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disease tolerance mechanism associated with gamma delta T cell expansion (134/150 with 16 

spaces)  17 

  18 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458668doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458668
http://creativecommons.org/licenses/by-nd/4.0/


 2 

Abstract:  19 

The mechanism of acquisition and maintenance of natural immunity against Plasmodium 20 

falciparum malaria remains unclear. Although, clinical immunity develops over time with repeated 21 

malaria episodes, disease tolerance is more rapidly acquired compared to protective immunity. It 22 

remains unclear, how pre-existing immune responses impacts the mechanism responsible for 23 

disease tolerance. Here, we investigated a cohort of returning travelers treated for acute 24 

symptomatic P. falciparum malaria, either infected for the first time, or with a previous history of 25 

malaria. Through repeated sampling over one year in a malaria free setting, we were able to study 26 

the acute and longitudinal effects of the infection. We combined comprehensive immune cell and 27 

plasma protein profiling with integrated and data driven analysis, describing the immune landscape 28 

from acute disease to one year after infection. We identified a strong association between pro-29 

inflammatory signatures and gd T cell expansion. The association was significantly impacted by 30 

previous exposure to malaria, resulting in a dampened pro-inflammatory response, which 31 

translated to reduced Vd2+ gd T cell expansion compared to primary infected individuals. The 32 

dampened inflammatory signal was associated with early expansion of FcgRIII+ monocytes and 33 

parasite-specific antibodies of IgG1 and IgG3 isotypes. 34 

Our data suggest that the interplay of FcgRIII+ monocytes and a cytophilic parasite-specific IgG 35 

during the early blood stage infection lead to lower parasitemia and a dampened pro-inflammatory 36 

response with reduced gd T cell expansion. This enhanced control and reduced inflammation points 37 

to a potential mechanism on how tolerance is established following repeated malaria exposure. 38 

(244/250 words) 39 

  40 
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Main Text: 41 

INTRODUCTION 42 

Malaria remains a global burden with an estimated 229 million malaria cases leading to 43 

approximately 409 000 deaths in 2019 (1). Compared to other pathogens, immunity to malaria is 44 

slow to develop (2). In malaria endemic areas, partial immunity is acquired over time after repeated 45 

infections. Clinical symptoms are reduced while low grade subclinical infections remain and allow 46 

for continued parasite transmission (2, 3). However, protection from severe forms of malaria, 47 

despite high levels of parasitemia, seem to develop already after a few infections (4). A recent 48 

study by Nahrendorf and colleagues suggests a tolerance mechanism where better control of host-49 

damaging factors that are part of the natural immune response to infection are an underlying cause 50 

for the reduced severity (5). Currently no study has investigated how long tolerance persists and 51 

how it is maintained in response to malaria.  52 

Clinical symptoms are due to the blood stage of the infection, where merozoites invade 53 

erythrocytes that then sequester, followed by parasite multiplication before bursting out to infect 54 

new erythrocytes (6). The clinical manifestations are partly due to the strong innate pro-55 

inflammatory response, during the parasite blood stage/to the P. falciparum blood stage  (7).  56 

Much of our current understanding of the immune responses to P. falciparum infection is based 57 

on hypothesis-driven research, where selected cell subsets, inflammatory markers, or clinical 58 

features are investigated at a time (8, 9). Improved technology and bioinformatic tools enable the 59 

analysis of high-dimensional parameters in limited sample material, giving us the opportunity to 60 

study complex immune responses at a systems level to provide new insights into complex 61 

immunological networks that represent the immune response during infection (10). Systems level 62 

approaches to study febrile/non-febrile children in malaria endemic countries (11) as well as the 63 

comparison of malaria naïve and Africans in controlled human malaria infection (CHMI) studies 64 

(12) have generated valuable findings and new hypotheses. While studies in endemic populations 65 

allow investigation of acute naturally acquired malaria and persistent (largely asymptomatic) 66 

infections in the context of previous exposure. Despite CHMI studies enable more control over 67 

prior parasite exposure, infectious dose, and follow-up after infection, although only in the context 68 

of very low level parasitemia and often before symptoms having appeared. Although compensating 69 

for some limitations, CHMI cannot fully mirror a natural infection, due to early treatment not 70 

allowing observation of potential effects derived from a strong natural symptomatic infection. This 71 
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leaves a knowledge gap on how natural infection affects the immune response in the absence of 72 

potential parasite re-exposure. This gap can be filled by investigating the immune response after 73 

naturally acquired malaria in individuals leaving the endemic area, seeking healthcare in a setting 74 

without risk of re-exposure. 75 

Here, we study a prospective cohort of returning travelers treated for acute P. falciparum malaria 76 

at the Karolinska University Hospital in Sweden, followed over one year after infection. Using a 77 

systems immunology approach and data-driven analysis, we combined plasma protein and cell 78 

profiling to study dynamic changes of the immune response over time in these patients. Based on 79 

our results, we propose a model where antibody-derived memory modulates the pro-80 

inflammatory cytokine response which in turn impact gd T cell expansion and improve disease 81 

tolerance. 82 

  83 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458668doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458668
http://creativecommons.org/licenses/by-nd/4.0/


 5 

RESULTS  84 

Subhead 1: Longitudinal profiling of peripheral blood – Immune dynamics after natural 85 

infection in a cohort of returning travelers 86 

We aimed to comprehensively profile the immune response dynamics longitudinally after natural 87 

infection with P. falciparum malaria, to appreciate the immunological changes occurring during 88 

the acute disease and up to one year after diagnosis. We included 53 returning travelers, repeatedly 89 

sampled in a non-endemic setting over one year after hospital admission (13–16) (Fig. 1A).  90 

To profile the immune response in the cohort over time, we performed broad FACS-based 91 

immunophenotyping using a 17-marker panel and gated for subsets of monocytes (CD14+), T cells 92 

(CD3+CD56–), and NK cell (CD3-CD56+) (Fig. S1A). We also included data from B cell subsets 93 

previously phenotyped from the same donors (16) (Fig. S1B). Plasma protein analysis was 94 

performed using the Target 96-plex Inflammation panel from Olink Proteomics (17) targeting 92 95 

immune response-related proteins. In total, we profiled 182 samples from 53 subjects, creating 96 

more than 23,000 data points (Fig. 1B).  97 

The cohort consisted of individuals infected with P. falciparum malaria for the first time (primary 98 

infected, n = 17) and those infected before, having grown up in malaria endemic areas and reported 99 

previous malaria (previously exposed, n = 36) (Fig. 1C). Comparing individuals with primary 100 

infection versus previous exposure enabled us to investigate potential memory effect on the 101 

immune response. The individuals with previous exposure moved from malaria endemic areas to 102 

non-endemic Sweden on average 11.5 years before now experiencing acute malaria after visiting 103 

an endemic area (median = 11.5, range 0-46 years, Tab. S1).  104 

Although all individuals sought healthcare, primary infected patients had significantly higher 105 

levels of parasitemia at hospital admission (median 1.10 vs 0.25 % infected red blood cells, p = 106 

