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SUMMARY
The diversity of circulating human B cells is unknown. We use single-cell RNA sequencing (RNA-seq) to
examine the diversity of both antigen-specific and total B cells in healthy subjects and malaria-exposed in-
dividuals. This reveals two B cell lineages: a classical lineage of activated and resting memory B cells and an
alternative lineage, which includes previously described atypical B cells. Although atypical B cells have pre-
viously been associated with disease states, the alternative lineage is common in healthy controls, as well as
malaria-exposed individuals. We further track Plasmodium-specific B cells after malaria vaccination in naive
volunteers. We find that alternative lineage cells are primed after the initial immunization and respond to
booster doses. However, alternative lineage cells develop an atypical phenotype with repeated boosts.
The data highlight that atypical cells are part of a wider alternative lineage of B cells that are a normal compo-
nent of healthy immune responses.
INTRODUCTION

Memory B cells (MBCs) are antigen experienced cells that are

primed to produce a faster, larger, and more effective response

upon secondary exposure (Tangye et al., 2003). In humans,

circulating human B cells have been classified based on the

expression of the surface proteins CD38, CD21, and CD27. Anti-

body-secreting plasma cells (PCs) express high levels of CD38

and CD27 (Horst et al., 2002) while MBCs are generally defined

by the expression of CD21 and CD27 (Klein et al., 1997; Tangye

et al., 1998). These CD21+ CD27+ B cells show high levels of af-

finity maturation and readily differentiate into antibody-secreting

PCs after stimulation compared to CD21+ CD27� naive cells

(Good et al., 2009; Tangye et al., 2003). Populations of activated

CD21�, CD27+ B cells that are predisposed to differentiate into
This is an open access article under the CC BY-N
PCs have also been described (Avery et al., 2005; Lau et al.,

2017). Finally, a subset of B cells that are CD21� CD27� was

originally observed in tonsils and later in peripheral blood (Ehr-

hardt et al., 2005; Fecteau et al., 2006). These cells, commonly

referred to as atypical B cells (atBC), are observed at high fre-

quencies in conditions of chronic antigen stimulation, such as

infection with Human Immunodeficiency Virus (HIV), Hepatitis

C Virus, or malaria (Charles et al., 2011; Moir et al., 2008; Weiss

et al., 2009), or autoimmune disease (Isnardi et al., 2010; Wei

et al., 2007). atBCs have also commonly been associated with

the transcription factor Tbet (Johnson et al., 2020; Knox et al.,

2017; Obeng-Adjei et al., 2017; Portugal et al., 2015).

Because they are often found in chronic infection and autoim-

mune disease, atBCs have historically been considered to be a

population of anergic or exhausted B cells that arise due to
Cell Reports 34, 108684, February 9, 2021 ª 2021 The Author(s). 1
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chronic antigenic stimulation. In support of this, atBCs typically

express high levels of inhibitory receptors, such as those

belonging to the family of Fc-receptor-like (FCRL) molecules,

as well as having muted B cell receptor (BCR) signaling and

limited capacity to differentiate into PCs following BCR stimula-

tion in vitro (Moir et al., 2008; Portugal et al., 2015; Sullivan et al.,

2015). However, not all data indicate that atBCs are an ex-

hausted population. Although Systemic Lupus Erythematosus

(SLE) patients with high disease scores carry high numbers of

atBCs, a recent study suggested that these are short-lived acti-

vated cells, in the process of differentiating into PCs (Jenks et al.,

2018). Interesting, it has also been noted that atBCs may be

responsible for the secretion of autoimmune antibodies that

target proteins on the membrane of uninfected erythrocytes,

leading to anemia (Rivera-Correa et al., 2019). Similarly, it has

been shown that BCRs used by atBCs specific to Plasmodium

falciparum could also be found contributing to the anti-

P. falciparum antibody response (Muellenbeck et al., 2013).

Studies following B cells after influenza vaccination found that

somatically hypermutated CD21� Tbethi influenza-specific B

cells arise following vaccination, suggesting a germinal center

(GC) origin (Andrews et al., 2019; Lau et al., 2017). Similarly,

studies have observed that Tbethi populations among bulk B

cells expand following yellow fever and vaccinia immunization

and primary HIV infection (Knox et al., 2017), suggesting these

cells are part of functional immune responses.

Part of the confusion around whether atBCs are a friend or foe

in the immune system stems from the different definitions used in

different contexts. Thus, the degree of relatedness between cells

identified as ‘‘atypical’’ in different studies is unclear. To develop

an unbiased understanding of the heterogeneity of circulating B

cells in humans and gain insight into the role of atBCs, we per-

formed single-cell RNA sequencing (RNA-seq) on antigen-spe-

cific B cells from malaria-exposed adults and compared these

data to single-cell RNA-seq on non-antigen-specific B cells

from both malaria-exposed and non-exposed individuals.

RESULTS

Single-cell RNA-seq reveals three distinct populations
of antigen-experienced circulating B cells
The initial studies focused on the transcriptional diversity of the

circulating B cell populations inmalaria-vaccinated and exposed

humans by single-cell RNA-seq. Specifically, we isolated CD19+,

CD20+Bcells that (1)wereclass switched, i.e., immunoglobulinD

(IgD)�, and (2) bound specific antigens. P. falciparum circum-

sporozoite (PfCSP)-specific cells were isolated from the periph-

eral blood of five Kenyan children 6.5 and 74 months after

receiving the CSP-based RTS,S vaccine. To further examine

the response to natural exposure to malaria, PfCSP-specific B

cells, as well as B cells specific for the P. falciparum merozoite

surface protein-1 (PfMSP1), were also sorted from 6 adult Ken-

yans from an area of moderate to high malaria transmission (Fig-

ure 1A; Table S1). Individuals in this population carry high

numbers of circulating atBCs characterized by the absence of

CD21 and CD27 (Aye et al., 2020). We also sorted tetanus toxoid

(TT)-specific B cells from the adult subjects, which we have pre-

viously shown to have a more classical MBC phenotype (Aye
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et al., 2020). Because B cells specific for a given antigen are

rarewithin an individual, only�10–50 antigen-specific cells could

be sorted per sample. Accordingly, weused amodified version of

the relatively low-throughput Smart-seq2 protocol (Picelli et al.,

2014) to obtain 163 transcriptomes from 11 individuals.

Unsupervised hierarchical clustering grouped the cells into 3

clusters (Figures 1B and 1C). To attempt to link these clusters

to previously identified classifications of B cells we used gene

set enrichment analysis (GSEA). GSEA showed that cluster 1

had many differentially expressed genes (DEGs) associated

with the atBC phenotype (Portugal et al., 2015), such as

FCRL5, ITGAX, TNFRSF1B, LILRB1,CD19, andMS4A1 (Figures

1D, S1A, and S1B). Cluster 2 expressed the lymphoid homing

gene CCR7 and the antiproliferative BTG1 gene (Figures 1D

and S1B), suggesting that this may be a quiescent resting/cen-

tral B cell memory subset and therefore were classified as

MBCs.GSEA comparing to previously published datasets (Elleb-

edy et al., 2016) showed that this population shared some differ-

entially expressed genes with naive B cells (Figures 1D and S1A).

However, examination of the V(D)J sequences of these cells re-

vealed them to be somatically mutated and predominantly class

switched, supporting their designation as MBCs (Figures 1E and

1F). Cluster 3 expressed high levels of the chemokine receptor

CXCR3 but could not be definitively linked to a previously

described B cell phenotype; accordingly, we designated these

cells CXCR3+ memory cells. Both CXCR3+ memory cells and

atBCs also appeared to be marginally enriched for genes asso-

ciated with activated B cells , though no distinct activated B cell

population was identified in this analysis (Ellebedy et al., 2016).

