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SUMMARY
Influenza infection imparts anage-related increase inmortality andmorbidity. Themost effective countermea-
sure is vaccination; however, vaccines offer modest protection in older adults. To investigate how aging
impacts thememory B cell response, we track hemagglutinin-specific B cells by indexed flow sorting and sin-
gle-cell RNA sequencing (scRNA-seq) in 20 healthy adults that were administered the trivalent influenza vac-
cine.We demonstrate age-related skewing in thememory B cell compartment 6 weeks after vaccination, with
younger adults developing hemagglutinin-specific memory B cells with an FcRL5+ ‘‘atypical’’ phenotype,
showingevidenceof somatic hypermutationandpositive selection,whichhappened toa lesser extent in older
persons.We use publicly available scRNA-seq from paired human lymph node and blood samples to corrob-
orate that FcRL5+ atypical memory B cells can derive from germinal center (GC) precursors. Together, this
study shows that the aged humanGC reaction andmemoryB cell response following vaccination is defective.
INTRODUCTION

Influenza is a global health challenge with a considerable health

and economic impact each year (Putri et al., 2018), whereby

older individuals are particularly vulnerable to severe disease

(Paget et al., 2019). Older people have incomplete protection

by vaccination, conferring an estimated 40% reduction in risk

of influenza-like illness following immunization (Demicheli et al.,

2018). An understanding of what underpins the age-related

decline in protection from the influenza vaccine is an important

step in developing rationally designed vaccines that are effective

in the most vulnerable members of our communities (Pulendran

and Davis, 2020).

The seasonal influenza vaccine is formulated annually to com-

bat antigenic drift and shift within circulating influenza strains

(Hilleman, 2002). Influenza infection is initiated when the influ-

enza hemagglutinin (HA), a glycoprotein of the surface of the

virion, binds sialic acid on host cells, facilitating viral entry. A

key correlate of protection after influenza vaccination is the pro-

duction of anti-HA antibodies that block this interaction and can

neutralize the virus, stopping infection. The antibody response

induced by seasonal influenza vaccines can be derived from

multiple cellular pathways; from naive and/or memory B cells be-

ing (re-)activated to form either early short-lived extrafollicular

plasmablasts or to enter the germinal center (GC) (Andrews
C
This is an open access article under the CC BY-N
et al., 2015; Avey et al., 2020; Henry et al., 2019; Tsang et al.,

2014; Turner et al., 2020). Within the GC, B cells undergo clonal

expansion and somatic hypermutation (SHM) of the genes en-

coding the B cell receptor, followed by affinity-based selection

and differentiation into long-lived antibody-secreting cells or

memory B cells that can provide protection against reinfection.

Healthy aging is associated with a change in the composition

and function of the human immune system and impaired anti-

body production upon vaccination (Allen et al., 2020; Carr

et al., 2016; Hill et al., 2021; Liston et al., 2016; Nakaya et al.,

2015; Stebegg et al., 2020; Silva-Cayetano et al., 2020). Here,

we use single-cell RNA sequencing (scRNA-seq) of HA-specific

B cells after seasonal influenza vaccination to provide an in-

depth understanding of the phenotype, clonality, and GC

selection of vaccine-reactive B cells in older persons. We find

the preferential expansion of a population of HA-binding atypical

memory phenotype B cells in younger adults (22–36 years old)

that does not occur to the same extent as in older people (67–

86 years old). These atypical memory B cells show evidence of

positive selection by the location and burden of somatic hyper-

mutation in younger, but not older, adults, suggesting an

impaired GC response in older persons. We provide support

for the GC origin of a proportion of circulating atypical memory

B cells upon influenza vaccination through clonal tracking of

the progeny of human lymph node GC B cells in the blood.
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Together, these data provide evidence of an impaired GC reac-

tion andmemory B cell formation upon seasonal influenza vacci-

nation in older people.

RESULTS

Single-cell RNA sequencing of hemagglutinin-specific B
cells before and after vaccination captures the diversity
of the influenza-specific memory B cell population
To explore age-dependent changes in the humoral immune

response, a cohort of healthy volunteers received the 2016–

2017 trivalent seasonal influenza vaccine (TIV). Two age groups

of volunteers were selected: 22–36 years old (n = 10) or 67–86

years old (n = 10). Venepuncture was performed immediately

prior to vaccination (day 0), at day 7, and at day 42 after vaccina-

tion (Figure 1A), and sera and peripheral bloodmononuclear cells

(PBMCs) were collected to enable the analysis of antibody pro-

duction and B cell subsets. All participants had H1N1 A/Califor-

nia09 neutralizing antibodies prior to vaccination, which were of

similar titer between age groups (Figures 1B and S1A). We

observed a significant increase in day 7 titers in the 22- to

36-year-old group, which was sustained at day 42 (Figure 1B).

In the 67- to 86-year-olds, there was a non-significant trend to-

ward increasing titers of neutralizing antibody over the first

week post vaccination, consistent with previous studies (Henry

et al., 2019; Nakaya et al., 2015). Consistent with lower antibody

titers, fewer HA-specific antibody-secreting cells were detected

in the blood of older people 7 days after vaccination (Figure 1C),

with a similar trend for total vaccine-reactive plasma cells

(Figure 1D).

To investigate how the composition of the memory B cell

compartment is affected by age, we index-flow-sorted HA-spe-

cific B cells prior to and 42 days after seasonal influenza

vaccination from all members of our cohort (Figure 1E, for gating

strategy see Figure S1B). While both age groups increased the

number of HA-specific B cells after vaccination (Figures 1F and

S1C–S1E), the fold change (FC) after vaccination was larger in
Figure 1. Single-cell sequencing of hemagglutinin-specific B cells to s

(A) Study design. Venepuncture performed on days 0 (just prior to 2016–2017 triva

cells were isolated on the day of venepuncture and cryopreserved for later index

(B) Hemagglutinin inhibition (HAI) assay titers from days 0, 7, and 42 are shown fo

respectively (n = 10 in both groups). Data are from one technical replicate (of tw

(C and D) PBMC ELISpot at day 7 in both age groups for antibody-secreting cells a

separate days.

(E) Recombinant biotinylated hemagglutinin multimers conjugated with streptavid

cells. Gated on live, singlet CD19+ lymphocytes. Full gating strategy is shown in

(F) The proportion of hemagglutinin-binding B cells increases after vaccination,

percentage of live B cells that did not bind free streptavidin. Data are from ten e

(G) UMAP embedding of single-cell RNA sequencing from A/Cal09-specific B ce

using the features with the top 10% variance, after removal of low-quality cells (F

clusters. Sorts were performed on 10 days with all four conditions present. Ten

(H) Cell-identity assignment based on published transcriptional profiles of 29 hum

IgD+CD27+ ‘‘non-switched Bmem,’’ IgD�CD27+ ‘‘switched Bmem,’’ IgD�CD27�

The following numbers of cells were identified: naı̈ve, 120 cells; non-switched

plasmablast, 3 cells; plasmacytoid DCs, 1 cell. No cells were defined as T cells o

(I–L) UMAP embedding as in (G), showing the logicle transformed index sort surf

In (B), p values from paired two-tailed Wilcoxon signed-rank test (on log2 transfo

compared with a two-tailed Mann-Whitney test. In (F), samples from the same ind

tailed Wilcoxon signed-rank test. In (G)–(J), the scales reflect the decimal log of
younger (median FC 3.07) than in older adults (median FC

2.04). We sequenced 952 individual HA-binding B cells using

plate-based SMART-Seq (Picelli et al., 2014). After initial quality

control (Figures S2A–S2D), we retained 789 individual B cells.

