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INTRODUCTION 
 

Older adults are at increased risk for morbidity and 

mortality from infectious diseases and show impaired 

responses to vaccination. Influenza and COVID-19 are 

two examples of infections in which 70 - 85% of 

mortality occurs in adults over age 65 [1, 2]. Protection 

against influenza virus infection from vaccination is 

markedly diminished in older adults, with approximately 

a 50% decrease in protection compared to young 

individuals [3].  Age-related alterations in innate and 

adaptive immune function, or immunosenescence, are 

critical to such poor vaccine responses. Aging of the 

innate immune system is notable for a chronic 

inflammatory state that is associated with impaired 

functions of innate immune pattern recognition receptors 

such as the retinoic acid-induced gene-I (RIG-I) and 

Toll-like receptors (TLRs) [4]. The adaptive immune 

system in older adults is notable for intrinsic signaling 

alterations [5] and impaired T cell production as a result 

of thymic involution, such that the T cell pool is 

maintained almost exclusively by peripheral expansion 
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ABSTRACT 
 

Seasonal influenza contributes to a substantial disease burden, resulting in approximately 10 million hospital visits 
and 50 thousand deaths in a typical year in the United States. 70 - 85% of the mortality occurs in people over the 
age of 65. Influenza vaccination is the best protection against the virus, but it is less effective for the elderly, which 
may be in part due to differences in the quantity or type of B cells induced by vaccination. To investigate this 
possibility, we sorted pre- and post-vaccination peripheral blood B cells from three young and three older adults 
with strong antibody responses to the inactivated influenza vaccine and employed single-cell technology to 
simultaneously profile the gene expression and the B cell receptor (BCR) of the B cells. Prior to vaccination, we 
observed a higher somatic hypermutation frequency and a higher abundance of activated B cells in older adults 
than in young adults. Following vaccination, young adults mounted a more clonal response than older adults. The 
expanded clones included a mix of plasmablasts, activated B cells, and resting memory B cells in both age groups, 
with a decreased proportion of plasmablasts in older adults. Differential abundance analysis identified additional 
vaccine-responsive cells that were not part of expanded clones, especially in older adults. We observed broadly 
consistent gene expression changes in vaccine-responsive plasmablasts and greater heterogeneity among activated 
B cells between age groups. These quantitative and qualitative differences in the B cells provide insights into age-
related changes in influenza vaccination response. 
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in older adults [6]. Studies of the human B cell 

compartment have revealed an age-associated decrease 

in expression of activation-induced cytidine deaminase 

(AID) linked to diminished expression of the E47 

transcription factor [7]. 

 

A burst of plasmablasts is often observed in peripheral 

blood 7 days after influenza vaccination. Previous B 

cell repertoire sequencing studies have also shown 

clonal expansion of plasmablasts in both young and 

older adults 7 days after influenza vaccination, with 

older adults having fewer lineages and increased 

oligoclonality in BCR repertoires [8–11]. In addition, 

activated B cells, a subset of antigen-specific cells that 

are committed to the memory B cell lineage, are 

observed to expand and peak around 2 weeks post-

vaccination in young adults [12, 13]. However, since 

studies have focused analyses on plasmablasts or bulk B 

cell populations in young adults, how activated B cells 

in older adults respond to influenza vaccination is not 

well studied.  

 

Apart from differences in clonal expansion in response 

to influenza vaccination, previous repertoire studies also 

revealed a decrease in somatic hypermutation (SHM) 

level for plasmablasts in older adults, which may be 

associated with decreased adaptability of antibody 

response [8, 9]. However, these analyses examined only 

plasmablasts; and the response to influenza vaccination 

in adults is by definition a memory response since 

nearly all adults have had primary immune responses to 

the influenza virus via infection or vaccination 

previously. An analysis of SHM frequency for different 

B cell compartments and isotypes in response to 

influenza vaccination remains lacking. 

 

Previous studies also identified transcriptional 

signatures of influenza vaccination response. Bulk 

sequencing studies have found plasmablast gene 

signatures in peripheral blood 7 days following 

influenza vaccination for both young and older adults 

[7, 14, 15]. A recent single-cell sequencing study found 

that the expanded clones 7 days post-vaccination exhibit 

an activated memory B cell gene expression profile in a 

young adult [16]. These studies indicate an overall 

frequency increase of plasmablasts and activated 

memory B cells following vaccination, but it is unclear 

whether there are changes within these B cell 

compartments following vaccination and whether the 

changes are different between young and older adults.  

 

While older adults generally have more extensive prior 

exposure to influenza than young individuals and might 

be expected to have a more broad-based B cell memory 

of the influenza virus, the basis for the decreased 

plasmablast response in older, compared to young 

adults [17] remains incompletely understood. To gain 

insight into functional age-related differences in the B 

cell lineage response to vaccination, we have carried out 

paired single-cell RNAseq and BCR sequencing in a 

group of young and older adults, where both groups 

showed evidence for a protective antibody response 

following seasonal influenza vaccination.  

 

RESULTS 
 

Single-cell profiling of the influenza vaccination 

response 

 

To understand the age-group difference in B cells 

underlying a successful influenza vaccination response, 

we profiled the B cells enriched from PBMC samples 

prior to receiving vaccination (day 0, D0) and 7 days 

post-vaccination (D7) from three young and three older 

subjects using 10x Genomics paired single-cell RNAseq 

and BCR sequencing (Figure 1A). All six subjects were 

selected from a previously described cohort recruited at 

Yale University [14] and each responded to the standard-

dose seasonal influenza vaccine with at least a 4-fold 

increase of post-vaccine HAI titer for at least one 

vaccine strain at day 28 (Figure 1B). Specifically, three 

of the six subjects (Y1, Y3, O3) had at least 4-fold 

responses to all strains in the vaccine, while the other 

three (Y2, O1, O2) had at least 4-fold responses to only 

one strain in the vaccine (Supplementary Figure 1). 

There was no significant difference in HAI titers before 

vaccination between age groups for each vaccine strain 

(two-sided Wilcoxon rank-sum test, p > 0.05). The older 

adults had a lower level of antibody response (max HAI 

FC ranges between 4 and 16) compared with the young 

adults (max HAI FC ranges between 16 and 64).  

 

We applied reference-based cell type annotation on 

gene expression data from 117,278 single cells using 

Azimuth and identified 100,745 B cells (85.9% of all 

cells). Further clustering on the B cell data found five B 

cell clusters: naïve B cells, resting memory B cells 

(RMB), activated B cells (ABC), plasmablasts (PB), 

and proliferating plasmablasts (PB proliferating) 

(Figure 2A, 2B). We found that 89.5 % of these B cells 

were associated with BCR heavy chains captured in the 

V(D)J data, and we focused all subsequent analyses on 

the 90,133 B cells with both gene expression and BCR 

information. Overall, we analyzed 62,197 naïve B cells, 

19,319 resting memory B cells, 6,336 activated B cells, 

1,944 plasmablasts, and 337 proliferating plasmablasts. 

 

Higher frequency of activated B cell subset in older 

adults at pre-vaccination 

 

To evaluate pre-vaccination differences between age 

groups, we first compared the relative abundance of the 
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Figure 1. Experimental workflow and subject demographics. (A) PBMC samples were collected from three young and three older 

adults (midpoint of the age range shown) before and seven days after vaccination. The samples were negatively enriched for B cells. Paired 
single-cell RNA and B-cell receptor sequencing were then performed. The resulting heavy and light V(D)J sequences were analyzed by 
immcantation, and gene expression data were analyzed using Seurat. (B) Demographic information of the six subjects. The subjects were 
selected based on at least 4-fold increase in hemagglutination inhibition titers of at least one vaccine strain at day seven.  