0.038, Fig1D), more signs of severe malaria (Tab. S1) and were on average admitted to hospital 107 

care significantly longer than previously exposed patients (median 3 vs 2 days, p = 0.002, Fig1E, 108 

Tab. S1). 109 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458668doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458668
http://creativecommons.org/licenses/by-nd/4.0/


 6 

 110 

Fig. 1. Systems level profiling of peripheral blood from individuals of a prospective cohort of 111 

returning travelers with P. falciparum malaria. (A) Overview of prospective longitudinal malaria 112 

cohort of returning travelers, (B) temporal sample information symptom onset (black), admission 113 

to Karolinska University Hospital (blue), six sampling time points (x) for immune profiling (acute, 114 

after 10 days, 1 month, 3 months, 6 months, 1 year) and convalescence average (green lines). 115 

Patients with primary infection (n = 17) are colored in purple, and patients with previous malaria 116 

exposure (n = 36) are colored in orange. (C) A total of 53 returning travelers were longitudinally 117 

profiled for plasma proteins using Olink Proteomics PEA platform (n = 171 samples, i = 92 118 

proteins) and their PBMC immune cells (n = 137 samples, i = 54 subsets), generating 23,130 119 

unique data points. Comparison of (D) parasitemia at diagnosis (percentage of infected red blood 120 

cells) and (E) length of hospital admission (days) for primary infected and previously exposed 121 

individuals. Statistical differences between groups were assessed using the non-parametric 122 

Wilcoxon-test. *p < 0.05, **p < 0.01. 123 
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 124 

Subhead 2: Integrated analysis of immune response on time axis after symptom onset  125 

To explore the immune response dynamics after natural P. falciparum malaria on a systems level 126 

and in a data driven manner, we used multi-omics factor analysis (MOFA). The unsupervised 127 

nature of MOFA allows the model to capture both biological and technical variability in the low-128 

dimensional factors space (18, 19). Here we used MEFISTO, a recent extension of MOFA which 129 

allows for multi-omics integration of data while controlling for time-dependent variance in 130 

repeated samples (20). MOFA can disentangle the sources of heterogeneity in diverse data types 131 

and accept missing data points using matrix factorization (Fig. S2A). Using MEFISTO, the dataset 132 

was described by two latent factors. These factors explained 37% to 60% and 58% to 72 % of the 133 

immune cell subset and plasma protein dynamics, respectively (Fig. 2A). Factor1 was primarily 134 

associated with time-dependent changes in the immune response to the infection (Fig. 2B and 135 

S2B). Positive factor values were associated with the acute phase and negative factor values were 136 

associated with the time after treatment and transition towards convalescence (Fig. 2B and S2C). 137 

The positive factor values were driven by increased levels of IL10, pro-inflammatory cytokines 138 

such as IFN-gamma, IL-6, TNF, CCL3, IL8, CDCP1, and chemokines such as CXCL9, CXCL10, 139 

CXCL11. For immune cells, CD4+ and CD8+ T cells expressing activation markers CD38 and 140 

HLA-DR, intermediate monocytes (CD14+CD16+) and plasmablasts 141 

(CD19+CD20loCD38hiCD27hi) were associated with Factor1 (Fig. 2C). The negative factor values 142 

were associated with the transition phase towards convalescence. Here, several subsets of NK cells 143 

expressing CD57, CD8 T effector memory cells, and γδ T cells were variables driving Factor1 for 144 

the cellular immune response after treatment (Fig. 2C). We confirmed the accuracy of the model 145 

parameters by comparing measured data between the acute and convalescent samples (internal 146 

control; Fig. S2C-F) and to healthy control samples (external control; Fig. S3A-D). 147 

We then used the integrated MEFISTO model to impute missing data points (plasma proteins data 148 

modality, n = 11; immune cell modality, n = 64; Fig. S2A) to generate a heatmap of the integrated 149 

immune landscape, visualizing the longitudinal immune system dynamics after disease. The 150 

landscape dynamics, show a rapidly contracting pro-inflammatory response after treatment with a 151 

temporary increase in primarily activated T cell subsets followed by a transition into a more long-152 

term post-infection response (Fig. 2D and Fig. S3). 153 
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In summary, our integrated analysis of immune cell subsets and plasma protein data after symptom 154 

onset allows us to draw a data driven descriptive immune landscape, describing the transition from 155 

the clinical acute phase towards convalescence over one year.  156 

 157 

 158 

Fig. 2. Integrated analysis of immune response dynamics for one year after malaria. Integrated 159 

multi omics factor analysis method for the Functional Integration of Spatial and Temporal Omics 160 

data (MEFISTO) model was utilized to integrate data modalities, plasma proteins and manually 161 

gated cell subsets, respectively, with their temporal covariate of time after symptom onset. (A) 162 

Variance explained by the MEFISTO model. Differences due to previous parasite exposure were 163 

assigned to groups in order to model group-specific time-dependent immune response dynamics. 164 

(B) Plotting Factor1 value against the time after symptom onset (weeks) highlights the captured 165 

variance in Factor1 with positive factor values associated with acute phase samples and negative 166 

factor values associated with non-acute phase samples. (C) Top10 features of Factor1 for each of 167 

the immune system views based on negative and positive scaled feature weights - immune cells 168 

(purple) and plasma proteins (green). (D) The heatmaps visualize immune response dynamics for 169 
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Factor1 driving features. The characteristic immune variables for each data modality, aligned to 170 

time after symptom onset, reveals contrasting patterns characterizing the transition from acute 171 

phase towards convalescence. Missing data points have been imputed based on model Factor1. 172 

Cell counts and relative protein levels are shown as rows, and each column represents an 173 

individual patient. Rows were clustered using Euclidean distance and column were arranged 174 

according to MEFISTO model group-aligned time after onset. Cell counts and protein level values 175 

were converted to z-scores.  176 
  177 

Subhead 3: Relationship between acute cytokine milieu and cellular response 178 

Cytokines and chemokines are known to orchestrate an immunological response to drive 179 

recruitment, activation, and subsequently proliferation of immune cell populations. Hence, we 180 

sought to analyze possible associations between levels of the acute phase responses and immune 181 

cells subsets, characterizing the transition from acute towards convalescence.  182 

