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Atypical B cells are part of an alternative lineage of B
cells that participates in responses to vaccination

and infection in humans
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e Single-cell RNA-seq reveals two distinct B cell lineages
e An alternative lineage contains CXCR3* and atypical B cells

e Alternative B cells are primed after primary vaccination and
respond to boosters

e Alternative B cells adopt a more atypical phenotype following
repeated antigen exposure
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B cells, normally associated with disease,
are part of a wider landscape of
alternative B cells that participate in
normal responses to vaccination.

¢? CellPress


mailto:ian.cockburn@anu.edu.au
https://doi.org/10.1016/j.celrep.2020.108684
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.108684&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Atypical B cells are part of an alternative
lineage of B cells that participates in responses
to vaccination and infection in humans

Henry J. Sutton,’'" Racheal Aye,"-211 Azza H. Idris,®> Rachel Vistein,® Eunice Nduati,>* Oscar Kai,?> Jedida Mwacharo,?
Xi Li," Xin Gao,! T. Daniel Andrews,! Marios Koutsakos,® Thi H.O. Nguyen,®> Maxim Nekrasov,® Peter Milburn,®

Auda Eltahla,” Andrea A. Berry,® Natasha KC,° Sumana Chakravarty,® B. Kim Lee Sim,° Adam K. Wheatley,>1°
Stephen J. Kent,5'° Stephen L. Hoffman,®° Kirsten E. Lyke,® Philip Bejon,2* Fabio Luciani,” Katherine Kedzierska,®
Robert A. Seder,® Francis M. Ndungu,?“ and lan A. Cockburn'-12*

1Department of Immunology and Infectious Disease, John Curtin School of Medical Research, The Australian National University, Canberra,
ACT 2601, Australia

2KEMRI - Wellcome Research Programme/Centre for Geographical Medicine Research (Coast), Kilifi, Kenya

3Vaccine Research Center, National Institutes of Allergy and Infectious Disease, National Institutes of Health, Bethesda, MD 20892, USA
4Centre for Tropical Medicine and Global Health, Nuffield Department of Medicine, University of Oxford, Oxford OX3 7FZ, UK
5Department of Microbiology and Immunology, Peter Doherty Institute, University of Melbourne, Melbourne, VIC 3000, Australia
SAustralian Cancer Research Foundation Biomolecular Resource Facility, John Curtin School of Medical Research, The Australian National
University, Canberra, ACT 2601, Australia

7School of Medical Science, Kirby Institute, University of New South Wales, Sydney, NSW 2052, Australia

8Center for Vaccine Development and Global Health, University of Maryland School of Medicine, Baltimore, MD 21201, USA

9Sanaria Inc., Rockville, MD 20850, USA

10ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, The University of Melbourne, Melbourne, VIC, Australia
MThese authors contributed equally

12| ead contact

*Correspondence: ian.cockburn@anu.edu.au

https://doi.org/10.1016/j.celrep.2020.108684

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
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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-Adijei 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
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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~ Tbet™ 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 Tbet" 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 in malaria-vaccinated and exposed
humans by single-cell RNA-seq. Specifically, we isolated CD19%,
CD20* B cells that (1) were class switched, i.e., immunoglobulin D
(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
rare within an individual, only ~10-50 antigen-specific cells could
be sorted per sample. Accordingly, we used a modified version of
the relatively low-throughput Smart-seg2 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
FCRLS5, ITGAX, TNFRSF1B, LILRB1,CD19, and MS4AT1 (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 PIMSP1-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
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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 uniform manifold 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.

cell memory in general. Moreover, we were concerned that the  came from different donors (Figures S1E and S1F). We therefore
association of antigen with cell populations, although striking, used the 10x Chromium platform to sequence single CD20"
could be confounded because cells of different specificities CD19* IgD~ MBCs, regardless of antigen specificity, sorted
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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 these markers
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 for CD5 and BCL2 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
CCRY7 (Figure S2B).
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To determine the relationship between our Smart-seq?2 clus-
ters and those found using 10x 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 10x Chromium
MBC supercluster (principally MBC2). Finally, CXCR3* B cells
identified by Smart-seq2 mapped predominantly to the 10x
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 10x
dataset distinguished a set of actBCs that was not resolved by
the smaller Smart-seq?2 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 (lllingworth et al., 2013; Weiss et al., 2009). Non-exposed
donors and malaria-exposed donors alike also carried high
numbers of the alternative lineage MBC1 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 murine models, different MBC subsets may be defined by their
Ig subclass, including in malaria infection (Krishnamurty et al.,