Because cells were index sorted prior to sequencing, we could

also measure the surface protein expression on each cell, allow-

ing us to investigate the expression of CD21 and CD27. 44.7%of

cells in the atBC cluster had the CD21� CD27� phenotype typi-

cally used to describe atBCs, though 85.1% were CD21 nega-

tive. Similarly, only 20.6% of CXCR3+ B and 37.5% of MBCs

were CD21+ CD27+, suggesting that there may be distinct tran-

scriptional signatures that suggest greater heterogeneity than

using the canonical cell surface markers used to delineate

MBC subsets (Figures S1C and S1D).

50% of PfCSP-specific B cells were atBCs, which may be

consistent with continuous exposure to low levels of this antigen

via repeated P. falciparum infections (Figures 1G and S1E).

PfCSP-specific B cells also had the lowest mutational burden

(Figure 1E), as has been reported previously (McNamara et al.,

2020; Murugan et al., 2018). Interestingly, most PfMSP1-specific

cells mapped to the CXCR3+ B cell population rather than the

atBC population. Finally, TT-specific cells were mostly MBCs

consistent with the absence of ongoing antigenic exposure (Fig-

ures 1G and S1E). Overall, it is likely that differences in the

response to each antigen are indicative of different exposure his-

tory rather than intrinsic properties of the antigens themselves.

High-throughput, single-cell analysis identifies atBC,
MBC, and activated B cell populations in both malaria-
exposed and non-exposed donors
We next wanted to know whether the 3 subsets of circulating B

cells we identified via our Smart-seq analysis of a small number

of antigen-specific cells were specific to malaria or reflected B



Figure 1. Three distinct populations of antigen-experienced B cells revealed by single-cell RNA-seq

CSP-, MSP1-, and TT-specific B cells were index, single-cell sorted from malaria vaccinated and exposed donors; transcriptomic information for each cell was

generated using Smart-seq2 methodology.

(A) Representative flow cytometry plots showing the gating strategy used to sort mature IgD� antigen-specific B cells.

(B) Heatmap showing the expression of the top 25 DEGs (row) per cluster for each cell (column).

(C) Unsupervised clustering of circulating antigen-specific B cells visualized using uniformmanifold approximation and projection (UMAP). Each point represents

a cell and is colored by cluster.

(D) Heatmap displaying the normalized enrichment scores of multiple GSEAs comparing each cluster versus previously published gene sets from atBCs, naive B

cells, and actBCs.

(E) Percentage of mutations found in the heavy-chain V(D)J region of each antigen-specific cell per cluster; analysis was by two-way ANOVA, including each

subject as a blocking factor; bars represent mean ± SD.

(F) Percentage of antibody isotype usage by each cluster; analysis was by chi-square test on the absolute values, which are given above each bar.

(G) Percentage of cells specific for each antigen that were found in each cluster; analysis was by chi-square test on the absolute values, which are given above

each bar.

Where the exact p value is not quoted, *p < 0.05, **p < 0.01, and ***p < 0.001.
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cell memory in general. Moreover, we were concerned that the

association of antigen with cell populations, although striking,

could be confounded because cells of different specificities
came from different donors (Figures S1E and S1F). We therefore

used the 103 Chromium platform to sequence single CD20+

CD19+ IgD� MBCs, regardless of antigen specificity, sorted
Cell Reports 34, 108684, February 9, 2021 3
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from the peripheral blood mononuclear cells (PBMCs) of two

non-exposed donors (non-exp) and two malaria-exposed (ma-

laria-exp) donors (Table S1). We also included barcoded anti-

bodies specific for CD11c, CXCR3, CD21, and CD27 to perform

cellular indexing of transcriptomes and epitopes by sequencing

(CITE-seq) analysis, linking surface protein expression to tran-

scriptomic data (Stoeckius et al., 2017).We chose thesemarkers

based on our Smart-seq2 experiment and to reconcile our data

with established markers. Finally, we used immune profiling to

obtain paired heavy- and light-chain V(D)J chain sequences for

the BCR of each individual B cell.

We sequenced 7,167 cells from malaria-exposed donors (ma-

laria-exp 1: 1,448; malaria-exp 2: 5,719). We further sequenced

5,813 cells from non-exposed individuals (non-exp 1: 2,252;

non-exp 2: 3,561). Unsupervised clustering was performed on

each sample to identify and remove any non-B cell clusters (Fig-

ure S2A). Strikingly, in one of the exposed individuals (malaria-

exp 1), we identified a cluster enriched forCD5 andBCL2 in which

all cells expressed the same heavy- and light-chain immunoglob-

ulin genes (IGHV7-81 and IGKV1-8). We concluded that these

cells might be from a premalignant B cell clonal expansion and

were subsequently removed from further analysis (Figure S2A).

Following removal of non-B cell populations, we combined all

4 samples into one integrated dataset (Figure 2A). Unsupervised

clustering was then performed on this combined dataset of 12

621 cells, which revealed 11 conserved clusters (Figures 2A

and S2B). Three of these clusters were more distantly related

to the others. The first outlier cluster consisted of naive B cells,

characterized by the expression of IGHD, as well as BACH2

and BTG1 (Figure S3A). The second group of outliers were

PCs, discerned by the high expression of the transcription fac-

tors XBP1, IRF4, and PRDM1 (Figure S3A), which are all associ-

ated with controlling PC differentiation and maintenance (Klein

et al., 2006; Reimold et al., 2001; Shaffer et al., 2002). The small

populations of naive B cells and PCs likely may come in part from

contaminating cells in our sort. Finally, we identified a population

of cells expressing high levels of proliferation markers CD69,

IRF4,MYC, and CD83 (Figure S3A), which we designated prolif-

erating (Prol) cells.

Visual inspection of a heatmap showing the top DEGs com-

bined with phylogenetic analysis (Figures 2B and S2B) sug-

gested that the 8 remaining clusters could be grouped into 3

distinct ‘‘superclusters.’’ GSEA revealed that one of superclu-

sters, made up of 3 smaller clusters, was enriched for previously

identified atBC genes (Portugal et al., 2015). We therefore desig-

nated these cells as atBCs (Figures 2C and S3B). This designa-

tion was further supported by the high expression of common

atypical genes, such as ITGAX, FCRL5, TBET, LILRB1, and

CD19 (Figure S3C). The second supercluster was found to be en-

riched for genes associated with previously described activated

B cells (actBCs) (Ellebedy et al., 2016); therefore, cells within this

supercluster were designated actBCs (Figures 2C and S3B). The

final supercluster did not appear to be enriched for any previ-

ously described B cell gene sets (Figures 2C and S3B), suggest-

ing that these populations may represent more quiescent cell

types; we therefore designated these cell as true MBCs. MBC2

in particular upregulated the common memory surface marker

CCR7 (Figure S2B).
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To determine the relationship between our Smart-seq2 clus-

ters and those found using 103 Chromium, we combined both

datasets (Figures 2D and 2E). This integrated dataset revealed

that the majority of atBCs identified in the Smart-seq2 dataset

mapped to atBC clusters (Figures 2D and 2E). Similarly, most

MBCs identified by Smart-seq2 belonged to the 103 Chromium

MBC supercluster (principally MBC2). Finally, CXCR3+ B cells

identified by Smart-seq2 mapped predominantly to the 103

Chromium MBC1 cluster. In agreement with this observation,

CXCR3 was found to be most highly expressed on the MBC1

population (Figure S3C). Thus, the CXCR3+ memory population

identified in malaria-specific cells could be identified in poly-

clonal cells from both malaria and non-exposed donors. The

principal discrepancy between the datasets was that the 103

dataset distinguished a set of actBCs that was not resolved by

the smaller Smart-seq2 analysis. Instead, in the Smart-seq data-

set, actBCs were grouped with either cluster 1 (atypical cells) or

cluster 3 (CXCR3+ B cells), which may explain the weak actBC

gene signature of these clusters (Figure 1D).