Focusing on the top immune variables determined by the integrated model, we correlated acute 183 

samples with all remaining sample time points using spearman rank correlation (Fig. 3A). We 184 

discovered strong and significant correlations (|rho| > 0.7, after adjusted FDR < 0.05) between 185 

acute phase cytokines and immune cell subsets at all sample time points after treatment (D10, M3, 186 

M6 and Y1) (Fig. 3B).  187 

In particular, the numbers of γδ T cell subsets at the 10-day sample time-point were strongly 188 

associated with several pro-inflammatory cytokines at the acute time-point. The total level of 189 

γδ T cells positively correlated with TNF (rho = 0.704, p = 0.049), IL6 (rho = 0.781, p = 0.009), 190 

CCL3 (rho = 0.712, p = 0.041), and CXCL10 (rho = 0.707, p = 0.045) (Fig. 3C). Especially the 191 

Vd2+ subset of gd T cells has been shown to be important in the immune response to malaria 192 

parasites (21–23). When investigating these subsets, we observed that the number of Vd2+ 193 

γδ T cells was positively correlated with levels of  IL6 (rho = 0.767, p = 0.013), IFN-gamma (rho 194 

= 0.753, p = 0.018), CXCL11 (rho = 0.74, p = 0.024), IL10 (rho = 0.723, p = 0.034), TNF (rho = 195 

0.724, p = 0.034), and CXCL9 (rho = 0.707, p = 0.045) (Fig. 3D). The number of Vd2– γδ T cells 196 

in contrast was only positively correlated with levels of IL8 (rho = 0.77, p = 0.013), and IL6 (rho 197 

= 0.72, p = 0.033) (Fig. 3E). 198 
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Acute phase levels of IL8 were also positively correlated with the number of activated 199 

(CD38+HLA-DR+) CD4+ T cells (rho = 0.728, p = 0.031) at the 10-day sample time-point. In 200 

contrast, neurotrophin-3 (NT-3) levels were negatively correlated with the number of activated 201 

CD8+ T cells in several different subsets (CD57+CD38+; rho = –0.77, p = 0.012 and 202 

CD57+CD38+HLA-DR+; rho = –0.726, p = 0.042) (Fig. 3F, G).  203 

These results point towards a strong association of the levels of pro-inflammatory cytokines during 204 

the early acute phase and the size of immune cell subsets after the acute phase. The highest degree 205 

of association was identified for gd T cells, and especially the Vd2+ subset, which was strongly 206 

positively correlated with the levels of pro-inflammatory cytokines.  207 

 208 

Fig. 3. Associations of the acute phase plasma protein response with immune cell subsets. (A) 209 

Heatmap based on overall Spearman correlation (rho) acute phase plasma proteins and post-210 
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acute phase cell immune cell subsets. Blue and red colors symbolize positive and negative 211 

correlations, respectively. (B) Chord diagram based on strong (rho > |0.7|) and significant 212 

correlations values (after adjusted FDR < 0.05). (C-G) Scatter plots to show acute phase plasma 213 

protein levels and immune cell subset counts at day 10 post disease for significant correlations of 214 

(C) Total γδ T cells, (D) Vδ2- γδ T cells, (E) Vδ2+ γδ T cells, (F) activated CD4+ T cells and (G) 215 

activated CD8+ T cells. All stated p-values are FDR corrected for multiple testing. 216 

 217 

Subhead 4: Impact of previous P. falciparum exposure on gd T cell responses 218 

To further characterize the association between acute phase cytokine levels and the γδ T cell 219 

response, we sought to examine if previous exposure to malaria parasites impacts this association. 220 

Overall, both groups show similar trajectories of their immune dynamics when plotting Factor1 221 

values against time (Fig. 4A). However, primary infected individuals were associated with both 222 

higher and lower factor values during the acute phase and convalescent phase, respectively (Fig. 223 

S2C). This indicates differences in protein and immune cell subset magnitudes attributed to 224 

previous malaria. 225 

Due to the strong correlation of acute phase proteins and γδ T cell subset numbers at day 10 (Fig. 226 

4B, excerpt of Fig. 3B), we aimed to investigate the association further in the context of previous 227 

exposure.  228 

When plotting γδ T cells against the time after symptom onset, we observed that Vδ2+ γδ T cells 229 

expanded to a greater extent in primary infected individuals while Vδ2– γδ T cells expanded 230 

similarly for both groups (Fig. 4C). We confirmed that especially the Vδ2+ subset was significantly 231 

more expanded after the acute time-point in primary infected individuals (Fig. 4D). All acute phase 232 

proteins that correlated with Vδ2+ γδ T cells (Fig. 4B) followed a similar trend, although only IFN-233 

gamma, CXCL9 and CXCL11 were significantly higher in primary infected compared to 234 

previously exposed individuals (Fig. 4E).  235 

Here, we could show that primary infected individuals have significantly higher levels of pro-236 

inflammatory cytokines at the acute phase, as well as a significantly larger expansion of 237 

Vδ2+ γδ T cells after the acute phase compared with individuals previously exposed to malaria. 238 
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 239 

Fig. 4. Impact of previous P. falciparum exposure on immune dynamics after clinical malaria. 240 

(A) Smooth fit of MEFISTO Factor1 values against time after symptom onset in weeks visualizing 241 

transition from acute to convalescence for primary infected (purple) and previously exposed 242 

(orange) individuals. (B) Associated inflammatory signature with γδ T cells based on spearman 243 

rank correlation. (C) γδ T cell dynamics over time after symptom onset. (D) Longitudinal γδ T cell 244 

levels. Statistical differences between groups for γδ T cell subtypes were assessed using linear 245 

mixed model fit with restricted maximum likelihood and t-tests with FDR correction for multiple 246 

testing. Error bars denote standard error of the mean. (E) Comparison between primary infected 247 

(purple) and previously exposed (orange) individuals for acute phase proteins significantly 248 

associated with gd T cells at the acute time-point. Statistical differences between groups were 249 

assessed using the non-parametric Wilcoxon-test, FDR adjusted p-values to correct for multiple 250 

testing. *p < 0.05, **p < 0.01, ***p < 0.001. 251 

 252 

Subhead 5: Effect of previous malaria exposure on Vδ2+ gd T cell characteristics  253 
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The Vδ2+ subset of γδ T cells have been shown to play an important role in combating blood stage 254 

malaria, via TCR-induced cytotoxicity and CD16 mediated phagocytosis (24, 25). We therefore 255 

focused on characterizing the CD16+Vδ2+ γδ T cell response further using linear-mixed effects 256 

models to assess the impact of previous exposure to parasites on gd T cell functional markers. 257 

