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Abstract 

Next-generation sequencing was used to investigate the B cell receptor heavy chain transcript 

repertoire of different B cell subsets (naïve, marginal zone, IgM memory and IgG memory) at 

baseline, and of plasma cells 7 days following administration of serogroup ACWY meningococcal 

polysaccharide and protein-polysaccharide conjugate vaccines. Baseline B cell subsets could be 

distinguished from each other using a small number of repertoire properties (clonality, mutation from 

germ-line and complementarity-determining region 3 length) that were conserved between 

individuals. However, analyzing the complementarity-determining region 3 amino acid sequence 

(which is particularly important for antigen binding) of the baseline subsets showed few sequences 

shared between individuals. In contrast, day 7 plasma cells demonstrated nearly tenfold greater 

sequence sharing between individuals than the baseline subsets, consistent with the plasma cells being 

induced by the vaccine antigen, and sharing specificity for a more limited range of epitopes. By 

annotating plasma cell sequences based on IgG subclass usage and mutation, and also comparing 

them to the sequences of the baseline cell subsets, we were able to identify different signatures after 

the polysaccharide and conjugate vaccines. Plasma cells produced after conjugate vaccination were 

predominantly IgG1, and most related to IgG memory cells. In contrast, after polysaccharide 

vaccination, the plasma cells were predominantly IgG2, less mutated, and were equally likely to be 

related to marginal zone, IgM memory or IgG memory cells. High-throughput B cell repertoire 

sequencing thus provides a unique insight into patterns of B cell activation not possible from more 

conventional measures of immunogenicity. 
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Introduction 

For most vaccines, protection is achieved via activation of B cells with vaccine antigen-specific 

receptors, which subsequently differentiate into plasma cells (PCs) and produce functional antigen-

specific antibody. Immunogenicity is conventionally assessed by measures of vaccine-specific 

antibody quantity and function, but this gives little insight into which B cell subsets were activated 

to generate the functional antibody response. Next-generation sequencing approaches to study B cell 

receptor (BCR) heavy chain repertoires can be used to measure the diversity of B cell populations, 

and allow resolution of vaccine response at the level of individual B cell clones.1 Such methods have 

been used to demonstrate global changes in the BCR repertoire following vaccination with different 

antigens,2–5 and that these changes are dependent on the type of vaccine given,2,3 and the age of the 

individuals vaccinated.2,4 One study investigated the repertoire after two successive annual influenza 

vaccinations, and showed that some identical sequences could be identified after both the first and 

second vaccines, indicating that BCR repertoire sequence data can be used to determine memory 

recall.3 To date, BCR repertoire studies of vaccine response have focused on total B cells, or PCs. 

However, diverse B cell subsets may be involved in a response, including naïve, marginal zone (MZ) 

and memory (IgM and IgG) B cells, depending on the type of antigen, previous exposure, and route 

of immunization. Analysis of different B cell subsets revealed differences in their sequence, and VDJ 

gene segment composition,6,7 and thus interrogation of the  BCR repertoire on a subset-by-subset 

basis could potentially be used for fine delineation of which B cells are involved in vaccine responses.  

 Vaccines against polysaccharide-encapsulated pathogens (e.g. Neisseria meningitidis and 

Streptococcus pneumoniae) are of great importance in controlling these predominantly childhood 

diseases. Polysaccharides themselves are T-independent antigens, have poor immunogenicity in 

infants,8 do not generate immunological memory,9 and can lead to hyporesponsiveness with repeated 

exposure.10 The conjugation of a carrier protein to a polysaccharide results in a T-dependent antigen, 
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which is immunogenic from early life, and primes for memory.11 Licensed quadrivalent ACWY N. 

meningitidis vaccines contain either plain purified capsular polysaccharides (polysaccharide 

vaccine), or the same polysaccharides conjugated to a carrier protein (conjugate vaccine). The 

difference in immunogenicity, and the different B cell subsets involved in the response to these related 

vaccines are still being elucidated. The different B cell subsets activated by conjugate and 

polysaccharide vaccines, have previously been investigated during a comparative study of 

pneumococcal conjugate and polysaccharide vaccines.12 The conjugate vaccine induced more 

circulating serotype-specific memory B cells than the polysaccharide vaccine.12 However, despite 

previous suggestion that polysaccharide antigens stimulate MZ B cells.13 there was no difference seen 

in the frequency of serotype-specific MZ B cells measured in peripheral blood after the two vaccines 

in this study, perhaps due to limitations in the sensitivity of the flow cytometry assay.12 

We sought to determine the utility of BCR heavy chain repertoire sequencing as a tool for 

investigating vaccine responses, using meningococcal ACWY polysaccharide and conjugate 

vaccination as a model system. We immunized individuals with either a polysaccharide or conjugate 

vaccine, followed by a further immunization with a conjugate vaccine 4 weeks later (Fig. 1). We 

isolated naïve, MZ, IgM memory and IgG memory baseline B cell subsets, in addition to PCs 7 days 

after each vaccination (Fig. S1). This time point was chosen as previous work from our laboratory 

using the same vaccine regime has shown the presence of significant numbers of antigen-specific PCs 

