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Abstract:  22 

Plasmodium falciparum malaria results in immunoregulatory responses across multiple cell 23 

subsets, which protects the individual from inflammatory mediated immunopathogenesis. 24 

However, these anti-inflammatory responses also hamper the development of effective anti-25 

parasitic immunity.  Understanding malaria induced tolerogenic responses in specific cell subsets 26 

may inform the development of strategies to boost protective immunity during drug treatment 27 

and vaccination. Here, we analysed the immune landscape with single cell RNA sequencing of 28 

peripheral blood mononuclear cells during falciparum malaria and at convalescence in children 29 

and adults from a low malaria transmission area in Malaysia. To understand malaria driven 30 

changes specific to each immune cell subset, we interrogated transcriptional changes in sub-31 

clustered major immune cell types during infection. We found that malaria drove development of 32 

immunosuppressive monocytes, alongside NK and γδ T cells which regulated inflammatory 33 

function but maintained cytolytic capacity. IL10-producing CD4 T cells and IL10-producing 34 

regulatory B cells were also induced. Type I interferon responses were identified across all cell 35 

types, linking Type I interferon signalling with the induction of immunoregulatory networks 36 

during malaria. Together, these findings provide insights into cell-specific and shared 37 

immunoregulatory changes induced during malaria, and provides a data set resource for 38 

additional analysis of anti-parasitic immunity and disease pathogenesis.  39 

 40 

  41 
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INTRODUCTION 42 

Plasmodium falciparum causes significant disease burden globally, with >240 million cases of 43 

malaria and >600 000 deaths reported in 2020 (1). In areas of high malaria transmission, anti-44 

disease or tolerogenic immunity develops relatively rapidly, with children rarely experiencing 45 

recurrence of severe malaria (2). However, anti-parasitic immunity and protection from mild 46 

diseases develops more slowly, with children experiencing multiple patent infections throughout 47 

childhood before developing levels of protection that control parasite growth to sub-patent 48 

levels. These phenomena are thought to be linked, with the slow acquisition of anti-parasitic 49 

immunity attributed to tolerogenic responses across multiple cell subsets required for robust 50 

adaptive immune development. These tolerogenic mechanisms may also contribute to reduced 51 

malaria vaccine efficacy in exposed populations. As such, a better understanding of tolerogenic 52 

immune responses during infection may inform the development of more effective vaccine 53 

strategies for areas of high malaria endemicity.  54 

Malaria driven tolerogenic and immunoregulatory responses allow parasite persistence by 55 

evading and disrupting anti-parasitic mechanisms employed by both innate and adaptive immune 56 

cells. Multiple studies have shown that monocytes and dendritic cells (DCs), that are initiators of 57 

the immune responses, are tolerized during malaria. During experimental human malaria and 58 

natural infection, monocytes and DCs have reduced responsiveness to toll-like receptor (TLR) 59 

stimulation and antigen presentation is suppressed (3–6). Increased IL-10 production (7) and 60 

higher frequencies of monocytes with a regulatory phenotype are also detected in children and 61 

adults from malaria endemic areas (8, 9). Tolerogenic phenotypes have also been reported in 62 

other innate cells. For example, natural killer (NK) cells expressing the regulatory marker PD1, 63 

are expanded in populations in malaria endemic areas (10). Additionally, gamma-delta (γδ) T 64 
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cells, particularly Vδ2+ subsets which are important innate inflammatory responders to malaria 65 

parasites, become tolerized in children in high transmission settings (11, 12).  Immunoregulation 66 

also exists in adaptive cell responses to malaria. Within the CD4 T cell compartment, type 1 67 

regulatory (Tr1) cells that co-produce IFNγ and IL10 during malaria, dominate antigen-specific 68 

CD4 T cell responses in children in high endemic areas (13–15). These Tr1 cells develop rapidly 69 

during a primary malaria infection in previously naive adults (16). CD4 T cells also upregulate a 70 

number of additional inhibitory pathways during malaria infection, including expression of co-71 

inhibitory receptors and production of TGFβ (17–19). Within the B cell compartment, multiple 72 

studies have shown that ‘atypical’ memory B cells expand in response to malaria (20–22). These 73 

cells have reduced functional capacity compared to ‘typical’ memory B cells (23, 24), and an 74 

immunoregulatory role for these cells in malaria is also possible. Malaria responsive regulatory 75 

B cells (Bregs), which produce IL10, have been reported in mouse models(25), but have not been 76 

identified in human malaria. While the drivers of tolerogenic cell responses are incompletely 77 

understood, Type I IFN signalling is key to the emergence of Tr1 CD4 T cells during malaria 78 

(16), and is recognised as both an activating and regulatory driver of the malaria immune 79 

response (26).  80 

Transcriptional changes associated with immune cell tolerance have been reported in 81 

limited studies. For example, monocytes from Malian children and adults following parasite 82 

stimulation in vitro had reduced induction of NFKB1 (positive regulator of inflammation) in 83 

tolerized adult cells (8), and transcriptional analysis of Vδ2+ γδ T cells in Ugandan children 84 

identified upregulation of multiple immunoregulatory pathways in highly exposed children (11). 85 

Additionally, a large whole-blood transcriptomic study revealed the upregulation of 86 

interferon responses, and that p53 activation in monocytes attenuated Plasmodium-induced 87 
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inflammation and predicted protection from fever (27). However, to date, no studies have 88 

comprehensively investigated transcriptional signatures of malaria-driven tolerance across all 89 

cell subsets in the same individuals during infection.   90 

The advent of single-cell RNA sequencing (scRNAseq) has allowed comprehensive 91 

analysis of distinct immune cell subsets during human infection, and identification of key 92 

changes driven by infection. For example, in HIV, scRNAseq revealed previously under-93 

appreciated differentiation of proinflammatory T cells, prolonged monocyte major 94 

histocompatibility complex II (MHC II) upregulation, and NK cell cytolytic killing (28). 95 

Additionally, throughout the SARS-CoV-2 pandemic, rapid application of scRNAseq platforms 96 

provided important comprehensive understanding of cell type specific responses to both mild and 97 

severe infections, as well as similarities and differences to other diseases (29–31). To date, while 98 

scRNAseq has been applied to the malaria parasites (32–34), no comprehensive scRNAseq 99 

mapping of the immune landscape during malaria infection has been undertaken. In the present 100 

study, we applied scRNAseq to peripheral blood mononuclear cells (PBMCs) from patients 101 

during acute falciparum malaria and post treatment. Tolerogenic responses during acute infection 102 

were identified across multiple immune cell subsets, with key transcriptional changes confirmed 103 

at the protein level in additional patients. Together this study advances our understanding of the 104 

regulatory immune landscape during malaria and provides opportunities to manipulate these 105 

pathways for clinical advantage.  106 

 107 

RESULTS  108 

Altered immune cell profiles during acute malaria infection 109 
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To undertake a global analysis of the immune response during malaria infection, we performed 110 

droplet-based scRNAseq on peripheral blood mononuclear cells (PBMCs) from 6 individuals 111 

(age 6-24 years) with uncomplicated P. falciparum malaria at hospital presentation (day 0) and at 112 

7 and 28 days after drug treatment, along with 2 healthy adult endemic controls (ages 20 and 27 113 

years) (Fig. 1A, Table S1). We sequenced a total of 115 526 cells, with 106 076 cells passing 114 

quality control (QC; minimum of 220 genes expressed and <20% mitochondrial reads per cell). 115 

Due to a 10X Chromium wetting error, no quality cells were retained from one individual at the 116 

acute infection time point (ID child 1). Data were integrated to harmonize data sets across batch, 117 

donor and infection timepoints, and cell clusters visualized with uniform manifold approximation 118 

and projection (UMAP). Expression of canonical and lineage marker genes were used to 119 

annotate cell clusters into 15 high level cell states: CD14+ classical monocytes, CD16+ non-120 

classical monocytes, classical dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs), CD4 121 

T cells, CD8 T cells, γδ T cells, NKT cells, B cells, plasma cells, proliferating cells [which 122 

appeared to be of mixed cell types], hematopoietic stem and progenitor cells (HSPCs), platelets, 123 

and one unidentified cluster (Fig. 1B/C, Table S2). The relative proportions of these cell clusters 124 

correlated strongly with the proportions of cells identified by flow cytometry analysis of the 125 

same cell samples (R=0.95, p<0.001, Fig. 1D, Fig. S1). During malaria infection, there were 126 

marked changes to the distribution of cell types, with relative increases in CD4 T cells and 127 

proliferating cells, and marked decreases in NK cells and γδ T cells (Fig. 1E). To characterize 128 

gene expression profiles during malaria infection, we performed differential gene expression 129 

analysis within each cell subset between acute infection (day 0), 7 and 28 days after treatment. 130 

(Fig. 1F). We observed the largest number of differentially expressed genes (DEGs) when 131 

comparing between day 0 and day 28, with monocytes and classical dendritic cells (cDCs) 132 
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exhibiting the highest transcriptional changes relative to other cell types (Fig. 1F, Tables S3A-133 

C). Large numbers of DEGs were also detected between day 0 and day 7, with a large proportion 134 

of these also detected 28-days post-treatment for each subset (for example, majority of DEGs for 135 

day 0 compared to day 7 and day 0 compared to day 28, were shared for CD14+ classical 136 

monocytes [64%], CD16+ non-classical monocytes [60%], cDCs [53%] and pDCs [47%]). As 137 

such, we focused subsequent analysis on DEGs identified between day 0 (acute malaria) and day 138 