First, we assessed CD16 expression among γδ T cells. The expression was similar between primary 258 

infected and previously exposed individuals for total and Vd2 positive and negative subsets (Fig. 259 

5A). The frequency of CD16+ cells increased somewhat in both groups between the acute time-260 

point and 10 days, for Vd2– cells. A similar expansion was also observed for the Vd2+ cells, but 261 

only in primary infected individuals (Fig. 5A), potentially reflecting an upregulation in response 262 

to infection. To further assess if the Vd2+ gd T cells responded to the infection, we next investigated 263 

the activation status of the CD16+Vδ2+ γδ T cells. Approximately 60 % of all Vd2+ gd T cells had 264 

upregulated the activation marker CD38 at the acute infection. The primary infected individuals 265 

then retained a significantly higher frequency of CD38+ cells at the day 10 time-point after which 266 

the levels reduced over 3-6 months until reaching baseline levels (Fig. 5B). The increased 267 

activation-status in primary infected individuals was also reflected by a significantly higher co-268 

expression of CD38 and HLA-DR at the acute time-point (Fig. 5B). 269 

We also assessed the expression of CD56 and CD57, associated with NK cell cytotoxicity (26) 270 

and replicative senescence (27), respectively. Although there were no differences between the 271 

groups, there were some changes in cells expressing the markers over time, such as a temporary 272 

reduction in the frequency of CD56+ cells after the acute infection, while CD57+ cells increased 273 

over time (Fig. 5C). These effects were especially observed in primary infected individuals, 274 

potentially reflecting the stronger gd T cell response in these individuals. 275 

To further determine which subsets of Vd2+ gd T cells that responded during infection, we assessed 276 

the levels of CCR7 and CD45RA to identify different naïve or effector populations (28). Almost 277 

all CD16+ Vd2+ gd T cells were negative for CCR7 (median 98 % over all time-points), indicating 278 

that these cells display an effector-phenotype. During the acute phase of the response, both groups 279 

displayed similar distribution of effector memory (TEM, CD45RA–) and TEMRA (CD45RA+) 280 

gd T cells (Fig. 5D). However, as the number of Vd2+ gd T cells expanded in primary infected 281 

individuals the frequency of effector memory cells significantly increased, while the frequency in 282 
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previously exposed individuals was relatively stable over time. This suggests that it was primarily 283 

effector memory Vd2+ gd T cells that expanded after the acute infection. 284 

Collectively these results show that despite Vd2+ gd T cells only expanding in primary infected 285 

individuals, the cells became activated in both groups after infection. The level of activation and 286 

subsequent changes in host effector and differentiation markers were however different with a 287 

more robust effect in primary infected individuals. 288 

 289 

Fig. 5. Previous P. falciparum exposure impacts γδ T cell expansion. Linear mixed effect 290 

modelling by maximum likelihood for γδ T cell frequencies for primary infected (purple) and 291 

previously exposed (orange) individuals, error bars denote the standard error of the mean. (A) 292 

Percentage of CD16+ cells of total γδ T cells, Vδ2– or Vδ2+ γδ T cells. (B) Percent of Vδ2+ CD16+γδ 293 

T cells expressing activation markers CD38 alone or together with HLA-DR. (C) Percent of Vδ2+ 294 

CD16+γδ T cells expressing CD56+ or CD57+ (D) Vδ2+ γδ T cells effector memory (CD45RA–) or 295 

TEMRA (CD45RA+). Difference in cell frequency at each time point was evaluated by repeated t-296 

tests with FDR correction. *p < 0.05, ****p < 0.0001. 297 

 298 

Subhead 6: γδ T cell function is retained while expansion is affected due to previous 299 

malaria exposure 300 

It has been described that especially Vδ2+ γδ T cells respond strongly during malaria but that this 301 

effect is reduced upon subsequent infections (29). This pattern is supported by our data, as the 302 

Vδ2+ γδ T cell activation and especially expansion were reduced in previously exposed compared 303 
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to primary infected individuals (Fig. 4D). Previous descriptions indicate that the reduced 304 

responsiveness can be due to changes in the imprinting through changes in the methylation patterns 305 

(30, 31), although it remains unclear if such imprinting can last for this long. To assess if the 306 

function of the γδ T cells in our cohorts were inherently affected in their capacity to respond to 307 

stimulation, we performed blinded cultures of PBMCs from primary infected and previously 308 

exposed individuals. We stimulated the cells with PMA and ionomycin that together bypass the T 309 

cell receptor complex and measured production of TNFa, IL17, and IL10. PMA and ionomycin 310 

stimulation led to increased production of TNFa, but not IL17 or IL10 (Fig. 6A). Comparing the 311 

response of Vδ2+ and Vδ2– γδ T cells, the Vδ2+ cells responded with more TNFa production (Fig. 312 

6B), consistent with a proinflammatory effector function. For Vd2– gd T cells, the production of 313 

TNFa was similar between the acute and convalescent time-point and healthy controls. For Vd2+ 314 

gd T cells, however, the frequency of TNFa producing cells was reduced during the acute response, 315 

but then recovered at the convalescent phase, for which frequencies were similar as in healthy 316 

controls (Fig. 6C). Further separating the Vd2+ and Vd2– subsets into primary infected and 317 

previously exposed individuals showed no differences between the groups for Vd2– cells, while 318 

primary infected individuals responded with lower numbers of TNFa-producing Vd2+ cells at the 319 

acute time-point (Fig. 6D), potentially reflecting a larger proportion of already activated cells being 320 

restimulated. 321 

In summary, Vd2+ gd T cells from previously exposed individuals do not display apparent intrinsic 322 

dysfunctionality upon ex vivo reactivation. This further supports a role for extrinsic factors 323 

regulating Vd2+ gd T cell activation and expansion in malaria. 324 
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 325 

Fig. 6. γδ T cell function in response to restimulation. (A) PBMCs from donors with primary 326 

infection (n = 4) and previous parasite exposure (n = 4) at the acute and convalescent time-point 327 

(6-12 months after infection) and healthy controls (n = 6) were stimulated with PMA and 328 

ionomycin (open boxes) or left unstimulated (Mock, open circles) for 5 hours. Frequencies of 329 