7 days after both vaccine doses14, and induction of effective antibody responses in both groups.15 

Hence, sorting PCs at this time point would capture a population enriched for vaccine antigen-

specificity. We further sorted day 7 PCs based on HLA-DR expression, to distinguish recently 

activated PCs (HLA-DR+) likely to be enriched for vaccine specificity, from long-lived PCs (HLA-

DR-), which are considered to be displaced from the bone marrow by arrival of the newly generated 

PCs and likely have a broader range of specificities.16 Characterizing mutation levels, and IgG 
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subclass usage of the PC sequences, as well as relating them to the sequences of the baseline B cell 

subsets, allowed us to determine the B cell subsets involved in the response to the two vaccines, and 

to distinguish T-independent from T-dependent responses. 
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Results 

Cell sorting  

Nine participants were enrolled into the study; four were assigned to the conjugate group, and five to 

the polysaccharide group (Fig. 1). Fluorescence-activated cell sorting was used to isolate baseline 

CD19+ B cell subsets bearing cell surface markers characteristic of naïve (CD27-, IgM+, IgD+), 

circulating MZ (CD27+, IgM+, IgD+)17, IgM (only) memory (CD27+, IgM+, IgD-) and switched 

IgG memory (CD27+, IgM-, IgD-) for five participants at Visit 1 (Day 0). The sorting failed for the 

other four participants (2 from each vaccine group), so these subsets were sorted at Visit 3 (Day 28) 

instead, and treated as baseline. HLA-DR+ PCs (CD20-, CD27+, CD38+, HLA-DR+) and HLA-DR- 

PCs (CD20-, CD27+, CD38+, HLA-DR-) were successfully sorted at Visit 2 (Day 7), and HLA-DR+ 

PCs at Visit 4 (Day 35; day 7 after second vaccine) from all participants. The mean number of sorted 

cells per sample was 75 900 (12 000 – 140 000) for naïve cells, 6 753 (1 224 – 19 000) for MZ cells, 

8 070 (1 888 – 19 000) for IgM memory cells, 27 145 (2 940 – 100 000) for IgG memory cells, 6 101 

(110 – 50 000) for HLA-DR+ PCs and 4 311 (221 – 11 000) for HLA-DR- PCs (Table S1). For the 

Visit 2 (Day 7) HLA-DR+ and HLA-DR- PC populations, IgG and IgM transcripts were sequenced 

(except one IgG HLA-DR+ sample which failed). Only the IgG transcripts of the HLA-DR+ 

population were sequenced at Visit 4 (Day 35). For the baseline subsets, IgM transcripts were 

sequences from all naïve, MZ and IgM memory samples, and IgG transcripts sequences from all the 

IgG memory samples. 

Sequence processing 

Sequence data were obtained from 80 samples from 9 participants (Table S1). The mean number of 

raw reads obtained for each sample was 133 190, of which 72% remained on average after initial 

filtering steps, giving 95 610 reads per sample for analysis. As there was over-sequencing (more reads 
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than input cells) for nearly all samples, clustering was used to minimize the effect of PCR and 

sequencing error on the dataset. As the most important region in determining antigen-specificity of 

the sequence, we focused analysis on the complementarity-determining region 3 (CDR3).18 

Determining the distance of each CDR3 amino acid (AA) sequence to its nearest neighbor in each 

sample revealed a bimodal distribution (Fig. 2A), for all cell subsets except for the naïve cells, where 

there was the least over-sequencing. The first peak was at 0-2 AA, and the second at 3-10 AA. There 

was a strong positive correlation (r=0.72) between the proportion of reads in the repertoire in the first 

peak, and the degree of over-sequencing for each sample (Fig. 2B). Analysis of constant region 

sequences indicated a PCR and sequencing error rate of less than 0.5% per nucleotide. Given the 

median CDR3 length was 18 AA, it is likely the peak at 0-2 AA contained most of the variants due 

to sequencing and PCR error. Setting a clustering threshold of 1 AA mismatch per 12 AAs means 

that for 8% of reads, 1 AA mismatch was allowed during clustering, for 89% of reads 2 AA 

mismatches were allowed, and for 3% of reads 3 AA mismatches were allowed. Clusters should 

therefore encompass all sequences arising from the same cell that differ due to PCR and sequencing 

error, but will not contain reads more than 4 AA different which are more likely to have arisen from 

different cells. However, we can not rule out that we also cluster together reads from different, but 

clonally related cells that use the same V and J genes, and have a similar CDR3 sequence (Fig. 2A). 