 

 
 

Figure 2. Differences in B cell gene expression between young and older adults prior to vaccination. (A) UMAP visualization of 

single-cell RNAseq data, colored by B cell subset assignment (RMB: resting memory B cells, ABC: activated B cells, PB: plasmablast). (B) 
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Expression of the marker genes used for B cell subset assignment. Dot plot showing average log-normalized expression of B cell subset 
marker genes and the fraction of cells expressing the genes in each B cell cluster. (C) The frequency of B cell subsets at pre-vaccination. The x-
axis, along with shape and color of the dots, indicates the age group, and the y-axis represents the frequency of B cell subsets in each sample. 
(D) Pre-vaccination (D0) differential abundance analysis of B cells between young and older adults. The left panel is colored by the age group 
label. The right panel is colored by the MELD score that indicates older adults-associated relative likelihood; the higher the value, the more 
likely that the cells with the given gene expression profile are from the older subject samples. (E) MELD score distribution for the B cell 
subsets. (F) Differentially expressed genes between ABCs with high and low MELD score, were selected from gene set enrichment analysis 
using enrichR. (G) Mutation frequency distribution of the heavy chain V segments. The mean SHM frequency of each subject is indicated as 
black dots for each isotype and B cell subset, colored by age group. Wilcoxon rank-sum test was performed to test for the difference in mean 
mutation frequency between age groups (*: adjusted p-values < 0.05). 

 

D0 B cell subsets. We did not detect significant 

differences in the abundance of any of the five B cell 

subsets between the age groups (Figure 2C, two-sided 

Wilcoxon rank-sum test, p > 0.05). However, it was 

noteworthy that the frequency of ABCs was higher in 2 

of the 3 older subjects (11.60 % and 13.98 %) compared 

with 3 young subjects (ranging from 2.41 % - 4.21 %) 

(Supplementary Figure 2).  

 

This cluster-level analysis lacks the resolution to identify 

the differentially abundant subpopulations that may exist 

within each of these B cell types. We utilized the MELD 

(manifold enhancement of latent dimensions [18]) 

algorithm for each cell type and computed a relative 

likelihood score that quantifies how likely each cell is to 

be observed in older relative to young adults given its 

gene expression (Figure 2D). The higher the MELD 

relative likelihood score a cell has, the more likely that 

cells with similar gene expression patterns come from 

older adults. This analysis identified cells within the 

ABCs that had an extremely high relative likelihood score 

(Figure 2E), indicating that they are present mostly in 

older subjects. We focused our subsequent analysis on 

these differentially abundant cells within the ABCs. 

 

To characterize the ABC subpopulations that were 

enriched in older adults, we applied MELD with Vertex 

Frequency Clustering (VFC) to find three clusters of 

ABCs. The choice of the number of VFC clusters is based 

on the uniformity of the transcriptomic profile and the 

enrichment of age group labels within the clusters 

(Supplementary Figure 3). We took the VFC cluster with 

the highest average relative likelihood score (older adults 

enriched) and the lowest average relative likelihood score 

(young adults enriched) and filtered for cells from the 

corresponding age groups to perform differential gene 

expression analysis. In total, we compared 587 young 

adults’ ABCs from the VFC score low cluster (ABC 

subset enriched in young adults) and 536 older adults’ 

ABCs from the VFC score high cluster (ABC subset 

enriched in older adults). We used the pseudo-bulk 

approach to aggregate the cell counts within each sample 

and applied limma to find differentially expressed genes. 

We found 547 upregulated genes with an FDR-adjusted p-

value < 0.05 in the ABCs from older adults. We annotated 

these genes with enrichR [19] and found genes enriched 

in pathways including AP-1 transcription factor networks 

(FOS, JUN, ATF3) and antigen processing and 

presentation (HLA genes). We also found 433 genes 

associated with ABCs that have higher expression in 

young adults. Enrichment analysis of these genes 

identified associations with cytoplasmic ribosomal 

proteins, death receptor signaling (FAS, CASP8, 

CASP10), and caspase-mediated cleavage of cytoskeleton 

proteins (GSN, ADD1, VIM) (Figure 2F and 

Supplementary Figure 4). In summary, these analyses 

show that, prior to vaccination, ABCs in older adults 

exhibit a different gene expression profile from those in 

young adults.  

 

Higher pre-vaccination mutational load in older 

adults 

 

Previous BCR repertoire analysis reported higher SHM 

levels of IgG B cells prior to vaccination in older adults 

[11]. With the paired gene expression data, we were able 

to examine the pre-vaccination SHM frequencies between 

age groups separately for each isotype and cell type. We 

computed heavy chain mutation frequency using IGHV 

gene sequences from BCR sequencing data and tested for 

differences in the mean IGHV SHM frequency between 

age groups for each cell type and isotype (Figure 2G). We 

found older subjects tended to have higher mutation 

frequency compared with young subjects across several 

cell types and isotypes. In particular, IgA+ PB showed 

significantly higher mean SHM frequency in older 

subjects (two-sided Wilcoxon rank-sum test, p = 0.04). In 

summary, young and older adults differ in the mutation 

load of B cell repertoire at baseline for some subsets. 

 

Young adults mount a more clonal response 

compared with older adults 

 

Influenza vaccination has been associated with the 

induction of clonally-expanded plasmablasts that 

generally peak around seven days post-vaccination [20]. 

Previous studies have found significantly reduced 

quantities of vaccine-specific plasmablasts circulating 

one week after vaccination in older subjects [17]. To 

compare the age-group difference in B cell response, we 
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identified clones based on the similarity of their heavy 

chain nucleotide sequence and light chain gene usage. 

We found that pre-vaccination repertoires had very few 

large clones in both young and older individuals. The 

largest clone for Y1, Y2, Y3, O1, O2, and O3 pre-

vaccination comprised 0.07, 0.10, 0.04, 0.10, 0.07, and 

1.05 % of their repertoire, respectively. In contrast, we 

found many large clonal expansions in young adults at 

D7 (Figure 3A), with the largest clone consisting of 

0.64, 0.43, and 0.32 % of the repertoire for Y1 - Y3, 

respectively. In contrast, older adults showed little 

difference in clone size distribution at D7 compared to 

D0, with the largest clone comprising 0.13, 0.10, and 

0.78 % of the repertoire for O1 - O3, respectively.  

To identify individual B cell clones that were expanded 

following influenza vaccination, we performed Fisher's 

exact test to determine whether a given clone 

significantly increased its abundance at D7 compared to 

D0. We identified 2 - 27 expanded clones in each 

individual (Figure 3B). The largest expanded clone 

comprised 0.64 % of the repertoire at D7 in Y1. As 

expected from the cell type abundance analysis, more 

expanded clones were identified in the young subjects 

compared with the older subjects (5 - 27 clones in 

young vs. 2 - 3 clones in older subjects). The single 

largest clone observed at D7 in subject O3 was also 

related to the largest clone observed at D0 and was not 

significantly expanded. In the other subjects, expanded 

 

 
 

Figure 3. Influenza vaccine induces more clonal expansion in young adults, and the induced clones are more skewed towards 
memory in older adults. (A) B cell clone size distribution. The size of the dots indicates the number of clones. The x-axis indicates the rank 

of the clone size, with the rank of 1 being the largest. The y-axis indicates the relative abundance of the clone within the sample. The color 
indicates the time points. (B) Significantly expanded clones at day 7 post-vaccination. The frequencies of individual clones pre-vaccination 
and at day 7 post-vaccination were visualized by scatter plot. Fisher's exact test was used to identify significantly expanded clones, 
highlighted in orange. The number of significantly expanded clones was annotated in the plot for each subject. (C) Significantly expanded 
clones visualized on a UMAP, highlighted with color indicating the cell type. (D) The cell subset composition of the expanded clones at day 7. 
(E) Isotype composition of the expanded clones for day 7 samples. 
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clones were present at very low frequency or not 

detected at D0. Overall, we found that vaccination 

elicited expanded clones in all 6 subjects; however, the 

numbers of expanded clones identified were higher in 

young subjects than in older subjects. 