To determine the lineage relationships between the distinct

populations identified by unbiased hierarchical clustering, we

conducted pseudotime analysis, which allows for the identifica-

tion of trajectories that measure the progress of cells through

biological progresses, such as cell differentiation. This analysis

revealed 2 distinct, major branches of circulating B cells (Fig-

ure 2F; Video S1). The first branch, consisting of the more ‘‘clas-

sical’’ MBC2, MBC3, and actBCs, had low progression along

pseudotime (Figure 2E), suggesting they were more closely

related to naive cells, which marked the beginning of pseudo-

time. A second ‘‘alternative’’ branch consisted of the atBCs

and, strikingly, the MBC1 population with a small number of

MBC3s. This alternative branch had progressed further along

pseudotime, indicating they had differentiated further away

from naive precursors than the classical branch. The proliferating

cells appeared to form their own distinct branch separate from

either actBCs or atBC. Interestingly, the PCs appeared entirely

detached from the pseudotime pathway, indicating that an inter-

mediate PC population could not be found among circulating B

cells.

Importantly, all populations could be found in all individuals

(Figure 2G). As expected, malaria-exposed donors had high

numbers of atBC1 and atBC2 populations, but the non-exposed

donors also had significant numbers of atBCs (�20%) that were

largely atBC3 (Figure 2F). This number of atBCs, as identified by

transcriptomic techniques, contrasts with previous flow cytome-

try analysis, which shows that non-malaria-exposed healthy do-

nors typically carry few (generally <5%) CD27�, CD21� atypical

cells (Illingworth et al., 2013; Weiss et al., 2009). Non-exposed

donors and malaria-exposed donors alike also carried high

numbers of the alternative lineageMBC1 population (�20%; Fig-

ure 2F). Thus, alternative lineage cells are a major component of

circulating B cell populations in both malaria-exposed and non-

exposed healthy individuals.

Subsets of circulating B cells do not segregate with Ig
subclass or V region usage
In murinemodels, different MBC subsetsmay be defined by their

Ig subclass, including in malaria infection (Krishnamurty et al.,



Figure 2. High-throughput, single-cell analysis reveals the full diversity of circulating B cell populations

Single B cells were sorted from 2 malaria exposed and 2 non-exposed individuals, and gene expression was assessed using 103 Chromium methodology.

(A) Unsupervised clustering of circulating mature IgD� B cells pooled from all individuals visualized using UMAP. Each cell is represented by a point and colored

by cluster.

(B) Phylogenetic tree based on the ‘‘average cell’’ from each cluster, showing relationships in gene expression patterns between clusters.

(C) Heatmap displaying the normalized enrichment scores of multiple GSEAs comparing each cluster against previously published gene sets.

(D) Unsupervised clustering of B cells from an integrated 103 and Smart-seq2 dataset visualized using UMAP split by sequencing technique. Each cell is

represented by a point and colored by either 103 or Smart-seq2 clusters.

(E) Percentage of cells from each Smart-seq2 cluster found in each 103 Chromium cluster.

(F) Pseudotime analysis of circulating B cells generated visualized using UMAP. Each point represents a cell and is colored by cluster or progression along

pseudotime. Pseudotime begins at ‘‘1,’’ rooted on the naive cluster.

(G) Percentage of IgD� B cells from each individual found in each cluster.

Where the exact p value is not quoted, *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. Lack of association between BCR variable and constant regions with different B cell subsets

V(D)J and constant region sequences for each cell from each donor described in Figure 2 were mapped to the individual transcriptomes and relationships

analyzed.

(A) Percentage of isotype usage for each cluster per individual.

(B) Percentage of mutations found in the heavy-chain V(D)J region of cells for each cluster in each donor; mean ± SD shown.

(legend continued on next page)
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2016; Pape et al., 2011). We therefore performed analysis of the

VDJ and constant region usage of the heavy chains of our

different B cell populations. The switched (non-IgD) subclasses

were found in all non-naive B cell populations, with the exception

of IgE, of which only 2 cells were found across all donors (Fig-

ure 3A). The population we identified as naive was largely

IgM+, with some cells expressing IgD, further supporting this

designation. In bothmalaria-exposed donors, IgG3was overrep-

resented in alternative lineage B cells, which is consistent with

previous reports (Knox et al., 2017; Obeng-Adjei et al., 2017).

Overall, these data suggest that the transcriptional signatures

are distributed across all Ig subclasses.

We further examined the variable region sequence of each cell

to determine the level of somatic hypermutation (SHM) and

clonal relationships based on identical IGHV Complementarity

Determining Region 3s with matching IGLV or IGKV. Similar to

the constant region, V region usage was similar between all do-

nors and B cell clusters (Figures S3A and S3B). All clusters, with

the exception of the naive cells, showed significant SHM, con-

firming that these cells were antigen experienced, post-GC B

cells (Figure 3B). The degree of SHM differed significantly based

on the cell population and donor (Figure 3B). Notably, across all

populations, non-exposed donors apparently carried lower

levels of SHM than malaria-exposed donors, perhaps indicating

lower lifetime pathogen burden (Figure 3B). However, V(D)J da-

tabases are based on European donors, so the apparent

increased mutation burden may in fact be due to allelic differ-

ences between populations of African and European ancestry.

In 3/4 donors, actBC2 and PCs had higher levels of SHM

compared to either atBC populations or MBC populations (Fig-

ures 3B and 3C). Finally, even though we did not sort antigen-

specific cells, 1%–5% of all BCRs sequenced were shared be-

tween 2 or more cells in each sample (Figure 3D). In most cases,

these expanded clones were found within clusters; however,

some clones were shared between clusters, indicating that a sin-

gle clone can potentially adopt multiple cell fates (Figure 3D).
Atypical B cells are represented at high frequencies in
all individuals but are not necessarily CD27� CD21�

Our finding that the alternative lineage cells, including atBCs,

were frequent in non-exposed donors contrasts with traditional

flow cytometry analysis that shows that CD21� CD27� cells

are generally rare in healthy western individuals. To address

this discrepancy, we used CITE-seq to correlate the cell surface

levels of CD21 and CD27 with our transcriptomic data for each

cell and cluster (Figure 4A). Analysis of CD21 and CD27 expres-

sion showed that atBC1s, which are most abundant in malaria-

exposed individuals, were almost exclusively CD21� CD27� or

CD21� CD27+ (Figures 4B and 4C). However, the other related

alternative lineage populations had more heterogeneous

CD21/CD27 expression (Figures 4C and 4E). Combining this da-

taset with our pseudotime analysis, we hypothesize that atBC1
(C) Heatmaps displaying the pairwise p values from Tukey’s post-tests based on o

and mutation frequency with subclass and individual also included in the model

(D) Circos plots showing clonal B cell populations per individual; the thickness of

shared/expanded clones.
cells represent ‘‘true’’ atBCs, which may be an exhausted popu-

lation akin to that previously described (Illingworth et al., 2013;

Lau et al., 2017; Portugal et al., 2015; Weiss et al., 2009, 2010).

On the other hand, the CD21� CD27� phenotype fails to capture

other cells within in the alternative lineage, which may retain

functional capacity.