28 post treatment. 139 
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Fig. 1. Single cell transcriptional landscape of malaria infection. (A) A schematic outline 140 
depicting workflow for sample collection and scRNAseq analysis. PBMCs were collected from 141 
falciparum malaria patients at day 0, and at day 7 and 28 post treatment (n = 6) and from malaria 142 
uninfected healthy controls (n = 2). Live PBMCs were analysed by 3’ 10X Chromium single cell 143 
sequencing, and cell types identified. For each cell type and sub-cluster, genes with differential 144 
expression between days were identified and analysed. Key findings were confirmed at the 145 

.CC-BY 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 November 17, 2022. ; https://doi.org/10.1101/2022.11.16.516822doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.16.516822
http://creativecommons.org/licenses/by/4.0/


 9

protein level in additional patients. (B) Dot plot of the mean expression of marker genes used to 146 
annotate cell types. (C) UMAP of all cells in integrated analysis. Cells are coloured by cell 147 
subtypes. (D) Correlation between relative proportion of cells identified by scRNAseq and flow 148 
cytometry analysis. Pearson’s R and p is indicated. (E) Relative proportion of identified subsets 149 
from scRNAseq analysis at day 0 during malaria, and day 7, and 28 days post-treatment, and in 150 
healthy uninfected control individuals. P-value is calculated by Mann Whitney U test between 151 
day 0 and subsequent time points. (F) Number of DEGs for each cell type between day 0/7, day 152 
0/28 and day 7/28. See also Fig. S1 and Tables S1 to S3. 153 

 154 

Shared and subset-specific immunosuppressive signatures in monocytes and cDCs during 155 

malaria  156 

We first analysed transcriptional changes to innate myeloid cells from day 0 to day 28 and 157 

identified 1674, 1182, 521 DEGs in CD14 classical monocytes, CD16 non-classical monocytes 158 

and cDCs, respectively (Table S3B). The high transcriptional activity of monocytes and cDCs 159 

during malaria was in contrast to the low number of DEGs detected in pDCs (n=60). Of pDC 160 

DEGs, 23% were associated with the long non-coding RNA family and 15% were histone genes 161 

(Table S3B). Low transcriptional activation of pDCs is consistent with our previous bulk-RNA 162 

sequencing analysis of isolated pDCs during experimental malaria infection, which showed that 163 

pDCs were transcriptionally stable during infection (35). Transcriptional changes during malaria 164 

in both monocyte subsets and cDCs were both shared and cell type specific (Fig. 2A). Both 165 

CD14+ and CD16+ monocytes were activated, with marked upregulation of innate cell activation 166 

genes such as TOLL-LIKE RECEPTORS (TLRs), DISINTEGRIN and METALLOPEPTIDASE 167 

DOMAIN (ADAM9 and ADAM10) proteins(36), as well as alarmins, S100A8 and S100A9, which 168 

are typically upregulated in monocytes under inflammatory conditions (37). In contrast, MHC 169 

class II HLA-DR genes were down-regulated in both CD14 and CD16 monocytes (Fig. 2B, 170 

Table S3B). High expression of S100A8/A9, along with RETN, ALOX5AP and reduced 171 

expression of MHC class II HLA-DR genes has recently been used to define immunosuppressive 172 
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MS1 monocytes in sepsis (38) and proportional increases in these immune-suppressive 173 

monocytes has been detected in both sepsis and COVID-19 (30). Consistent with an enrichment 174 

of immunosuppressive monocytes during malaria infection, a number of inflammatory cytokines 175 

including TNF, IL1α, IL1β, IL6, IL18 were markedly reduced at day 0, compared with 28 days 176 

post treatment (Fig. 2B, Table S3B). There was also reduced expression of multiple chemokine 177 

genes including CCL2 (encoding MCP-1), CCL3, CCL4, CCL5, CCL7, CXCL8 (encoding IL8), 178 

CXCL2, CXCL3, CCL20, CXCL1 and CXCL16 in both monocyte subsets, with a greater 179 

magnitude of reduction in CD14 monocytes. Consistent with reduced expression of these 180 

cytokine and chemokine genes, we also observed reduced expression of NK-κB family members, 181 

NF-κB1, NF-κB2, and REL, central transcriptional factors for pro-inflammatory gene induction 182 

(39). Immune-suppressive phenotypes were also detected in cDCs during infection, with notable 183 

down-regulation of HLA-DR genes HLA-DRA and HLA-DRB1 along with multiple paralogues 184 

(HLA-DPA1/B1 and HLA-DQA1/B1) in cDCs but not cytokine/chemokine genes. The reduction 185 

of HLA-DR genes in cDCs is consistent with previous reports showing reduced HLA-DR 186 

expression at the protein level on DCs during experimental (3), and naturally acquired malaria 187 

(5, 40, 41).  188 

In contrast to down-regulation of inflammatory gene signatures, multiple genes involved 189 

in pathogen recognition, scavenging and phagocytosis were upregulated in both monocyte 190 

subsets and cDCs during acute infection, including CD163 and FCGR1A (encoding 191 

CD64/FcγRI) which we have previously shown to be upregulated at the protein level on both 192 

classical and non-classical monocytes during malaria (4) (Fig. 2B). Similarly, FCAR (encoding 193 

the Fc fragment of IgA receptor) was also upregulated on both monocyte subsets and cDCs, 194 

consistent with a possible role of IgA targeting antibodies in immunity against malaria (42–44). 195 
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CD93 and FCGR2A (encoding CD32/FcγRIIa) which mediate the enhancement of phagocytosis 196 

in monocytes and macrophages were upregulated during infection on CD16 monocytes and 197 

cDCs, but not CD14 monocytes. COMPLEMENT RECEPTOR 1 (CR1), a membrane immune 198 

adherence receptor that plays a critical role in the capture and clearance of complement-199 

opsonized pathogens including by erythrocytes and monocytes/macrophages, was upregulated on 200 

both CD14+ and CD16+ monocytes and cDCs during malaria. This transcriptional upregulation 201 

of CR1 is in contrast to previous reports of down regulated CR1 on splenic 202 

monocytes/macrophages in murine models of malaria, and on CD16+ monocytes/macrophages in 203 

P. falciparum and P. vivax malaria patients from Peru(45). CD36, involved in antibody 204 

independent phagocytosis was also upregulated on both subsets and cDCs. 205 

To further investigate shared and cell type specific transcriptional changes, DEGs were 206 

analysed using the Gene Set Enrichment Analysis (GSEA) and overrepresented upstream 207 

regulators identified. These analyses revealed both shared and cell specific gene signature 208 

enrichment and regulators (Fig. 2C-D). Consistent with DEGs for each subset, both monocyte 209 

subsets and cDCs were enriched for pathways such as secretion, phagocytosis, myeloid 210 

leukocyte mediated immunity and immune effector processes during malaria. In contrast, 211 

multiple subset specific pathways were also identified. For example, leukocyte migration and 212 

chemotaxis, inflammatory and defence response, and cytokine production were enriched at day 0 213 

during malaria in CD16 monocytes and cDCs, but enriched at day 28 in CD14 monocytes. In 214 

contrast, pathways associated with antigen presentation were consistently enriched only in 215 

CD16+ monocytes during malaria. In agreement with cell type specific pathway enrichment, 216 

analysis of upstream regulators identified motifs that were shared between CD14+ and CD16+ 217 

monocytes including NFκB-p5, IRF2, STAT5 and Jun-AP1-binding cis-elements, but also 218 
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regulators that were specific for each subset. For CD16 monocytes, this included p53, STAT1, 219 

IRF1, and IRF8-binding cis-elements. p53 was previously identified in bulk transcriptional 220 

analysis as an important contributor of innate cell responses and immunity to malaria (27). The 221 

enrichment of IFR1/8/2 and STAT1/5 are consistent with a key role of Type I IFN pathways in 222 

both activation and regulation of innate immune cell responses in malaria(26). 223 

To assess some of these key findings at the protein level, ex vivo secretion of 224 

cytokine/chemokines TNF, IL1β, IL6 and MCP1 (CCL2) from CD14+ monocytes, CD16+ 225 

monocytes and cDCs were measured in additional falciparum malaria patients from the same 226 

study site at day 0 and day 28 (n=8) (Fig. 2E, Fig. S2). Consistent with transcriptional findings, 227 

the majority of individuals had reduced inflammatory cytokine/chemokine secretion in CD14+ 228 

monocytes at day 0 compared to day 28. This reduction was significant at the population level 229 

for MCP1 (Fig. 2F). MCP1 expression was also reduced at day 0 compared to day 28 in cDCs. 230 

To measure the co-expression of cytokines, responses were analysed by SPICE (Simplified 231 

presentation of incredibly complex evaluations(46)). Overall, the composition of cytokine 232 

expression in CD14+ monocytes at day 0 was significantly different to expression at day 28 (Fig. 233 

2G). Collectively, data reveal a significant enrichment of regulatory innate cells during malaria 234 

infection which down-regulate multiple cytokine and chemokine responses along with HLA-DR 235 

associated genes and pathways required for robust inflammatory control and antigen presentation 236 

in a cell subset specific manner, regulated by cell subset specific pathways. In contrast, multiple 237 

receptors involved in antibody mediated functions are upregulated, consistent with a potential 238 

role of innate cells in antibody mediated parasite clearance during infection.  239 