 

Expanded clones are a mix of plasmablasts, 

activated B cells, and resting memory B cells, with a 

bias towards plasmablasts in young and activated B 

cells in older subjects 

 

To characterize the expanded clones, we examined the 

cell types and isotypes of the clone members. We 

found that the expanded clones were a mix of 

plasmablasts, ABCs, and RMBs (Figure 3C). In young 

subjects, expanded clones were dominated by 

plasmablasts (78.3 - 83.5 % of cells in expanded 

clones at D7). The composition of expanded clones in 

the older subjects was more diverse, with increased 

proportions of ABCs and RMBs; one of the subjects 

(O3) did not have any plasmablasts among cells in 

expanded clones (Figure 3D). We also examined the 

isotype of expanded clones. We observed that the 

BCRs in cells from expanded clones were 

predominantly IgG1 for all subjects (38.5 - 68.8 %), 

except for Y2, who had a high proportion of IgM+ 

cells (51.6 %) (Figure 3E). All of the young subjects 

and one of the older subjects also had IgA1+ cells as 

part of the expanded clones (5.74 - 33.3 %). In 

summary, expanded clones in all subjects were a mix 

of plasmablasts, activated B cells, and resting memory 

B cells, with a large bias towards IgG1+ plasmablasts 

in young adults. 

 

To corroborate the observations from expanded clone 

analysis, we also examined the overall changes in cell 

type, isotype, and mutation frequency between 

vaccination time points (Figure 4A–4C). Consistent 

with the observations from expanded clone analysis, 

we observed a significant increase in plasmablast 

abundance at D7 (Wilcoxon rank-sum test, p = 0.031), 

with young adults having a larger increase than older 

adults (Figure 4D and Supplementary Figure 2). We 

also saw a moderate, albeit not significant, increase in 

the frequency of ABCs at D7 (Wilcoxon rank-sum 

test, p = 0.063), with a higher increase in older adults 

than young subjects (Figure 4D and Supplementary 

Figure 2). The cell frequency changes were 

accompanied by shifts in isotype composition. We 

detected significant changes in isotype composition 

between D7 and D0 for PB cells in all young subjects 

and one older adult O2 (Chi-square test for 

homogeneity, FDR-adjusted p-values < 0.05). The 

change in isotype composition involves an increase 

 

 
 

Figure 4. Analysis of B cell subpopulations before and after vaccination. UMAP of gene expression data colored with (A) B cell 

subset labels, (B) isotype information from the V(D)J sequences, and (C) mutation frequency in the V segment of heavy chain BCRs.  
(D) Difference in the frequency of B cell subset between day 7 and day 0 for each subject, colored by age group (*: p < 0.1, **: p < 0.05).  
(E) Isotype composition for each cell subset, separated by age group and time point.  
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in IgG1 frequency in the PB compartments at D7 

(Figure 4E); the difference in % IgG1+ PB between D7 

and D0 ranged from 20.68 - 45.38 % in young adults 

and 9.26 - 24.75 % in older adults. Finally, we 

examined the SHM frequency difference between cells 

at D7 and D0 for each isotype and cell type. We 

computed the log-fold change in the mean SHM 

frequency of IGHV genes (Supplementary Figure 5) 

and found no significant change in SHM frequency 

comparing young and older subjects (two-sided 

Wilcoxon rank-sum test, p > 0.05). In summary, we 

observed an increase in plasmablast abundance post-

vaccination in both age groups, with young adults 

having a larger response; older adults also had an 

increase in ABC abundance at day 7 but there was no 

significant difference in mutation load observed. 

 

Consistent change in gene expression was observed 

for vaccine-responsive plasmablasts but not 

activated B cells between age groups 

 

The frequency of cells in expanded clone analysis and 

changes in cell type frequency gave inconsistent 

estimates of vaccine-responsive B cells: for example, 

expanded clones were < 1 % of D7 ABCs in all older 

participants, but the frequency of ABCs increased by 

16.2 - 28.6 % at D7 from D0 in these individuals 

(Supplementary Figure 2A). We reasoned that the 

expanded clone analysis was likely to underestimate the 

total vaccination response since it excludes small clones 

recruited into the response. To more precisely define the 

B cell subpopulations that were “vaccine-responsive”, 

we applied MELD and vertex frequency clustering on 

each B cell subset. We chose to cluster the data into 3 

clusters based on the homogeneity of MELD score and 

day labels within the clusters at given cluster resolution 

(Supplementary Figure 8–10). We first computed the 

MELD relative likelihood score of D7 against D0 from 

the day label of the cells (Figure 5A); a higher score 

indicates an increased likelihood to observe a given cell 

at D7 than at D0. We found subpopulations with high 

D7 relative likelihood scores located within 

plasmablasts for both age groups and within ABCs for 

older subjects (Figure 5B). This indicates the presence 

of transcriptionally similar subpopulations enriched 

post-vaccination within both the PB and ABC cell type 

clusters. We further used vertex frequency clustering to 

identify subpopulations of ABCs and PBs that had high 

values of D7-associated relative likelihood (Figure 5C) 

and defined them as “vaccine-responsive”. The 

frequency of vaccine-responsive ABC cells was higher 

in older (14.05 - 17.23 %) than young (7.04 - 16.58 %) 

adults at D7, whereas the frequency of vaccine-

responsive PB cells was higher in young (38.02 - 53.27 

%) than older (16.41 - 39.86 %) adults at D7 

(Supplementary Table 3). The estimate of vaccine-

responsive cells was usually higher than the frequency 

of expanded clones for each cell subset (Supplementary 

Figure 6).  

 

Next, we evaluated vaccine-induced gene signatures in 

PB, ABC, and RMB by performing differential gene 

expression analysis. Within each cell type, we 

compared the vaccine-responsive cells (i.e., those in the 

cluster with the highest D7-associated relative 

likelihood at D7) with a control set of non-responding 

cells (selected as those in the cluster with the highest 

D0-associated relative likelihood at D0). It has been 

previously reported that comparing VFC clusters based 

on MELD recovers gene signatures more accurately 

than directly comparing two samples [18]. For PBs, we 

identified 402 genes with a significant change in 

expression value between vaccine-responsive vs non-

responding cells in either young or older subjects (FDR-

adjusted p-values from Wilcoxon rank-sum tests 

summarized across either young or older subjects using 

Fisher’s method < 0.05, and median average log2 fold 

change > 0.25), with expression signatures that were 

highly similar between young and older adults (Figure 

5D left). The median average log FC change of 

expression values of the two age groups were correlated 

(Pearson correlation coefficient = 0.58), with young 

adults showing a larger change than the older adults 

(Supplementary Figure 7). To determine the biological 

relevance of these genes, we performed gene set 

enrichment analysis using enrichR. We saw an up-

regulation of multiple genes related to translation 

(SEC61 genes, EIF genes, ribosomal protein genes) and 

proteasome degradation (PSMD genes). The expression 

of genes encoding chaperone proteins such as MZB1 

and HSP90B1 was also increased; notably, these 

proteins have been reported to be critical effectors for 

the Blimp1 transcription factor implicated in the 

regulation of plasma cell function [21]. Additional 

upregulated genes include those implicated in 

chemokine signaling (CXCR3, CCR2, CD27) and 

protein export (SPCS3, SEC11C) pathways. 

Upregulation of CAV1, a component of lipid rafts, was 

also observed. For ABCs, we identified 375 genes with 

a significant change in expression value between 

vaccine-responsive and non-responding ABCs in the 

young or older populations (Figure 5D right). The 

pattern of response was relatively consistent across 

individuals but showed more variability than the PB 

response, particularly for subject O2. Notably, gene set 

enrichment analysis showed an enrichment of genes 

related to interferon signaling (IRF5, IRF7, IFI30, 

IFITM1, HLA genes) and antigen-activated BCR 

generation of second messengers (BTK, BLK, PLCG2). 