TNFa, IL17A, and IL10-producing cells were then measured. (B) TNF+ cells were compared 330 

between Vd2+ (open boxes) and Vd2– (open circles) cell subsets. (C) Comparison of TNF+ 331 

frequencies in Vd2– and Vd2+ cell subsets at the acute time-point (pink circles), convalescent time-332 

point (green boxes) and healthy controls (grey triangles). (D) Comparison of TNF+ Vd2– and Vd2+ 333 

cells between primary infected (purple circles) and previously exposed (orange boxes) individuals. 334 

Statistical comparisons for A-C were done using a matched pair two-way ANOVA followed by 335 

Tukey’s post-hoc test, while statistics in D was evaluated by two-way ANOVA followed by Sidak’s 336 

post-hoc test. *p < 0.05, **p < 0.01, ****p < 0.0001, ns = not significant. 337 

 338 

Subhead 7: Acute malaria specific IgG3 levels are associated with the level of inflammation 339 

and γδ T cell expansion  340 

A long-lived memory imprint to pathogenic encounter is in general mediated by the adaptive 341 

immune system. Here, we report that previously exposed individuals without re-exposure to 342 

parasites for many years (average 11.5 years since leaving an endemic region), at the time of a 343 

new acute infection respond with a reduced pro-inflammatory cytokine response upon re-infection 344 

as well as reduced Vδ2+ γδ T cell expansion. Hence, we hypothesized that the reduced pro-345 
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inflammatory response and γδ T cell expansion could be mediated by existing long-lived adaptive 346 

humoral immune memory responses. 347 

To investigate this, we repurposed a previously published dataset, investigating the 348 

immunoglobulin G subclass response (IgG1-4) to five malaria P. falciparum blood-stage antigens 349 

(AMA1, MSP1, MSP2, MSP3, and RH5) in 51 matching individuals from the same cohort (15). 350 

We established an IgG subclass and time point specific score, the cumulative response score (CRS) 351 

that summarizes the responses to the separately measured malaria specific antigens from the 352 

previous study (Fig. S5). The CRS dynamics correspond to the average breadth of the antibody 353 

response for total IgG and IgG subclasses (Fig. 7A). 354 

Spearman rank correlation showed that levels of several acute pro-inflammatory cytokines were 355 

strongly inversely correlated with IgG subclass CRS (Fig.7B), in particularly IgG3 and IFN-356 

gamma levels (Fig. 7C). The IgG2 and IgG3 subclass CRSs at the acute infection were also 357 

negatively correlated with day 10 total and Vd2+ γδ T cell numbers, respectively (Fig. 7D), with 358 

an especially strong negative correlation between IgG3 levels and Vd2+ γδ T cell numbers (Fig. 359 

7E). 360 

Cytophilic immunoglobulins such as IgG3 can interact with CD16 expressing immune cells, 361 

including γδ T cells, and intermediate (CD16+CD14high) and non-classical (CD16+CD14lo) 362 

monocytes. Interestingly, we observed higher numbers of intermediate and non-classical 363 

monocytes at the acute time point for previously exposed compared to primary infected individuals 364 

(Fig. 7F). These observations, together with an increased IgG3 response, points towards an 365 

antibody-phagocytosis mediated mechanism that could partly explain the lower parasitemia 366 

observed in individuals with prior exposure to malaria parasites (Fig. 1E). To assess if this could 367 

be the case, we used linear regression to determine which associated combinations of immune 368 

factors that best explain the difference in expansion of Vδ2+ γδ T cells for the two exposure groups. 369 

Using Directed Acyclic Graphs (DAG) (32), we determined the minimal sufficient adjustment sets 370 

of covariates for estimating the total effect of a given associated component on acute IFN-gamma 371 

levels and day 10 Vδ2+ γδ T cell numbers, respectively (described in Supplementary Methods and 372 

Fig. S7). Comparing the reference model with exposure group as explanatory variable to the DAG-373 

based adjusted immune response component model, we concluded that the IFN-gamma response 374 

was not directly explained by the parasitemia (Fig. S7A). In contrast, differences in Vδ2+ γδ T cell 375 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458668doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458668
http://creativecommons.org/licenses/by-nd/4.0/


 18 

expansion was partly explained by parasitemia, but more directly by cytophilic antibody levels 376 

and CD16+ intermediate monocytes (Fig. S7B-C). This suggests a potentially more direct 377 

antibody-mediated effect by regulating cytokine levels. Based on these results we suggest a 378 

working model where early production of parasite-specific antibodies interact with innate immune 379 

cells to regulate parasitemia and cytokine levels, which in turn control subsequent gd T cell 380 

expansion (Figure 7G). 381 

 382 

 383 

Fig. 7. Adaptive response due to prior malaria exposure linked to dampened immune 384 

inflammation. (A) Cumulative IgG subclass response score (CRS) to 5 blood-stage antigens from 385 

Yman et al., BMC Medicine, 2019, over sample time points for primary infected (purple) and 386 
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previously exposed (orange) individuals (n = 52), shaded area denotes the 95% confidence 387 

interval. (B) Correlation network of plasma proteins and IgG subclass CRS values at the acute 388 

time-point, FDR corrected p < 0.05 (C) Scatter plots for significant correlations, FDR adjusted p-389 

values are stated. (D) Correlation network of acute IgG subclass CRS values and immune cell 390 

subsets at the 10-day sample time point, FDR corrected p < 0.05, rho < –0.7. (E) Scatter plots for 391 

significant correlations, FDR corrected p < 0.05. (F) Cell counts of monocyte subsets at the acute 392 

time point. Statistical differences between groups were assessed using the non-parametric 393 

Wilcoxon-test, FDR adjusted p-values to correct for multiple testing. *p < 0.05, **p < 0.01 (G) 394 

Schematic model to explain improved disease tolerance in previously exposed individuals.  395 
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DISCUSSION 396 