.CC-BY 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 November 17, 2022. ; https://doi.org/10.1101/2022.11.16.516822doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.16.516822
http://creativecommons.org/licenses/by/4.0/


 13

Fig. 2. Immuno-suppressive signatures of innate cells during malaria. DEGs in CD14 and 240 
CD16 monocytes, and cDCs and pDCs were at day 0 compared to day 28 were identified. (A) 241 
Upset plot of shared and subset specific DEGs of each subset identified between day 0 and day 242 
28. (B) DEGs of interest in monocytes and cDCs. Genes with known monocyte function are 243 
indicated. (C) GSEA of DEGs in CD14 and CD16 monocytes and cDCs. (D) Common and 244 
unique upstream regulators of DEGs in CD14 and CD16 monocytes and cDCs. (E) Ex vivo 245 
secretion of TNF, IL1β, IL6 and MCP1 was measured in CD14 and CD16 monocytes, and cDCs. 246 
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Left panel – representative cytokine expression of a single individual at day 0 compared to day 247 
28 in each subset. Right panel – population level expression of cytokine expression (n=8 day 0, 248 
n=8 day 28). P-value indicated is calculated by Wilcoxon signed rank test. (F) Co-expression of 249 
cytokines in each subset was analysed by SPICE. Expression graphed as Pie-figures. P-value 250 
indicated is calculated by Permutation test. See also Fig. S2 and Table S3.  251 
 252 

Subset-specific activation and regulation of NK cells during malaria 253 

Along with innate myeloid cells, NK cells are important early responders to Plasmodium 254 

infection, and have roles in adaptive immunity as effector cells. Broadly, NK cells exist in 255 

multiple distinct functional subsets along a spectrum of least differentiated CD56 bright cells, 256 

towards highly differentiated CD57+ senescent cells. CD56 bright NK cells and other less 257 

differentiated subsets produce IFNγ following parasite stimulation in vitro (47, 48) and during 258 

controlled human malaria infection (49). In contrast, adaptive and highly differentiated NK cells 259 

expand in malaria exposed individuals, and function via antibody dependent cellular cytotoxicity 260 

(ADCC) to protect from malaria (50, 51).  261 

To investigate the transcriptional activation of these phenotypically distinct NK cell 262 

populations during malaria, we first undertook unbiased sub-clustering of NK cells identified in 263 

PBMCs (Fig. 1). Clustering identified five subsets which were annotated based on cluster 264 

markers as CD56 bright, Transitional, IFNγ+ Adaptive, IFNγ- Adaptive and PD1+ NK cell 265 

subsets (Fig. 3A, Table S4). CD56 bright cells expressed the highest levels of NCAM1 266 

(encoding CD56), SELL, KLRF1, GZMK and IL7R. The Adaptive cell subset had increased 267 

expression of NKG7, GZMB and FCGR3A (encoding CD16). Transitional NK cells expressed 268 

markers from both CD56 bright and Adaptive subsets, consistent with previous scRNAseq 269 

analysis (52, 53)(Fig. 3B). Within the Adaptive cell subset, two clusters were further identified, 270 

differentiated as IFNγ+ and IFNγ- Adaptive subsets based on IFNG expression, along with TNF, 271 

CCL3 and CCL4. Additionally, we identified a NK cell cluster expressing high levels of PDCD1 272 
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(encoding PD1). PD1+ NK cells have previously been shown to expand with age in malaria 273 

endemic populations and have increased function in ADCC (10). PD1+ NK cells also had 274 

increased expression of VCAM1, ITGAD (encoding CD11d), TOX, TNFRSF1B (encoding 275 

TNFRII) and CD160 (Fig. 3B). During malaria, there was a significant increase in the proportion 276 

of IFNγ+ Adaptive cells, consistent with an increased inflammatory and cytokine responsiveness 277 

of Adaptive NK cells during infection. Additionally, there was a proportional decrease in PD1+ 278 

NK cells during acute infection compared to 7 days following treatment (Fig. 3C). This 279 

decreased proportion of PD1+ NK cells during acute malaria is in contrast to previous reports of 280 

the expansion of this subset identified by flow-cytometry in Malians with falciparum malaria 281 

(10). 282 

To investigate malaria-driven transcriptional changes to NK cells, we identified DEGs 283 

comparing day 0 to day 28 within each subset. Transitional, IFNγ- Adaptive and PD1+ subsets 284 

were more transcriptionally active during malaria compared to CD56 bright and IFNγ+ Adaptive 285 

subsets (Fig. 3D, Table S5). PD1+, Transitional and IFNγ- Adaptive NK cells, had a large 286 

proportion of subset specific DEGs, suggesting unique NK cell subset specific activation 287 

pathways during malaria (subset specific DEGs 76%, 42% and 47% respectively, Fig. 3D). 288 

During acute malaria, there was evidence for increased cytotoxic potential across multiple NK 289 

cell subsets, with upregulation of genes with known cytotoxic functions (Granzyme members 290 

GZMB, GZMA, GZMK (54), Granulysin [GNLY], Perforin [PRF1]) and roles in degranulation 291 

and NK cell activation (CD44 (55), CCL4L2 (56), STX11 [encoding Syntaxin 11 (57)], 292 

CD8A(58), LGALS1 [encoding Galectin 1 (59)], XCL1, SLC7A5 [encoding CD98/LAT1 (60)] 293 

and SELL [encoding CD62L (61)]) (Fig. 3E). GSEA confirmed upregulation of multiple 294 

pathways associated with cell function, particularly within Transitional, IFNγ- Adaptive and 295 
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IFNγ+ Adaptive subsets (Fig. S3). In PD1+ NK cells, there was also evidence for subset specific 296 

upregulation of the MAPK pathway (increased MAPKAPK2 and MAP2K2). Additionally, PD1+ 297 

NK cells had a large increase in ITGAX (encoding CD11c) expression during acute infection, 298 

with smaller increases in ITGAX in CD56 Bright and Transitional NK cells. CD11c expression in 299 

NK cells is upregulated in response to inflammatory cytokines (62), and is a marker of bitypic 300 

NK cells which can produce inflammatory cytokines and also drive the proliferation of γδ T cells 301 

(63). Further, upregulation of HLA-DR genes HLA-DQB1 and HLA-DRB5 were also detected, 302 

with HLA-DR previously associated with NK cell activation and antigen-presentation in some 303 

settings (64).  304 

Upregulation of genes mediating increased cytotoxicity and function during malaria was 305 

balanced by increases in multiple negative regulators of NK cells, including TNFRSF4 (encoding 306 

CD134/OX40(65)), TNFRSF9 (encoding CD137/4-1BB (66)), TNFRSF18 (encoding 307 

CD357/GITR (67)), LAG3 (68), HAVCR2 (encoding Tim-3 (69)) and CBLB (70). GSEA showed 308 

significant enrichment of negative regulatory pathways in PD1+ and IFNγ- Adaptive subsets 309 

(‘negative regulation of immune system process’ and ‘negative regulation of lymphocyte 310 

activation’)(Fig. S3).  Across all subsets, multiple type I IFN signalling genes were upregulated 311 

including ISG20, IFI16, IFI6, IFITM3, IRF4, IRF8, and IRF7 and GSEA confirmed upregulation 312 

of ‘response to type I IFN’ in Transitional and IFNγ- Adaptive cells (Fig. S3). Type I IFN 313 

signalling in NK cells has been shown to suppress IFNγ production during viral infection (71). 314 

Taken together data suggest that Type I IFN signalling is activated in NK cells in response to 315 

malaria, which may act as a regulatory of NK cell inflammatory response during infection.  316 

To investigate these key transcriptional changes to NK cells during malaria at the protein 317 

level, we analysed NK cells by flow cytometry in additional falciparum malaria patients (day 0) 318 
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and patients 28 days after infection. NK cells were identified as CD56 bright, Adaptive and PD1+ 319 

subsets (10)(Fig. S4A). Within these patients, there was a slight increase in CD56 bright cells 320 

within the NK compartment during infection (Fig. S4B). Across all three NK subsets, there was 321 

a significant increase in Granzyme B and Perforin expression at day 0 compared to day 28 post 322 

treatment (Fig. 3F). In contrast, CD98 and HLA-DR expression were increased on Adaptive and 323 

PD1+ NK cells, but not CD56 bright NK cells, and expression levels were much higher on PD1+ 324 

cell subset. Similarly, the regulatory marker LAG-3 was increased in expression on all NK cell 325 

subsets at day 0 (at very low levels on CD56 bright cells), but Tim-3 was only increased on 326 

Adaptive and PD1+ cells (Fig. 3F). IFNγ and TNF expression were also assessed. While ex vivo 327 

IFNγ expression was below the limit of detection for all NK cell subsets, there was a significant 328 

increase in TNF production in Adaptive, but not CD56 bright NK cells during malaria (Fig. 329 

S4C). Additionally, there was a significant increase in CD11c expression on Adaptive NK, but 330 

not CD56 bright cells (Fig. S4D). When considering the total profile of Granzyme B, Perforin, 331 

CD98, HLA-DR, LAG-3 and Tim-3 on the three distinct NK cell subsets, there was a significant 332 

difference in the overall composition of marker expression in each subset between day 0 and day 333 