The median log2 fold change of gene expression is also 

lower in the older subjects than in young subjects 

(Supplementary Figure 7). For RMBs, we identified 363 
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Figure 5. Identifying vaccine-responsive subpopulations within plasmablasts and activated B cells. MELD differential abundance 

analysis to find cell subpopulations changing abundance between day 0 and day 7. UMAP of gene expression data colored by (A) the day 
label of the cells, (B) signal filtered by MELD, and (C) the vertex frequency clustering to find subclusters of PB and ABC with differential 
abundance between day 0 and day 7. (D) Top 50 differentially expressed genes based on average absolute log FC between day 0 and day 7 
were shown for each subject. Wilcoxon rank-sum test was used to select differentially expressed genes by comparing high MELD score (day 
7-like) and low MELD score (day 0-like) clusters for each subject (FDR-adjusted p-value < 0.05). Genes that significantly differ between high 
and low MELD score clusters, and have an average absolute log-2 fold change greater than 0.3 in at least one subject, were selected for 
heatmap visualization. The color in the heat map indicates the log-2 fold change of count values between high and low MELD score clusters. 
Asterisks indicate an FDR-adjusted p-value smaller than 0.05. 
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genes with a significant change in expression between 

vaccine-responsive and non-responsive RMB cells in 

the young or older populations. There were no 

consistent patterns of change in expression between 

young and older individuals (Supplementary Figure 11). 

There was no correlation in the median log2 fold 

change after vaccination in these genes between young 

and older adults (Supplementary Figure 7).  Gene set 

enrichment analysis showed that the differentially 

expressed genes were enriched in cytoplasmic 

ribosomal proteins and actin cytoskeleton regulation 

(ACTB, ACTG1, ARPC genes, ITG genes) 

(Supplementary Figure 11). To summarize, we observed 

a vaccine-induced gene signature in PB and ABCs. This 

signature was similar between age groups, with higher 

variability between subjects in ABCs. 

 

The oldest subject has a large persistent resting 

memory B cell clone 

 

In the oldest subject O3, we observed a large clone 

present at both D0 and D7. This clone was much larger 

compared with the largest clones in any of the other 

subjects at any time point (frequency of 1.05 % and 0.774 

% at D0 and D7, respectively) (Figure 3A). Further 

analysis revealed that the heavy chain of this clone used 

IGHV1-69 and IGHJ4. The clone was mostly composed 

of resting memory B cells of isotype IgG (Figure 6A). 

The clone did not significantly expand after vaccination 

and there was no significant change in SHM frequency 

between D0 and D7 (Figure 6B, two-sided Wilcoxon 

rank-sum test p > 0.05, date randomization test [22] p > 

0.05), which indicates that the clone is unlikely to be part 

of the vaccination response. We performed a differential 

gene expression of cells in this clone with other IgG+ 

RMB in O3 at D0. The cells in the clone had significantly 

higher expression of cytoplasmic ribosomal genes and 

lower expression of MHC class II antigen presentation 

molecules than the other IgG D0 RMB (Supplementary 

Figure 12).  

 

DISCUSSION 
 

Though decreased in incidence during the COVID-19 

pandemic, influenza infection remains an important 

cause of morbidity and mortality in older adults, who 

account for as much as 70 - 85 % of influenza-

associated mortality in the US [1]. Re-emergence of 

influenza infection following the COVID-19 pandemic 

is virtually certain, and the seasonal vaccine remains the 

mainstay of prevention efforts despite its substantially 

diminished effectiveness, particularly in older adults. To 

elucidate the effects of age on the B cell response to 

influenza vaccination, we carried out paired single-cell 

RNA-seq and BCR sequencing on enriched B cell 

samples prior to and 7 days following vaccination with 

standard-dose, seasonal inactivated influenza vaccine in 

young (age 20-30) and older (age 60-100) adults, all of 

whom showed at least a four-fold increase between pre- 

and post-vaccination HAI titer to at least one influenza 

strain in the vaccine. The use of standard-dose in both 

age groups allows for direct comparison of B cell 

response. We found evidence for an age-associated 

decrease in B cell vaccine response, with decreased B 

cell clonal expansion at D7 post-vaccination, in older 

individuals (Figure 3); such clonal expansion was 

dominated by plasmablasts in young individuals, 

compared to a more heterogeneous mix of plasmablasts, 

activated B cells and resting memory B cells in older 

adults. As a result, the expansion of plasmablasts post-

vaccination (Figure 4D) was greater in young, 

compared to older adults, consistent with prior findings 

in studies of the age-associated decrease in B cell 

antibody response post-vaccination [17].  

 

The use of single cell technology allows us to examine 

the SHM frequency in detail for each cell type and 

isotype. We observed higher pre-vaccine SHM 

frequency in the older across cell types in IgG and IgA 

compartment, compared to young adults (Figure 2G), 

which may reflect a more extensive prior infection and 

vaccination history in older adults. We also saw no 

significant change in SHM frequency in young and 

older adults for most B cell subsets at D7 post-

vaccination; while an age-associated decrease in 

activation-induced cytidine deaminase (AID) expression 

has been found in B cells from older, compared to 

young individuals, it seems likely that germinal center 

responses are not fully developed seven days post-

vaccination, making it difficult to detect a potential 

decrease in SHM (Figure 4F) [23].  

 

The age-associated decrease in plasmablast expansion we 

observed in older, compared to young adults raises the 

question of whether functional alterations in plasmablasts 

could account for this difference. We analyzed gene 

expression signatures in plasmablasts and found that gene 

expression patterns were generally preserved in young 

and older adults (Figure 5); in contrast, greater 

heterogeneity in gene expression between young and 

older adults was observed in the ABC. In this context, 

influenza vaccination elicits the expansion of 

plasmablasts, as well as activated B cells which contribute 

to the memory B cell pool [12]. Taken together, our 

findings suggest that the age-related decrease in response 

following influenza vaccination could reflect functional 

alterations in activated B cells, since once generated, 

plasmablasts from young and older adults appear highly 

comparable at the gene expression level. 

 

We observed a large, persistent clone in the oldest 

subject (O3) that consisted largely of resting memory B 
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cells and did not expand from day 0 to day 7 post-

vaccine (Figure 6). Such B cell clonal expansions have 

been previously described and correlate with age and 

EBV serologic status [24].  While we did not detect 

expansion of any PB clone in this participant, it is 

notable that this individual showed an at least 4-fold 

increase in post-vaccine HAI titer for all viral strains in 

the seasonal vaccine (Supplementary Figure 1). Because 

post-vaccine HAI titer was measured at day 28 post-

vaccine, it seems likely that the plasmablast response in 

this individual was delayed past day 7.  

 

A limitation of the current study is that it includes 

only a small number of subjects spanning a large age 

range, which leads to high variance and low statistical 

significance of many comparisons. Despite this 

limitation, we nevertheless were able to identify 

important commonalities and differences in the 

influenza vaccination response between young and 

older individuals. A potential limitation of this study 

is the use of an increase in the frequency of a clone or 

cells with transcriptional similarity as an indicator for 

response to the vaccine, which does not necessarily 

imply specificity to influenza virus. Typically, the 

massive burst of plasmablasts 7 days after influenza 

vaccination in peripheral blood is highly enriched for 

vaccine-specific cells. A previous study [12] reported 

that around 82 % of IgG+ antibody-secreting cells and 

45 % of IgG+ activated B cells are specific against 

influenza virus among isotype-switched, actively 

proliferating B cells in peripheral blood 7 days after 

vaccination for healthy, young adults. However, 

bystander expansion of non-specific memory B cells 

has also been commonly observed [16, 20].  

To summarize, we showed a quantitative difference in B 

cell response following vaccination between age groups, 

with expansion dominated by plasmablasts in the young, 

and activated B cells in older adults. The gene expression 

changes between young and older adults are highly 

similar in plasmablasts, indicating that the differences in 

the PB response between young and older adults are 

mostly in the quantity instead of the quality of B cells. 

