD4+ T cells, and (E) CD56+ γδ T cells, given as a percentage of parents among the indicated groups. The data are 
presented as box plots showing the median, the first, and the third quantile, and whiskers extend to the maximum/minimum, no further than 1.5 times the 
interquartile range (IQR). *P ≤ 0.05, computed using the generalized linear mixed models (GLMM) for binomial family. (F) Circos heatmap showing the log2 FC 
of IFN-γ– (dashed line) and TNF-producing (full line) cells from c–1 to d11.
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cells can directly act against liver-stage parasites (9, 11, 27). In this regard, an important study has shown that 
CD8+ tissue-resident T cells obtained by fine needle biopsy of  liver have counterparts in peripheral blood, 
showing transcriptional similarity (25), which might warrant linking the activity of  some circulating CD8+ 
T cells to their activity in the liver.

The CD56+CD8+ T cells that we found associated with protection might represent NKT cells, although 
specific NKT cell markers are required for their definitive identification (28). NKT cells are thought to 
prevent the development of  blood-stage malaria by inhibiting the proliferation of  parasites in the hepato-
cytes (29). There is currently limited evidence suggesting that EMRA CD8+ T cells play a role in protection 
against malaria. However, they are induced by live yellow fever vaccine (YF-17D) (30, 31) and are possibly 
involved in protection induced by the tetravalent live attenuated dengue vaccination (TV003) (32). EMRA 
cells are suggested to derive from antigen-specific cells reexpressing CD45RA as an indicator of  highly 
functional memory CD8+ T cells (30, 33), yet the loss of  CD27 on EMRA cells has been associated with 
low expansion potential in response to antigen stimulation in vitro (33, 34). Here, for malaria, we report 
that the frequency of  total CD27– EMRA CD8+ T cells and the frequency of  IFN-γ+CD27– EMRA CD8+ T 
cells was high at c–1 in the protected group in contrast to their EM counterpart. These observations suggest 
that EMRA cells might be a terminally differentiated but fully functional effector T cell population in the 
protected group. The significant decrease in EMRA frequency observed at d11 in the protected group might 
indicate that these cells respond specifically to PfSPZ infection after reexposure. This observation is in line 
with a previous report indicating that EMRA CD8+ T cells retain epigenetic markers that promote rapid 
effector function (35). The remaining question is how these cells are formed and where they relocate after 
the challenge. Analysis of  the immune response before any vaccination and analysis of  the TCR clonotype 
may help develop understanding of  the specific kinetics of  these cells in response to malaria infection. In 
addition, despite the obvious drawbacks, the inclusion of  hepatic fine needle aspirates (25) to investigate 
the relationship between circulating EMRA CD8+ T cells and their liver-resident counterparts may provide 
further insight into the protective role of  EMRA CD8+ T cells in human malaria infection.

Furthermore, we found the EM CD8+ T cell cluster, positive for HLA-DR and CD38, to be signifi-
cantly depleted in the vaccinated group compared with the placebo group. Interestingly, this contrasts with 
results of  a subunit vaccine, AdCA (an adenovirus-vectored malaria vaccine expressing P. falciparum cir-
cumsporozoite protein [CSP] and apical membrane antigen-1 [AMA1]), which did not induce a sterile pro-
tection (24). The AdCA vaccination induced an increase in antigen-specific CD8+ T cells expressing CD38 
and HLADR at day 22 after immunization compared with baseline (before immunization). In our study, 
the after immunization time is 8–10 weeks after the last inoculation, which might then allow these cells to 
migrate into the lymph nodes or tissues of  the PfSPZ-CVac [CQ]–immunized volunteers.

It is important to acknowledge the limitations inherent to controlled human infection studies, notably 
the small sample size, which can affect the statistical analysis and generalizability of  findings. Further 
studies in a larger number of  individuals vaccinated with chemoattenuated malaria parasites are needed to 
confirm these findings, to unequivocally establish that the cell clusters identified here represent correlates 
of  immunity or might mediate protection against malaria parasites. Another limitation of  this study is that 
we have tested whole parasite antigen extract and do not have data on the specific antigens that drive the 
responses; again future studies could contribute to this knowledge gap. Moreover, it would be interesting 
to assess whether the changes in overall cellular response to malaria vaccine and challenge through CHMI 
are different from responses to other live attenuated vaccines to establish whether there are some general 
rules on how certain types of  vaccine responses can be optimized. The absence of  baseline data is also a 
limitation. However, the analysis of  baseline data on previously published data of  the same cohort showed 
no differences among the groups (6). Nevertheless, the inclusion of  baseline samples (before vaccination) 
could have strengthened our conclusions regarding the effect of  vaccination with PfSPZ-CVac on the devel-
opment of  specific immune responses associated with protection. Notwithstanding these limitations, this 
work highlights how combining high-dimensional single-cell analysis with vaccination and the controlled 
human infection has the potential to identify cell populations involved in protection against malaria.