Immunity to malaria is slow to develop. It has been proposed that this is partly due to immune 397 

perturbations during infection (41). Understanding how the immune system is affected during 398 

natural infection with malaria parasites is important to identify the potential role of individual 399 

immune mediators in this process. Here, we used systems immunology to comprehensively 400 

investigate the immune landscape after natural malaria and over one year after infection in the 401 

absence of re-exposure to parasites. By sampling each individual over time, we could reduce 402 

potential noise associated with inter-individual variability in their immune response to the 403 

infection. Overall, the integrated immune landscape identified the acute phase followed by a 404 

transitional phase leading into convalescence up to one year after disease. The acute phase was 405 

characterized by activated CD4+ and CD8+ T cells and high levels of inflammatory cytokines and 406 

chemokines, consistent with previous literature (2, 33). Here, a comprehensive analysis of immune 407 

components over time revealed that acute inflammatory response signature associated with long-408 

term changes to cellular immune response. 409 

 410 

The composition of our cohort, consisting of both primary infected and previously exposed 411 

individuals, allowed us to study the impact of memory on the acute response and its associations 412 

with the transition towards immunological convalescence. We could show that previously exposed 413 

individuals produce lower levels of pro-inflammatory cytokines during natural P. falciparum 414 

infection. Similar findings have been observed at the blood transcriptome level by Tran et al., 415 

where Malian adults exhibited a dampened inflammatory response compared to first time CHMI-416 

infected Dutch adults (34). Further, a study from a cohort of children in Uganda showed that older 417 

children have lower levels of serum cytokines during acute malaria compared to younger children 418 

(35). These previous studies, together with our findings of reduced pro-inflammatory response 419 

confirms that previous malaria exposure, possibly cumulative, induces a form of tolerance 420 

response. Of note, all individuals in our cohort experienced clinical malaria, suggesting that the 421 

level of tolerance could be dependent on the amount of prior exposure to the parasite. However, 422 

the individuals with previous exposure had left malaria endemic areas on average 11.5 years earlier 423 

before being reinfected/experiencing a new episode of acute P. falciparum malaria after visiting 424 

endemic area, indicating that the mechanism is significantly long-lived. 425 

 426 
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Antibodies are highly associated with protection from malaria and a key building block of naturally 427 

acquired immunity. We have recently reported that previously exposed individuals from our cohort 428 

responded to infection by producing high levels of P. falciparum-specific IgG, particularly of the 429 

cytophilic subclasses IgG1 and IgG3 (15). Memory B cells and long-lived plasma cells constitute 430 

a likely source of the increased parasite specific antibodies (15, 36), as memory can be maintained 431 

for up to 16 years without re-exposure in a different cohort of travelers (37). Re-purposing the 432 

previously published antibody data (15) enabled us to link the effect of adaptive responses, in the 433 

form of an increased cytophilic antibodies, to enhanced functionality of the innate response. As 434 

reported here, previously exposed individuals responded to malaria with an overall dampened 435 

inflammatory response but significantly higher numbers of intermediate monocytes (38). Their 436 

expression of CD16 (FcgRIII), a receptor for cytophilic antibodies of the subclasses IgG1 and 437 

IgG3, can mediate parasite clearance through antibody-dependent phagocytosis (ADP) and/or 438 

antibody-dependent cellular cytotoxicity (ADCC) (39). Indeed, higher numbers of CD16+ 439 

monocytes and a stronger IgG3 response against blood stage antigens indicate an interplay which 440 

could promote lower levels of parasitemia, compared to individuals without previous exposure. 441 

Supporting such a mechanisms, vaccination with RTS,S/AS01 leads to CD16-mediated 442 

phagocytosis associated with protection (40). 443 

 444 

We propose that antibody-mediated parasite control is an important component in shaping the pro-445 

inflammatory cytokine milieu towards a reduced pro-inflammatory response which could be 446 

important for the development of immune tolerance (41). Complementary to the described 447 

adaptive-innate interplay, several recent studies suggest that monocytes are modulated towards a 448 

tolerance phenotype (5, 41). The mechanism of this imprint remains unclear, but a rodent model 449 

point towards transcriptomic reprogramming of monocytes in the spleen (5), while data from in-450 

vitro stimulated monocytes from a cohort in Mali point towards epigenetic reprogramming of 451 

myeloid progenitor cells in the bone marrow (41). However, to our knowledge, no study has shown 452 

that epigenetic remodeling can remain and affect innate cells at re-stimulation for that long.  453 

An alternative hypothesis, that overcomes the fact that monocytes have a short lifespan (42), is 454 

that they are remodeled in their function due to constant stimuli by remaining hemozoin in the 455 

spleen (5, 43, 44).  456 
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Both hypotheses of epigenetic imprinting and through splenic remodeling need further 457 

investigation.  In our cohort, where study participants moved away from malaria endemic areas 10 458 

years prior, we propose an additional mechanism responsible for the tolerogenic response via the 459 

interplay of innate and adaptive immunity. We suggest that tolerance develops over several 460 

exposures to parasites and further that it is sustained long-term through adaptive memory 461 

responses. However, these above hypotheses are not mutually exclusive and could potentially 462 

synergize.  463 

 464 

In agreement with previous reports, we observed expanding γδ T cells after the initial inflammatory 465 

response in response to the infection (45, 46). gd T cells are suggested to have an important role in 466 

the control of malaria (29) and direct anti-parasite functions during the blood stage have been 467 

reported (24). In this study, we observed that the acute phase inflammatory response was positively 468 

associated with expansion of Vd2+ gd T cells, and further that this was strongly impacted by 469 

previous malaria exposure, resulting in a dampened inflammatory response and less gd T cell 470 

expansion. Interestingly, this effect was primarily observed for the subset of Vd2+ and not Vd2– 471 

gd T cells. The strong association could indicate that the pro-inflammatory response directly or 472 

indirectly shapes the subsequent gd T cell expansion and capacity to adapt to prolonged and high 473 

levels of blood stage parasitemia.  474 

 475 

Vd2+ gd T cells are known to activate and expand during a primary P. falciparum infection in 476 

response to malaria phosphoantigens and that their activity is modulated upon subsequent 477 

infections (47). Given the recently described role of Vd2+ gd T cells in antiparasitic activities via 478 

antibody-CD16 dependent phagocytosis of infected erythrocytes and cytotoxicity (24, 25), 479 

associations to possible activity modulating factors are of interest. The benefit of reduced 480 

expansion of gd T cells due to a dampened inflammatory response could be to reduce overall 481 

inflammatory responses, which are otherwise potentially detrimental to the host (48). This is a 482 

common hypothesis as the gd T cells are known to acquire a dysfunctional or tolerance phenotype 483 

over time with repeated episodes of malaria (23). This reduction in gd T cell effector function was 484 

associated with continuous malaria exposure (23), although it remains unclear what the 485 

underlaying tolerance mechanism is, and how long-lived such an effect could be. To assess if the 486 
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reduced activation and expansion of Vd2+ gd T cells could be due to an inherent inability of the gd 487 