28, indicating significant upregulation of both cytotoxic and regulatory markers during infection 334 

(Fig. 3G).  However, PD1+ NK cells are the most highly activated and regulatory during malaria 335 

due to the increased overall level of expression of these markers during acute infection, 336 

particularly CD98, HLA-DR, LAG-3 and Tim-3, compared to adaptive and CD56 bright NK 337 

cells (Fig. 3H, Fig. S4E) 338 
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Fig. 3. Subset specific activation and regulation of NK cells in malaria. (A/B) Five subsets of 339 
NK cells were identified based on unsupervised clustering and marker expression as CD56 340 
bright, Transitional, IFNγ+ Adaptive, IFNγ- Adaptive and PD1+ subsets. (C) Relative proportion 341 
of identified subsets during malaria infection (day 0), 7- and 28-days post treatment, and in 342 
healthy uninfected individuals. P-value indicated is calculated by Mann-Whitney U test between 343 
day 0 and indicated subsequent time points (D) Upset plot of DEGs in NK cell subsets day 0 344 
compared to day 28. The number of shared and subset specific DEGs indicated. (E) Top 20 345 
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DEGs of in each NK subsets, and additional genes of interest. Genes with known roles in 346 
regulation and/or function are indicated. (F) PBMCs from individuals with P. falciparum malaria 347 
(Day 0, n = 5, patients 28-days post-infection (Day 28, n = 8) were analysed ex vivo to detect 348 
NK cell protein expression of identified genes by flow cytometry. Expression of proteins related 349 
to function and regulation of NK cells, shown as positive frequencies of NK cell subsets CD56 350 
bright (CD56++), Adaptive and PD1+. Box plots show the median and IQR of volunteers, lines 351 
represent paired observations, group comparisons performed by Mann-Whitney U test. (G) Co-352 
expression of proteins related to function and regulation of NK cells analysed by SPICE. Pie 353 
graphs comparisons performed by Permutation test. (H) Histograms normalised to mode show 354 
expression of gene-related proteins within NK cell subsets of concatenated group data. See also 355 
Fig. S3-S4 and Table S4-S5. 356 
 357 

Activation and regulation of γδ T cells with diverse functions during malaria 358 

γδ T cells are key innate cell responders during malaria which proliferate in response to malaria 359 

parasites and produce inflammatory cytokines with important roles in protection (72). γδ T cells 360 

can also recognize and kill parasites via lysis, and opsonic phagocytosis(73), and present antigen 361 

to activate T cells (74). However, in individuals who have had repeated malaria infections, γδ T 362 

cells become tolerized, with reduced cell frequency, inflammatory responses and increased 363 

expression of regulatory proteins (11, 75). γδ T cells in highly exposed individuals express 364 

increased CD16 and have increased cytolytic responsiveness to opsonized parasites (76). To 365 

explore these multiple roles and tolerization mechanisms of γδ T cells in the patients in this 366 

study, we sub-clustered γδ T cells identified in PBMCs (Fig. 1) and categorized 6 clusters as 367 

Cytotoxic, Inflammatory, Antigen-presenting, Transitional, Type 3 and Naive γδ T cells (Fig. 368 

4A, Table S6). Cytotoxic subset cells expressed the highest levels of GNLY, GZMB, GZMH, 369 

NKG7, FCGR3A (encoding CD16) and FGFBP2; Inflammatory subset cells expressed high 370 

levels of CCL4L2, CCL4, CCL3, IFNG and TNF; Antigen-presenting subset cells expressed 371 

HLA-II related genes; and Transitional γδ T cells were characterized by expression of genes that 372 

drive the early differentiation of T cells IL21R, IER5L, YPEL5 and IFRD1 (Fig. 4B). We also 373 

identified Type 3-like γδ cells with high expression of KLRB1, NCR3, RORA and IL7R, and 374 
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Naive γδ T cells with high expression of LTB, CCR7 and AQP4, as in previous scRNAseq data 375 

sets (77). Within γδ T cells, there was an expansion of the Cytotoxic cell subset at day 7 and 28 376 

after infection, and expansion of the Transitional cell subset at day 7 (Fig. S5A).   377 

To investigate γδ T cell transcriptional changes during malaria, DEGs were identified in 378 

γδ T cell subsets, and due to low cell numbers in subsets, also the total γδ T cell population (Fig. 379 

4C-D, Table S7). Both shared and subset specific transcriptional changes between day 0 and day 380 

28 where identified (Fig. 4C-D). DEGs included upregulation of inflammatory 381 

cytokines/chemokines IFNG, CCL3, CCL4, CCL4L2 and genes associated with T cell activation 382 

(including VIM, ICOS, IL7R (encoding CD127)) across multiple subsets, consistent with the well 383 

documented inflammatory responsiveness of γδ T cell during malaria infection (72). 384 

Additionally, consistent with increased cytotoxic capacity during malaria reported previously 385 

(73), expression of cytotoxic serine protease GZMB was increased in both Cytotoxic and 386 

Transitional γδ T cells during malaria.  Further, CRTAM, which drives the development of 387 

cytotoxic CD4 and CD8 T cells (78), was increased during infection, consistent with the 388 

expansion of Cytotoxic γδ T cell subsets at days 7 and 28 (Fig. 4D). Along with increased 389 

inflammatory and cytotoxic capacity, there was a suggestion of increased antigen presenting 390 

properties during infection, with upregulation of HLA-II related genes (CD74, HLA-DPB1, HLA-391 

DQB1), and genes related to endocytosis and intracellular vesicle trafficking (such as SNX9 and 392 

SYNJ2). Together, these data are is indicative of polyfunctional γδ T cell activation during 393 

infection, consistent with previous phenotypic data (72–74).   394 

Along with activation of multiple γδ T cell functions, increased expression of genes with 395 

roles in regulation and cell exhaustion were detected (Fig. 4D). These included upregulation of 396 

LAG3 on Cytotoxic γδ T cells and increased expression of inflammatory regulators OTULIN (79) 397 
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and FURIN (80) on Inflammatory γδ T cells. Within Type 3 and Naive γδ T cells, upregulated 398 

genes included those related to inflammatory regulation (TMSB10; which suppresses 399 

inflammatory macrophages)(81), HIF1A; which controls γδ T cell mediated inflammation(82) 400 

and BATF; which is upregulated in exhausted CD8 T cells (83)), cell exhaustion (PDCD1 401 

(encoding PD1); which dampens inflammatory and cytotoxic potential of γδ T cell (84, 85), 402 

TNFRSF4 (encoding OX40) and HAVCR2 (encoding Tim-3); which reduces cytokine and 403 

cytotoxic potential of γδ T cells (86) and pro-apoptotic signalling (TXNIP). Similar to myeloid 404 

and NK cell responses, DEGs included upregulation of multiple Type I IFN response genes 405 

including ISG20, IRF4, IRF1, IFITM2, IFI16. γδ T cells have been reported to respond to Type I 406 

IFNs produced from poly(I:C) activated cDCs in other settings (87). However, to the best of our 407 

knowledge, a role of Type I IFNs in driving tolerogenic γδ T cells has not been explored. 408 

To confirm our transcriptional findings, we assessed protein-level expression of multiple 409 

functional and regulatory markers in additional patient samples, by FACS (Fig. S5B). While we 410 

were unable to differentiate between Vδ2 and Vδ1 γδ T cells in our 3’ transcriptional data set, 411 

the large majority of circulating γδ T cell within the CD3 T cell compartment at both day 0 412 

during acute infection and day 28 post treatment were Vδ2 γδ T cells (Fig. 4E). Within Vδ2 cells 413 

γδ T cells, there was increased expression of Granzyme-B at day 0, but not in Vδ1 γδ T cells as 414 

detected via FACS (Fig. 4F). Other functional and activation markers, Perforin, CD38, ICOS, 415 

and HLA-DR were increased on both Vδ2 and Vδ1 γδ T cells during malaria. Similarly, both 416 

LAG-3 and Tim-3 were increased in expression on both subsets (Fig. 4F). Granzyme-B, ICOS 417 

and HLA-DR expression was higher on Vδ2 compared to Vδ1 γδ T cells during malaria (Fig. 418 

S5C).  To understand the expression of different functional, activation and regulatory markers on 419 

Vδ2 and Vδ1 γδ T cell subsets, marker expression was analysed by SPICE. Both Vδ2 and Vδ1 420 
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γδ T cells had high levels of co-expression of key proteins related to multiple functions and 421 

regulation (Fig. 4G). The magnitude and composition of marker co-expression by γδ T cells was 422 

increased at day 0 compared to day 28 expression. Together data shows that, as seen in myeloid 423 

and NK cells, Type I IFN signaling is activated in γδ T cells during malaria, and γδ T increase 424 

both functional and regulatory functions during malaria.  425 

Fig. 4. Inflammatory activation and regulation of effector γδ T cells during malaria. (A/B) 426 
Five subsets of γδ T cells were identified based on unsupervised clustering and marker 427 
expression as Cytotoxic, Inflammatory, Antigen-presenting, Transitional, Type 3 and Naive. (C) 428 
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Numbers of upregulated DEGs in γδ T cell subsets day 0 compared to day 28. The number of 429 
shared and subset specific DEGs indicated. (D) Top 20 upregulated DEGs in each γδ T cells 430 
subsets, and additional genes of interest. Genes with known roles in regulation and/or function 431 
are indicated. (E) PBMCs from patients with falciparum malaria (Day 0, n = 5) and convalescent 432 
malaria patients 28-days post-infection (Day 28, n = 8) were analysed ex vivo to detect Vδ2 and 433 
Vδ1 γδ T cells and measure protein expression of identified genes by flow cytometry. (F) 434 
Expression of proteins related to function and regulation of γδ T cells, shown as positive 435 
frequencies of Vδ2 and Vδ1 γδ T cells. Box plots show the median and IQR of volunteers, lines 436 
represent paired observations, P values indicated are calculated by Mann-Whitney U test. (G) 437 
Co-expression of proteins related to function and regulation of Vδ2 and Vδ1 γδ T cells analysed 438 
in SPICE. Pie graphs comparisons performed by Permutation test. See also Fig. S5 and Tables 439 
S6-7. 440 