After collapsing the clusters to give a single representative sequence (the cluster center) for each, 

duplicates were removed, and the number of sequences per sample was representative of the number 

of cells for that sample (Fig. 2C), and on average 6% of the original number of raw reads. For some 

samples, there were still more sequences than cells, but the discrepancy was small, and could be due 

to inaccuracies in the number outputted by the cell sorter, a small number of erroneous sequences not 

being incorporated into the same cluster, exogenous DNA contamination, or the formation of 

chimeric sequences during the PCR reaction (Table S1.). The mean number of sequences per sample 



8 
 

was 41 100 (19 240 – 52 440) for naïve cells, 7 873 (3 861 – 16 120) for MZ cells, 6 200 (3 096 – 9 

673) for IgM memory cells, 3 652 (1 308 – 7 382) for IgG memory cells, 1 466 (436 – 2 786) for 

HLA-DR+ PCs, and 1 259 (601 – 2 277) for HLA-DR- PCs.  

Post-vaccination plasma cell repertoires have distinct properties compared to the 

baseline cell subset repertoires 

Baseline B cell subsets could be distinguished from each other by a small number of global repertoire 

properties: clonality, V gene mutation from germ-line and CDR3 length (Fig. 3A-C). Naïve B cells 

had the lowest clonality, few mutations and longest CDR3. Memory B cells had increased clonality, 

more mutations, and shorter CDR3 length compared to naïve cells, with IgM memory being less 

mutated and having longer CDR3 length than IgG memory cells. MZ cells had similar clonality to 

IgM memory cells, but had fewer mutations, and a shorter CDR3 length than IgM memory cells. PC 

subsets were the most clonal and most mutated populations. CDR3 length of PCs resembled that of 

memory cells with the same isotype. Within the PC populations, there were some differences between 

the IgG and IgM PCs (as with the memory cells, IgM were less mutated, and had shorter CDR3’s 

than IgG), but no differences between the HLA-DR+ and HLA-DR- populations. Principal 

component analysis based on these variables showed distinct groupings of the different baseline 

subsets (Fig. 3D & Fig. S2). Strikingly, PCs had much greater inter-individual variation in these 

global repertoire properties than other subsets. Whilst the PCs could still be clearly distinguished 

from the naïve, marginal zone and IgM memory subsets, their global repertoire properties overlapped 

with the IgG memory cells. Within the PCs, populations could be distinguished based on isotype, but 

not HLA-DR expression. 

There were differences in V, D, and J gene segment usage between all subsets analyzed, 

including numerous differences between PC and baseline subsets, and within the different baseline 

subsets (Fig. 3E & Fig. S3A). When comparing each PC population to other PC and baseline subsets, 
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the PCs were more similar to each other (whether IgG/IgM or HLA-DR+/-) than to any baseline 

subset. Differences in V, D and J gene usage between the HLA-DR+ and HLA-DR- PCs were further 

investigated by looking at the inter-individual variation in gene usage. A population with more 

restricted antigen-specificity is expected to have less variance in gene segment usage between 

individuals. For each gene segment, the variance in their usage between the participants was 

calculated for the two PC populations, and then compared between the two populations using an F-

test for equality of variance (Fig. S3B). All J and D gene segments had similar variances in the two 

PC populations. For the IgG PCs, there were ten V genes that had greater inter-individual variation 

in the HLA-DR+ PCs compared to the HLA-DR- PCs, and only one V gene that had greater variation 

in the HLA-DR- PCs.  For the IgM PCs, three V genes had greater variance in the HLA-DR+ PCs 

compared to two V genes that had greater variance in the HLA-DR- PCs. The HLA-DR+ PCs 

therefore appear to vary more between individuals in their V gene usage, while the HLA-DR- PCs 

have more similar V gene usage in different individuals. 

Plasma cell repertoires show similarity between individuals at the sequence level 

To determine if we could identify repertoire convergence between the different participants (the use 

of similar sequences to bind similar antigens following an immune stimulus) in response to 

vaccination, we searched for shared CDR3 AA sequences between samples (Fig. S4). The CDR3 

region is the most variable of the three CDRs and is considered a key region for determining antigen 

binding.18 Among the baseline subsets, on average 0.19% (range: 0.11-0.40%) of sequences were 

shared either between the vaccine groups, or by at least two participants within each vaccine group 

(Fig. 4). In contrast, PCs had greater sequence sharing, with on average 0.99% (range: 0.17-2.21%) 

of sequences being shared either within or between individuals in the two vaccine groups. The HLA-

DR- PCs tended to have more sequence sharing than the HLA-DR+ PCs. Comparing the two vaccine 

groups the most striking difference was in the HLA-DR+ IgM PCs, where the percent of shared 
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sequences was more than two times greater within the polysaccharide group than the conjugate group. 

Other than this high level of sequence sharing in IgM HLA-DR+ PCs after polysaccharide 

vaccination, there was little difference in the number of shared sequences between IgM and IgG PCs. 

There were some differences in convergence at Visit 2 compared to Visit 4 for the HLA-DR+ IgG 

PCs; there was more convergence between the vaccine groups at Visit 4 (administered the same 

vaccine) compared to Visit 2 (administered different vaccines). However, it should be noted that it 

was a HLA-DR+ IgG Visit 2 sample from the conjugate group that failed sequencing, which would 

decrease the probability of sequence sharing within this population. Within the vaccine groups, the 

number of shared sequences increased approximately fourfold in the conjugate group, but decreased 

slightly in the polysaccharide group at Visit 4.  