We also examined the markers CD11c and CXCR3, as these

were differentially expressed in the atBC and CXCR3+ popula-

tions identified in our original Smart-seq experiment (Figures

4D and 4E). CD11c was found to be generally elevated on alter-

native lineage cells, with the exception of atBC3 cells from non-

exposed donors (Figure 4D). CXCR3 expression was less useful

for distinguishing the different lineages (Figure 4E). However,

co-expression of CD11c and CXCR3 marked both the atBC2

and MBC1 populations (Figures S5B and S5C) although dou-

ble-negative cells were mainly of the classical lineage. CXCR3

single-positive cells were relatively rare in our dataset and

appear to be a heterogenous mixture of different memory pop-

ulations (Figures S5B and S5C). Although the concordance be-

tween surface marker expression and populations identified

transcriptomically is imperfect, it is important to note that

CITE-seq data are generally over-dispersed compared to flow

cytometry data (Stoeckius et al., 2017). Thus, individual memory

populations do not always separate clearly in CITE-seq data.

Nonetheless, these data also highlight some of the limitations

of flow-cytometry-based approaches for identifying memory

cell subsets. Notably, they also explain why significant popula-

tions of alternative lineage cells in healthy donors have been

missed previously, given they express low levels of canonical

atypical markers and are often CD21+ CD27+.
Flow cytometry analysis reveals heterogeneity in atBC
populations from malaria-exposed individuals
To extend the analysis of circulating B cells beyond the original 4

donors, we performed flow cytometry analysis of B cells from the

PBMCs of 11 malaria-exposed and 7 non-exposed individuals

(Table S1). From our CITE-seq and transcriptomic data, we

developed a panel to identify alternative lineage B cells from

classical lineage cells based on CD11c, CXCR3, CD21, and

CD27. CD11c+ and CD11c+ CXCR3+ double-positive (DP) were

identified as alternative lineage cells although CD11c� CXCR3�

double-negative (DN) cells were assumed to belong to the clas-

sical lineage (Figures S5D and S5E). CXCR3+ single-positive

cells were harder to classify but are likely to be a mix of MBC1

(alternative lineage) and MBC2 (classical lineage) cells. Because

actBCs are not well distinguished by this panel, we used CD71

as amarker, as this marker was the one originally used to identify

the actBC population for the transcriptomic studies we reference

in our GSEA (Ellebedy et al., 2016). It is important to note that this

strategy does fail to identify the atBC3 population as they did not

highly express any obvious candidate surface markers based on

our transcriptomic and CITE-seq analysis.
ne-way ANOVA of the data in (B) to determine the association between cell type

as fixed factors.

the lines between or within clusters denotes the number of cells that belong to
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Figure 4. CITE-seq analysis reveals a cryptic population of atBCs found predominantly in non-exposed individuals

CITE-seq analysis to correlate expression of cell surface markers with gene expression was performed on cells from the four donors described in Figure 2.

(A) Surface protein expression measured by CITE-seq projected onto UMAP plots. Color was scaled for each marker with highest and lowest centered log ratio

(CLR)-normalized expression level noted.

(B) Contour plots showing the CLR-normalized expression of CD27 and CD21 as measured by CITE-seq; data are concatenated from all individuals.

(C) Quantification of (B); data show the mean proportion ± SD of the CD21/CD27 CLR-normalized expression per individual.

(D) Histogram plots showing the CLR-normalized expression of CD11c on the different atBC,MBC, and actBC clusters; the gray histogram represents expression

on naive B cells; data are concatenated from all individuals. Bar graph shows mean ± SD of the surface protein expression of CD11c for each individual, with

triangles representing non-exposed and squares representing malaria-exposed individuals; analysis was performed using one-way ANOVA with each individual

as a blocking factor, only comparisons to the naive population are shown.

(E) Histogramplots showing theCLR-normalized expression of CXCR3 on the different atBC,MBC, and actBC clusters; the gray histogram represents expression

on naive B cells; data are concatenated from all individuals. Bar graph shows the mean ± SD of the surface protein expression of CXCR3 for each individual, with

triangles representing non-exposed and squares representing malaria-exposed individuals; analysis was performed using one-way ANOVA with each individual

as a blocking factor, only comparisons to the naive population are shown.
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Consistent with our own transcriptomic and CITE-seq data as

well as the data of others (Portugal et al., 2015; Weiss et al.,

2009), we found that CD11c+ and DP B cells were considerably

enriched in malaria-exposed donors (Figures 5A and 5B). The

alternative-lineage CD11c+ and DP populations, regardless of
8 Cell Reports 34, 108684, February 9, 2021
donor origin, were found to express higher levels of CD19 and

CD20—a hallmark of atBCs (Figure 5C). In malaria-exposed indi-

viduals, these cells further expressed Tbet and FCRL5. Consis-

tent with our CITE-seq analysis, many CD11c+ B cells in

malaria-exposed individuals were CD21� CD27�, suggesting



Figure 5. CD11c, CXCR3, and CD71 identify atBC, actBCs, and MBCs via flow cytometry

PBMCs from 7 non-exp and 11 malaria-exp donors were isolated and analyzed by flow cytometry for expression of markers associated with different B cell

populations.

(A) Flow cytometry plots from representative individuals showing the CD11c, CXCR3, and CD71 expression on mature IgD� B cells.

(B) Quantification of (A) showing the percentage of cells found in each cell type by country; bars represent mean ± SD.

(C) The expression of surface markers on each cell type, measured by mean fluorescence intensity (MFI); analysis was performed using two-way ANOVA; bars

represent mean ± SD.

(D) Representative flow cytometry plots showing the expression of CD27 and CD21 per cell type.

(E) Quantification of (D) showing the percentage of cells separated by expression of CD27 andCD21 found in each cell type; bars represent themean proportion ±

SD.

Where the exact p value is not quoted, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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these cells belong to the atBC1 population. In non-exposed

donors, a much smaller proportion of CD11c+ B cells were

CD21� CD27�, showing that this marker captures a broader

and more heterogeneous population of cells than the traditional

CD21� CD27� strategy for identifying atBCs. Finally, in both

non-exposed and malaria-exposed donors, around 20% of B

cells were CD71+ DN B cells (Figures 5A and 5B), consistent

with the proportion of actBCs identified by single-cell RNA-seq

(Figure 2F).

The dynamics of antigen-specific alternative lineage
populations following influenza vaccination
We next hypothesized that different atBC populations represent

different activation states of alternative lineage cells. We there-

fore examined how these cells responded in a recall response
to the inactivated influenza vaccine (IIV) (Koutsakos et al.,

2018). Using recombinant Hemagglutinin (HA) probes to two

IIV antigens, A/California/07/09�H1N1 (H1) or B/Phuket/3073/

2013 (B-Phu), we were able to identify influenza-specific B cells

from the peripheral blood of subjects prior to immunization (Fig-

ures 6A and S6A). CD11c+, CXCR3+, CD71� DN, and CD71+ DN

specific to both influenza antigens could be found at baseline in

most individuals, reflecting past exposure to influenza virus

infection or vaccination (Figures 6A–6D). Following immuniza-

tion, all B cell populations expanded 14 days post-immunization,

in particular, the DP B cell population (Figures 6B and 6C). This

suggests that at least some of the DP populationmight represent

recently reactivated atBCs. This was supported by the fact that

the DP population was particularly enriched for CD21� CD27+

B cells, a phenotype associated with recently activated cells
Cell Reports 34, 108684, February 9, 2021 9



Figure 6. Influenza-specific atBCs expand following vaccination

9 individuals were vaccinated with inactivated influenza vaccine (IIV) with blood drawn at baseline and 14 or 28 days later.