Methods
Sex as a biological variant. Both male and female individuals were included in the study. The sex ratio is 
provided in Table 1. The potential influence of  sex on the observed outcomes was not accounted for in 
our analysis.
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Study population and sampling. Samples for this study were collected as part of  the TüCHMI-002 tri-
al, a randomized, placebo-controlled, double-blind study, evaluating the inoculation of  aseptic, purified, 
cryopreserved, nonirradiated PfSPZ by direct venous injection to malaria-naive, healthy adult volunteers 
from Germany, who were taking CQ as chemoprophylaxis against malaria (Sanaria PfSPZ-CVac [CQ]). 
Healthy malaria-naive patients, aged 18–45 years, were divided into 2 main groups: the control or placebo 
group and the experimental group. Within the experimental group, volunteers were divided according to 
the concentration of  P. falciparum SPZs (PfSPZ) they received during the immunization phase: a low dose 
(3,200 SPZ) or a medium dose (12,800 SPZ). Volunteers received 3 PfSPZ immunization or saline buffer 
at 28-day intervals, in combination with a weekly dose of  5 mg/kg or 310 mg CQ for 5 days after the last 
immunization, after an initial dose of  10 mg/kg or 620 mg CQ 2 days before the first immunization. Eight 
to 10 weeks after the last immunization, all volunteers (including those in the placebo group) underwent 
a CHMI trial. The parasitemia following the challenge was evaluated daily, using both qPCR and TBS, 
starting from day 6 after challenge up to day 21. The outcomes for parasitemia for each donor can be found 
in Supplemental Table 4. A TBS slide was considered positive when two separate readers detected at least 
2 parasites in 300 reading fields. In cases where discrepancies arose in parasitemia results between the two 
readers, a third reader was asked to assess the slide. If  only 1 parasite-like structure was detected by the 
readers, more reading fields were assessed. The sample was declared negative in cases in which no other 
parasite could be found. Correlation between qPCR and TBS results was seen, as presented in Supplemen-
tal Table 4. Notably, within the protected group, all participants tested negative for P. falciparum infection 
in both qPCR and TBS. Samples used in this study were collected on c–1 and d11 for PBMCs isolation by 
density-gradient centrifugation and cryopreserved for subsequent immunophenotyping assays (Figure 1A).

To compare vaccine-induced immunity with naturally acquired immunity, we used publicly available 
data from a previous study conducted in Gabon (ImmPort accession SDY1734) (15, 19). This allowed us to 
analyze and compare specifically the CD8+ T cell immune responses in these 2 groups.

Cell processing. Cryopreserved PBMCs were thawed in RPMI medium supplemented with penicillin/
streptomycin (RPMIpen/strep) and complemented at 50% with heat-inactivated (hi) FCS. After thawing, 1–2 
million cells were aliquoted in a 5 mL Eppendorf  tube for direct staining with the panel in Supplemental 
Table 2. The remaining cells were rested for 4 hours at 37oC in culture medium (RPMIpen/strep + 10% hiFCS) 
at a concentration of  1 million cells/mL. All samples met the acceptance criteria of  more than 80% viabil-
ity after thawing and resting. Next, to assess response to malaria antigens, PfRBCs were used as source of  
antigen. The PfSPZ-CVac immunization procedure leads to the exposure of  the immune system not only 
to SPZs, but also to infected hepatocytes and even early blood-stage parasites. PfSPZ-CVac immunization 
includes the inoculation of  SPZs that invade liver cells subsequent to injection, where they differentiate 
and multiply for about 1 week, followed by release into the bloodstream and infection of  erythrocytes in 
the form of  merozoites. Therefore, 1–3 million of  the rested cells per sample were stimulated for 24 hours 
with PfRBCs or uRBCs at a concentration of  1:1 at 37oC and 5% CO2. Brefeldin A was added to the cells 
4 hours before the end of  the culture. PfRBCs and mock-cultured uRBCs were obtained through purifying 
NF54 asexual-stage cultures using a MACS column (Miltenyi Biotech, 130-042-401) and cryopreserved in 
15% glycerol/PBS. After stimulation, cells were transferred to a 5 mL Eppendorf  tube for staining with the 
panel in Supplemental Table 3.