Analysis of plasma cell activation distinguishes polysaccharide from conjugate 

responses 

We investigated whether there was evidence that the PCs isolated at day 7 following each vaccine, 

were related to the baseline subsets. Data from a previous study had demonstrated that the PC 

population on day 7 contained significant numbers of vaccine-specific PCs.14 We therefore 

determined whether there were shared sequences (based on an exact CDR3 AA sequence match, and 

use of the same V and J gene segments) between the HLA-DR+ PC subsets, and the baseline subsets 

within the samples from a given individual. On average, 2.2% (30) of sequences of each PC subset 

were shared with one of the baseline subsets for each participant. Across all participants IgM PC 

sequences were predominantly shared with the MZ and IgM memory cells whereas the IgG PC 

sequences were predominantly shared with the IgG memory cells (Fig. 5A). 

To investigate which baseline subsets were related to the vaccine-stimulated PCs, we 

calculated the probability of the shared PC sequences mapping to each baseline subset (Fig. 5B-C). 

There was a low probability of IgG or IgM PC sequences being shared with the naïve baseline subset 
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at either visit, in any vaccine group (Fig. 5B-C). In the conjugate group, at Visit 2, the HLA-DR+ 

IgG PC sequences were more likely to be related to the IgG memory sequences than naïve, MZ or 

IgM memory sequences (Fig. 5B). In contrast, in the polysaccharide group, HLA-DR+ IgG PC 

sequences were equally likely to be related to MZ, IgM memory and IgG memory sequences. 

Therefore for the HLA-DR+ IgG PCs, the baseline subset that they were most likely to be shared with 

was related to the vaccine that was given (Fig. 5B-C); we investigated the potential effect of having 

baseline subsets from Day 0 vs Day 28 on this difference between the vaccine groups, but it was not 

significant (Fig. S5). We also saw no difference between the vaccine groups for the HLA-DR- IgG 

PCs, which should not be specific for the vaccine (Fig. S6). By comparison, for the HLA-DR+ IgM 

PC sequences, there was a similar probability of being similar to the MZ and IgM memory cells for 

both vaccine groups. Interestingly after the second dose of vaccine (conjugate for both groups), the 

probability of HLA-DR+ PCs being shared with each baseline subset was similar for both groups 

(Fig. 5C); the profile resembled that of the conjugate group after the first vaccination. 

Vaccine response can further be distinguished based on IgG subclass usage, and 

mutation 

We then further characterized differences in the response between the vaccine groups by comparing 

V gene mutation from germline, and IgG subclass usage between the vaccine groups for the HLA-

DR+ PC sequences generated after vaccination. IgG sequences extended on average 126 nucleotides 

into the constant region. This was sufficient to allow mapping of the IgG subclass for all sequences 

in our dataset. In the IgG memory cells, IgG subclasses were present in uneven frequencies, with 

IgG1 (58%) and IgG2 (34%) being the most common, and IgG3 (7%) and IgG4 (1%) being the least 

common (Fig. S7A). By comparison, In the PCs produced after the first vaccination, in the conjugate 

group, IgG1 remained the most common subclass (58%), followed by IgG2 (33%), IgG4 (7%) and 

IgG3 (2%) (Fig. S7A). In the polysaccharide group on the other hand, the subclass distribution was 
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different; IgG2 was the dominant subclass (58%), followed by IgG1 (37%), IgG3 (5%) and IgG4 

(<1%). After the second vaccine, when both groups were given conjugate vaccine, the subclass usage 

of the PCs resembled that of the conjugate group in both vaccine groups. 

Considering V gene mutation from germ-line for total IgG compared to IgM, IgG PCs were 

more mutated than IgM PCs (p = 0.0024). After the first vaccination, there was no significant 

difference in V gene mutation between the vaccine groups for either the total IgG or the IgM PCs 

(Fig. 6B). After the second vaccination (when both groups were given the conjugate vaccine), V gene 

mutation in the IgG PCs was greater in the group primed with the polysaccharide rather than 

conjugate vaccine. There was a significant increase in IgG PC V gene mutation in the polysaccharide 

group after the second vaccination (conjugate) compared to the first vaccine (polysaccharide). In the 

conjugate group, there was no difference in IgG PC V gene mutation after the second dose compared 

to the first dose of the two conjugate vaccines.  