Uniform manifold approximation and projection (UMAP) embed-

ding identified a small outlier population of 18 cells that had a

gene expression profile consistent with plasma cells, with high

expression of PRDM1, IRF4, and XBP1 (Figures S2E–S2H). Anal-

ysis of their index sorting cell-surface phenotype showed high

levels of CD38 and low CD20 (Figures S2I and S2J), with dim

HA staining consistent with a plasma cell phenotype. These cells

were excluded from downstream analyses to enable a focus on

HA-specific B cells. After these quality control steps, 771 B cells

were used for analysis, and no single person dominated the da-

taset at either time point (Figures S2K and S2L).

Within the transcriptomic profiles of HA-specific B cells, we

found five clusters (Figure 1G) which could be separated from

each other by several hundred putative marker genes (Figures

S3A and S3B). To determine whether these five populations

correspond to known B cell subsets, we used published single-

cell transcriptional profiles of 29 different human immune subsets

(Aran et al., 2019; Monaco et al., 2019) (Figure 1H). A single cell

was called a plasmacytoid dendritic cell, whereas all others

were classified as B cell subsets. To confirm this classification,

we used our index sort information to confirm surface expression

of selected proteins. Together, these suggested that UMAP clus-

ter 4 (red, Figure 1G)were naiveB cells, beingboth surface immu-

noglobulin D (IgD)+ (Figure 1I) and surface CD27� (Figure 1J).

UMAP cluster 1 (blue, Figure 1G) was predominantly IgD�

CD27� memory B (Bmem) cells by the transcriptional classifier

(Figure 1H), and had low surface expression of CD21 protein (Fig-

ure 1K). The small number (three individual cells) of transcription-

ally assigned plasmablasts (Figure 1H) expressed high levels of

surfaceCD38 (Figure 1L), suggestinga cellular snapshot of partial

differentiation toward plasma cells. These single-cell transcrip-

tomesofHA-specificBcells thereforecomprisebothnaiveBcells

and further differentiated subpopulations.
tudy the aged vaccine response

lent influenza vaccine immunization), 7, and 42. Peripheral blood mononuclear

sorting experiments.

r 22- to 36-year-old or 67- to 86-year-old volunteers as open or grayed circles,

o independent experiments).

fter stimulation with HA (C) or TIV (D). Data are from eight experimental runs on

in-PE or streptavidin-APC allows the identification of hemagglutinin-specific B

Figure S1B.

for both 22- to 36-year-olds or 67- to 86-year-olds. Proportion expressed as

xperimental runs on separate days.

lls, n = 771 cells. UMAP projection based on the first 40 principal components

igure S1) and size normalization by deconvolution. Louvain clustering finds five

library preparations were performed and sequenced as ten lanes.

an immune subsets including the following B cell subsets: IgD+CD27� ‘‘naive,’’

‘‘IgD�CD27�,’’ IgD�CD27+CD38+ plasmablasts ‘‘PB,’’ and plasmacytoid DCs.

Bmem, 165 cells; switched Bmem, 144 cells; IgD�CD27� Bmem, 334 cells;

r members of other lymphoid or myeloid lineages.

ace expression of IgD (I), CD27 (J), CD21 (K), and CD38 (L) proteins.

rmed data) are summarized: ns, p > 0.05; *p < 0.05. In (C) and (D), groups are

ividual are indicated with a gray line and p values shown are from a paired two-

the logicle transformed fluorescence intensity value.
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Single-cell transcriptomic profiles of hemagglutinin-
specific B cells
To further assess the cellular identity of these UMAP clusters,

we next examined putative marker genes for each cluster

(Figures 2A, 2B, S3A, and S3B). To compare gene expression

between UMAP clusters, we selected the 15 most significant

comparisons between each cluster and any other (Figure 2A).

We next assessed the three most discriminatory genes between

each UMAP cluster and all others, alongside a supervised anal-

ysis with several biologically relevant B cell genes: activation

markers (FCRL5, CD86, TNFRSF13B encoding TACI, FCER2,

CD27, CD24), transcription factors (TBX21 encoding T-bet,

BCL6, PRDM1, PAX5), chemokine receptors (CCR7, SELL,

CXCR3, CXCR4), and components of the DNA repair and SHM

machinery (XRCC6, AICDA) (Figures 2B and S3C). UMAP cluster

1 (blue, Figure 1E) was characterized by the expression of

FCRL5, FCRL3, ITGAX, and CD86 (Figures 2A, 2B, and S3)

and lack of CCR7 and SELL (Figures 2A, 2B, and S3). While

TBX21 appears restricted to the FCRL5+ population (Figure 2B),

pairwise comparisons for TBX21 do not reach statistical signifi-

cance (false discovery rate [FDR] adjusted p = 0.15). This

FCRL5+ population appears analogous to a population of atyp-

ical memory B cells seen after malaria challenge (Kim et al.,

2019), increased in autoimmune disease (Rubtsov et al., 2011),

and aging (Hao et al., 2011; Rubtsov et al., 2011), and similar

to the influenza vaccine-responding cells described in younger

persons (Horns et al., 2020). Naive B cells (UMAP cluster 4), ex-

pressed high levels of characteristic markers of naive B cells in

other gene expression datasets: TCL1A (Nagumo et al., 2009),

YBX3 (Horns et al., 2020; Longo et al., 2009), and IL4R

(Figures 2A, 2B, and S2). Clusters 2, 3, and 5 were less distinct

on UMAP embedding (Figure 1G) and less clearly defined by sin-

gle putative marker genes (Figures 2A and 2B). For clarity within

the text and figures, we refer to these clusters asMALAT1+ (FDR

adjusted p = 3.53 3 10�16), LY9+ (FDR adjusted p = 1), and

MARCKS+ (FDR adjusted p = 0.23), respectively.

To infer pathways of differentiation in circulating antigen-spe-

cific B cells, we performed trajectory analysis (Figures 2C and

2D). Pseudotime starts adjacent to naive B cells and progresses

along two paths (Figure 2C). One path is toward the MALAT1+
Figure 2. Transcriptional landscape is altered between young and old

(A) Heatmap showing expression of the top 15 features from t tests distinguishin

Each row is a feature (n = 76) and its gene symbol is shown. Each column is a sin

above the heatmap. The 15 features with the largest fold changes were select

comparison. Features that did not map to a gene symbol and duplicated features

centered.

(B) Dot plot showing the expression of selected genes in each UMAP cluster. The

the gene of interest. The color of each dot is scaled according to normalized expre

two genes from a t test comparison between each cluster from all other clusters (

genes from (A), B cell transcription factors, DNA repair proteins, B cell chemokin

(C) Diffusion coefficient (DC)-based pseudotime analysis from A/Cal09-specific

Nodes are plotted in red and paths are shown by straight lines.

(D) Pseudotime analysis as in (C), with colors determined by the UMAP clusters

(E) Box plots of the numbers of cells within each UMAP cluster comparing day 0

individuals. Clusters are labeled with putative surfacemarker genes shown in (B). p

Hochberg correction for five tests.

(F) Volcano plots from differential abundance analysis for the whole study (‘‘all’’) o

and log2 fold change (L2FC). Gray dashed lines are shown at �log10(0.05) and a
cluster. The second path progresses through FCRL5+ cells and

then to the three plasmablasts that are co-clustered with

MARCKS+ cells, suggesting that FCRL5+ atypical Bmem cells

differentiate from naive B cells. This cellular differentiation is un-

likely to be direct; it could occur after naive cells home to the B

cell follicle in the draining lymph node, and it is likely to involve

intermediate phenotypes—perhaps GC B cells or their precur-

sors—as we have sampled the circulating precursor and prog-

eny populations in blood.

Of all the HA-specific B cells sequenced, there was an

increased number of MARCKS+ Bmem and FCRL5+ atypical

Bmem cells after vaccination, although the increase in FCRL5+

atypical Bmem cells was not significant in older persons (Fig-

ure 2E). To adjust for the number of cells sorted at each time

point, we performed differential abundance analysis (Figure 2F),

confirming an increase of MARCKS+ and FCRL5+ cells in 22- to

36-year-olds and not in 67- to 86-year-olds after vaccination. We

confirmed this using miloR (Dann et al., 2022), a method for anal-

ysis of differential abundance of neighborhoods of cells that mit-

igates against misassigned cluster calls (Figure S4). A possible

cause for the lack of an expansion of FCRL5+ cells in older indi-

viduals could be the presence of pre-existing memory cells

which inhibit the development of an FCRL5+ subpopulation.