 441 

CD4 T cell response is dominated by Type 1 regulatory cells during malaria which share 442 

signatures with Th1 cells.  443 

CD4 T cells play multiple essential roles in protection from malaria, including IFNγ mediated 444 

direct-killing of parasites, and by providing help to B cells to produce antibodies required for 445 

protection (88). However, multiple lines of evidence have shown that malaria drives the 446 

expansion of regulatory CD4 T cells, particularly Type 1 regulatory (Tr1) cells that co-produce 447 

IFNγ and IL10 in this disease. These cells rapidly expand via Type I IFN signalling in initial 448 

parasite infection in humans (16), and dominate the parasite specific CD4 T cell response in 449 

children in endemic areas (13–15). To investigate CD4 T cells transcriptionally during malaria, 450 

we subclustered CD4 T cells from PBMCs, with 11 subsets identified (Fig. 5A). These CD4 T 451 

cell subsets were annotated as naive, activated, T-regulatory (Treg), T-follicular helper (Tfh), T-452 

follicular regulatory (Tf-reg), T-helper (Th) 1, Tr1, Th2 and Th17 subsets based on expression of 453 

T naive, activation, Treg and T helper signatures (89–92) and canonical marker genes (Fig. 5B, 454 

Table S8).  The proportions of each subset within the CD4 T cells compartment did not 455 

significantly change between acute infection and post treatment timepoints. (Fig. S6).  We 456 

conducted DEG analysis for each CD4 T cell subset, on day 0 (malaria) compared to day 28 457 
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(post treatment). Tr1 cells and Th1 CD4 T cells were highly transcriptionally active during 458 

infection, while Tregs and Tfregs were the least activated (Fig. 5C, Table S9). In Tr1 cells, 68% 459 

of DEGs were unique, consistent with a Tr1 specific activation program during malaria (Fig. 460 

5C). Upregulated genes included canonical markers of IFNG and IL10, and many other genes 461 

with known roles in immunosuppression and/or function of regulatory T cells including LAG3, 462 

HAVCR2 (encoding Tim-3 (93)), TNFR2 (94), CTLA4 (95), TNFRSF4 (encoding OX40/CD134 463 

(96)), TNFRSF18 (encoding GITR/CD375 (97)), PDCD1 (encoding PD1) and CCL4 (98) (Fig. 464 

5D). The upregulation of multiple co-inhibitory receptors is consistent with our recent data 465 

showing Tr1 cells express overlapping co-regulatory proteins(19). Additionally, IKZF3 which 466 

has been shown to have high expression in IL10+ CD4 T cells(99) , and LAIR2 which has been 467 

identified as a core Treg signature gene in humans(100) had increased expression on Tr1 cells 468 

during malaria (Fig. 5D). Tr1 cells also showed significant activation during infection, with 469 

marked upregulation of CD38 and ICOS during infection. CD38 upregulation was unique to Tr1 470 

cells, while ICOS was also increased on Th1 cells.  471 

Tr1 cells can emerge from Th1 cells that gain IL10 expression (101). Consistent with 472 

this, most of the top upregulated genes in Tr1 cells were shared with Th1 cells, including 473 

regulatory markers LAG3, TNFRSF4 (encoding OX40), TNFRSF1B (encoding TNFR2), 474 

TNFRSF18 (encoding GITR), HAVCR2 (encoding Tim-3) and CTLA4 (Fig. 5D). Additional 475 

upregulated genes in Th1 cells included MAF, which drives IL10 expression in Th1 cells in 476 

murine malaria models (102), PRDM1 (encoding BLIMP1), which promotes IL10 in Tr1 cells in 477 

murine malaria models (103) and is highly expressed in malaria-specific Tr1 cells in Ugandan 478 

children (13), and STING1 (encoding STING – stimulator of interferon response cGAMP 479 

interactor 1), which we have recently shown to be a central driver of Tr1 cell development (104). 480 
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In Th1 and/or Tr1 cells, several other Type I IFN responses genes were up regulated, including 481 

IFITM2, IFI16, SAT1, IFI35, IFI27L2, LYE6 and ISG15 (Fig. 5D, Table S9).  In other CD4 T 482 

cell subsets, the number of DEGs and magnitudes of fold changes to expression were relatively 483 

lower, with many ribosomal and mitochondrial genes shared across non-Th1/Tr1 subsets (Fig. 484 

5C-D). However, BATF, which is critical for Th17 and Tfh cell differentiation(105, 106) was 485 

upregulated across all CD4 T cell subsets except for FoxP3+ Tregs. While the roles of Th17 cells 486 

in human malaria are largely unknown, Tfh cell activation and development is critical for the 487 

induction of humoral responses required to drive protection against malaria (107). Tfh cell 488 

activation during malaria is skewed towards Th1-Tfh cell responses (108–110), and consistent 489 

with this, Th2 and Tfh cells subsets upregulated both the Th1 associated cytokine TNF, and 490 

ETS1 which represses Th2-Tfh subset differentiation in both human and mouse models of 491 

systemic lupus erythematosus (111). ETS1 is also essential for BATF function in effector T cells 492 

(112). While DEGs of Tregs and Tf-regs were the lowest of all subsets, IL2RA, essential for Treg 493 

function(113), was upregulated in malaria in both subsets, indicative of increased functional 494 

Tregs and Tf-reg cells during infection. Together these data are indicative of CD4 T cell 495 

activation dominated by Tr1 cells with increases suppressive function during malaria, and the 496 

emergence of Tr1 cells from Th1 cells via Type I IFN signalling(16, 19). 497 
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Fig. 5. Tr1 CD4 T cells dominate the response during malaria. (A/B) Subsets of CD4 T cells 498 
were identified based on unsupervised clustering and categorized based on canonical marker 499 
expression and T helper expression signatures. (C) DEGs in CD4 T cell subsets at day 0 500 
compared to day 28 were identified. The number of shared and subset specific DEGs indicated in 501 
Upset plot. Overlaps of <5 genes not shown. (D) Top upregulated 20 DEGs in CD4 T cell 502 
subsets. Genes with known roles in regulation and/or function are indicated. See also Fig. S6 and 503 
Tables S8-9. 504 
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Expansion of IL10+ regulatory B cells during malaria infection 506 

Malaria specific B cell responses are essential for development of immunity against malaria, 507 

with antibodies being key mediators of protection through control of parasite burden(114). While 508 

robust memory B cells and sustained antibodies can develop against malaria(22), there is 509 

evidence that these responses may also be negatively impacted by malaria driven 510 

immunomodulation. Memory B cell responses are suboptimal in some malaria transmission 511 

settings, with lower levels of antibody production, short-lived antibody responses and expanded 512 

‘atypical’ memory B cells (20–22). Atypical memory B cells express high levels of FCLR5, and 513 

appear to have reduced functional capacity compared to ‘typical’ memory B cells (23, 24). 514 

However, ‘atypical’ responses emerge in both infection and vaccination (115), mount recall 515 

responses (116) and can produce antibodies with the support of T-follicular helper cells (117). 516 

Therefore, whether atypical memory B cells are protective or disruptive in protective immunity 517 

remains unclear.   518 

To investigate transcriptional changes to B cells during malaria within our PBMC data 519 

set, B cells were sub-clustered to identify 7 subsets of B cells and annotated as transitional, 520 

naive, memory, activated, atypical, plasmablast and proliferating plasmablast populations (Fig. 521 

6A). Based on previously published studies (115, 118, 119), identified subsets included 522 

transitional B cells with high expression of MME (encoding CD10) and naive B cells with high 523 

expression of TCL1A, NEIL1, IGHD, IGHM, FOXP1, BACH2 and IL4R; quiescent memory B 524 

cells which had relatively high expression of memory marker CCR7, and upregulated MARCKS, 525 

CD82, IER5, CD70 and CD80 which are increased in expression on memory relative to naive B 526 

cells in previously published data sets(120, 121) annotated by the Human Protein Atlas 527 

(proteinatlass.org); activated B cells with increased expression of CD1C, CD79B, ACTG1, 528 
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GAPDH, TKT, S100A10, CRIP2, CPNE5, and GSN; ‘Atypical’ memory B cells with high 529 

expression of FCLR5, FCLR3, ITGAX (encoding CD11c), TNFRSF1B and CD86; plasmablasts 530 

with expression of MZB1, XBP1, IRF4, PRDM1 (encoding BLIMP1), and switched IgG genes; 531 

and proliferating plasma blasts which expressed plasmablast marker genes along with high levels 532 

of MKI67 (Fig. 6B, Table S10). During infection (day 0), there was an increased proportion of 533 

plasmablasts, which made up to 20% of the B cell compartment, consistent with previous studies 534 

of in Ugandan (122) and Kenyan children with malaria(123), and in adults during controlled 535 

human malaria infection (124) (Fig. S7A).  536 

DEG analysis of each B cell subset comparing day 0 to day 28, identified large numbers 537 

of DEGs across all subsets except proliferating plasmablasts (Fig. 6C, Table S11). DEGs were 538 

both shared and subset specific, and a large number of the top DEGs for each subset were 539 

ribosomal proteins, possibly indicating increased protein synthesis and highly activated states of 540 