Calculating average V gene mutation separately for each IgG subclass revealed further 

differences between the vaccine groups. In the IgG memory cells, there are slight differences in V 

gene mutation in the different subclasses going from IgG3 (7.04%) to IgG1 (7.19%), IgG2 (7.64%) 

and IgG4 (7.87%) (Fig. S7B). Comparing the vaccine groups showed the only significant difference 

to be in IgG1 PC sequences. IgG1 sequences were significantly more mutated in the conjugate group 

after the first vaccine (7.3% in the conjugate group vs. 5.9% in the polysaccharide group), but 

significantly more mutated in the polysaccharide group after the second vaccine (7.2% in the 

conjugate group vs. 8.7% in the polysaccharide group) (Fig. 6C). Mutation for all four subclasses 

increased between the first vaccination and the second vaccination in the polysaccharide group. In 

the conjugate group, there was only a significant increase in mutation in the IgG4 sequences after the 

second vaccination.  
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Discussion 

The critical events in the generation of an immune response occur largely in the lymphoid tissue, 

which is challenging to sample directly in humans. After vaccination with meningococcal conjugate 

or polysaccharide vaccines, antigen-specific PCs are detected in peripheral blood at high levels 7 days 

post-vaccination.19 Using BCR repertoire analysis of the response to two different meningococcal 

serogroup ACWY vaccines, this study suggest that insights into B cell activation can be obtained by 

relating BCR sequence data from post-vaccination PCs to a variety of baseline B cell subsets. The 

study has shown that a limited number of global BCR repertoire properties (mean CDR3 length, 

mutation and clonality) can be used to define different baseline subsets, and that these properties are 

well conserved between individuals. In contrast, antigen stimulated PCs display more inter-individual 

variation in these global repertoire properties. Despite this diversity in global repertoire properties, 

the PCs show a higher degree of sharing between individuals at the level of the CDR3 AA sequence 

(the most critical for antigen binding), when compared to the baseline subsets. Although we recognize 

that such sharing can come from cross-sample PCR contamination, laboratory work was conducted 

under stringent conditions with this in mind, and we find no contaminant sequences present in all 

samples, indicating that this would not have had a large effect on our results. The finding of PCs 

expressing the greatest difference between individuals in their global repertoire properties is 

consistent with them potentially being activated from a variety of different baseline B cell subsets, 

which will differ for each individual. The greater proportion of shared sequences in the PCs suggests 

that there is then some degree of convergence at the sequence level to the vaccine antigens stimulating 

their production. Furthermore our data suggest that immunisation with protein-polysaccharide 

conjugate vaccines stimulates the development of PCs from IgG memory cells, but plain 

polysaccharide vaccination results in significant numbers of B cells being derived from IgM memory 
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and MZ B cells as well. Further dissection of the PC sequences gives insight into differential IgG 

subclass usage, and V gene mutation induced by the two vaccines.  

Differences have previously been observed in the BCR repertoire between naïve, IgM 

memory and IgG memory cell subsets20,21 that are conserved across multiple individuals. This study 

extends these observations by including, MZ, and a variety of PC subsets in the same analysis. By 

measuring clonality, CDR3 length, and V gene mutation from germline (Fig. 3), we show that B cell 

subsets appear to have a characteristic sequential pattern of global repertoire properties in relation to 

their maturation state (naïve  (MZ)  IgM Memory  IgG Memory  PCs), with the more mature 

subsets tending towards increased clonality, shorter CDR3’s, and more V gene mutation. The 

presence of the circulating MZ cells being a distinct grouping from memory cells, yet located between 

the naïve and IgM cells is interesting in light of recent work detailing the developmental pathway of 

MZ cells.22 It may be that MZ cells are a distinct cell subset arising from germinal center independent 

pathways, or alternatively that they are just in a transitional state between naïve and IgM memory 

cells.23 

Increased clonality and mutation are expected during B cell maturation, due to the processes 

of antigen-driven selection and proliferation of naïve cells to the more mature states. The observation 

of mature B cells having shorter CDR3’s than naïve cells has previously been reported,6,21 and as 

some autoreactive antibodies have long CDR3’s, this may be a side effect of a mechanism to reduce 

autoreactivity.24 We,25 and others,26,27 have previously shown that after exposure to a common 

antigen, there is a degree of CDR3 sequence convergence between different individuals, with 

convergent sequences likely to be antigen-specific; the demonstration here that the greatest degree of 

CDR3 AA sequence sharing was between the PC subsets further supports this hypothesis. The 

dichotomy between PCs being the most similar population between individuals at the sequence level, 

but most divergent in terms of their general repertoire properties is consistent with the hypothesis that 
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a variety of precursor cells belonging to different baseline B cell subsets are activated to form the 

PCs of different individuals, but the process of affinity maturation then leads them to converge at the 

sequence level. 