However, we did not find any differences at day 0 between 22-

to 36-year-olds and 67- to 86-year-olds in either the total or

HA-specific memory B cell compartment (Figure S5). These

data indicate that the aged immune system does not generate

Bmem cells upon vaccination to the same extent as in younger

people, including FCRL5+ atypical B cells that have previously

been reported to accumulate in older individuals (Hao et al.,

2011; Rubtsov et al., 2011).

FcRL5+ hemagglutinin-binding B cells have cellular
heterogeneity after vaccination
Flow-cytometric analysis of an extended cohort of healthy

adults immunized with TIV during the 2016–2017 season

(18–36 years old, n = 11; 66–89 years old, n = 8; Figure 3A)

was conducted to verify the RNA-seq data. Of the extended

cohort, six younger and four older individuals overlapped with

the original scRNA-seq participants (Figure S6 shows data
HA-specific memory B cells

g each UMAP cluster from any other cluster (FDR < 0.01, log2 fold change >2).

gle cell (n = 771). Cells are ordered by UMAP cluster, as shown in the color bar

ed with tied positions allowed, and a feature could appear in more than one

were removed prior to plotting. Log2 expression values are row-normalized and

size of the dot reflects the proportion of cells within that cluster which express

ssion of the given gene in that cluster. Genes were selected as follows: the top

log2 fold change >0.5, FDR < 0.25); biologically relevant B cell genes: selected

e receptors, and other B cell surface receptors.

B cells from day 42. Cells are shaded based on their position in pseudotime.

in (A) and defined in Figure 1.

and day 42 cell numbers sorted for 22- to 36-year-old and 67- to 86-year-old

values from two-tailed pairedMann-Whitney tests are shown, after Benjamini-

r the two age groups individually. Shown are�log10 (Benjamini-Hochberg) FDR

t L2FC ± 0.5.
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from the non-scRNA-seq samples only). HA-specific B cells

increased from day 0 to day 7 following vaccination to a similar

frequency observed previously and to a lesser degree in older in-

dividuals (Figures 3B and S6B). Total plasmablasts increased

7 days post vaccination, with a trend toward a greater frequency

within younger compared with older donors (Figures 3C and

S6C). FcRL5+ HA-specific B cells significantly expanded from

day 0 to day 7 post vaccination and were maintained by day

42 in younger donors (Figures 3D, 3E, and S6D). Older donors

showed a comparatively smaller increase in HA-specific

FcRL5+ B cells 7 days post vaccination, resulting in significantly

fewer HA-specific FcRL5+ B cells by day 42 in older compared

with younger donors (Figures 3F and S6E).

To further investigate the phenotype and kinetics of these HA-

specific B cells, we performed t-distributed stochastic neighbor

embedding (t-SNE) analysis of HA-specific B cells at all sample

time points in both younger and older donors. t-SNE identified

seven clusters of circulating HA-specific B cells (Figures 3G

and 3H). These clusters represented CD10+CD24hiCD38hi

immature transitional B cells (Cluster 07), a CXCR4+ IRF4+ plas-

mablast-like population (Cluster 06), CD27+IgD�IgM� class-

switched Bmem cells (Cluster 02), CD27+CD38+CD71+ B cells

(Cluster 05) similar to antibody-secreting cells described else-

where (Ellebedy et al., 2016), and CD27+CD71+T-betint cells

(Cluster 04) with similarities to CD71+ Bmem cells described pre-

viously (Sutton et al., 2021). Two clusters were defined by high

expression of FcRL5 and T-bet and showed temporal differ-

ences across the response to vaccination (Figures 3H–3K).

These segregated into CXCR3hiCD11cintCD27+CD21int B cells

(Cluster 01), which transiently increased 7 days post vaccination,

and a CD11chiCD27�CD21� fraction (Cluster 03) that peaked by

day 42 post vaccination (Figures 3H–3K). Of note, cluster 03

most closely resembled the FCRL5+ cluster described with

scRNA-seq. Although the number of FcRL5+ cells was signifi-

cantly reduced in older compared with younger donors, the

proportion of each cluster within the antigen-specific pool

was comparable between age groups (Figure 3K). These data

suggest that atypical memory B cells may be a heterogeneous

population with differing kinetics following vaccination.
Figure 3. FcRL5+ hemagglutinin-binding B cells have cellular heteroge

(A) Hemagglutinin-specific B cells were analyzed usingmultiparameter spectral flo

old, n = 8) receiving trivalent influenza vaccination (three independent experimen

(B) Representative plots and summary data showing the frequency of hemaggluti

(18–36 years old, n = 11) and older (66–89 years old, n = 8) receiving trivalent infl

(C) Representative plots and summary data showing the frequency of total plasm

(18–36 years old, n = 11; white dots) and older (66–89 years old, n = 8: gray dots

(D) Example flow plot showing expression of FcRL5 on dual-staining hemaggluti

(E) Paired analysis of FcRL5+ hemagglutinin-specific B cells at baseline, 7 days, a

older (66–89 years old, n = 8: gray dots) donors (three independent experiments

(F) FcRL5+ hemagglutinin-specific B cells at baseline, 7 days, and 42 days post va

old, n = 8; gray dots) donors (three independent experiments).

(G) t-SNE clustering analysis of all hemagglutinin-specific B cells across the time c

years old; n = 8) donors (three independent experiments).

(H) Heatmap showing expression of markers defining seven clusters of hemaggl

(I) t-SNE analysis in (G) stratified by age and time point before or after vaccinatio

(J) Summary data showing the percentage prevalence of each cluster according

(K) Prevalence of each cluster (clusters 1, 4, and 3) stratified by time point post v

In (B) and (E), p values are from Wilcoxon signed-rank tests. In (C) and (F), p value
Hemagglutinin-specific B cell receptor repertoires
display age-associated differences
We next assessed the B cell receptor (BCR) of the sorted

Bmem cells for age-associated differences. The MARCKS+

and FCRL5+ populations were largely class switched to IgG

or IgA, and naive cells were predominantly IgM positive

(Figures 4A and 4B). While naive cells express IgM and IgD

transcripts, with surface IgD protein (Figure 1G), the IgM tran-

script has a higher expression per cell than IgD, favoring the

assignment of naive cells as IgM+ in silico (Figures 4A and

4B). The distribution of V segment family usage at day 42

was altered between the two age groups (Figure 4C,

p = 0.002 by Fisher’s test), with IGHV4 more frequently used

in BCR heavy chains in younger individuals. V segment family

usage was not altered between B cell subsets as defined by

UMAP clusters (Figure 4D). We next assessed heterogeneity

in the usage of V segments at the allele level, where we found

age-related differences (Figure 4E, p = 0.019 by Fisher’s test).

IGHV4-39 was enriched in HA-specific cells from 22- to

36-year-old participants and has been previously reported to

be a common V segment used by several broadly neutralizing

antibodies against pdm1H1N1 (Thomson et al., 2012). The

most common IGHV allele in both age groups was IGHV3-23,

a V segment associated with polyreactive HA antibodies (Guth-

miller et al., 2020). The second most common allele in both age

groups was IGHV1-69, the V segment most commonly used in

broadly neutralizing antibodies (bnAbs) to influenza A strains

(Lingwood et al., 2012; Chen et al., 2019). IGHV1-69 bnAbs

have been described after viral illness (Wrammert et al., 2011)

and seasonal influenza vaccination (Nakamura et al., 2013).