Staining procedures. Prior to staining, cells were incubated with 1 mL 500 μM Cell-ID intercalator-103Rh 
(Fluidigm, catalog 201103A; ×500 dilution) for 15 minutes at room temperature to identify dead cells. 
Subsequently, cells were washed with 2 mL staining buffer (DVS science, catalog 201068). Cells were next 
incubated for 10 minutes with 50 μL human TruStain FcX Fc-receptor blocking solution (Biolegend; ×10 
dilution) at room temperature. Then, 50 μL of  the surface antibody cocktail was added to the cells (Supple-
mental Tables 1 and 2) for 45 minutes at room temperature. After staining, cells were fixed with 1 mL of  
×1 MaxPar Fix I buffer (Fluidigm, catalog 201065) for 20 minutes at room temperature. Stimulated cells 
were then stained a second time with 50 μL of  an intracellular antibody cocktail (Supplemental Table 2) 
freshly prepared in permeabilization buffer (Fluidigm, catalog 201066) for 30 minutes at room temperature. 
After staining, cells were incubated overnight at 4°C with 1 mL 125 μM Cell-ID Intercalator-Ir (Fluidigm, 
catalog 201192A; ×1,000 dilution) in MaxPar Fix and Perm buffer (Fluidigm, catalog 201067).

Mass cytometry (CyTOF) measurements. Cells were acquired with the Helios mass cytometer (Fluidigm) at 
a concentration of  1 × 106 cells/mL in Milli-Q water (Ultrapure water systems, PureLAB Ultra) complement-
ed with 10% EQ Four Element Calibration Beads (Fluidigm, catalog 201078). In addition to the antibody 
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panel detection channels (including intercalator channels), calibration bead (140Ce, 151Eu, 153Eu, 165Ho, 
and 175Lu) and contamination (133Cd, 138Ba, and 208Pb) channels were activated. After cell acquisition, 
data from the calibration bead data were used to normalize the signal fluctuations. The normalized FCS files 
were exported and analyzed with FlowJo V10 (TreeStar) to exclude EQ beads and select live CD45+ cells 
(Supplemental Figure 4A). The FCS files from selected live CD45+ cells were then analyzed using the hierar-
chical stochastic neighborhood embedding (HSNE) method on Cytosplore (17, 18), a dimensionality reduc-
tion visualization tool (Supplemental Figure 4B). The HSNE method of  clustering enables the selection of  
cell landmarks (also referred to as clusters) per level based on the similarity of  their marker expression. At 
the first level of  the HSNE (overview level), major cell lineages were defined (i.e., CD8+ T cells). Next, we 
zoomed into each lineage separately to a more detailed level where we defined cell subsets (i.e., CD56+CD8+ 
T cells). The HSNE density plot allows the visualization of  the distribution of  the cells, indicating their 
similarity in the HSNE embedding, suggesting distinct immune signatures in a given immune compart-
ment. The same process was repeated until the clusters level was reached (Supplemental Figure 4B). Each 
cluster represents a unique phenotype (Supplemental Figure 1). For each cluster, the percentage of  IFN-γ– 
or TNF- producing cells was filtered using a manually determined cytokine threshold, and frequencies of  
cytokine-producing cells were calculated per cluster. All antigen-specific cytokine frequencies to PfRBCs are 
reported after uRBC subtraction, as a percentage of  parents.

Statistics. All statistical analyses were performed using R software version 4.0.2 (36). The GLME model 
was used to assess the difference in cell clusters between the study groups and the changes in cell frequen-
cy after PfSPZ inoculation (37). Similarly, the GLME model was used to assess the difference at c–1 and 
the change after CHMI in the frequency of  cytokine- producing cells per group. Specifically, to assess the 
change in cell frequencies over time, an interaction term among the groups variable and the time points 
variable was included. The model was computed using the GLMER package in R software. P values were 
adjusted for multiple comparisons using the FDR method. The significance level was set at P ≤ 0.05 after 
FDR correction. For the phenotyping assay, the frequency of  each cell cluster as percentage of  total cells 
(CD45+ cells) was determined. For cytokine production after stimulation, the frequency of  cytokine-pro-
ducing cells was determined as a percentage of  their respective cluster. Using the R package survminer, we 
generated survival curves.

Study approval. The TüCHMI-002 trial was approved by the ethics committee of  the Medical Faculty 
and the University Clinics of  the University of  Tübingen and registered at ClinicalTrials.gov (ClinicalTrials.
gov NCT02115516) and in the EudraCT database (2013-003900-38). The trial followed the principles of  the 
Declaration of  Helsinki, Good Clinical Practice, and Good Clinical and Laboratory Practice. The study was 
carried out under FDA IND 15862 and with the approval of  the Paul-Ehrlich-Institute (Langen, Germany).

Data availability. The mass cytometry data are available upon request from the corresponding author. 
Values for all data points in graphs are reported in the Supporting Data Values file.
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