 The acquisition of sequence data from both baseline B cell subsets, as well as vaccine-

activated PCs, allowed us to determine whether baseline B cell subsets were related to the PCs, by 

measuring the probability of sequence sharing between them. Such sequence sharing can be used to 

indicate which baseline B cell subsets are stimulated to form PCs by the vaccine. Whilst the current 

study does not confirm the antigenic specificity of these PCs, a previous study using an identical 

vaccine has demonstrated that vaccine-specific PCs are detectable at high levels 7 days following 

either the first dose or second dose of the ACWY vaccine. Therefore, the PC populations we sorted 

are likely to be enriched for vaccine-specific PCs.14 In addition, we focused our analysis on HLA-

DR+ PCs, which are considered to be a recently activated population, and therefore likely to be further 

enriched for vaccine-specificity.16 Pre-existing immunity to N. meningitidis is common in adults, so 

the vaccinated individuals in this study are unlikely to mount naïve responses.29 The observation that 

the lowest probability of sequence sharing was between the naïve cells and the PCs in this study 

therefore supports our approach for determining B cell activation by showing that such sequence 

sharing is unlikely to occur by chance alone. IgM PCs appeared to be mainly derived from the MZ, 

or IgM memory cells, whereas the IgG PCs appeared to be mainly derived from the IgG memory 

cells, suggesting that PCs are mainly activated from memory cells as part of a recall response. 

Comparing the vaccine groups, the IgG PCs after polysaccharide vaccine are more likely to be related 

to MZ and IgM memory cells, and less likely to be related to IgG memory cells than after conjugate 

vaccine. This supports the hypothesis that the polysaccharide vaccine stimulates a more T-

independent like response, while the conjugate vaccine stimulates a more T-dependent like response. 

However, there was still a high probability of IgG PCs being related to IgG memory cells even after 
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polysaccharide vaccination, indicating that categorizing responses in this way is not clear-cut, and an 

antigen may activate both T-dependent and T-independent pathways. While B cell memory recall has 

previously been assessed by testing antibody affinity,30 this method does not indicate which B cell 

subsets are activated in the recall response. The technique presented here for monitoring memory 

recall at the sequence level has clear application in vaccine development, where long-term protection 

requires such memory formation.  

Knowing the exact sequences of the recalled cells not only allows relationships to precursor 

memory cell subsets to be explored, but also allows identification of IgG subclass and mutation levels, 

giving further insight into the vaccine response. Determination of IgG subclass is only possible when 

B cell heavy chain mRNA transcripts are sequenced rather than genomic DNA, as there is a large 

intron between the variable region gene segments, and the constant region gene segments.31 Since the 

four IgG subclasses differ in their ability to activate complement, and bactericidal activity in different 

antigenic contexts,32 monitoring IgG subclass usage is useful. Normally, IgG2 is produced in response 

to polysaccharide antigens, IgG1 and IgG3 produced in response to protein antigens,33 while IgG4 

serves a more regulatory function.34 The data here show that after polysaccharide vaccination, IgG2 

was the predominant subclass produced, but after conjugate vaccination, IgG1 was the predominant 

subclass produced (even in individuals primed with the polysaccharide vaccine). The ability to detect 

these differences in isotype usage after the different vaccines suggests that we have significant 

enrichment of vaccine-specific PCs in the HLA-DR+ PC population, which are able to drive these 

differences. As mutational levels are correlated with cellular proliferation in the germinal center,35 

measuring changes in BCR sequence mutation may be a proxy for the magnitude of a high affinity 

PC response following vaccination. PC levels of IgG1 mutation were greater in the conjugate 

compared to the polysaccharide group after the first vaccine, which is consistent with increased 

germinal center activity and switching to IgG1 in the response to conjugate vaccination. The increase 
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in frequency of mutations in all IgG subclasses between the first (polysaccharide) and second 

(conjugate) vaccines in the polysaccharide group further suggests that conjugate vaccination may 

initiate a more marked germinal center response than polysaccharide vaccination. In the conjugate 

group, only IgG4 sequences increased in mutation after the second vaccine, indicating that after repeat 

vaccination with such a highly stimulating T-dependent antigen, IgG4 plays an active role in the 

response. Considering IgG4 have unique structural and functional properties compared to the other 

IgG subclasses,34 the precise role of IgG4 in terms of regulating the response following antigen 

administration would be interesting to explore further. It has previously been suggested that B cells 

have a predictable sequential pattern of IgG class-switching while in the germinal center, going from 

IgG3 to IgG1 to IgG2 to IgG4.36 Our data support this hypothesis in that we see increasing levels of 

mutation in the IgG subclasses in the IgG memory cells going from IgG3 to IgG1 to IgG2 to IgG4 

(Fig. S7), indicative of proliferation followed by subclass switching occurring in the same order.37 

This would suggest that although there appears to be less PC proliferation following polysaccharide 

vaccine, there is a greater rate of subclass switching than following conjugate vaccine. However, it is 

interesting to note that when administered the conjugate vaccine following the polysaccharide 

vaccine, there is a decrease in IgG2 and an increase in IgG1 PCs after the conjugate vaccine compared 

to the polysaccharide vaccine, which is hard to reconcile with the sequential switching hypothesis.  