(A) Panel shows representative flow cytometry plots showing the number of either B/Phuket or H1-specific IgD� B cells and the CD11c, CXCR3, and CD71

expression found in these cells over time.

(B) Kinetics of the influenza-specific B cell response quantified by the number of cells of each population per mL of blood; analysis performed with a two-way

ANOVA.

(C) The log10 fold change of cell numbers between days 0 and 14 for each cell type; analysis performed using two-way ANOVA; bars represent mean ± SD.

(D) The percentage of influenza-specific memory cells divided by CD11c, CXCR3, and CD71 expression (mean ± SD shown).

Where the exact p value is not quoted, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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(Lau et al., 2017). CD11c+ CXCR3� B cells were primarily CD21�

CD27� or CD21� CD27+ at all time points, suggesting that these

are mainly atBC1 (Figure S6B). Influenza-specific CD11c+ and

DP B cells also expressed higher levels of CD19, CD20, and

FCRL5, indicative of an atypical-like phenotype (Figure S6C).

In contrast, the CD11c� cells had a greater proportion of

CD21+ CD27+ cells and lower expression of atypical markers,

indicating the more classical nature of these cells (Figure S6B).

These data show that alternative lineage populations can

expand in response to vaccination and suggest that recently re-

activated alternative lineage cells express both CXCR3 and
10 Cell Reports 34, 108684, February 9, 2021
CD11c. Our previous data show that MBC1 cells and atBC2

share the CD11c+ CXCR3+ DP surface phenotype. Given that

MBC1 cells also show markers of quiescence, it is therefore

likely that the atBC2 population represents ‘‘activated’’ alterna-

tive lineage cells.

Alternative lineage B cells arise in the primary response
to a malaria vaccine and respond to booster
immunization
Our data above show that atypical-like B cells can be seen after

influenza vaccination in humans. However, as individuals are
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likely to be have been exposed to influenza infection multiple

times, this may not be reflective of a primary immune response.

To determine whether alternative lineage cells differentiate dur-

ing a primary response in humans, we tracked B cells specific

for PfCSP in a cohort of individuals who were given three doses

of a whole P. falciparum sporozoite vaccine (PfSPZ) at 8-week

intervals (Ishizuka et al., 2016; Lyke et al., 2017). Importantly, in-

dividuals enrolled in this study had not been previously exposed

to malaria; therefore, the majority of PfCSP-specific cells would

be naive at baseline.Wewere also able to follow those cells upon

boosting to examine how they behaved during a recall response.

Blood samples were obtained at the time of each vaccination as

well as 1 and 2 weeks after each vaccination. Flow cytometric

analysis was performed to identify and characterize PfCSP-spe-

cific B cells as well as PfCSP-specific PCs (Figures 7A and S7A).

By 2 weeks post-priming, a large population of CD11c-ex-

pressing B cells had developed, indicating that the priming of

the alternative lineage occurs after a single immunization (Fig-

ures 7A–7C). Many of these CD11c+ cells co-expressed

CXCR3, further supporting the idea that many double-positive

cells are recently activated atBC2 cells. Interestingly, many B

cells were CXCR3+ 8 weeks post-immunization. Our CITE-seq

data suggest this population represents a heterogeneous popu-

lation, including both MBC1 and MBC2 cells. In the absence of

better markers, however, distinguishing these populations may

require high-resolution, single-cell RNA-seq.

To examine the evolution of the alternative lineage, we tracked

these B cell populations following boosts after 8 and 16 weeks

(Figures 7A–7C). There was a significant expansion of the all-

B-cell populations at the first boost, although magnitude of the

response did not change at the second boost as described by

us previously (McNamara et al., 2020). As expected, DN

CD71+ cells, which we predicted to represent a transiently acti-

vated population, were observed to expand 1 week after each

boost but rapidly contracted. Similar kinetics were observed in

the plasmablast population (Figure 7C). We also observed an

expansion of CD11c+ andDPB cells, albeit with different kinetics

from the CD11c� cells, peaking 2 weeks after each boost. This

suggests that either cells are recruited into the alternative lineage

at each boost, or alternative lineage memory cells can be re-

called after each boost. Circumstantial evidence for these cells

expanding from a pool of alternative lineagememory cells comes

from the fact that the proportion of CD11c+ and DP B cells that

had the traditional CD27� CD21� atypical marker pattern

increased with each immunization (Figure 7D), implying

continued differentiation of this lineage over time. Across all

time points, CD11c+, DP, and CXCR3+ B cells expressed higher

levels of CD19 and CD20 although expressing lower levels of

CCR7 than the CD71� DN population (Figure S7C). Collectively,

our data suggest that alternative lineage cells are primed by

vaccination and can be recalled on booster responses. Alterna-

tive lineage cells develop an increasingly atBC1 phenotype with

each boost and continued antigen exposure.

DISCUSSION

Here, we use single-cell RNA-seq to investigate the diversity of B

cell populations in malaria-exposed and non-exposed individ-
uals. As expected, many B cells from malaria-exposed individ-

uals had an atypical phenotype, but surprisingly, these cells

appeared to belong to a larger constellation of related cell types

that were also abundant in non-exposed individuals. These cells,

which we designate the alternative lineage, arise during the

primary immune response to vaccination and can be recalled

upon re-exposure. With repeated immunizations, a greater pro-

portion of the alternative lineage adopted at atBC phenotype.

Our results are consistent with previous findings that atypical-

like B cells can be found following influenza (Andrews et al.,

2019; Lau et al., 2017) and tetanus (Kim et al., 2019) vaccina-

tions. However, most people will generally be exposed to

influenza and tetanus multiple times through immunization or

infection, so whether or not these cells are generated following

primary exposure is unknown. Utilizing a cohort of malaria-naive

individuals immunized with PfSPZ, we were able to examine the

primary response of antigen-specific B cells. We observed that

small numbers of CD11c-expressing alternative lineage cells

are primed after initial PfSPZ vaccination and can be recalled

following booster immunizations. This would imply that chronic

stimulation is not necessary for the priming of alternative lineage

cells. However, our time course also shows that the canonical

CD21� CD27� phenotype, which marks our atBC1 population,

becomes more prominent following successive boosts. This is

consistent with previous data showing that atBCs (defined using

CD21� and CD27�) develop with chronic antigen exposure (Aye

et al., 2020; Charles et al., 2011; Illingworth et al., 2013; Weiss

et al., 2009).

It has been proposed based on mouse studies that atBCs are

merely recently activated B cells (Pérez-Mazliah et al., 2018).

However, our transcriptomic data clearly differentiated atBCs

from previously described actBC subsets. Nonetheless, there is

evidence that atBCs themselves can be activated. In particular,

CD11c+CXCR3+DPBcellswere seen toexpandearly in the influ-

enza response. This populationwas also consistently found to be

enriched for CD27+ CD21� B cells, a phenotype associated with

recent activation (Avery et al., 2005). In contrast, CD21� CD27�

CD11c+ B cells may represent a terminally differentiated effector

population that wanes over time. Antigen-specific population

CD11c+ B cells do diminish overtime in our PfSPZ-vaccinated in-

dividuals, suggesting that atBCs themselves are not long-lived

memory cells. Alternatively, atBCs may migrate to other tissues:

a recent study observed that influenza-specific CD11c+ B cells

could be found in the spleens of mice 100 days post-infection

and also showed that CD21� Tbethi B cells in humans preferen-

tially take up residence within the spleen (Johnson et al., 2020).