B cells during infection (Fig. 6D). Additionally, many DEGs had roles in metabolism, consistent 541 

with reshaping of energy use and metabolic programs during B cell activation (125) (metabolic 542 

associated DEGs include members of NADH dehydrogenase complex NDUFA1, NDUFA13, 543 

MT-ND4L, MT-ND2, MT-ND3, cytochrome C oxidase subunit COX7C and chaperone PET100, 544 

ATP synthase subunits ATP5MF and MT-ATP8). Across B cell subsets, multiple upregulated 545 

Type I IFN signaling response genes were detected, including IFNITM2, ISG20, and STAT1, 546 

consistent with the important role of Type I IFN signaling in malaria immune responses across 547 

multiple cell subsets. There was evidence that metabolic remodeling during infection was B cell 548 

subset specific. For example, transitional, naive, memory B cells and atypical memory B cells 549 

during acute infection had increased expression of TXNIP, a glucose feedback sensor which 550 

inhibits glucose uptake (126, 127). In contrast, plasmablasts had increased SLC7A5 (encoding 551 
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LAT1) and SLC3A2 (encoding CD98 which interacts with LAT1 to transport L-glutamine), 552 

consistent with our recent findings of the importance of plasmablasts as negative regulators of 553 

germinal centre development via acting as a nutrient sink in mice models of malaria (124) (128). 554 

To confirm upregulation of glutamine transport on plasmablasts, CD98 levels were measured 555 

across B cell subsets in additional patients. We assessed CD98 expression during and after 556 

malaria in plasmablasts (CD27+CD38+), transitional/naive IgD+ B cells, and IgD- B cell subsets 557 

(atypical [CD27-CD21-], memory [CD27+CD21+] and activated memory [CD27+CD21-]) 558 

(Figure S7B-C). In these additional participants, plasmablasts made up to 30% of the B cell 559 

compartment during malaria, but less than 2% at 28 days post-treatment (Fig. S7D). There was 560 

also a significant increase in the proportion of activated memory cells during malaria (Fig. S7D). 561 

The frequency of CD98+ cells increased during malaria in plasmablasts, transitional/naive, 562 

atypical and activated memory B cells (Fig. 6E). However, the frequency of CD98+ cells, and 563 

the magnitude of CD98 expression was far greater on plasmablasts compared to other subsets 564 

(Fig. 6F, Fig S7E-F). Together, these data are consistent with a potential negative role of 565 

plasmablast expansion and CD98 expression as a nutrient sink that limits productive germinal 566 

center activation during infection(124), but shows that activated memory B cells also upregulate 567 

glutamine transport during infection. 568 

Along with a potential disruptive role of plasmablasts in malaria infection, several 569 

upregulated DEGs where suggestive of other tolerized/immunosuppressed B cell responses 570 

during infection. For example, PTPNI (encoding PTP1B) which was upregulated in transitional, 571 

naive and memory B cell subsets, negatively regulates B cell signally via CD40 and BAFF-R and 572 

TLR4, and downregulates T-dependent immune responses (128). TLE5 (also known as AES), 573 

which negatively regulates NF-κβ signalling (129), required for B cell activation and survival 574 
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(130), was upregulated on transitional B cells during infection. Of note, HIF1A, which drives B 575 

cell IL10 production in hypoxic conditions (131), was significantly upregulated in Atypical B 576 

cell during acute infection. Further interrogation of HIF1A suggested increased expression 577 

during acute infection also occurred in transitional, naive, memory B cells and plasmablasts 578 

subsets (Fig. 6G), consistent with the capacity of diversity of human B cells subsets to produce 579 

IL10 (132). IL10 production by B cells is indicative of Breg subsets, which have been shown in 580 

mice to be a major source of IL10 during infection, and protect from experimental cerebral 581 

malaria (25, 133), however have yet to be identified during human malaria. To confirm the 582 

expansion of IL10+ Bregs during falciparum malaria, we quantified IL10+ production in B cells 583 

in additional study participants. We analyzed the total B cell population, due to the diverse B cell 584 

phenotypes of IL10+ Bregs, and measured TNF and IL6 production, which are often co-produced 585 

with IL10(132) (Fig. S8A). We confirmed that there was significant increase in IL10 production 586 

in B cells during malaria, indicating of malaria induction of Bregs (Fig. 6H).  In contrast, there 587 

was no evidence for increased B cells expression of IL6 nor TNF, despite increased IL6 588 

transcripts levels (Fig. S8B). Although a previous study reported co-expression of TNF and IL6 589 

by IL10 producing Bregs (132), only a small fraction of IL10+ Bregs co-produced IL6 during 590 

malaria, and there was minimal co-expression with TNF (Fig. 6I). To assess the relative 591 

importance of Bregs, compared to IL10+ T cells (largely Tr1 CD4 T cells), the proportion of B 592 

cells amongst all IL10 producing lymphocytes was measured. The proportion of IL10 593 

lymphocytes that were Bregs was comparable to CD3 cells as the source of IL10 from 594 

lymphocytes (Fig. 6J), identifying IL10 Bregs as a potentially important contributor to the 595 

regulatory/tolerogenic response during malaria infection in humans.  596 

.CC-BY 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 November 17, 2022. ; https://doi.org/10.1101/2022.11.16.516822doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.16.516822
http://creativecommons.org/licenses/by/4.0/


 31

 597 
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Fig. 6. B cell activation and induction of IL10+ Bregs during infection. (A/B) Subsets of B 598 
cells were identified based on unsupervised clustering and categorised based on marker 599 
expression. (C) DEGs in B cell subsets day 0 compared to day 28 were identified. The number of 600 
shared and subset specific DEGs indicated in Upset plot. (D) Top upregulated 20 DEGs in B cell 601 
subsets. Genes with known roles in regulation and/or function are indicated. (E) CD98 protein 602 
expression was quantified on plasmablasts, transitional/naive, atypical, memory and activated 603 
memory B cell subsets at day 0 (n = 5) and day 28 (n = 8). Box plots show the median and IQR 604 
of volunteers, lines represent paired observations, group comparisons performed by Mann-605 
Whitney U test. (F) CD98 MFI of concatenated samples at day 0 (n = 5). (G) HIF1A mRNA 606 
expression in each B cell subset at day 0 and 28.  P-value calculated by Mann-Whitney U test P 607 
is indicated (unadjusted). (H) IL10 protein expression on B cells during malaria (day 0, n = 8) 608 
and day 28 post treatment (n = 8), Wilcoxon rank sum test is indicated. (I) Co-expression of B 609 
cell IL10 production with IL6 and TNF during malaria (n = 8) analysed in SPICE. (J) The 610 
proportion of each lymphocyte subset contributing to IL10 lymphocyte production during 611 
malaria (day 0, n = 8). P-value calculated using Kruskal wallis and post-Dunn test (FDR 612 
adjusted) indicated.   613 
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DISCUSSION  614 

Malaria drives tolerogenic immune cell responses which protect from inflammation mediated 615 

immunopathogenesis at the costs of reduced parasite control and suboptimal adaptive immunity. 616 

Here, using scRNAseq analysis of PBMCs during and following falciparum malaria, we 617 

comprehensively map malaria associated tolerogenic responses across innate and adaptive 618 

immune cells. These data show that malaria driven immunomodulation occurs across the 619 

immune landscape, with subset specific activation and regulatory programs identified. By 620 

analysing malaria-driven transcriptional changes at the subset level, we not only increase our 621 

understanding of how malaria modulates specific immune cell subsets, but also identify IL10+ 622 

Bregs as a major tolerogenic response in human adaptive immune cells during infection. 623 

 The use of scRNAseq analysis of PBMC immune responses during other infections has 624 

identified key protective and disrupted responses in various disease states (28–31).  Here, we 625 

leveraged a large data set of >100 000 cells to understand malaria driven immune responses 626 

within major immune subsets, but also within subclustered cells. This approach allows for a 627 

granularity of understanding of specific cell responses not previously possible with bulk-level 628 

analysis. Within innate myeloid cells, malaria drove changes to monocytes consistent with the 629 

induction of immunosuppressive MS1-like monocytes, which have high expression of alarmins 630 

S100A8/A9, along with RETN and ALOX5AP and reduced expression of MHC class II. These 631 

immunosuppressive monocytes have been identified in scRNAseq data sets in both sepsis and 632 

COVID-19 patients (particularly those with severe disease), but not HIV infected individuals 633 