This suggests that vaccines that can simply engage more 

cells would induce better short-term protection in older 

populations. On the other hand, improving the durability 

of protection may require activating different pathways, 

particularly in the ABC population. ABCs are likely the 

precursors of long-lived memory B cells and displayed 

heterogeneity in their gene expression between young and 

older adults.  Overall, this study provides insights into the 

B cell vaccine response differences between young and 

older adults and may be beneficial to design more 

effective vaccines in the older age groups.  

 

MATERIALS AND METHODS 
 

Subject selection 

 

We selected three young (20 to 30 years old) and three 

older (60 to 100 years old) influenza vaccine responders 

from a cohort recruited at Yale University as described 

previously [14]. The six subjects were from two 

influenza vaccination seasons: 2012 - 2013 (Y2, O2) 

and 2014 -2015 (Y1, Y3, O1, O3), and responded to the 

vaccine with at least a 4-fold increase in HAI titer at 

day 28 post-vaccination for at least one vaccine strain 

(Supplementary Figure 1). The 2012 - 2013 season 

vaccine strains included A/California/7/2009,  

 

 
 

Figure 6. The largest persistent clone in the oldest subject O3. (A) The cells from the large persistent clone from the oldest subject 

are highlighted on the gene expression UMAP plot. The color indicates the cell type. The clone consists of only IgG cells. (B) Mutation 
frequency in the heavy chain V-segment of the cells within the clone between days was visualized in the box plot. No significant difference 
between days was observed by the Wilcoxon rank-sum test. 
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A/Victoria/361/2011, and B/Wisconsin/1/2010. The 

2014 - 2015 season vaccine was identical to that of the 

2013-2014 season and included A/California/7/2009, 

A/Texas/50/2012, B/Brisbane/60/2008, and 

B/Massachusetts/2/2012.  

 

Emulsion-based single-cell library preparation  

 

We isolated B cells from PBMCs using the EasySepTM 

Human Pan-B cell Enrichment Kit (immunomagnetic 

negative selection kit, StemCell) per the manufacturer’s 

instructions. We prepared single-cell emulsions and 

libraries using the Chromium Single-cell 5′ Reagent Kit 

for version 1 chemistry per the manufacturer’s protocol 

using the Chromium Controller (10x Genomics). The 

NovaSeq 6000 with 100x100 or 150x150 paired-end 

reads were used to sequence gene expression and BCR 

libraries respectively in the same manner as previously 

[25]. Base calls were converted to FASTQ sequences 

and demultiplexed using the Cell Ranger v3.1.0 mkfastq 

function. Demultiplexed FASTQ reads were aligned to 

the coding sequences of the GCRhg38 coding genome 

supplied by 10X Genomics. The sequence depth 

information for BCR and GEX data is available in 

Supplementary Tables 1, 2 respectively. 

 

Processing of 10x Genomics single-cell BCR reads 

 

We removed sequences with nonproductive 

arrangements and filtered for cells with exactly one 

heavy chain sequence. B cell clones were inferred based 

on heavy chain sequences using hierarchical clustering 

with single-linkage [26] for each subject. Specifically, 

sequences were partitioned based on common V and J 

gene annotations and junction lengths. Within each 

partition, sequences whose junction sequences were 

within 0.09 normalized Hamming distances between 

each other were clustered as heavy chain clones. The 

cutoff was chosen based on a visual inspection of the 

bimodal distance-to-nearest distribution of hamming 

distances. The heavy chain clones were further divided 

based on light chain gene usage as the final clones. 

SHM frequency was computed using the 

“calcObservedMutations” function from SHazaM 

v1.0.2 package [27], which counts the number of 

nucleotide mismatches from the germline sequences of 

the heavy chain variable segments leading up to the 

CDR3.  

 

Processing of 10x Genomics single-cell 5′ gene 

expression data 

 

To generate count matrices, barcode assignments, and 

feature calls, we used the Cell Ranger count 

subcommand. Seurat v4 [28] was used for gene 

expression analysis. We removed cells with fewer than 

400 transcripts or with mitochondrial content of more 

than 15 % of all transcripts. We library-normalized and 

log-transformed the UMI counts and selected the top 

2000 variable genes using the “FindVariableFeatures” 

function with the “vst” option. We removed 

immunoglobulin and T cell receptor-related genes from 

the list of highly variable genes so that their properties 

could be analyzed independently of cell type annotation. 

We centered and scaled the data, ran principal 

component analysis and took the first 50 principal 

components to generate the UMAP embeddings. 

 

We first identified and removed non-B cells by 

annotating the cell type of each single cell using 

azimuth v0.4.5 with human PBMC reference v1.0.0 

(celltype.l2 level annotation). Cells that were not 

annotated to one of the B cell subsets (B naive, B 

intermediate, B memory, plasmablast) were removed. 

We then clustered the B cell data using the 

“FindClusters” function with a resolution of 2 and 

manually annotated the cluster identities using a set of 

previously described marker genes for four different 

types of B cells based on the following set of markers 

[13]: XBP1, IRF4, SEC11C, FKBP11, JCHAIN, and 

PRDM1 for plasmablasts, with MKI67 used to identify 

a subset of proliferating plasmablasts; TCL1A, IL4R, 

CCR7, IGHM, and IGHD for naive B cells; TBX21, 

FCRL5, ITGAX, NKG7, ZEB2 for activated B cells; 

and TNFRSF13B, CD27 and CD24 for resting memory 

B cells. We merged the gene expression data with the 

BCR data by cell barcodes and filtered for cells with 

both data modalities. 

 

Differential abundance of pre-vaccination B cells 

between age groups 

 

We applied MELD v1.0.0 [18] to the pre-vaccination B 

cells to identify B cell subpopulations that were 

different between young and older subjects at pre-

vaccination. We built a cell-state graph from the first 

100 PCA dimensions of the gene expression data with 

50 nearest neighbors using the python graphtools 

package (https://github.com/KrishnaswamyLab/ 

graphtools). We ran MELD on the cell-state graph using 

young/older labels as input and applied the MELD 

vertex frequency clustering (VFC) method to the ABC 

cluster to identify ABC subpopulations that were 

differentially abundant between age groups. The 

number of clusters was chosen by inspecting the 

similarity of gene expression and the uniformity of 

MELD relative likelihood score within the clusters. To 

identify gene signatures of age group differences, we 

performed pseudo-bulk differential expression between 

VFC clusters with the highest and lowest older adults-

associated average likelihood score by aggregating the 

cell counts within each sample and applying limma 
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v3.42.2 to find differentially expressed genes 

(Bonferroni corrected p-value < 0.05). Gene set 

enrichment analysis of differentially expressed genes 

was performed using EnrichR v2.1 [19].  

 

Identify significantly expanded clones 

 

We computed the frequency of each clone at pre-

vaccination and 7 days post-vaccination. To identify 

significantly expanded clones on day 7, we performed a 

one-sided Fisher’s exact test to test if the frequency of a 

given clone increases on day 7 using the “fisher.test” 

function in R with the alternative option set as 

“greater”. We corrected for multiple testing using the 

“p.adjust” function with the “BH” method and 

identified significantly expanded clones using a cutoff 

at 0.05.  

 

Identify vaccine-responsive cells 

 

We applied MELD to gene expression to identify 

differentially abundant populations between pre-

vaccination and 7 days post-vaccination for plasma B 

cell, activated B cell, and naive B cell clusters, 

separately for each subject. For each run, we 

computed the cell state graph using the first 100 PCA 

dimensions with KNN = 20. MELD was run on each 

cell state graph using the day labels to compute the 

sample-associated relative likelihood. To identify cell 

subpopulations similar in gene expression as well as 

similar response to vaccine at day 7, vertex frequency 

clustering was performed on the cell state graph and 

the sample-associated relative likelihood, for each of 

the clusters per subject. We chose three VFC clusters 

based on the similarity in gene expression and 

uniformity of the relative likelihood score of clusters 

by visualization. Differentially gene expression 

calculation was performed between the VFC clusters 

with the highest and the lowest day 7 associated 

relative likelihood using Seurat “FindAllMarkers” 

function. Gene set enrichment analysis of 

differentially expressed genes was performed using 

EnrichR. 