The sequence analysis presented here requires sequencing an enriched population of vaccine-

specific PCs, and in this light we focused our analysis on HLA-DR+ PCs. Previous work has 

demonstrated that PCs show a gradient of HLA-DR expression from high levels in lymphoid tissue 

(tonsils) through to lower levels in blood and lowest expression in bone-marrow.38 This is thought to 

correlate with maturation towards more long-lived PCs in the bone marrow. Studies of tetanus-

specific PCs 6 days following tetanus immunization suggested that the vaccine antigen-specific 

population were HLA-DR+ and constituted a significant proportion of total HLA-DR+ PCs at that 
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time point.16 HLA-DR- PCs at day 6 were not vaccine antigen-specific and were thought to have been 

displaced from their residence in the bone marrow by the vaccine generated PCs. In our study, the 

acquisition of data from both HLA-DR+ and HLA-DR- PC populations gave us an opportunity to 

compare the properties of the BCR repertoire in these two populations thought to be from divergent 

origins. We saw no differences in clonality, V gene mutation or CDR3 length between HLA-DR+ 

and HLA-DR- PCs, which might be expected considering that high clonality, increased mutation and 

short CDR3s appear to be features of all mature B cells regardless of antigen-specificity.25 In addition, 

there were limited differences observed in V, D and J gene usage between the two PC populations 

that were conserved between individuals. Recently activated PCs have a limited stimulus (vaccine 

antigens), whereas previously generated PCs could potentially have been activated by a lifetime of 

different antigenic stimuli, so one may expect the HLA-DR+ PCs to show the greatest similarity 

between individuals. Intriguingly, we saw more similarity between individuals both at the level of 

CDR3 AA sequence, and V gene usage, for the HLA-DR- than the HLA-DR+ population. It therefore 

appears that either there is a degree of selection for incorporation into the HLA-DR- compartment, 

or that there are certain common antigens that all individuals are exposed to during the course of their 

lifetime and sequences against these common antigens dominate the HLA-DR- compartment. 

Another possibility is that in addition to vaccine-specific PCs in the HLA-DR+ population, additional 

inter-individual arises from the presence of PCs generated in incidental responses against non-vaccine 

antigens or due to ‘bystander stimulation’.39 Perhaps the most compelling evidence we have of the 

HLA-DR+ and HLA-DR- PCs comprising distinct populations is that when analyzing which baseline 

B cell subsets are activated to produce the IgG PCs, we see differences between the vaccine groups 

for the HLA-DR+, but not the HLA-DR- PCs. This indicates that the HLA-DR+ population is 

enriched for vaccine-specificity, allowing us to detect these differences, but the HLA-DR- population 

is not. Further work would be beneficial to elucidate the exact antigenic-specificity of the HLA-DR+ 
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and HLA-DR- sequences by generating monoclonal antibodies for characterization. As we only 

sequenced the BCR heavy chain, this is not currently possible, but advances in heavy-light chain 

pairing technology mean that this may be possible in the future.40 

Cell sorting is a technically challenging process, and failures meant that for some participants, 

baseline subsets had to be sorted 28 days post-vaccination instead of pre-vaccination. There were no 

differences in the baseline repertoire properties depending on which timepoints they were taken (Fig. 

S2 & Fig. S5), and data from our laboratory suggests that by 28 days post-vaccination, the repertoire 

returns to a pre-vaccination state (Galson et al. unpublished), so these cell-sorting failures are unlikely 

to have affected our results. Nevertheless, developing a process for in-silico cell sorting of bulk 

sequence data from peripheral blood would improve the accessibility and ease of our methods for 

determining subset-specific memory recall, and characterizing vaccine responses at the sequence 

level. The differences we found in the sequence composition of the different cell subsets should aid 

the development of such methods. Furthermore, although the vaccine-specific patterns of IgG isotype 

usage seen suggest we already have significant enrichment of vaccine-specific sequences in the HLA-

DR+ PC population, further enrichment for sequences with known vaccine-specificity either by 

antigen-specific cell sorting, or in-silico cell sorting would increase the validity of our results. We 

were limited to just 9 participants in our study, but were nevertheless able to find a number of 

significant differences between the two vaccine groups. Using in-silico cell sorting would also allow 

such work to be carried out more easily in larger cohorts, and likely shed further light on the different 

effects of conjugate and polysaccharide vaccines on the immune response. Since conducting this 

study, improved methods to account for PCR error in B cell repertoire data have been developed.3 

While the clustering method used can account for PCR and sequencing error to an extent, it may also 

erroneously cluster together sequences that arise from distinct, but clonally related cells. Use of these 

new methods would improve the specificity of measuring memory recall. 
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Our study shows that B cell repertoire sequencing opens a novel window onto vaccine 

responses, not possible through conventional immunological measures. When combined with 

samples taken at different time points and from different B cell subsets, individual B cell clones can 

be tracked to determine activation and memory recall. Accumulating such data in vaccine 

development programs can be used to show which B cell subsets (or even specific B cell sequences 

known to produce protective antibodies) are activated by the vaccine, so that the vaccine can then be 

altered to drive generation of optimal responses.  
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 Methods 

Participants and vaccinations 

This study was approved by the Oxfordshire Research Ethics Committee (OXREC reference number: 