Cell Reports ¢? CellP’ress

OPEN ACCESS

A B
+ atBC1 =
- aiec MBC3 5
+ MECT MBCH 5
4
. MBC2
+ actBC1 ° 8
» actBC2 N
» PC ©
Prol Naive £
Py » Naive actBC2 2
& 5
= s
= actBC1 Z
PC { atBC3
atBC2
atBC1
PC
5 0 5 10
UMAP 1
D E
10x Clusters Smart-seq 2 Clusters 100 — = atBC1
@ atBC1 .. ® 1 (atBC)
8 @ atBC2 j . L e, o 2 (VBC) mm atBC2
® atBC3 s s 2 80— mm atBC3
@ MBC1 sV &f  ®3(CXCR3) P == MBC1
® MBC2 = o Lot o T g0 i
N g ® MBC3 ] el P
% # @ actBC1 «ige? A == MBC3
s ® actBC2 : <. 2 40— B actBC1
s . °® ECI el \oo B actBC2
ro 1 ® e 3
. — Prol
® Naive ..‘:.?u 20 /= r(i
o Sy mm Naive
-4 L . . - T T T . 0—
5 0 5 10 1 2 3
UMAP 1 Smart-seq 2 Clusters
F
6 1007 S mm alBC1
. atBC1 + MBC2 : Fma
4 13BGz ‘MBC3 ' EC # pseudotime ¢ matBC2
albC3 + actBC1 | (L [ . ol S matBC3
4 ¥ 0 51015 . 2 mMECH
3 g
o~ m 60— 2
a 2 A <
s = S mMBC2
5 9 40+ © = MBC3
0 ° S mmactBC1
§ mmactBC2
20 @
&
-2 6
o= PC
5.0 25 0.0 2.5 5.0 N Y =
UMAP 1 R gjr?{bgj_r@g:r = Zfﬁ{'
eoﬂ\ Q‘OQ & q}{bq mm Naive

K

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 10x 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 10x and Smart-seq2 dataset visualized using UMAP split by sequencing technique. Each cell is
represented by a point and colored by either 10x or Smart-seq?2 clusters.

(E) Percentage of cells from each Smart-seq2 cluster found in each 10x 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.
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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 both malaria-exposed donors, IgG3 was 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
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cells represent “true” atBCs, which may be an exhausted popu-
lation akin to that previously described (lllingworth 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 CXCRS, 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 a marker, 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.

(C) Heatmaps displaying the pairwise p values from Tukey’s post-tests based on one-way ANOVA of the data in (B) to determine the association between cell type
and mutation frequency with subclass and individual also included in the model as fixed factors.
(D) Circos plots showing clonal B cell populations per individual; the thickness of the lines between or within clusters denotes the number of cells that belong to

shared/expanded clones.
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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) Histogram plots showing the CLR-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.

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
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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
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Figure 5. CD11c, CXCRS3, 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 CD11¢c, 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 and CD21 found in each cell type; bars represent the mean proportion +

SD.

Where the exact p value is not quoted, *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

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
IV 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 population might 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
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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.

(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 CD11¢* 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
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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. We were 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
CXCRB3, 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* and DP B 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 lineage memory 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
CCRY7 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-
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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; llingworth 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™" DP B cells were seen to expand early in the influ-
enzaresponse. This population was 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~ Tbet™ 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
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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 x 10° 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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included within the CXCR3™ single-positive population, but again
this population likely includes other memory cells. A previous
study also observed a CD21~ Tbet'® 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 PC maintenance 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 atBCs were generally mutated, conflicting with 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 and malaria-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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