 

Evaluate change in somatic hypermutation 

frequency for the largest clone in O3 

 

We used the R function “wilcox.test” to perform a two-

sided Wilcoxon rank-sum test to test for the change in 

SHM frequency in the largest clone in O3 between day 

0 and day 7. In addition, we constructed a lineage tree 

for the clone based on the BCR heavy chain sequences 

and performed a root-to-tip regression permutation test 

(correlationTest) to test whether there was a significant 

change in SHM frequency between timepoints using 

dowser v1.0.0 [22].  

Data availability 

 

Single-cell RNA sequencing and V(D)J data have been 

deposited in NCBI’s Gene Expression Omnibus and are 

available at the GEO Series accession number 

GSE175524. Scripts to reproduce these analyses are 

available at: https://bitbucket.org/kleinstein/projects/ 

src/master/Wang2023_Aging  

 

AUTHOR CONTRIBUTIONS 
 

SHK and ACS conceptualized the study and edited the 

manuscript. SM collected the samples. RJ conducted the 

experiments. HM preprocessed and curated the data. 

MW analyzed the data and drafted the manuscript. All 

authors reviewed and approved the manuscript.  

 

ACKNOWLEDGMENTS 
 

We would like to thank Yuval Kluger, Boris Landa, and 

Daniel Burkhardt for the data analysis discussion and 

Alyssa Mitson Salazar for assisting with the 

identification and processing of samples used for this 

study. 

 

CONFLICTS OF INTEREST 
 

SHK receives consulting fees from Peraton. 

 

Ethical Statement and Consent 
 

The participants gave informed consent and the protocol 

was approved by the Yale Human Research Protection 

Program. 

 

FUNDING 
 

Funded in part by NIH NIAID grants U19AI089992 and 

R01AI104739. ACS is funded by NIH NIA grant 

K24AG042489 and the Claude D. Pepper Older 

Americans Independence Center at Yale University 

P30AG021342. 

 

REFERENCES 
 
1. Czaja CA, Miller L, Alden N, Wald HL, Cummings CN, 

Rolfes MA, Anderson EJ, Bennett NM, Billing LM, Chai 
SJ, Eckel S, Mansmann R, McMahon M, et al. Age-
Related Differences in Hospitalization Rates, Clinical 
Presentation, and Outcomes Among Older Adults 
Hospitalized With Influenza-U.S. Influenza 
Hospitalization Surveillance Network (FluSurv-NET). 
Open Forum Infect Dis. 2019; 6:ofz225. 

 https://doi.org/10.1093/ofid/ofz225  
PMID:31363771 

https://bitbucket.org/kleinstein/projects/src/master/Wang2023_Aging
https://bitbucket.org/kleinstein/projects/src/master/Wang2023_Aging
https://doi.org/10.1093/ofid/ofz225
https://pubmed.ncbi.nlm.nih.gov/31363771


www.aging-us.com 13 AGING 

2. Rossen LM, Ahmad FB, Anderson RN, Branum AM, Du 
C, Krumholz HM, Li SX, Lin Z, Marshall A, Sutton PD, 
Faust JS. Disparities in Excess Mortality Associated with 
COVID-19 - United States, 2020. MMWR Morb Mortal 
Wkly Rep. 2021; 70:1114–9. 

 https://doi.org/10.15585/mmwr.mm7033a2 
PMID:34411075 

3. Goodwin K, Viboud C, Simonsen L. Antibody response 
to influenza vaccination in the elderly: a quantitative 
review. Vaccine. 2006; 24:1159–69. 

 https://doi.org/10.1016/j.vaccine.2005.08.105 
PMID:16213065 

4. Metcalf TU, Cubas RA, Ghneim K, Cartwright MJ, 
Grevenynghe JV, Richner JM, Olagnier DP, Wilkinson 
PA, Cameron MJ, Park BS, Hiscott JB, Diamond MS, 
Wertheimer AM, et al. Global analyses revealed age-
related alterations in innate immune responses after 
stimulation of pathogen recognition receptors. Aging 
Cell. 2015; 14:421–32. 

 https://doi.org/10.1111/acel.12320 PMID:25728020 

5. Goronzy JJ, Weyand CM. Successful and Maladaptive T 
Cell Aging. Immunity. 2017; 46:364–78. 

 https://doi.org/10.1016/j.immuni.2017.03.010 
PMID:28329703 

6. den Braber I, Mugwagwa T, Vrisekoop N, Westera L, 
Mögling R, de Boer AB, Willems N, Schrijver EHR, 
Spierenburg G, Gaiser K, Mul E, Otto SA, Ruiter AFC, et 
al. Maintenance of peripheral naive T cells is sustained 
by thymus output in mice but not humans. Immunity. 
2012; 36:288–97. 

 https://doi.org/10.1016/j.immuni.2012.02.006 
PMID:22365666 

7. Nakaya HI, Hagan T, Duraisingham SS, Lee EK, Kwissa M, 
Rouphael N, Frasca D, Gersten M, Mehta AK, Gaujoux R, 
Li GM, Gupta S, Ahmed R, et al. Systems Analysis of 
Immunity to Influenza Vaccination across Multiple 
Years and in Diverse Populations Reveals Shared 
Molecular Signatures. Immunity. 2015; 43:1186–98. 

 https://doi.org/10.1016/j.immuni.2015.11.012 
PMID:26682988 

8. Henry C, Zheng NY, Huang M, Cabanov A, Rojas KT, 
Kaur K, Andrews SF, Palm AE, Chen YQ, Li Y, Hoskova K, 
Utset HA, Vieira MC, et al. Influenza Virus Vaccination 
Elicits Poorly Adapted B Cell Responses in Elderly 
Individuals. Cell Host Microbe. 2019; 25:357–66.e6. 

 https://doi.org/10.1016/j.chom.2019.01.002 
PMID:30795982 

9. Ju CH, Blum LK, Kongpachith S, Lingampalli N, Mao R, 
Brodin P, Dekker CL, Davis MM, Robinson WH. 
Plasmablast antibody repertoires in elderly influenza 
vaccine responders exhibit restricted diversity but 
increased breadth of binding across influenza strains. 
Clin Immunol. 2018; 193:70–9. 

 https://doi.org/10.1016/j.clim.2018.01.011 
PMID:29410330 

10. de Bourcy CFA, Angel CJL, Vollmers C, Dekker CL, Davis 
MM, Quake SR. Phylogenetic analysis of the human 
antibody repertoire reveals quantitative signatures of 
immune senescence and aging. Proc Natl Acad Sci USA. 
2017; 114:1105–10. 

 https://doi.org/10.1073/pnas.1617959114 
PMID:28096374 

11. Jiang N, He J, Weinstein JA, Penland L, Sasaki S, He XS, 
Dekker CL, Zheng NY, Huang M, Sullivan M, Wilson PC, 
Greenberg HB, Davis MM, et al. Lineage structure of 
the human antibody repertoire in response to 
influenza vaccination. Sci Transl Med. 2013; 5:171ra19. 

 https://doi.org/10.1126/scitranslmed.3004794 
PMID:23390249 

12. Ellebedy AH, Jackson KJL, Kissick HT, Nakaya HI, Davis 
CW, Roskin KM, McElroy AK, Oshansky CM, Elbein R, 
Thomas S, Lyon GM, Spiropoulou CF, Mehta AK, et al. 
Defining antigen-specific plasmablast and memory B 
cell subsets in human blood after viral infection or 
vaccination. Nat Immunol. 2016; 17:1226–34. 