The finding of an expanded population of atBCs and related

alternative lineage cells in healthy donors was a surprising

finding in our study. These cells have likely been undercounted

in healthy individuals for two reasons: first because many cells

belong to a cryptic atBC3 population that lacks expression of ca-

nonical atypical markers, and second because the relationship

between ‘‘alternative memory B cells’’ (MBC1) and atBCs has

not previously been demonstrated. Our inability to identify defin-

itive surface markers of this MBC1 population is a limitation of

this study. CITE-seq data suggest these cells would be a mix

of CD11c+ CXCR3+ DP cells; however, this signature is shared

with the activated atBC2 population. MBC1 cells may be
Cell Reports 34, 108684, February 9, 2021 11



Figure 7. Antigen-specific atBCs arise during the primary response to the PfSPZ vaccine and can be effectively recalled

15 individuals were vaccinated with 3 doses of 9 3 105 PfSPZ at 8-week intervals, with blood drawn at the indicated time points.

(A) Panel shows representative flow cytometry plots from a single individual of the gating of CSP-specific IgD� B cells and the CD11c, CXCR3, and CD71

expression found in these cells over time. Red ‘‘V’’s indicate time points where booster immunizations were given.

(B) Kinetics of the CSP-specific B cell response quantified by the number of cells of each population per million lymphocytes; mean ± SD shown.

(C) The percentage of CSP-specific memory cells divided by CD11c, CXCR3, and CD71 expression over time; mean ± SD shown.

(D) Proportion of CD21� CD27� cells per cell population over time; mean ± SD shown.
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includedwithin the CXCR3+ single-positive population, but again

this population likely includes other memory cells. A previous

study also observed a CD21� Tbetlo CXCR3+ B cell population

that continued to recirculate (Johnson et al., 2020), which may

be analogous to our MBC1 population. Resolution of this issue

may require a more extensive CITE-seq panel to build on recent

work using time of flight cytometry (CyTOF) to investigate the

heterogeneity of B cell populations via surface markers (Glass

et al., 2020).

Although our data show that atBCs are part of a normal B cell

response, the function of these cells remains elusive. Bulk RNA-

seq analysis of atBC-like cells from SLE patients showed higher

expression of genes associated with PCmaintenance in this pop-

ulation leads to the hypothesis that atBCs represent a precursor

PC population (Jenks et al., 2018). In contrast, we could not find

any evidence of these genes being upregulated in any of our

atBC populations in our single-cell RNA-seq datasets. We also

found that atBCsweregenerallymutated, conflictingwith sugges-

tions that these cells represent an extrafollicular pre-plasmablast

population, instead suggesting a GC origin for these cells. Finally,

we also observe that atBC populations in sporozoite vaccinated

individuals continue to expand even 2 weeks after booster immu-

nization, although PC populations peaked after just 1 week. A

reconciliation of these conflicting results may be that, in patho-

genic conditions, such as SLE, atBCs can be driven to become

pathogenic antibody-secreting cells. Consistent with this, the

Toll-like receptor 7 (TLR7) pathway is implicated in SLE develop-

ment, and it has been found that including TLR7 agonists within

the stimulating condition can help differentiate atBCs into PCs

(Jenks et al., 2018; Pérez-Mazliah et al., 2018; Rivera-Correa

et al., 2019; Rubtsova et al., 2013).

Here, we provide an atlas of the B cell subsets circulating in

human blood derived from both healthy andmalaria-exposed in-

dividuals. Due to the high dimensionality of single-cell transcrip-

tomic data and the power of our unsupervised clustering of

>12,000 transcriptomes from malaria-exposed and healthy indi-

viduals, we refine previous analyses, including those based on

other high-dimensional techniques, including CyTOF (Glass

et al., 2020). By combining our analysis with CITE-seq technolo-

gies and VDJ profiling, we can further reconcile our data with ex-

isting classifications of B cell memory based on flow cytometry

markers or Ig subclass. We find that atBCs are part of a broader

alternative lineage that is abundant even in healthy donors. We

follow this up by showing that these alternative lineage cells

can be induced by primary exposure to acute antigen. Thus,

our data suggest that alternative lineage B cells are a critical

and typical component of the humoral immune response.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CCR7 BV650 BioLegend Clone G043h7; Cat#353234;

RRID:AB_2563867

Anti-human CD10 BV421 BioLegend Clone HI10a; Cat#312218;

RRID:AB_2561833

Anti-human CD10 BV510 BioLegend Clone HI10a ; Cat#312220;

RRID:AB_2563835

Anti-human CD11c BUV737 BD Biosciences Clone B-ly6 ; Cat#741827;

RRID:AB_2871162

Anti-human CD11c BV421 BioLegend Clone Bu15; Cat#337226;

RRID:AB_2564485

Anti-human CD11c PE BioLegend Clone Bu15 ; Cat#337216;

RRID:AB_2129790

Anti-human CD11c PE Cy7 BioLegend Clone Bu15 ; Cat#337216;

RRID:AB_2129790

Anti-human CD14 BV510 BioLegend Clone M5E2 ; Cat#301842;

RRID:AB_2561946

Anti-human CD14 FITC BioLegend Clone M5E2; Cat#301804;

RRID:AB_314186

Anti-human CD15 (SEA-1) FITC BioLegend Clone H198; Cat#394706;

RRID:AB_2750482

Anti-human CD16 BV510 BioLegend Clone 3G8 ; Cat#302048;

RRID:AB_2562085

Anti-human CD183 (CXCR3) BV711 BioLegend Clone G025H7 ; Cat#353732;

RRID:AB_2563533

Anti-human CD184 (CXCR4) BuV395 BD Bioscience Clone 12G5 ; Cat#563924;

RRID:AB_2738490

Anti-human CD19 BV750 BioLegend Clone HIB19 ; Cat#302261;

RRID:AB_2734257

Anti-human CD19 ECD Beckman Coulter Clone J4-119 ; Cat#IM2708U;

RRID:AB_130854

Anti-human CD19 BV605 BD Bioscience Clone SJ25C1 ; Cat#562653;

RRID:AB_2722592

Anti-human CD197 (CCR7) BV785 BioLegend Clone G043H7 ; Cat#353230;

RRID:AB_2563630

Anti-human CD20 APC Cy7 BD Bioscience Clone 2H7; Cat#560853;

RRID:AB_10561681

Anti-human CD20 APC-Cy7 BioLegend Clone 2H7 ; Cat#302314; RRID:AB_314262

Anti-human CD21 BV711 BD Biosciences Clone B-ly4 ; Cat#563163;

RRID:AB_2738040

Anti-human CD21 PeCy7 BioLegend Clone Bu32 ; Cat#354912;

RRID:AB_2561577

Anti-human CD27 BV605 BioLegend Clone O323 ; Cat#302830;

RRID:AB_2561450

Anti-human CD27 PerCP Cy5.6 BioLegend Clone M-T271 ; Cat#356408;

RRID:AB_2561906

Anti-human CD3 FITC BioLegend Clone HIT3A ; Cat#300306;

RRID:AB_314042

(Continued on next page)
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Anti-human CD3 BV510 BioLegend Clone OKT3 ; Cat#317332;

RRID:AB_2561943

Anti-human CD307e (FCRL5) APC BioLegend Clone 509f6 ; Cat#340306;

RRID:AB_256432

Anti-human CD38 Ax700 BD Biosciences Clone HIT2 ; Cat#560676;

RRID:AB_1727472

Anti-human CD56 (NCAM) BV510 BioLegend Clone HCD56 ; Cat#318340;

RRID:AB_2561944

Anti-human CD56 (NCAM) FITC BioLegend Clone HCD56 ; Cat#318304;