The consensus properties are phenylalanine at position 54,

within the CDR2; a preceding hydrophobic residue at position

53; and a tyrosine at positions 97, 98, 99, or elsewhere within

CDR3 (Avnir et al., 2014). From these parameters we predicted

the bnAb capabilities of the IGHV1-69+ B cells within our study

(Figure 4F). These rare bnAb B cells appeared to expand in 22-

to 36-year-olds after TIV but not in 67- to 86-year-olds (Fig-

ure 4G), with a tendency for the 22- to 36-year-olds to

expand IGHV1-69 bnAb-expressing B cells with FCRL5+
neity after vaccination

w cytometry in a set of younger (18–36 years old, n = 11) and older (66–89 years

ts).

nin-specific B cells at day 0 compared with day 42 post vaccination in younger

uenza vaccination (three independent experiments).

ablasts (CD27hiCD38hi) at baseline, 7, and 42 days post vaccination in younger

) donors (three independent experiments).

nin-specific B cells.

nd 42 days post vaccination in younger (18–36 years old, n = 1; white dots) and

).

ccination in younger (18–36 years old, n = 11; white dots) and older (66–89 years

ourse of vaccination in both younger (18–36 years old; n = 11) and older (66–89

utinin-specific B cells. Darker red shading indicates higher expression.

n.

to age group and days since vaccination.

accination and age.

s are from Mann-Whitney tests. In (K), p values are from a Kruskal-Wallis test.
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Figure 4. Differences in heavy-chain V

segment usage, including broadly neutral-

izing IGHV1-69, in aged individuals after

TIV immunization

(A) UMAP embedding as previously, showing

secreted immunoglobulin classes of that cell’s

most abundant immunoglobulin heavy-chain

transcript. Isotypes are combined to immuno-

globulin class (e.g., IgG1, IgG2, IgG3, IgG4

grouped as IGHG): IGHA, n = 48 cells; IGHD, n = 12

cells; IGHG, n = 217 cells; IGHM, n = 112 cells; Un,

unassigned n = 272 cells.

(B) For each UMAP cluster, the proportion of

secreted immunoglobulin classes are plotted.

Each immunoglobulin class is indicated with the

same shading as in (A).

(C) V segment family usage in the immunoglobulin

heavy chain at day 42 for younger and older

individuals.

(D) V segment family usage by HA-specific

immunoglobulin heavy chains at day 42 for

younger and older individuals expressed as the

proportion of the cells separated by each UMAP

cluster.

(E) V allele usage in the immunoglobulin heavy

chain at day 42 for younger and older individuals.

(F) Heatmap summarizing the presence of bio-

physical attributes characteristic of broadly

neutralizing antibody for IGHV1-69 B cells. The

presence of F54, a hydrophobic residue at 53 and

a tyrosine at 97, 98, or 99 are shown. An antibody

is expected to be a bnAb if F54, there is a hydro-

phobic residue at position 53, and a Y within the

CDR3. Presence of a characteristic is shown by a

green box, and empty boxes reflect its absence.

On the left side of the panel, the age group of the

cell is shown (cells from 18- to 36-year-olds and

65- to 98-year-olds in white and gray, respec-

tively), and the day of the sample is shown (day

0 and day 42 in white and black, respectively). The

individual identifiers are listed next to each row

and some individuals.

(G) The proportion of B cells from each study day

that encode IGHV1-69 bnAbs. Only those in-

dividuals with paired data from day 0 and day 42

are shown, which required >1 successfully filtered

B cell with a productive heavy chain on both days.

BnAbs were defined as shown in (F). Gray lines link

the same individual. Paired two-tailed Mann-

Whitney p values are shown.

(H) The proportion of IGHV1-69 B cells within each

UMAP cluster for both age groups and on days

0 and 42 after TIV.
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atypical Bmem transcriptional profiles (Figure 4H). These data

support the observation that serial TIV administration in aged

individuals may not expand stem-directed bnAb (Andrews

et al., 2015). Corresponding analyses for day 0 IGHV alleles

implied a tendency to more cells bearing IGHV1-69 BCRs at

day 0 in older individuals, and fewer IGHV3-23 (Figure S7),

which must be interpreted cautiously, as the absolute numbers

of circulating cells available for sequencing at day 0 is low (Fig-

ure S2K). These data suggest that older individuals have an

altered vaccine-responding IGHV repertoire.
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The stringency of selection somatic hypermutation
variants is reduced in older persons
Within the GC, B cells undergo SHM followed by selection,

enabling B cells with improved capacity to bind antigen to

exit the GC as memory B cells or antibody-secreting cells.

The SHM frequency and selection of HA-binding B cells was

assessed in all B cell subsets. In both age groups there was

an increase in the number of mutations in the heavy chain

from day 0 to day 42, indicative of GC participation after vacci-

nation (Figure 5A). At day 42, there were no differences at



Figure 5. Somatic hypermutation is reduced

in hemagglutinin-specific memory B cells

from aged individuals after TIV immuniza-

tion

(A) The number of nucleotide mutations within the

antibody heavy chain is shown for each cell for

days 0 and 42 and for older and younger in-

dividuals (n = 10/group).

(B and C) The number of nucleotide mutations

within the antibody heavy chain is shown for each

region at day 42 and for older and younger in-

dividuals for FR (framework regions, B) or CDR

(complementarity-determining regions, C).

(D) The ratio of replacement/silent mutations

within the antibody heavy chain is shown for each

cell for days 0 and 42 and for older and younger

individuals. The replacement/silent ratio was

calculated as number of replacement mutations/

(number of silent mutations + 0.01), as many cells

had zero silent mutations and R1 replacement

mutations.

(E and F) The ratio of replacement/silent mutations

within the heavy chain is shown for each cell from

day 42 from both age groups (n = 10/group).

(G and H) The number of mutations in the antibody

heavy chain at day 42 plotted by age group for

each UMAP cluster, for FR (G) or CDR (H).

(I and J) The ratio of replacement/silent mutations

in the antibody heavy chain at day 42 plotted by

age group for each UMAP cluster, for FR (I) or

CDR (J). Data are from ten younger and ten older

people.

In (G)–(J), each UMAP cluster is labeled and the

colors correspond to its appearance in Figures 1,

2, and 4. For (E), (F), (I), and (J), the ratio of

replacement/silent mutations was calculated as in

(D) and plotted as a pseudolog. In (A)–(J), p values

from two-tailed unpaired Mann-Whitney tests are

shown. Where data are transformed for plotting

(E, F, I, J), the test was performed on the un-

transformed data. The box plots show the me-

dian, and interquartile range (IQR), with whiskers

extending to the furthest data point, up to a

maximum of 1.53 IQR. In (E), (F), (I), and (J), the

box plots correspond to the median and IQR of

the transformed data.
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between 22- to 36-year-olds and 67- to 86-year-olds in the

number of IgH mutations within framework (FR, Figure 5B) or

complementarity-determining regions (CDR, Figure 5C). These

data confirm that the processes of SHM are intact in vaccine-

responding B cells from older vaccinees (Banerjee et al.,

2002; Dunn-Walters, 2016; Lazuardi et al., 2005). The replace-

ment (R) to silent (S) ratio in the heavy chain was higher in the

CDR than in the FR regions, consistent with positive selection

of mutations in the antigen-binding region (Mann-Whitney

p = 1.3 3 10�35 at day 42). There were no differences between

age groups in the R/S ratios in the whole heavy chain (Fig-

ure 5D) or the FR (Figure 5E), or CDR regions at day 0 or day

42, when all HA-specific B cell types were analyzed together

(Figures 5F and S8A–S8F).

To understand the mutation and selection of different HA-spe-

cific B cell subsets, we focused our SHM analyses on the two
populations with the highest rate of class-switch recombination,

MARCKS+ and FCRL5+, with the naive population as a control.