 https://doi.org/10.1038/ni.3533 PMID:27525369 

13. Turner JS, Zhou JQ, Han J, Schmitz AJ, Rizk AA, Alsoussi 
WB, Lei T, Amor M, McIntire KM, Meade P, Strohmeier 
S, Brent RI, Richey ST, et al. Human germinal centres 
engage memory and naive B cells after influenza 
vaccination. Nature. 2020; 586:127–32. 

 https://doi.org/10.1038/s41586-020-2711-0 
PMID:32866963 

14. Avey S, Mohanty S, Chawla DG, Meng H, 
Bandaranayake T, Ueda I, Zapata HJ, Park K, Blevins TP, 
Tsang S, Belshe RB, Kaech SM, Shaw AC, Kleinstein SH. 
Seasonal Variability and Shared Molecular Signatures 
of Inactivated Influenza Vaccination in Young and Older 
Adults. J Immunol. 2020; 204:1661–73. 

 https://doi.org/10.4049/jimmunol.1900922 
PMID:32060136 

15. Thakar J, Mohanty S, West AP, Joshi SR, Ueda I, Wilson 
J, Meng H, Blevins TP, Tsang S, Trentalange M, Siconolfi 
B, Park K, Gill TM, et al. Aging-dependent alterations in 
gene expression and a mitochondrial signature of 
responsiveness to human influenza vaccination. Aging 
(Albany NY). 2015; 7:38–52. 

 https://doi.org/10.18632/aging.100720 
PMID:25596819 

16. Horns F, Dekker CL, Quake SR. Memory B Cell 
Activation, Broad Anti-influenza Antibodies, and 
Bystander Activation Revealed by Single-Cell 
Transcriptomics. Cell Rep. 2020; 30:905–13.e6. 

 https://doi.org/10.1016/j.celrep.2019.12.063 
PMID:31968262 

https://doi.org/10.15585/mmwr.mm7033a2
https://pubmed.ncbi.nlm.nih.gov/34411075
https://doi.org/10.1016/j.vaccine.2005.08.105
https://pubmed.ncbi.nlm.nih.gov/16213065
https://doi.org/10.1111/acel.12320
https://pubmed.ncbi.nlm.nih.gov/25728020
https://doi.org/10.1016/j.immuni.2017.03.010
https://pubmed.ncbi.nlm.nih.gov/28329703
https://doi.org/10.1016/j.immuni.2012.02.006
https://pubmed.ncbi.nlm.nih.gov/22365666
https://doi.org/10.1016/j.immuni.2015.11.012
https://pubmed.ncbi.nlm.nih.gov/26682988
https://doi.org/10.1016/j.chom.2019.01.002
https://pubmed.ncbi.nlm.nih.gov/30795982
https://doi.org/10.1016/j.clim.2018.01.011
https://pubmed.ncbi.nlm.nih.gov/29410330
https://doi.org/10.1073/pnas.1617959114
https://pubmed.ncbi.nlm.nih.gov/28096374
https://doi.org/10.1126/scitranslmed.3004794
https://pubmed.ncbi.nlm.nih.gov/23390249
https://doi.org/10.1038/ni.3533
https://pubmed.ncbi.nlm.nih.gov/27525369
https://doi.org/10.1038/s41586-020-2711-0
https://pubmed.ncbi.nlm.nih.gov/32866963
https://doi.org/10.4049/jimmunol.1900922
https://pubmed.ncbi.nlm.nih.gov/32060136
https://doi.org/10.18632/aging.100720
https://pubmed.ncbi.nlm.nih.gov/25596819
https://doi.org/10.1016/j.celrep.2019.12.063
https://pubmed.ncbi.nlm.nih.gov/31968262


www.aging-us.com 14 AGING 

17. Sasaki S, Sullivan M, Narvaez CF, Holmes TH, Furman D, 
Zheng NY, Nishtala M, Wrammert J, Smith K, James JA, 
Dekker CL, Davis MM, Wilson PC, et al. Limited efficacy 
of inactivated influenza vaccine in elderly individuals is 
associated with decreased production of vaccine-
specific antibodies. J Clin Invest. 2011; 121:3109–19. 

 https://doi.org/10.1172/JCI57834  
PMID:21785218 

18. Burkhardt DB, Stanley JS 3rd, Tong A, Perdigoto AL, 
Gigante SA, Herold KC, Wolf G, Giraldez AJ, van Dijk D, 
Krishnaswamy S. Quantifying the effect of 
experimental perturbations at single-cell resolution. 
Nat Biotechnol. 2021; 39:619–29. 

 https://doi.org/10.1038/s41587-020-00803-5 
PMID:33558698 

19. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, 
Duan Q, Wang Z, Koplev S, Jenkins SL, Jagodnik KM, 
Lachmann A, McDermott MG, Monteiro CD, 
Gundersen GW, Ma’ayan A. Enrichr: a comprehensive 
gene set enrichment analysis web server 2016 update. 
Nucleic Acids Res. 2016; 44:W90–7. 

 https://doi.org/10.1093/nar/gkw377  
PMID:27141961 

20. Wrammert J, Smith K, Miller J, Langley WA, Kokko K, 
Larsen C, Zheng NY, Mays I, Garman L, Helms C, James 
J, Air GM, Capra JD, et al. Rapid cloning of high-affinity 
human monoclonal antibodies against influenza virus. 
Nature. 2008; 453:667–71. 

 https://doi.org/10.1038/nature06890  
PMID:18449194 

21. Andreani V, Ramamoorthy S, Pandey A, Lupar E, Nutt 
SL, Lämmermann T, Grosschedl R. Cochaperone Mzb1 
is a key effector of Blimp1 in plasma cell differentiation 
and β1-integrin function. Proc Natl Acad Sci USA. 2018; 
115:E9630–9. 

 https://doi.org/10.1073/pnas.1809739115 
PMID:30257949 

22. Hoehn KB, Pybus OG, Kleinstein SH. Phylogenetic 
analysis of migration, differentiation, and class 
switching in B cells. PLoS Comput Biol. 2022; 
18:e1009885. 

 https://doi.org/10.1371/journal.pcbi.1009885 
PMID:35468128 

23. Frasca D, Van der Put E, Landin AM, Gong D, Riley RL, 
Blomberg BB. RNA stability of the E2A-encoded 
transcription factor E47 is lower in splenic activated B 
cells from aged mice. J Immunol. 2005; 175:6633–44. 

 https://doi.org/10.4049/jimmunol.175.10.6633 
PMID:16272318 

24. Wang C, Liu Y, Xu LT, Jackson KJL, Roskin KM, Pham TD, 
Laserson J, Marshall EL, Seo K, Lee JY, Furman D, Koller 
D, Dekker CL, et al. Effects of aging, cytomegalovirus 
infection, and EBV infection on human B cell 
repertoires. J Immunol. 2014; 192:603–11. 

 https://doi.org/10.4049/jimmunol.1301384 
PMID:24337376 

25. Jiang R, Fichtner ML, Hoehn KB, Pham MC, 
Stathopoulos P, Nowak RJ, Kleinstein SH, O’Connor KC. 
Single-cell repertoire tracing identifies rituximab-
resistant B cells during myasthenia gravis relapses. JCI 
Insight. 2020; 5:e136471. 

 https://doi.org/10.1172/jci.insight.136471 
PMID:32573488 

26. Gupta NT, Adams KD, Briggs AW, Timberlake SC, 
Vigneault F, Kleinstein SH. Hierarchical Clustering Can 
Identify B Cell Clones with High Confidence in Ig 
Repertoire Sequencing Data. J Immunol. 2017; 
198:2489–99. 

 https://doi.org/10.4049/jimmunol.1601850 
PMID:28179494 

27. Gupta NT, Vander Heiden JA, Uduman M, Gadala-
Maria D, Yaari G, Kleinstein SH. Change-O: a toolkit for 
analyzing large-scale B cell immunoglobulin repertoire 
sequencing data. Bioinformatics. 2015; 31:3356–8. 
https://doi.org/10.1093/bioinformatics/btv359  
PMID:26069265 

28. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi 
E, Mauck WM 3rd, Hao Y, Stoeckius M, Smibert P, 
Satija R. Comprehensive Integration of Single-Cell Data. 
Cell. 2019; 177:1888–902.e21. 

 https://doi.org/10.1016/j.cell.2019.05.031 
PMID:31178118 

 

  

https://doi.org/10.1172/JCI57834
https://pubmed.ncbi.nlm.nih.gov/21785218
https://doi.org/10.1038/s41587-020-00803-5
https://pubmed.ncbi.nlm.nih.gov/33558698
https://doi.org/10.1093/nar/gkw377
https://pubmed.ncbi.nlm.nih.gov/27141961
https://doi.org/10.1038/nature06890
https://pubmed.ncbi.nlm.nih.gov/18449194
https://doi.org/10.1073/pnas.1809739115
https://pubmed.ncbi.nlm.nih.gov/30257949
https://doi.org/10.1371/journal.pcbi.1009885
https://pubmed.ncbi.nlm.nih.gov/35468128
https://doi.org/10.4049/jimmunol.175.10.6633
https://pubmed.ncbi.nlm.nih.gov/16272318
https://doi.org/10.4049/jimmunol.1301384
https://pubmed.ncbi.nlm.nih.gov/24337376
https://doi.org/10.1172/jci.insight.136471
https://pubmed.ncbi.nlm.nih.gov/32573488
https://doi.org/10.4049/jimmunol.1601850
https://pubmed.ncbi.nlm.nih.gov/28179494
https://doi.org/10.1093/bioinformatics/btv359
https://pubmed.ncbi.nlm.nih.gov/26069265
https://doi.org/10.1016/j.cell.2019.05.031
https://pubmed.ncbi.nlm.nih.gov/31178118


www.aging-us.com 15 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Hemagglutination inhibition assay titers of vaccine strains pre-vaccination and day 7 post-
vaccination. The x-axis indicates the post-vaccination time point. The y-axis indicates the log2 fold change in HAI titer. The color indicates 

the vaccine strain. Note that Y2 and O2 received the trivalent standard-dose influenza vaccine during the 2012-2013 season, while Y1, Y3, O1 
and O3 received the 2014-2015 quadrivalent standard-dose vaccine. 
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Supplementary Figure 2. B cell cluster frequency for each subject at each time point. (A) B cell cluster frequencies of each sample. 

(B) Scatter plot of the frequency of the cluster between D0 and D7. The gray diagonal line has a slope of 1 and an intercept of 0. Data points 
above the diagonal line are samples with increased frequency of the given cluster at D7.  

 

 
 

Supplementary Figure 3. Choice of the number of VFC clusters k to identify differentially abundant ABC subpopulations at 
pre-vaccination. The x-axis is the cluster id and the y-axis is the relative likelihood of observing the cell in older relative to young adults. The 

color indicates the age group labels.  k = 3 is the final choice of the number of clusters. 
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Supplementary Figure 4. Top 30 Differentially expressed genes between older and young adults enriched activated B cells at 
pre-vaccination baseline. Pseudobulk gene expression analysis was performed on the VFC clusters with the highest and lowest older-adult 

associated relative likelihood to find significantly differentially expressed genes with a Bonferroni adjusted p-value of 0.05.  
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Supplementary Figure 5. Difference in the mean somatic hypermutation frequency between D7 and D0. Mutation frequency 

computed from the heavy chain V segments for each isotype and B cell types. The color indicates age group.   

 

 
 

Supplementary Figure 6. Percentage of cell types identified as clonally expanded or vaccine responsive at D7. 
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Supplementary Figure 7. Correlation of medians of log2 fold changes of differentially expressed genes between young and 
older subjects.  

 

 
 

Supplementary Figure 8. Choice of the number of VFC clusters k to identify vaccine-responsive PB subpopulations. The x-axis 

is the cluster id and the y-axis is the relative likelihood of observing the cell in D7 relative to D0. The color indicates the time points. k = 3 is 
the final choice of the number of clusters. 
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Supplementary Figure 9. Choice of the number of VFC clusters k to identify vaccine-responsive ABC subpopulations. The x-axis 

is the cluster id and the y-axis is the relative likelihood of observing the cell in D7 relative to D0. The color indicates the time points. k = 3 is 
the final choice of the number of clusters. 
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Supplementary Figure 10. Choice of the number of VFC clusters k to identify vaccine-responsive RMB subpopulations. The x-

axis is the cluster id and the y-axis is the relative likelihood of observing the cell in D7 relative to D0. The color indicates the time points. k = 3 
is the final choice of the number of clusters. 
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Supplementary Figure 11. Identifying vaccine-responsive subpopulations within resting memory B cells. (A) MELD was used to 

visualize the subset of resting memory B cells that increases most on day 7. (B) 34 differentially expressed genes between vaccine-responsive 
RMB and the rest of RMB. Wilcoxon rank-sum test was used to select differentially expressed genes comparing day 7 and day 0 samples of 
individual subjects. log-2 fold change of count values was computed for the differentially expressed genes. Genes that significantly differ 
between time points, and have an average log-2 fold change greater than 0.3 in at least one patient, were selected for visualization. The 
asterisk indicates an FDR-adjusted p-value for the Wilcoxon rank-sum test smaller than 0.05.  
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Supplementary Figure 12. Differentially expressed genes between the large, persistent clone and the resting memory IgG B 
cells in O3 at D0. 
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Supplementary Tables 
 

Supplementary Table 1. Sequencing depth information for 
scBCR-seq data for each sample. 

ID Day 

Estimated 

number of 

cells 

Number of 

read pairs 

Mean read 

pairs per cell 

Reads mapped to 

any V(D)J gene 

O2 0 9020 29757249 3299 97.3% 

O2 7 8297 22770915 2744 97.5% 

Y2 0 11298 34464656 3050 97.8% 

Y2 7 9646 28198097 2923 98.1% 

O3 0 5817 30122076 5178 97.9% 

O3 7 6032 27700863 4592 98.3% 

O1 0 12222 27940821 2286 96.9% 

O1 7 8513 30935126 3633 97.3% 

Y1 0 16242 26511530 1632 97.2% 

Y1 7 9543 26261853 2751 98.6% 

Y3 0 16702 29206395 1748 96.2% 

Y3 7 8431 35799555 4246 98.2% 

 

Supplementary Table 2. Sequencing depth information for scRNA-
seq data for each sample. 

ID Day 

Estimated 

number of 

cells 

Mean 

reads per 

cell 

Median 

genes per 

cell 

Number of 

reads 

Reads 

mapped to 

genome 

O2 0 11834 15779 1090 186740117 93.5% 

O2 7 8510 23368 1120 198779306 93.2% 

Y2 0 7695 36353 1162 279737332 93.6% 

Y2 7 9222 28482 1211 262666599 93.3% 

O3 0 6153 36582 1348 225090789 93.7% 

O3 7 6649 34294 1330 228025482 93.1% 

O1 0 15795 11728 927 185256017 93.1% 

O1 7 9016 32639 1302 294281660 93.7% 

Y1 0 13164 16033 1042 211069203 92.8% 

Y1 7 11364 23571 1252 267869480 92.7% 

Y3 0 16345 14726 1005 240707925 93.9% 

Y3 7 7946 27764 1255 220615050 93.1% 
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Supplementary Table 3. Frequency 
of the cells identified as vaccine 
responsive from vertex frequency 
clustering analysis.  

Subject % RMB % ABC % PB 

Y1 3.53 16.58 53.27 

Y2 44.56 7.04 43.19 

Y3 0.87 8.38 38.02 

O1 4.45 16.08 39.86 

O2 9.47 17.23 16.67 

O3 26.52 14.05 16.41 

 