T cells to respond, we re-stimulated cells from primary infected and previously exposed 488 

individuals. However, we did not observe any reduced response that could have been associated 489 

with intrinsic down-regulation of effector functions. Based on this, we instead hypothesized that 490 

the regulation of Vd2+ gd T cell activation and expansion was likely due to extrinsic mechanisms. 491 

 492 

Among the cytokines and chemokines associated with Vd2+ gd T cell expansion, we found IFN-493 

gamma and CXCL11 significantly reduced in previously exposed individuals. CXCL11 is 494 

chemotactic for activated T cells, and it was reported that individuals with asymptomatic 495 

P. falciparum malaria had lower levels in an endemic setting (49).  IFN-gamma and the IFN-496 

gamma inducible chemokine CXCL9 are associated in a different context with regulatory crosstalk 497 

of pro-inflammatory  gd T cell effects (50), which could explain the association of these cytokines 498 

with subsequent expansion. Consistent with these observations, both IFN-gamma and CXCL11 499 

were reduced due to previous parasite exposure in a mouse model, suggesting some type of 500 

memory response (5). 501 

 502 

In summary, our results, together with previous research in the field, supports a model where early 503 

control of host self-damage through increased tolerance is needed until a more broad, diverse, and 504 

protective antibody repertoire is achieved (see Figure 7G). The tolerance response (dampened pro-505 

inflammatory response and reduced Vd2+ gd T cell expansion) could be mediated in two ways: 1) 506 

an expanding antibody repertoire that enhances CD16+ mediated phagocytosis and effector 507 

functions, direct parasite neutralization and blocking further RBC invasion, rosetting and 508 

sequestration by merozoites, and 2) training/priming during previous malaria episodes via 509 

epigenetic or transcriptional remodeling of the monocyte population, potentially leading to rapid 510 

generation of CD16-expressing monocytes with enhanced antibody effector functions. 511 

 512 

From an evolutionary perspective, this type of dampened inflammatory response could be 513 

important to generate an efficient B cell response, as recently shown in an influenza vaccine study 514 

(51) and further supported by mouse models of malaria (52). Although further studies are needed 515 

to evaluate these mechanisms on a cellular and molecular level, the comprehensive systems levels 516 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458668doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458668
http://creativecommons.org/licenses/by-nd/4.0/


 24 

analysis performed here provides a dynamic description for how proteins, cells, and antibodies, 517 

interact in the host response to malaria during and after primary and repeated infection. 518 

  519 
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MATERIALS AND METHODS 520 

Study design/cohort 521 

A prospective study enrolling adult patients diagnosed with P. falciparum malaria at Karolinska 522 

University Hospital in Stockholm, Sweden. Fifty-three patients that were admitted with acute 523 

P. falciparum infection between 2011 and 2017, and where both cells and plasma was frozen were 524 

included in the current study. We stratified the patients based on previous exposure to compare the 525 

immune responses in malaria-naive individuals of primarily Swedish origin, who contracted 526 

malaria for the first time (n = 17, denoted as primary infected), with individuals originating from 527 

malaria-endemic areas in Sub-Saharan Africa and reporting previous malaria (n = 36, denoted as 528 

previously exposed). Patients were invited for sampling at the time of malaria diagnosis (Acute) 529 

and then at approximately 10 days (D10), 1 month (M1), 3 months (M3), 6 months (M6), and 12 530 

months (Y1) (see Fig.1A). On each sampling, venous blood was collected for plasma and serum 531 

isolation, PBMC preparation and blood chemistry. Peripheral blood mononuclear cells (PBMCs) 532 

were isolated using Ficoll-Paque density gradient separation, resuspended in 90 % fetal calf serum 533 

supplemented with 10% DMSO, and stored at - 150°C. Clinical data was extracted from medical 534 

records, and a questionnaire relating to the participant’s health status, previous traveling, and 535 

malaria exposure was filled in by all participants (Table S1). 536 

Part of the cohort has been described previously for clinical (53), parasitological (13) and 537 

immunological aspects (15, 16, 54). 538 

In addition, we profiled peripheral blood samples of eight healthy controls to compare relative 539 

measures of protein expression and cell populations with healthy/normal values (Figure S2). 540 

 541 

Clinical diagnostics 542 

P. falciparum parasites were detected and enumerated by light microscopy of Fields stained thick 543 

and thin blood smears at the Department of Clinical Microbiology at Karolinska University 544 

Hospital in addition to PCR as described previously (13). Leukocyte, neutrophil, monocyte, and 545 

platelet cell differential counts were performed at the Department of Clinical Chemistry at 546 

Karolinska University Hospital. 547 

 548 
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Data acquisition 549 

Immune cell phenotyping 550 

Immune cells were phenotyped by Flow cytometry (LSRFortessa, BD) and a panel of 17 antibodies 551 

covering major immune cell populations and subpopulations (Fig. S1) for 137 samples. Frozen 552 

PBMCs were thawed in a 37°C water bath and mixed with 1 equal volume cold Iscove’s Modified 553 

Dulbecco’s Medium supplemented with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin 554 

(100 μg/ml), and 10 % heat-inactivated fetal bovine serum (all from Thermo Fischer Scientific). 555 

Cells were then rested 20 minutes on ice before being washed twice in DPBS lacking magnesium 556 

or calcium. After washing, the cells were incubated with Aqua Live/Dead stain (Thermo Fisher 557 

Scientific) for 20 minutes followed by further washing in DPBS supplemented with 2% FBS. The 558 

cells were then incubated for 20 minutes on ice, in 2 steps with 2 washes in between, using an 559 

antibody mix targeting surface antigens (Table S2). After staining, the cells were washed twice in 560 

DPBS with 2% FBS before acquisition on a 5-laser BD LSRFortessa flow cytometer. Gating was 561 

done with FlowJo X software version 10.4.2, with the gating strategy shown in Figure S1. 562 

Plasma protein profiling  563 

Plasma proteins relevant for the immune response were profiled using the Proximity Extension 564 

Assay (PEA) (Olink Proteomics, Sweden) to analyze 171 samples of 53 individuals using Olink 565 