RRID:AB_604100

Anti-human CD71 BV650 BioLegend Clone CU1G4 ; Cat#334108;

RRID:AB_10915138

Anti-human CD71 FITC BD Biosciences Clone M-A712 ; Cat#555536;

RRID:AB_395920

Anti-human CD8 BV510 BioLegend Clone RPA-T8 ; Cat#301048;

RRID:AB_2561942

Anti-human CD83 PE BioLegend Clone Hb15e ; Cat#305308;

RRID:AB_314516

Anti-human CXCR3 APC BioLegend Clone G025H7 ; Cat#353708;

RRID:AB_10983064

Anti-human CXCR4 BUV395 BD Biosciences Clone 12G5; Cat#563924;

RRID:AB_2738490

Anti-human IgD PE-CF594 BD Bioscience Clone IA6-2; Cat#562540;

RRID:AB_11153129

Anti-human IgD PE-Cy7 BD Biosciences Clone IA6-2 ; Cat#561314;

RRID:AB_10642457

Anti-human IgG PE-CF594 BD Biosciences Clone G18-145 ; Cat#562538;

RRID:AB_2737640

Anti-human IgG A700 BD Biosciences Clone G18-145 ; Cat#555784 ;

RRID:AB_396119

Anti-human IgM BB700 BD Biosciences Clone UCA-B1 ; Cat#747879;

RRID:AB_2872341

Anti-human Tbet PerCP Cy5.5 BioLegend Clone 4B10 ; Cat#644806;

RRID:AB_1595488

Biological samples

Malaria Exposed and Non Exposed PMBCs This paper (Table S1) N/A

Human PBMCs from the VRC 314 Clinical

Trial

Cellular Immunology Section, The National

Institute of Health (Lyke et al., 2017).

https://clinicaltrials.gov/ct2/show/

NCT02015091?

term=NCT02015091&rank=1

Human PBMCs following IIV immunization Human T cell Laboratory, Doherty

Institute(Koutsakos et al., 2018)

N/A

Chemicals, peptides, and recombinant proteins

Agencourt AMPure XP beads Beckman Coulter Cat#A63880

Betaine 5M Sigma-Aldrich Cat#B300-1VL

CloneAmp HiFi PCR Premix Takara Cat#639298

ERCC Spike-In Mix ThermoFisher Cat#4456740

RNase inhibitor Clontech Cat#2313A

SuperScript II RT Life Technologies Cat#18064-071

Triton X-100 Sigma-Aldrich Cat#T9284

(Continued on next page)
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Critical commercial assays

Nextera XT DNA Library Preparation kit Illumina Cat#FC-131-1096

Nextera XT Index Kit v2 Set A (96 indices,

384 samples)

Illumina Cat#FC-131-2001

Nextera XT Index Kit v2 Set D (96 indices,

384 samples)

Illumina Cat#FC-131-2004

Quant-iT PicoGreen dsDNA Assay Kit ThermoFisher Cat#P11496

Chromium Next GEM chip G Single cell Kit 10x Genomics Cat#1000127

Chromium Next GEM Single50 Library and

Gel Bead Kit v1.1

10x Genomics Cat#1000080

Chromium Single cell 50 Feature Barcode

Library Kit

10x Genomics Cat#1000020

Chromium Single cell 50 Library
Contruction Kit

10x Genomics Cat#1000016

Chromium Single cell V(D)J Enrichment

Kit Human B cell

10x Genomics Cat#1000005

Single Index Kit N Set A 10x Genomics Cat#1000212

Single Index Kit T Set A 10x Genomics Cat#1000213

Deposited data

Atypical B cell Gene set Portugal et al., 2015 https://elifesciences.org/articles/

07218#digest

Activated B cell Gene set Ellebedy et al., 2016 http://www.nature.com/articles/ni.3533

Naive B cell Gene set Ellebedy et al., 2016 http://www.nature.com/articles/ni.3533

Raw Sequence Data This Paper https://dataview.ncbi.nlm.nih.gov/object/

PRJNA612353?

reviewer=bf7ee45b186vstua0d23qud1nk

Oligonucleotides

ISPCR50-AAGCAGTGGTATCAACGC

AGAGT-30
ThermoFisher N/A

Oligo-DT50-AAGCAGTGGTATCAA

CGCAGAGTACT30VN-30
ThermoFisher N/A

Template Switching Oligo-50-AAGC

AGTGGTATCAACGCAGAGTACA

TrGrG+G-30

Exiquo N/A

Software and algorithms

FlowJo https://www.flowjo.com

VDJPuzzle (Rizzetto et al., 2018) https://bitbucket.org/kirbyvisp/vdjpuzzle2/

src/master/

Cellranger N/A https://kb.10xgenomics.com/hc/en-us

R R Development Core Team, 2020 https://www.r-project.org

Monocle3 Trapnell et al., 2014 https://cole-trapnell-lab.github.io/

monocle3/

Seurat (Butler et al., 2018) https://satijalab.org/seurat/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Ian Cock-

burn (ian.cockburn@anu.edu.au).

Materials availability
This study did not generate new unique reagents
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Data and code availability
The accession number for single-cell RNA-seq is PRJNA612353 at the NCBI BioProject database:

https://www.ncbi.nlm.nih.gov/sra/PRJNA612353

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All research was conducted according to the principles of the Declaration of Helsinki, which included the administration of informed

consenting in the participant’s local language. Studies in Australia were further performed in accordance with the Australian National

Health and Medical Research Council (NHMRC) Code of Practice.

Patient cohorts
The malaria-immunology cohort and vaccination studies, under which the samples described were collected in Kenya, were

approved by the Kenyan Medical Research Institute Scientific and Ethics Review Unit, Nairobi, and the use of these samples at

the Australian National University was further approved by the Australian National University Human Research Ethics Committee

(protocol number 2014/102). The Kenyan adults are members of the KEMRI/Wellcome Research Programme’s longitudinal malaria

immunology cohort studies in Junju and Ngerenya villages, 20 km apart from each other in Kilifi, Kenya. In addition, we included sam-

ples from the RTS,S/AS01 phase 3 clinical trial. Blood was also drawn from healthy control Australian donors who were recruited at

the Australian National University. Information on the age and gender of human subjects in this cohort can be found is Table S1

VRC 314 clinical trial (https://clinicaltrials.gov/; NCT02015091) was an open-label evaluation of the safety, tolerability, immunoge-

nicity and protective efficacy of PfSPZ Vaccine. Subjects in the high dose cohort received a total of three doses of 9 x105 PfSPZ intra-

venously at week 0, 8 and 16. Blood was drawn at the time of each immunization, as well as 7d and 14 d after each immunization.

Plasma and PBMCs were isolated from all samples at these time points. Full details of the study are described in (Lyke et al., 2017).

The investigation of B cell responses after IIV immunization was approved by theUniversity ofMelbourne Human Ethics Committee

(ID 1443389.3) and the Australian RedCross Blood Service (ARCBS) Ethics Committee (ID 2015#8). PBMCswere used from 8 donors

taken on the day of IIV immunization, as well as 14 and 28 days later. Full details of the study are described previously (Koutsakos

et al., 2018).

METHOD DETAILS

Flow cytometry
For samples from Kenya and the IIV cohort PBMCs were thawed and washed in PBS with 2% heat-inactivated FBS. Cells were then

stained with Live/Dead dye for 5 min in PBS before incubation with fluorescently labeled antibodies for a further 30 min. Details of all

antibodies used are given in the Key resources table. Flow-cytometric data was collected on a BD Fortessa or X20 flow cytometer

(Becton Dickinson) and analyzed using FlowJo (FlowJo Software) (). A BD FACs Aria I or II (Becton Dickinson) was used for sorting

cells.