The highest numbers of mutations were found in MARCKS+

and FCRL5+ clusters, with the lowest found in the cluster of naive

cells (Figures S8G–S8J and S9). We found no difference be-

tween age groups in the number of IgH mutations in the FR or

CDR in either Bmem subset (Figures 5G and 5H). While the

R/S ratios within the framework regions were unchanged be-

tween age groups (Figure 5I), there was a decrease in the R/S ra-

tios within the CDR in FCRL5+ B cells from older compared with

younger individuals (Figure 5J). This indicated that positive

selection of this B cell subset after vaccination was impaired in

aging, similar to data from Peyer’s patches from older persons

(Banerjee et al., 2002). Furthermore, these data suggest a poten-

tial GC origin of human FcRL5+CD21� atypical memory B cells

after vaccination.
Cell Reports 41, 111613, November 8, 2022 9



Figure 6. GC emigrant memory B cells are

FCRL5+

(A) UMAP of B cells (n = 27,265 cells) from fine-

needle aspirates (FNAs) of draining axillary lymph

nodes from a single healthy volunteer on days 0, 5,

12, 28, and 60 after quadrivalent influenza vaccine

(QIV), as reported by Turner et al. (2020).

(B) The B cell receptors detected in GC (GC) B

cells on day 12 after QIV immunization are shared

with earlier lymph node (LN) B cells, and are

detectable in peripheral blood mononuclear cells

(PBMC) that have been enriched for B cell memory

(IgD�) at days 28 and 60 post vaccination.

(C) UMAP of circulating B cells (n = 21,568 cells)

from IgD� enriched PBMCs at days 0, 5, 12, 28,

and 60 after QIV. Clusters were identified by

Louvain clustering and annotated based on (D).

(D) Dot plot showing the scaled normalized

expression of selected genes used to annotate the

clusters identified in (C).

(E) UMAP of circulating QIV-specific B cells from

IgD� enriched PBMCs at day 28which share aGC

BCR, n = 38 cells.

(F) The percentage of QIV-specific B cells, present

in the circulation at day 28, as in (E), is shown for

each B cell cluster.
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FCRL5+ B cells are antigen experienced and include GC
emigrants
The attributes of selection and expansion of antigen-specific B

cells are hallmarks of passage through the GC, prompting the

hypothesis that FCRL5+ Bmem cells are a circulating output of

the GC. To explore whether FCRL5+ Bmemcells are GC progeny

requires paired sampling of the draining lymph node and blood at

various time points post vaccination, with single-cell transcrip-

tomics to both identify GC B cells and retrieve BCR sequences

to fate-map GC B cells into their circulating daughter popula-

tions. We therefore reanalyzed the dataset of Turner et al.

(2020), in which a healthy 29-year-old man underwent serial

fine-needle aspirates (FNAs) of his axillary lymph node with

paired venepuncture, immediately before and on days 5, 12,

28, and 60 after receiving a quadrivalent influenza vaccine

(QIV). First, all FNA time points were analyzed and, within the B

cell compartment (defined in Figures S10A and S10B), GC B

cells were identified (Figures 6A and S10C). GC B cells were

�3% of all B cells within the lymph node FNA (Figure 6A). We

used the B cell receptors of day 12 GC B cells to find daughter
10 Cell Reports 41, 111613, November 8, 2022
B cells in the circulation and lymph node

(Figure 6B). Around 3% of all day 12

lymph node B cells were found to share

a BCR with GC B cells (Figure 6B). Next,

we identified B cells within the IgD�

PBMC samples (Figures S10D and

S10E) and performed dimensionality

reduction analysis (Figure 6C). We identi-

fied four clusters in the circulation, which

we annotated based on the expression of

B cell marker genes for naive B cells,

resting memory B cells, plasma cells,
and FCRL5+ Bmem cells (Figure 6D). Restricting our analysis

to the circulating GC daughter cells identified in Figure 6B, we

found that the circulating cells clonally related to theGC sampled

at day 12 post vaccination were predominantly of an FCRL5+

Bmem phenotype (Figure 6E), with over 60% of all GC-derived

circulating B cells having a Bmem phenotype at day 28 after

QIV (Figure 6F). These circulating FCRL5+ Bmem cells have

high levels of SHM, favoring replacement CDR mutations

(Figures S10F and S10G). This reanalysis suggests that

FCRL5+ Bmem cells can be GC derived.

DISCUSSION

Aging is associated with a decline in the efficacy and quality of

the humoral immune response to infection and vaccination, re-

sulting in incomplete protection from infection. In this study we

use the trivalent influenza vaccine and HA labeling to track vac-

cine-specific B cells before and after immunization of younger

and older persons. We show that the formation of Bmem cells

is attenuated in individuals aged 67–86 years old, including the
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impaired formation of FCRL5+ B cells that have the transcrip-

tional signature characteristic of T-bet+ B cells (Li et al., 2016),

collectively referred to here as ‘‘atypical memory B cells.’’ Using

publicly available paired PBMC and FNA single-cell sequencing

(Turner et al., 2020), we suggest that a portion of FCRL5+ B cells

are circulating progeny from the GC reaction. Together, our data

show that atypical memory B cells expand to a lesser degree in

older persons and show reduced evidence of positive selection,

indicative of impaired GC function following vaccination in older

people.

Populations of non-classical T-bet+ Bmem cells, commonly

termed ‘‘atypical’’ or ‘‘age-associated’’ memory B cells, with

impaired function compared with conventional CD27+ Bmem

cells, have been described in the context of aging (Hao et al.,

2011; Rubtsov et al., 2011), chronic infection (Burton et al.,

2018; Moir et al., 2008; Portugal et al., 2015), and autoimmunity

(Rubtsov et al., 2011). While HA-specific FcRL5+ B cells

identified here display many overlapping features with dysfunc-

tional B cells, our study and others (Andrews et al., 2015;

Sutton et al., 2021) suggest that FcRL5+ B cells form part of a

‘‘typical’’ immune response following vaccination associated

with robust recall responses to infection (Kim et al., 2019) and

with intact capacity to undergo class-switch recombination

(Weiss et al., 2009; Muellenbeck et al., 2013; Portugal et al.,

2015; Li et al., 2016) and SHM (Muellenbeck et al., 2013; Portugal

et al., 2015). These results contrast with accumulations of

dysfunctional CD21low B cells associated with aging. We pro-

pose that this discrepancy is likely due to the investigation of

vaccine-specific responses here, as opposed to the polyclonal

B cell response.

Influenza vaccination has previously been shown to induce

populations of antigen-specific CD21low B cells in younger co-

horts (Andrews et al., 2015; Ellebedy et al., 2016; Lau et al.,

2017), which are transcriptionally primed for plasma cell differen-

tiation (Knox et al., 2017; Lau et al., 2017) and express high levels

of T-bet (Johnson et al., 2020), often in conjunction with FcRL5

(Nellore et al., 2021). Our pseudotime analysis of vaccine-

induced HA-specific memory B cells intimated a transcriptional

trajectory of naive B cell differentiation into FcRL5+ memory B

cells, then to cells of a pre-plasmablast phenotype, lending sup-

port to the hypothesis that FcRL5+ memory B cells give rise to

antibody-secreting plasma cells (Kenderes et al., 2018).

FCRL5+ B cells from older individuals showed evidence of

reduced positive selection, despite comparable levels of class-

switch recombination and somatic hypermutation between older

and younger individuals. These data support several reports

suggesting that while the mechanism of somatic hypermutation

is intact in aging, selection after mutation is impaired (Banerjee

et al., 2002; Dunn-Walters, 2016; Lazuardi et al., 2005). Likely

B cell extrinsic factors, such as the altered differentiation and

phenotype of GC-T follicular helper (Tfh) cells in both aged hu-

mans and mice (Lefebvre et al., 2012; Stebegg et al., 2020;

Webb et al., 2021), or reduced activation (Aydar et al., 2002)

and ability of the aged follicular dendritic cell network to hold im-

mune complexes on its surface (Turner and Mabbott, 2017), are

responsible for the impaired selection in aging.