(29, 30, 38). During sepsis and COVID-19, immunosuppressive monocytes appear to emerge 634 

directly from inflammation-induced myelopoiesis within the bone marrow (38, 134). This 635 

pathway may also be important in malaria, with parasite infection shown to drive emergency 636 
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myelopoiesis in mouse models (135). How these immunosuppressive monocytes protect from 637 

parasite-mediated immunopathology is unknown, however, the importance of tolerized 638 

monocytes in anti-disease immunity to malaria has been suggested by others (8). This anti-639 

disease protection may come at a cost to both adaptive immunity by disruption of antigen 640 

presentation via down regulation of HLA-DR, which was also seen in DCs (5), and more 641 

broadly. For example, in sepsis, immunosuppressive monocytes have reduced responsiveness to 642 

LPS (TLR4 stimulation), consistent with dysregulated response to future bacterial infection in 643 

these patients (38).  Reduced responsiveness to LPS has also been reported for monocytes 644 

exposed to P. falciparum parasites in vitro (8). As such, immunosuppressive monocytes may also 645 

be an important factor in the increased risk of bacterial infection in children with recent or acute 646 

malaria (136). 647 

 Evidence of malaria induced immunosuppression within our data was also observed in 648 

NK and γδ T cells, where multiple co-inhibitory receptors were upregulated during infection 649 

(including TNFRSF4, TNFRSF9, TNFRSH18, HAVCR2, LAG3, and PD1). Co-inhibitory 650 

receptors play important roles in regulating immune response to chronic infections, including 651 

malaria (137). For NK cell responses, increased PD1 expression has been previously reported in 652 

malaria exposed individuals previously (10), however the roles of other co-inhibitory receptors 653 

in regulating NK cell responses during malaria is less characterised. We have recently shown 654 

that a CD56neg NK cell subset is expanded in areas of high malaria burden and have important 655 

functional roles in protecting from diseases via antibody dependent cellular cytotoxicity (138). 656 

These CD56neg NK cells had high expression of LAG-3, a molecule which has been shown in 657 

other studies to be expressed on NK cells with increased glycolytic activity and to negatively 658 

regulate NK cytokine production but not cytotoxic activity (68). Here, LAG-3 and other co-659 
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inhibitory receptors appeared to be expressed to the highest levels on PD1+ NK cells, which 660 

contained both CD56++ and CD56dim cells. PD1+ NK cells were the most highly activated NK 661 

cells during malaria, and had high granzyme-B and perforin expression, consistent with retained 662 

cytolytic capacity. Further studies are required to understand the relationship between CD56neg 663 

NK subsets, and PD1+ cells. Within γδ T cells, upregulation of co-inhibitory receptors on Vδ2+ 664 

cells to mediate tolerance has previously been shown in areas of high malaria burden (11). 665 

Indeed, several of these regulatory genes (BATF, HAVCR2, TXNIP) have been previously shown 666 

to be increased transcriptionally and at the protein level in γδ T cells in children with recent or 667 

high levels of repeated infection (11, 75, 86), and here we show that co-inhibitory receptors are 668 

also upregulated during an acute infection in a low transmission setting. In areas of high malaria 669 

burden, Vδ2+ γδ T cells with inhibitory receptors maintain or have enhanced cytolytic capacity 670 

and antibody dependent functions (76). Consistent with this, co-inhibitory markers were 671 

upregulated both transcriptionally and at the protein level was con-current with increased 672 

Granzyme-B and perforin, indicative of cytolytic function. Together, these data suggest that 673 

regulatory proteins play a role in controlling inflammation, while maintaining other functions of 674 

NK and γδ T cells. 675 

Within CD4 and B cell subsets, tolerogenic responses appeared dominated by a major 676 

upregulation of IL10. Within CD4 T cells, the Tr1 cell subset was the most highly activated 677 

during malaria, and these cells had significantly increased transcription of both canonical 678 

cytokines IL10 and IFNγ, and also multiple co-inhibitory receptors (including LAG3, OX40, 679 

TNFR2, GITR, TIM3 and CTLA4). A large proportion of malaria-driven DEGs in Tr1 cells were 680 

shared with Th1 cells, consistent with an emergence of Tr1 cells from the Th1 cell subset (101). 681 

Accordingly, DEGs in Tr1 cells also included transcriptional factors with known roles in Tr1 cell 682 
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development (MAF, PRDM1 and STING)(19, 102–104). Similarly, within B cell subsets, malaria 683 

drove a significant increase in HIF1A expression, which has previously been shown to be a 684 

critical transcription factor for the induction of IL10 producing Bregs in mouse models (131). 685 

Consistent with this, we show significantly increased ex vivo secretion of IL10 from B cells 686 

during malaria compared with 28 days post-treatment. Indeed, during infection B cells were a 687 

major contributor of IL10 from lymphocytes during malaria. While IL10 producing CD4 T cells 688 

have been well recognised in malaria (13, 15, 103, 104, 139), this study is the first to identify B 689 

cells as a major source of IL10 during human malaria. Further studies are needed to understand 690 

the development of Bregs during malaria, their roles in anti-disease and anti-parasitic (140) 691 

immunity and/or immunosuppression. The potential link between Tr1 cells as the driver of Breg 692 

activation to suppress inflammation and disease as shown in other settings (141) . 693 

 Linking malaria-induced tolerogenic responses across all immune cell subsets, is the 694 

importance of Type I IFN signalling, with evidence of upregulation of Type I IFN responses and 695 

increased transcription of IFN-stimulated genes across the immune landscape. While first 696 

described in viral infection as critical effector cytokines, Type I IFNs also exhibit 697 

immunoregulatory effects that impeded control of some non-viral pathogens(142), including 698 

protozoan parasites (143). In malaria infection, Type I IFNs have both protective and detrimental 699 

impacts on immune response, parasite clearance and protection from immunopathogenesis, 700 

dependent on timing, parasite species and model system (reviewed in (26)). However, previous 701 

studies in human experimental infection have shown that P. falciparum parasites rapidly induce 702 

Type I IFNs that enhance development of regulator Tr1 CD4 T cells(16). While not directly 703 

investigated in malaria, Type I IFN signalling negatively regulates NK cell inflammatory 704 

response during viral infection (71), promotes upregulation of LAG-3 on NK cells in healthy 705 
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donors  (68),  and drives Breg induction in helminth infection (144). Due to the central role of 706 

Type I IFN signalling in driving immunoregulatory responses in malaria, our team is now 707 

exploring whether host-directed therapies that transiently block Type I IFNs may have 708 

therapeutic roles in enhancing protective anti-parasitic immunity (145, 146).  709 

A number of limitations of our study should be noted. Due to low cell numbers 710 

contributing to subclustered cell types we were not able to analyse scRNAseq data at the 711 

individual cell level, and therefore may have overlooked individual level heterogeneity. To 712 

address this, we instead confirmed key transcriptional changes at the protein level in additional 713 

patients. The limited number of individuals analysed by scRNAseq also precludes the analysis of 714 

the impact of other host factors such as age, sex and/or parasite burden on transcriptional 715 

changes. Future studies could take advantage of rapidly developing technologies to increase cell 716 

numbers and/or individuals. Additional technical limitations include the use of 3’ sequencing, as 717 

such clonal development and TCR/VDJ usage was not investigated. Additionally, only PBMCs 718 

responses were assessed, and how these peripheral responses related to the immune response 719 

within tissues is unknown. Finally, our study only investigates one study site with all patients >3 720 

years of age and presenting with uncomplicated falciparum malaria, and as such the broad 721 

application of results to other malaria transmission settings, young patients and/or disease 722 

phenotypes is unknown.  723 

In conclusion, we use scRNAseq analysis of a large number of PBMC cells to make a 724 

granular level study of immunoregulatory responses across the immune landscape during 725 

falciparum malaria.  All data sets and interactive integrated scRNAseq data file is made publicly 726 

available for future analysis of the malaria immune landscape by the research community.  727 
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MATERIALS AND METHODS 728 

Study Design 729 

To investigate malaria driven transcriptional changes in specific immune cell subsets, we sorted 730 

live PBMCs from 6 malaria infected donors (day 0), and two subsequent time points after drug 731 

treatment (day 7 and 28), along with PBMCs from 2 healthy controls. We performed scRNAseq 732 

of these cells, and used clustering and sub-clustering to identify specific immune cell subsets. 733 

Differential gene analysis between day 0 and day 28 was performed for each cell cluster and sub-734 

cluster. Key transcriptional changes were confirmed at the protein level with additional donor 735 

samples. Patient demographics are in Tables S1, S12 and S13.  736 

Ethics statement  737 

Ethics approval for the use of human samples was obtained from the QIMR Berghofer Human 738 

Research Ethics Committee (HREC P3444), the Northern Territory Department of Health and 739 

Menzies School of Health Research ethics committee (HREC 2010-1431), and Medical Research 740 

and Ethics Committee, Ministry of Health, Malaysia (NMRR-10-754-6684 and NMRR-12-499-741 

1203). Written informed consent was obtained from all adult study participant or, in the case of 742 

children, parents or legal guardians. 743 

Study participants and peripheral blood mononuclear cell processing 744 

Peripheral blood mononuclear cells (PBMCs) were obtained from patients with acute 745 

uncomplicated clinical Plasmodium falciparum malaria from Sabah, Malaysia enrolled in 746 

prospective comparative studies of falciparum, vivax and knowlesi malaria, including at three 747 

district hospital sites (Kudat, Kota Marudu and Pitas) (147, 148), and a tertiary referral center 748 

(Queen Elizabeth Hospital, Kota Kinabalu) (149). This cohort has a high proportion of infected 749 

males across all malaria species, possibly because of infection risk of forest worker (147). 750 
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Patients (aged 3-55) who were positive for Plasmodium species confirmed by microscopy and 751 