Target 96 Inflammation panel (92-plex). The method has been described previously (17). Briefly, 566 

paired oligonucleotide-coupled antibodies bind to target proteins, leading to hybridization of the 567 

oligonucleotides when the antibody-pair is in close proximity, forming a PCR template for real-568 

time PCR detection. Resulting data is normalized using assay internal controls and transformed 569 

into Normalized Protein eXpression (NPX) values, representing an arbitrary relative quantification 570 

unit on log2 scale. After quality control and removal of markers with a missing frequency greater 571 

than 50%, 74 proteins remained for downstream analysis. 572 

 573 

In vitro stimulation for detection of gd T cells cytokine production 574 

For intracellular staining, PBMCs were thawed, washed, resuspended in complete RMPI media 575 

supplemented with 10% FCS and then incubated at 37°C over-night. The cells were then 576 

stimulated with PMA (0.4 µM) and ionomycin (13 µM) per 106 cells, (Nordic Biosite AB) for 5 577 

hours. Golgi plug (BD Biosciences) was added after the first hour of stimulation. Activated cells 578 

were subsequently stained with antibodies targeting the surface markers CD3, gd TCR, and Vd2, 579 
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according to manufacturers’ instruction. Cells were then fixed and permeabilized using the BD 580 

Cytofix/Cytoperm reagents (BD Biosciences) and stained with intracellular antibodies for TNF, 581 

IL17A, and IL10 (Table S2). For the exclusion of dead cells, LIVE/DEAD aqua fixable viability 582 

staining kit (Invitrogen) was used. Cells were acquired using a BD LSR Fortessa BD (BD 583 

Biosciences) and the data analyzed using FlowJo Version 7.6 (FlowJo, Ashland, OH).  584 

Bioinformatics  585 

Immune cell data normalization  586 

Prior to bioinformatic analysis, cell proportions from manually gates (Fig. S1) were normalized to 587 

the number of cells per 1000 live cells. Subsequently, we adjusted the experimentally obtained live 588 

cell counts with lymphocyte and monocyte counts from clinical blood chemistry counts for each 589 

individual and timepoint to obtain cells per microliter blood values (Fig. S5A). Monocyte gates 590 

containing values (Fig. S1A) were normalized according to: 591 
cells

1000	live	cells ∗ (lymphocyte	counts + monocyte	counts) =
cells

microliter	blood 592 

Values of pure lymphocyte containing gates (Fig. S1B) were normalized according to: 593 

  !"##$
%&&&	#()"	!"##$

∗ 	lymphocyte	counts = cells
microliter	blood

 594 

To standardize the cells-per-microliter values and to normalize the data set for extreme values, we 595 

performed log2 transformation. Standardized data was comparable to not-standardized data (Fig. 596 

S5B).  597 

Antibody cumulative response score (CRS) calculation 598 

A previous study on individuals of the traveler cohort investigated the immunoglobulin G subclass 599 

response (IgG1-4) s to five malaria P. falciparum-blood-stage antigens (AMA1, MSP1, MSP2, 600 

MSP3, RH5) in 52 this current study matching cohort individuals (15). For the current study, we 601 

though to look at the overall IgG subclass response to merozoite antigens instead of specific 602 

antigens. To summarize the adjusted signals, measured for each antigen and each subclass, we 603 

rank normalized the signals to achieve normal distribution for each antigen (Fig. S5A). Normally 604 

distributed antigen response values were then summarized for each IgG subclass and time point, 605 

creating the cumulative response score (CRS), presenting an average breadth value of the antibody 606 

response for IgG subclasses (Fig. S5B). 607 

 608 

Statistical analysis and visualization 609 
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 610 

Multi-Omics-Factor Analysis  611 

Multi-Omics Factor analysis (MOFA) is a powerful tool for omics integration. It reduces high-612 

dimensional data into a few latent factors by capturing multi-dataset spanning variance in these 613 

factors. The unsupervised nature of MOFA+ allows the model to capture both biological and 614 

technical variability in the low-dimensional factors space (18, 19). A recent development 615 

(MEFISTO) in addition allows for multi-omics integration of data with continues structures given 616 

by temporal relationships(20). Here, we utilized MEFISTO to analyze the underlying key drivers 617 

for the time course of one year after infection on our cohort of returning travelers with 618 

P. falciparum malaria. 619 

For the data-driven-integration approach, we used 15,396 immune feature data points out of 23,130 620 

possible. We included manually gated immune cell subset (features = 44) data and highly 621 

multiplexed plasma protein data (features = 60) and including the time after symptom onset (0-70 622 

weeks) for each sample to disentangle time dependent variation on a systems-level.  623 

To standardize the actual time covariate of each sample, we used the time after reported symptom 624 

onset for each sample as a temporal covariate for the model. Moreover, we assigned the time-625 

associated samples to groups of primary infected (n = 57) and previously exposed (n = 125) to 626 

account for previous P. falciparum exposure. Immune parameters without temporal variation were 627 

excluded prior to model training.  628 

We trained the MEFISTO model using default model options, but adjusted training options (drop-629 

factor-threshold = 0.05; maxiter = 10,000; convergence_mode = slow). To align the covariates 630 

across groups, warping was set “TRUE” and “primary infected” was set as warping reference 631 

group. The optimal model was determined by the MOFA+ function run_mofa() with the setting 632 

“use_basilisk = T”. 633 

 634 

All data wrangling, analysis and visualization was done using R (www.r-project.org) using the 635 

tidyverse package (55). Spearman correlation analysis with FDR/BH correction for multiple 636 

testing (56) was done using the correlation package (57). If not stated otherwise, non-parametric 637 

data distribution was assumed, and statistical difference was assessed using unpaired Wilcox Test 638 

from rstatix (https://github.com/kassambara/rstatix). 639 
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Results were visualized using r packages circlize (58), complexHeatmap (59) and ggpubr 640 

(https://github.com/kassambara/ggpubr9). Linear-mixed-effect models, with subjectID as random 641 

effect, were fitted in GraphPad prism version 9.1.2 using restricted maximum likelihood followed 642 

by t-tests using predicted least squares means with Benjamini and Hochberg FDR correction for 643 

multiple testing (56). 644 

 645 

Supplementary Materials 646 

Table S1. Descriptive statistics prospective cohort of returning travelers. 647 

Table S2. Staining panel for flow cytometry  648 

Fig. S1. Flow cytometry manual gating strategy – T cell and B cell panel. 649 

Fig. S2. MEFISTO model and cohort internal feature evaluation. 650 

Fig. S3. Cohort external evaluation - comparison of plasma protein and PBMC profiles at Acute 651 

and Y1 compared to healthy controls. 652 

Fig. S4. Comparison of MEFISTO Factor1 values for exposure groups on time points.  653 

Fig. S5. Cumulative Response Score for malaria antigen specific IgG subclass response of Yman 654 

et al 2019 data set. 655 

Fig. S6. Leukocyte count adjusted cell counts. 656 

Fig. S7. Directed Acyclic Graphs – DAGs and linear regression 657 
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