The routes to FcRL5 expression and acquisition of an atyp-

ical memory phenotype are incompletely understood and likely
context specific (Burton and Maini, 2021). Our analysis of the

data reported in Turner et al. (2020) found relatively low levels

of FCRL5 transcript expression by GC B cells, suggesting

that FCRL5 expression may be gained either by positively

selected cells on their egress from the GC or by antigen-spe-

cific B cells after B:T cell interaction on the edge of the follicle.

Persistent antigen stimulation, combined with type I interferon

signaling and innate receptor sensing (Jenks et al., 2018;

Portugal et al., 2015), are hypothesized to drive the polarization

and differentiation of atypical memory B cells, either by directly

altering differentiation programs within the B cell compartment

or via an intermediary cell population. One such subset may be

specialized Th1-polarized Tfh cells, shown to correlate with the

frequency of CD21loCD27+ B cells following influenza vaccina-

tion (Koutsakos et al., 2018), with Tfh co-stimulation, inter-

leukin-21, and interferon-g among factors postulated to drive

T-bet expression in B cells (Austin et al., 2019; Naradikian

et al., 2016; Russell Knode et al., 2017). FcRL5 expression ap-

pears relatively stable, with antigen-specific FcRL5+ memory B

cells shown to persist by 118 days following vaccination in mice

(Kim et al., 2019).

Alternatively, T-bet+ B cells have been associated with activa-

tion of the extrafollicular response (Austin et al., 2019). In our

study, HA-specific FcRL5+ B cells could be divided into a

T-bet+CXCR3hiCD11cint and T-bet+CD11chiCD27�CD21� sub-

populations that expanded with different kinetics throughout

the response to vaccination. The transient expansion of

T-bet+CXCR3hiCD11c+ B cells we observed at day 7 may there-

fore comprise a GC-independent memory subset, in line with

similar datademonstrating expansion of T-bet+CD11c+(CXCR3+)

B cells prior to and independently of the GC reaction (Song et al.,

2022). Therefore, it is possible that ‘‘atypical Bmem’’ generation

occurs via the extrafollicular and GC pathways in tandem, with

their relative flux determining the fate of peripheral B cell subsets.

In summary, we report a defect in the differentiation and

expansion of vaccine-specific Bmem following immunization in

older persons. Importantly, this work identifies a defect in the

expansion of FcRL5+ Bmem in older people following seasonal

influenza vaccination. Understanding how Bmem cell formation

and recall is altered with age is central to understanding how

we can harness vaccinations to provide effective and durable

protection against infection in older people, a population at

high risk of mortality and morbidity from infections.

Limitations of the study
Here we analyzed hemagglutinin-binding B cells in order to

focus on the response to acute vaccination rather than the entire

memory B cell compartment that reflects an individual’s immune

history, as this can be a confounder in studies seeking to under-

stand aging. This focus comes with the challenge that circulating

antigen-specific cells are rare, particularly before vaccination.

Our study comprised three blood samples within a 42-day

period, limiting sampling to 50 mL per bleed. The consequence

of this is that there is a limit on the number of cells that can be

analyzed. In our reanalysis of the dataset in Turner et al. (2020),

we used the publicly available data from a single individual

who was non-randomly selected for their high rate of shared

BCRs between circulating and lymph nodeB cells at 1week after
Cell Reports 41, 111613, November 8, 2022 11
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QIV. BCR sharing was highly variable in the donors assessed

(n = 3) (Turner et al., 2020), so it is possible that our reanalysis

has an inflated estimate of clonal sharing.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Edward

Carr (Edward.carr@crick.ac.uk).

Materials availability
Materials generated from this study are available on request from the lead contact.

Data and code availability
d Raw single cell sequencing data are deposited in GEO (https://www.ncbi.nlm.nih.gov/geo/) and are publicly available as of the

date of publication under the accessionGSE167823. The Turner et al. dataset (Turner et al., 2020) is available fromGEOwith the

accession GSE148633. Other primary data, for example raw FCS files, are available from the authors upon reasonable request.

d Corresponding R code for the SMART-Seq gene expression and BCR analyses, 103/Seurat analyses, and phenotypic data is

available at the github repository and is publicly available as of the date of publication: https://github.com/lintermanlab/

B_flu_scRNAseq.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Influenza vaccination of healthy volunteers
Healthy volunteers aged 22–36 years old (n = 21) or 67–86 years old (n = 21) were immunised by the NIHR Cambridge BioResource.

Individuals taking immunosuppressive drugs, or with active cancer were excluded, but we did not exclude individuals with controlled

chronic conditions such as hypertension. Information on sex and gender identity was not collected as not relevant to the aims of this

study. Individuals underwent venepuncture (day 0) and then the seasonal trivalent influenza vaccine was administered intramuscu-

larly (formulated in line with the World Health Organisation’s 2016–17 Northern hemisphere recommendations: i. A/California/7/2009

(H1N1) pdm09-like virus; ii. an A/Hong Kong/4801/2014 (H3N2)-like virus; iii a B/Brisbane/60/2008-like virus). Venepuncture was

repeated on days 7 and 42. All venepuncture samples were 50 mL and collected into silica-coated tubes (for serum, 4.5 mL) or

EDTA-coated tubes (for cells, 5 x 9 mL tubes). All blood was collected in accordance with the latest revision of the Declaration of

Helsinki and the Guidelines for Good Clinical Practice (ICH-GCP). Ethical approval for this study was provided by a UK local research

ethics committee (REC reference 14/SC/1077). The Cambridge Bioresource has its own ethical approval (REC reference 04/Q0108/

44). All volunteers provided written informed consent upon entry to the study.

METHOD DETAILS

PBMC isolation and cryopreservation
Peripheral bloodmononuclear cells (PBMCs) were isolated by density centrifugation over Histopaque 1077 (Sigma-Aldrich), counted

and cryopreserved in 90% FCS/10% DMSO (both Sigma-Aldrich). PBMC aliquots were frozen in a methanol bath (to freeze slowly

�1 �C/min) in a �80�C freezer overnight. Once frozen, PBMC were transferred to liquid nitrogen for longer term storage. For the

studies herein, we used aliquots of �107 PBMCs.

Hemagglutinin inhibition assays
Antibody titres pre and post vaccination were determined using the hemagglutination inhibition (HAI) assay using the standardWorld

Health Organisation (WHO) protocol, as previously described (Chen et al., 2010). Briefly, serumwas treated with receptor destroying

enzyme (RDE; Denka Seiken Co.) by adding 1-part serum to 3 parts RDE and incubating at 37�C overnight, followed by RDE inac-

tivation at 56�C for one hour. Treated serum was then serially diluted 1 in 2 with PBS in 96 well v-bottom plates (Nunc) in 50 mL vol-

umes. 4 HA units of A/California/04/2009 (H1N1) virus produced in vitro in MDCK cells was added per well and incubated with serum

samples for 30 min at room temperature. Then 50 mL of 0.5% chicken RBCs (TCS Biosciences) in PBS was added per well, plates

agitated manually, and incubated for 30 min. HAI titres were read manually as the reciprocal of the final dilution for which complete

inhibition of agglutination was observed.

PBMC ELISpots
MultiScreen-HA mixed cellulose ester plates (Millipore Merck) were coated under sterile conditions with either recombinant Hemag-

glutinin HA (A/California/06/2009, eEnzyme) at 15 ug/mL or Fluzone Trivalent 2016/2017 vaccine at 1:6 dilution. Plates were then

washed with PBS and blocked with complete RPMI medium supplemented with 10% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin

for 1 h at 37�C for 1 h. PBMC samples in complete RPMI medium at 2 3 105 cells/well in triplicate and were incubated at 37�C,
5%CO2 for 24 h, thenwashedwith 0.05% (v/v) Tween20 PBS, PBS andH2O. Detection was performedwith anti-human IgG Fc biotin
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(1:1500, Biolegend #409307), and streptavidin-HRP (1:1500, Amersham, RPM 1051 Batch 195367) in 0.5% (v/v) Tween20 + 0.1%

BSA, followed by washing with 0.05% (v/v) Tween20 PBS, PBS and H2O. Plates were developed using the AEC staining kit

(Sigma-Aldrich) according to the manufacturer’s instructions. The number of antibody-secreting cells (ASCs) was determined using

a CTL ELISPOT reader (Cell Technologies) and the CTL ImmunoSpot Software (Cell Technologies).