For VRC314 clinical trial specimens PBMCs were thawed into prewarmed RPMI media then washed with PBS. Cells were stained

with Live/Dead dye for 15 minutes, washed in PBSwith 2% heat inactivated FBS, and labeled with antibodies for an additional 30mi-

nutes. Labeled cells were washed with PBS 2% FBS and fixed for 15minutes in 0.5%PFA before and final wash and resuspension in

PBS 2% FBS. Flow-cytometric data was collected on a BD X50 flow cytometer (Becton Dickinson) and analyzed using FlowJo ().

Tetramer Preparation
Pf MSP1, AMA1 and TT were biotinylated with the Sulfo-NHS-LC-Biotinylation Kit (ThermoFisher) at a ratio of 1:1 according to the

manufacturer’s instructions, biotinylated (NANP)9 repeat region ofPfCSPwas sourced fromBiomatik (Ontario, Canada). Biotinylated

antigens were incubated with premium-grade SA-PE and SA-APC (Molecular Probes) or SA-BV421 and SA-BB660 (Biolegend and

BD Horizon) at a molar ratio of 4:1, added four times with 15 min incubation at room temperature.

Single-cell RNA-seq using Smart-seq2
Antigen-specific single-cell RNA sequencing was performed using a Smart-seq 2 protocol (Picelli et al., 2014) with the followingmod-

ifications. Cells were sorted into plates with wells containing 1 ml of the cell lysis buffer, 0.5 ml dNTPmix (10mM) and 0.5 ml of the oligo-

dT primer at 5 mM. We then reduced the amount reagent used in the following reverse-transcription and PCR amplification step by

half. The concentration of the ISPCR primer was also further reduced to 50 nM. Due to the low transcriptional activity of memory B

cells, we increased the number of PCR cycles to 28. cDNAwas then purifiedwith AMPure XP beads at a bead to sample ratio of 0.8:1.

Sequencing libraries were prepared using the Nextera XT Library Preparation Kit with the protocol modified by reducing the original

volumes of all reagents in the kit by 1/5th. Another round of bead cDNA bead purification was preformed using a bead to sample ratio

of 0.6:1. Sequencing was performed on the Illumina NextSeq sequencing platform. Following sequencing, fastq files were passed

through the program VDJPuzzle (Rizzetto et al., 2018) where reads were trimmed using Trimmomatic, then aligned to the human

reference genome GRCh37 using tophat2. Gene expression profiles were then generated using cufflinks 2. As a further QC step,

cells where reads were mapped to less than 30% of the reference genome were removed. All following downstream analysis for
Cell Reports 34, 108684, February 9, 2021 e4
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transcriptomic data was performed using Seurat (Butler et al., 2018). Details of all key reagents for single-cell RNA-seq are given in

the Key resources table.

Single-cell RNA-seq and CITE-seq using 10x Chromium
Post-sorting, CD19+ CD20+ IgD- B cells were incubated with Total-seq C antibodies (Biolegend) for 30 min and washed 3 times. The

number of cells were then counted and 14 000 cells per sample were run on the 10X Chromium (10X Genomics). Library preparation

was completed by Biomedical Research Facility (BRF) at the JCSMR following the recommended protocols for the ChromiumSingle-

cell 50 Reagent Kit as well as 50 Feature Barcode and V(D)J Enrichment Kit for Human B cells. Libraries were sequenced using the

Illumina NovaSeq6000 (Illumina). The 10X Cell Ranger package (v1.2.0, 10X Genomics) was used to process transcript, CITE-seq

and VDJ libraries and prepare them for downstream analysis. Details of all key reagents for single-cell RNA-seq are given in the

Key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analysis of flow cytometry data was performed in GraphPad Prism for simple analyses without blocking factors; all

other analyses was performed in R (R Development Core Team, 2020) with details of statistical tests in the relevant figure leg-

ends. Abbreviations for p values are as follows: p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****; with only significant

p values shown.

Single-cell RNA-seq analysis
The package Seurat (version 3.1) (Butler et al., 2018) was used for graph-based clustering and visualizations. All functions

described are from Seurat or the standard R package (version 3.60) (R Development Core Team, 2020) using the default

parameters unless otherwise stated. Each sample was initially analyzed separately using the following procedures. Cells

that expressed less than 200 genes and genes that were expressed in less than 3 cells were excluded, along with cells

that had greater than 10% mitochondrial genes. Gene expression was normalized for both mRNA and CITE-seq assays us-

ing the NormalizeData function, then the 2000 most variable genes for each sample were identified using FindVaraibleFea-

tures. Next expression of all genes was scaled using ScaleData to linearly regress out sources of variation. Principal

component analysis on the variable genes identified above was then run with RunPCA. Based on ElbowPlot results we

decided to use 13, 20, 12 and 20 principal components (PCs) for the clustering of samples Non-Exp 1, Non-Exp 2, Exp

1 and Exp 2 respectively using FindNeighbors. FindClusters was then run to identify clusters for each sample, using the

resolutions 0.3, 0.4, 0.5 and 0.4 respectively. FindAllMarkers was then used to identify clusters of non-B cells. The remain-

ing cells in each sample were then normalized and scaled again as above. Australian and Kenyan samples were combined

together first using FindIntegrationAnchors and then Intergratedata to create two combined datasets, 1 with both non-

exposed samples and one with both malaria-exposed samples. These two combined samples were further combined using

the commands to from one combined dataset containing all 4 samples. The combined dataset was then scaled again as

above and a PCA was run. Using FindClusters with a resolution of 0.8, we identified our 11 clusters. A resolution of 0.8

allowed us to identify expected clusters related to Atypical, Activated, Memory and PC B cell populations, while increasing

the resolution above 0.8 led to exponential increases in the numbers of clusters. DEGs were identified using FindAllMarkers.

The clustering was visualized with Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction using

RunUMAP and plotted using DimPlot with umap as the reduction. Phylogentic analysis was done using BuildClusterTree to

report the hierarchical distance matrix relating an ‘average’ cell from each cluster. Log-normalized gene expression data

was visualized using violin plots (VlnPlots) as well as onto -UMAP plots (FeaturePlot). Heatmaps were generated using

DoHeatmap.

For Smart-seq2 analysis, cells with greater than 10% mitochondrial genes were not excluded. 8 PCs were used as determine by

ElbowPlot. For clustering a resolution of 0.8 was used.

Pseudotime Analysis
Pseudotime analysis was preformed using the R package Monocle 3 (Trapnell et al., 2014). Our Seurat Object was converted into

monocle3 main data calls cell_data_set. The default Monocle 3 workflow was then followed.

Gene Set Enrichment Analysis (GSEA)
GSEA was done using javaGSEA through the Broad Institute. For each comparison, DEGs were ranked by log-fold change and pre-

ranked analysis using 1000 permutations was used to examine enrichment in the referenced gene sets.

CITE-seq analysis
CITE-seq expression data was normalized using centered log-ratio normalization and exported into the flow cytometry analysis soft-

ware FlowJo for further processing and presentation.
e5 Cell Reports 34, 108684, February 9, 2021
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VDJ Analysis
To determine the antigen-specific BCR repertoire, we made use of VDJpuzzle (Rizzetto et al., 2018) to reconstruct full-length heavy

and light chains from each cell from out Smart-seq2 dataset. From this we were able to determine V region usage and mutation

frequency.

VDJ sequences from the 10x dataset were obtained using the cellranger vdj command. From this output, V region usage and mu-

tation frequency could be determined.
Cell Reports 34, 108684, February 9, 2021 e6
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