PCR, who had a fever at the time of presentation or a history of fever in the preceding 24 hours, 752 

and who provided consent, were enrolled. Individuals who had been living in the area in the 753 

preceding 3 weeks, who were negative for Plasmodium spp. by microscopy and PCR, and who 754 

had no history of fever in previous 48 hours were enrolled as endemic healthy controls. Blood 755 

was collected in lithium-heparin collection tubes at the time of presentation and follow-up visits 756 

at days 7 and 28 after anti-malarial drug treatment (148, 149). PBMCs were isolated from whole 757 

blood via density centrifugation with Ficoll-Paque prior to cryopreservation. Samples were 758 

selected for this study based on availability.  759 

10X Genomics Chromium GEX Library preparation and sequencing 760 

PBMC samples were thawed in RPMI 1640 (Gibco) containing 10% FCS and 0.02% Benzonase. 761 

1E6 PBMCs were stained for viability with Propidium iodide (PI) and live cells were sorted on 762 

BD FACSAria™ III Cell Sorter into 2% FBS/PBS and counted on hemocytometer. Up to 10 000 763 

cells were loaded into each lane of Chromium Next GEM Single Cell 3� Reagent Kit v3.1 and 764 

Gel Bead-in-Emulsion (GEMs) generated in Chromium Controller. Samples were run in two 765 

batches, which were later integrated. 3’ Gene Expression Libraries were then generated 766 

according to manufacturer’s instructions. Generated libraries were sequenced in a NextSeq 550 767 

System using High Output Kit (150 Cycles) version 1 according to manufacturer’s protocol 768 

using paired-end sequencing (150-bp Read 1 and 150 bp Read 2) with the following parameters 769 

Read 1: 28 cycles, Index 1: 8 cycles, Read 2: 91 cycles.  770 

scRNAseq transcriptomic analysis 771 

Pre-processing of raw sequencing files 772 
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Single cell sequencing data was demultiplexed, aligned and quantified using Cell Ranger version 773 

3.1.0 software (10x Genomics) against the human reference genome (GRCh38-3.0.0), with 774 

default parameters. Raw sequencing data and processed Cell Ranger outputs are found at 775 

GSE217930, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217930. Cell ranger 776 

count matrices for each sample (donor and day) were loaded, merged and analysed using Seurat 777 

package v4 (150).Cell cycle scores, mitochondria DNA transcripts and complexity score 778 

(log10genes per UMI) were calculated per cell using Seurat built-in functions. Cell cycle score 779 

was assigned to each cell using the CellCycleScoring function and evaluated with Principal 780 

Component Analysis (PCA). Cells with less than 20% of mitochondria DNA transcripts, 781 

complexity score higher than 0.8 and at least 250 genes and 500 UMIs were retained. At the gene 782 

level, any hemoglobin-associated genes and genes expressed in less than ten cells were filtered 783 

out. The filtered dataset was scaled to regress out the effects of mitochondria DNA transcripts 784 

content and cell cycle using the ScaleData function, which regresses each variable individually. 785 

We followed the integration workflow included in Seurat to remove unwanted sources of 786 

variation. In detail, filtered data was split per donor and day. Each dataset was normalise using 787 

the NormalizeData function, and the most variable genes in each of them were selected using 788 

FindVariableFeatures. Before integration, the most variable genes shared among the datasets 789 

were identified using FindIntegrationAnchors and used to integrate the datasets using 790 

IntegrateData function.  791 

Cell clustering and sub-clustering  792 

Principal components (PCs) were calculated and the first 30 PCs were used to identify 793 

transcriptional clusters and uniform manifold approximation and projection (UMAP) 794 

dimensional reduction (‘RunPCA’ and ‘RunUMAP’ functions). Nearest neighbours were 795 
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calculated and cluster resolution set at 0.6. Cells were annotated based on canonical marker 796 

expression, with 15 cell clusters identified. For NK, γδ, CD4 and B cells, sub-clustering analysis 797 

was performed. For CD4 T cells, T helper signatures from prior publications; Tfh (89), Tr1 (92) 798 

and Th1, Th2, Th17, Treg (90) were analysed within sub clusters. For high level cell clusters, 799 

and sub-clustering analysis, marker genes for all clusters (outputs from ‘FindAllMarkers’) are in 800 

Tables S2, S4, S6, S8 and S10. Processed Seurat file “annotated_Sabah_data_21Oct2022.rds” is 801 

found https://doi.org/10.5281/zenodo.6973241 802 

Differential gene expression analysis 803 

 To identify genes differentially expressed during malaria, ‘FindMarkers’ function with default 804 

parameters in Seurat was used comparing specific cell subsets at different time points. DEGs for 805 

each cluster and subcluster are found in Tables S3, S5, S7, S9 and S11. Identified DEGs were 806 

analysed via Gene Set Enrichment Analysis (151) to identify significantly enriched gene 807 

ontology (GO) terms for each high-level cluster and subcluster during malaria infection. The 808 

HOMER v4.9 package was used to identify significantly overrepresented upstream regulators, of 809 

cis-elements 1 kb upstream of the transcription start site (TSS) of the DEGs using the 810 

findMotifs.pl script (152). 811 

Flow cytometric cell phenotyping comparison of scRNAseq samples 812 

2 million cells from the same PBMC vial as used for scRNAseq was used for phenotyping of 813 

major cell subsets (Table S1). Cells were stained at room temperature with LIVE/DEAD™ 814 

Fixable Blue and surface markers with antibodies purchased from BD Biosciences or Biolegend 815 

(Table S12). Data were acquired with 3-laser Cytek Aurora, and subsets identified as described 816 

in Fig. S1.  817 

Flow cytometric ex vivo cytokine production analysis  818 
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PBMCs were thawed and 1 million cells incubated at 37°, 5% CO2 for 2 hours in additional 819 

study patients with falciparum malaria at day 0 and day 28 post-treatment (Table S12). Protein 820 

transport inhibitor containing Monensin and protein transport inhibitor containing Brefeldin A 821 

were added to cells (both 10 μg/ml, BD Biosciences) and cells cultured for an additional 4 hours. 822 

Cell surface staining was performed at RT for 15 minutes with a panel of antibodies purchased 823 

from Biolegend, BD Biosciences or Miltenyi (Table S13). Following 2 washes with 824 

2%FCS/PBS, cells were permeabilised with BD cytofix/cytoperm solution for 20 minutes on ice. 825 

Intracellular staining (ICS) was performed following this to assess cytokine production. 826 

Intracellular staining was performed using antibodies listed in (Table S13). Samples were 827 

incubated with the antibodies for 30 minutes on ice, washed twice with BD perm wash buffer 828 

then fixed with BD stabilising fixative. All samples were resuspended in 200µl of 2%FCS/PBS 829 

to be acquired the following day. Data were acquired using a Cytek Aurora 5, and subsets 830 

identified as shown in Fig. S2 and S8A.  To identify CD16 monocytes, an alternative gating 831 

strategy based on CCR2 and CD33 expression (153), due to the rapid down regulation of CD16 832 

in cultured cells. 833 

Flow cytometric ex vivo cell phenotyping of DEGs 834 

PBMCs were thawed in additional malaria study patients at day 0, and day 28 post malaria 835 

infection. Due to sample limitations, not all patients had paired samples for this analysis (Table 836 

S13). Surface markers, dead cell stains and intracellular stains were performed at the 837 

concentrations provided with antibodies purchased from Becton-Dickson Biosciences, Biolegend 838 

or Invitrogen (Table S14). PBMCs were stained with CD366 (Tim-3) and CD223 (LAG-3) at 839 

37°C for 90 minutes. Cells were then stained at RT for 15 minutes with LIVE/DEAD™ Fixable 840 

Blue Dead Cell Stain, washed twice with 2% FCS/PBS and stained at RT for 30 minutes for 841 
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additional surface markers. Following 2 washes with 2% FCS/PBS, cells were permeabilised 842 

with eBioscience™ Fixation/Permeabilization solution for 20 minutes on ice. Intracellular 843 

staining (ICS) was performed for 30 minutes on ice following washes to assess intracellular 844 

proteases and glycoproteins. Cells were fixed with BD stabilising fixative then resuspended in 845 

200µl of 2%FCS/PBS until acquisition. Data were acquired using a Cytek Aurora 5 and subsets 846 

and marker expression identified as described in Fig. S4A, S4B, S5B, S5C, S7B, and S7C. 847 

Flow cytometric analysis 848 

Flow cytometry data were analyzed in FlowJo version 10. Gating strategies are outlined in Fig. 849 

S1, S2, S4A, S5B, S7B-C and S8A. To measure the co-expression of cytokines or other markers 850 

on specific subsets, expression was analysed by SPICE (Simplified presentation of incredibly 851 

complex evaluations (46)), and permutation tests between combinations of cytokines/markers 852 

performed. 853 

Statistical analysis 854 

All statistical analysis was performed in RStudio (R version 4.0 or greater).  All statistical tests 855 

are two-sided. To assess correlations between cellular clusters identified by scRNAseq and flow 856 

cytometry, Pearson correlations were calculated. For cell proportions and expression levels, for 857 

paired data, Wilcoxon signed-rank test was used and for unpaired data, Mann-Whitney U test 858 

was performed.  859 

 860 
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