Hemagglutinin specific bait
Hemagglutinin from the A/California09 strain was previously modified with a single point mutation Y98F to minimise its binding to

sialic acid (Whittle et al., 2014) (reducing non-specific binding to cell surface glycoproteins) and then biotinylated as previously

(Wheatley et al., 2016). Biotinylated mutant Cal09-HA (1.5 mg) was complexed with streptavidin conjugated to APC (8 mL; Thermo-

fisher #S868) or PE (8 mL; Thermofisher #S866), in the presence of a protease inhibitor (1.5mL of the manufacturer’s recommended

1003 re-suspension concentration; Merck #US1539131-1VL) in 115 mL of phosphate buffered saline (PBS). The Cal09-HA, PBS and

protease inhibitor were mixed first and then the streptavidin conjugates added in 5 steps (1.6 mL each) every 15–20 min. The conju-

gated bait was stored in the dark at 4�C and used within 2 weeks, at 5mL/106 cells. We double-stained with streptavidin conjugates in

two separate fluorophores for plate-based index sorting single B cells from the double-positive HA gate (Figure 1B; full gating strat-

egy in Figure S1A). A ‘free’ streptavidin conjugated to irrelevant fluorophore was used to gate out B cells that bound the streptavidin

component of the bait.

Index sorting of single cells with FACS
Cryopreserved PBMCwere collected from liquid nitrogen stores and thawed onwet ice. As soon as the last ice crystals thawed, 1mL

of complete RPMI-1640, pre-warmed to 37�C, was added to the cryovial and the whole contents transferred to 49 mL of

complete RPMI-1640 in a 50 mL tube. For complete RPMI-1640, RPMI was supplemented with +10% heat inactivated foetal calf

serum, 100 U/mL penicillin and 100 mg/mL streptomycin and L-glutamine. The cells were centrifuged and re-suspended in complete

media, pre-warmed to 37�C and allowed to rest for 1 h at 37�C prior to viability counting. Untouched B cells were enriched using

negative magnetic separation (eBioscience 8804–6867), following the manufacturer’s instructions with 2% FCS/PBS. Viable

PBMC were counted with Trypan Blue (Sigma-Aldrich) exclusion and a haemocytometer.

Negatively selected B cells were filtered using a 30 mm filter, counted and surface staining performed for 60 min in the dark at 4�C.
Antibodies used are shown in the Key Resources Table. Staining was performed in BDbrilliant buffer (BD #563794), in the presence of

human IgG as a Fc receptor blocking agent. Cells were washed in PBS and resuspended in 200–250 mL of PBS for sorting.

Cells were index sorted on a BD FACSAria Fusion in cat 2 containment, with a 100 mm nozzle into a 96-well plate (BioRad

#HSS9641), containing chilled (4�C) RNA lysis buffer (SMART-Seq HT lysis buffer, Takara Clontech, #634439). This contained the

oligo-dT primer. Immediately after the sort was completed, a labelled foil lid (Axygen, PCR-AS-200) was applied to the plate, it

was spun briefly in a table-top centrifuge and snap frozen in dry ice. Frozen plates were transferred to �80�C for storage.

For each cell sorting batch, paired day 0 and 42 samples were processed from an individual from the 22–36 yo group and an in-

dividual from the 67–86 yo group. All 4 biological conditions were represented in each sorting batch. There were 10 sorting batches.

Day 0 samples were sorted for 16 individual HA-specific B cells, day 42 samples for 32 individual HA-specific B cells (giving 16 + 16 +

32 + 32 = 96 cells/cell sort batch). Each biological condition was sorted in its own pre-prepared 96 well plate containing lysis buffer,

and snap frozen at the end of that sort (rather than wait until an entire 96 well plate was filled), to minimise time spent at 4�C. Any extra
HA-specific B cells were collected on a fifth 96 well plate with any remaining lysis buffer.

Index sorting information was extracted from the FCS files using custom scripts based on the Bioconductor package flowCore

(Ellis et al., 2019). Each sorted cell is given its own FCS file containing a single event. Our scripts extracted compensated, logicle

transformed cell surface index data on a per cell basis, mapped to that cell’s eventual cDNA library (see next section). To analyze

the flow cytometry phenotype of HA+ B cells in comparison to HA- B cells, the index FCS files, each containing a single event,

were concatenated with their ‘master’ file into a combined file of all events from each biological sample. Flow plots are rendered

with the ggcyto package (Van et al., 2018). Analysis of FCS files were performed using FlowJo v10 (Treestar).

Single cell RNA sequencing using SMART-Seq
Samples were processed to cDNA in batches. Each batch comprised of 4 partially filled 96 well plates of flow sorted cells, from the

same sort batch: paired d0 and d42 samples from one individual from either age group. cDNA was generated as per the manu-

facturer’s instructions (SMART-Seq HT kit user manual, version/date 121218, kit # 634436), using 20 PCR cycles. cDNA was syn-

thesised using four 96 well BioRad T1000 PCR machines in parallel, with a single master mix used across all 4 plates. After cDNA

synthesis, the 4 plates were consolidated into a single 96 well plate for ongoing processing (1 cell/well; the cDNA is not yet indexed;

with a record of final well positions of each cell). If a cDNA synthesis batch was << 96 cells (this was predictable from the sort results),

then additional cells from a fifth flow sorted plate were also processed and consolidated into the final 96 well plate. In this case, a fifth

BioRad T1000 was used at the cDNA synthesis step.

In total, 10 3 96 well cDNA plates were generated. The 10 cDNA plates were cleaned-up using AMPure XP beads (Beckman

Coulter #A63881), deep 96 well plates (Abgene #AB-0765) and a magnetic plate stand (ThermoFisher #AM10027) as described in

the SMART-SeqHTmanual (dated 121218). Cleaned cDNAwas stored in 96well plates (BioRad #HSS9641) at�20�C.Quantification

was performed using a Qubit dsDNA HS assay kit (Life Technologies, # Q32854) and Qubit spectrometer (Invitrogen #Q33226) of 12
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wells of cDNA/plate, with cDNA from each of the four biological samples represented on the plate, as per the manufacturer’s guide-

lines. Each plate was diluted based on a dilution factor for a median concentration of input cDNA �200 ng/mL.

Nextera XT tagmentation and adaptor ligation was performed as described in the SMART-Seq HT manual, using the Nextera XT

DNA Library Preparation Kit (Illumina, #FC-131-1096) and the Nextera Index Kit v2 Set A (Illumina, #FC-131-2001). Aliquots of the

tagmented and adaptor ligation PCR product were pooled (Each 96 well plate was pooled into a single 1.5 mL microcentrifuge

tube), and the pool was cleaned with AMPure XP beads as described in the SMART-Seq HT manual, using the 1.5 mL centrifuge

tube magnetic stand (Takara, #621964). The final library concentrations and qualities were determined by both SYBR PCR (Kapa

Biosystems, #KK4824) with a BioRad CFX qPCR machine and Bioanalyser (High Sensitivity DNA assay, Agilent). Libraries were

sequenced on an Illumina NextSeq 500 with 75 bp paired end reads and a mid-output run (96 cells/run), yielding approximately

one million aligned reads/cell.

Gene expression analysis of SMART-Seq data
Reads from demultiplexed fastq files were trimmed with trimgalore (v 0.6.6) and aligned to the human genome (Ensembl build

GRCh38.87) using HISAT2 (v 2.1.0, Kim et al., 2015) with the options –sp 1000,1000. Aligned reads were quantified using feature-

Counts, as implemented in Rsubread (Subread v 2.0.0, Liao et al., 2019), and R 3.6.1. Downstream analyses were performed using

Bioconductor (Huber et al., 2015) packages: scater (McCarthy et al., 2017), scran (Lun et al., 2016), and the SingleCellExperiment

data infrastructure, as outlined here (Amezquita et al., 2020).

Gene expression data was obtained for 952 cells. The following quality control steps were applied, within each biological condition

(22–36 yo d0; 22–36 yo d42; 67–86 yo d0; 67–86 yo d42), excluding cells meeting one ormore of the following criteria: i. the number of

detected transcripts >33 median absolute deviations (MAD) from the median ii. the percentage of reads that map to mitochondrial

transcripts >33 MAD from the median iii. the percentage of the library that is occupied by the top 50 transcripts (a measure of low

complexity libraries) > 33 from the median (Figures S2A–S2D). 117 samples were excluded for low library size (Figures S2A). 130

samples were excluded for low numbers of detected transcripts (Figures S2B). 36 samples were excluded for high proportions of

mitochondrial transcripts (Figures S2C). 119 samples were excluded for low complexity libraries (Figures S2D). Cells could fail on

several QC parameters. The total number of cells discarded was 163. Initially, highly variable genes (HVGs) were identified as the

top 25%of variance, after normalisation for library size using deconvolution. The first 50 components from principal component anal-

ysis of these HVGs were used for UMAP embedding (McInnes et al., 2020). Clustering was performed with Louvain clustering in

igraph (Csardi and Nepusz). After excluding cells on biological grounds (see Figures S1F–S1K), a new set of HVGs were defined, us-

ing the top 10%of variance and the first 40 principal components for UMAP. Cell assignment was performedwith SingleR (Aran et al.,

2019), and the Monaco et al. dataset (Monaco et al., 2019). For clarity, particularly around double-negative B cells, we have re-

labelled the Monaco et al. B cell populations as follows [sorting strategy, label herein]: IgD+CD27-, naı̈ve; IgD+CD27+, non-switched

Bmem; IgD�CD27+, switched Bmem; IgD�CD27-, IgD�CD27- Bmem; IgD�CD27++CD38+, plasmablasts. Trajectory analysis was

performed using the destiny package (Angerer et al., 2015). Differential abundance analysis was performed using edgeR (Robinson

et al., 2010). We used the miloR package (v0.99.18) (Dann et al., 2022) to perform differential abundance testing using k-nearest

neighbor graphs, which does not require cells to be discretised into clusters. FormiloRwe used R 4.0.0, with a SingleCellExperiment

object constructed as above (in R 3.6.1).

BCR assembly from single cell SMART Seq data
We used VDJPuzzle (Rizzetto et al., 2018) to retrieve and annotate heavy and light chains from each individual B cell. This gives,

per cell, annotated heavy chain and light chain alignments, and a report of detected mutations. Amino acid positions follow the

Kabat numbering scheme. Where VDJPuzzle reported more than one chain, we report the chain with the highest expression level

(for example, in �50% of naı̈ve cells, identical V, D and J segments were assembled with an IgM or IgD heavy chain). For replace-

ment:silent ratios of somatic hypermutation, these are pseudolog transformed prior to plotting. The pseudolog distribution becomes

linear at around 1 and allows both the benefits of a log compression of large numbers and, unlike a log transformation, the retention of

cells where R/S+0.01 = 0, due to R = 0. These analyses on the VDJPuzzle results were performed in R 3.6.1.

Analyses of 103 data
The published Turner et al. dataset (Turner et al., 2020) was downloaded as fastq from ENA (https://www.ebi.ac.uk/ena/browser/

home), using aspera links retrieved from the SRA Explorer (http://sra-explorer.info/). Fastq files missing from ENA were re-created

using fastq-dump from the SRAtoolkit (v2.10.8, http://ncbi.github.io/sra-tools/). Gene expression data was aligned and counted us-

ing cellranger count (v5.0.0, 103Genomics) against the human genome (103Genomics build GRCh38-1.2.0). Downstream analysis

was performedwith the SeuratRpackage (v3.2.2, (Stuart et al., 2019)). Quality control retained cells with: >200 features/cell & <7,000

features/cell & < 12.5% mitochondrial reads. Each sample was then normalised and the 2000 most variable features selected, after

variance stabilised normalisation. For either FNA or IgD- PBMC samples, all time points were combined using ImmuneAnchors to

minimise batch effects between replicates (first 30 dimensions used). To identify B cells with FNA or IgD- PBMC samples, we

used 20 principal components for clustering, and FindClusters with a resolution of 0.05. B cells were selected on the basis of the

expression of CD79A, MS4A1 and CD19 (Turner et al., 2020). Once identified, B cells were re-scaled and re-clustered with 20 prin-

cipal components (FindClusters resolution = 0.05). GC B cells were identified as the FNA B cell cluster expressing BCL6, RGS13,
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MEF2B, STMN1, ELL3, SERPINA9 (Turner et al., 2020). Resting memory B cells were defined as B cells expressing TNFRSF13B,

CD27 and CD24 (Turner et al., 2020).

VDJ repertoire data were pre-processed using cellranger vdj (v5.0.0, 103 Genomics), with the VDJ annotations from 103 Geno-

mics (refdata-cellranger-vdj-GRCh38-alts-ensembl-5.0.0). Mutation analysis was performed with the Immcantation suite (Gupta

et al., 2015), and replacement:silent ratios calculated and plotted as described above for the SMART-Seq dataset. Clonotype

tracking was performed using the immunarch R package (Nazarov et al., 2020). Clonotypes were defined having identical IGHV,

IGHJ, IGLV and IGLV alleles, and IgH and IgL CDR3 lengths.

Spectral flow cytometric analyses
Spectral flow cytometry was performed on a separate cohort of healthy individuals immunised with a trivalent influenza vaccine and

sampled at baseline, 7 days- and 42 days- post immunisation, as above. Cryopreserved PBMCwere defrosted in a 37�Cwater bath,

and then immediately diluted into 9mL of pre-warmed RPMI+10%Fetal Bovine serum (FBS). Cells were washed with 10mL of FACS

buffer (PBS containing 2% FBS and 1 mM EDTA) and resuspended in 500uL of FACS buffer. Cell numbers and viability were deter-

mined using a Countess automated cell counter (Invitrogen). 13107 viable cells were transferred to 96-well plates for antibody stain-

ing. Cells werewashed oncewith FACS buffer, and stainedwith 100 mL of surface antibodymix (including B cell probes) for 2 h at 4�C.
Cells were then washed twice with FACS buffer, and fixed with the eBioscience Foxp3/Transcription Factor Staining Buffer

(ThermoFisher #00-5323-00) for 30 min at 4�C. For intracellular staining, cells were then washed once with 13 eBioscience

Foxp3/Transcription Factor Permeabilisation buffer (ThermoFisher #00-8333-56) and stained with intracellular antibody mix in per-

meabilisation buffer at 4�C overnight. Following overnight staining, samples were washed twice with 13 permeabilisation buffer and

resuspended in FACS buffer. Stained cells were acquired on a Cytek Aurora. Cells for single color controls were prepared in the same

manner as the fully stained samples. Manual gating of flow cytometry data was done using FlowJo v10.8 software (TreeStar). TSNE

and heatmap analysis were performed using R (v 4.1.2) using code that has previously been described (Pasciuto et al., 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in R (v 3.6.1, www.r-project.org, v 4.0.0 formiloR) via RStudio (v1.2.5001; www.rstudio.com) or

Prism 9 (GraphPad). The statistical test used is indicated in the relevant figure legend. R-derived figureswere generated using Rmark-

down (Allaire et al., 2021; Xie et al., 2018, 2020) with pdf output.
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