12/SC/0275) with informed consent obtained from participants before enrolment in accordance with 

the Declaration of Helsinki. Nine healthy volunteers (aged 30-70 years), with no meningococcal 

vaccine history, were recruited to receive two doses of meningococcal serotypes A, C, W and Y 

vaccine. Following a first dose of either ACWY polysaccharide vaccine (MenACWY-PS, 

ACWYVax®, GSK) given to 5 individuals, or ACWY conjugate vaccine (MenACWY-CRM197, 

Menveo®, Novartis) given to 4 individuals (Fig. 1), all individuals received a dose of MenACWY-

CRM197 at day 28. All vaccines were administered as intramuscular injections. A sample of 50 ml 

peripheral blood was taken from participants on the day of the first vaccine (Visit 1), 7 days after the 

first vaccine (Visit 2), 28 days after the first vaccine (Visit 3) and 7 days after the second vaccine 

(Visit 4), and transferred to a heparinized tube for processing within 4 hours of collection. 

Cell sorting 

Peripheral blood mononuclear cells were isolated by density gradient centrifugation over lymphoprep 

(Axis-Shield Diagnostics). CD19+ B cells were then enriched using CD19 microbeads (Miltenyi 

Biotec), and the AutoMACS magnetic cell separator. On Visit 1, and Visit 3, cells were stained for 

isolation of naïve (viable, CD19+, CD27-, IgM+, IgD+), MZ (viable, CD19+, CD27+, IgM+, IgD+), 

IgM memory (viable, CD19+, CD27+, IgM+, IgD-) and IgG memory (viable, CD19+, CD27+, IgM-

, IgD-) B cell subsets (Fig. S1). On Visit 2 and Visit 4, cells were stained for isolation of recently 

activated PCs (viable, CD19+, CD20-, CD27+, CD38+, HLA-DR+), and bystander PCs (viable, 

CD19+, CD20-, CD27+, CD38+, HLA-DR-) (Fig. S1). Cell sorting was performed on a MoFlo 
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(Beckman Coulter) cell sorter; sorted cells were re-suspended in RLT buffer (Qiagen), and frozen at 

-80 oC. 

Repertoire sequencing 

Sorted cells were defrosted, and total RNA extracted using the RNeasy Mini Kit (Qiagen). cDNA 

synthesis was performed using the SuperScript III reverse transcriptase system (Invitrogen), with 

random hexamer primers (Applied Biosciences). Reverse transcription was performed at 42°C for 60 

min and 95°C for 10 min. VH genes were amplified from cDNA using Multiplex PCR MasterMix 

(Qiagen) containing 200 nM each VH-family specific forward primers, and either IgM or IgG-

specific reverse primers depending on the cell population.21 PCR conditions were 94 oC for 15 min, 

33 cycles of 94 oC for 30 s, 58 oC for 90 s and 72 oC for 30 s, and 72 oC for 10 minutes. The PCR 

product was gel-extracted, purified, and quantified using a Qubit fluorometer (Invitrogen, Grand 

Island, NY, USA) prior to library preparation. The 80 samples obtained were end-repaired, A-tailed 

and adaptor ligated prior to size-selection and amplification. All samples were multiplexed, and 

sequenced using one 2x250 bp MiSeq run (Illumina, San Diego, CA). 

Sequence processing 

Raw reads were de-multiplexed, and paired-ends joined using fastq-join (ea-utils) based on a 

minimum overlap of 6 bp, and 8% maximum mismatches, to give one continuous read that spanned 

from framework region 1 to 53 bp or 126 bp inside the constant region for IgM and IgG sequences 

respectively. Joined reads were filtered for a minimum Phred quality of 30 over 75% of bases and 

then submitted to IMGT/HighV-Quest for mapping to germline VDJ genes, and annotation.41 Only 

reads defined as ‘productive’ by IMGT were considered for further analysis. To obtain isotype 

subclass information, constant region sequences (as defined by IMGT) were mapped using Stampy42 

to a reference table of constant region sequences obtained from the VEGA database43. PCR and 
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sequencing error rates were estimated from the number of nucleotide mismatches in the constant 

region, as these regions are not subject to somatic hypermutation.44 Percent V gene mutation was 

calculated based on the number of V gene nucleotide mismatches determined by IMGT, and the 

length of the V gene that was sequenced. For each read, CDR3 AA distance to its nearest neighbor 

was calculated by comparing it to all other reads from the same sample with the same CDR3 length. 

The read with the fewest AA mismatches in the CDR3 region is termed the nearest neighbor, and the 

distance is the number of AA differences in the CDR3. 

Clustering 

Related reads from each sample were clustered using parameters that best clustered together reads 

arising from the same cell. To be considered part of the same cluster, reads were required to have the 

same V and J gene annotation, the same length CDR3, and a similar CDR3 AA sequence, with one 

AA mismatch per 12 AAs allowed (length < 12 AA = 1 mismatch, 12 AA <= length < 24 AA = 2 

mismatches, etc). The same D gene annotation was not required for inclusion in the same cluster, as 

somatic hypermutation in this region makes accurate assignment of a gene segment difficult. We 

focused on the CDR3 region of the sequence, as it is highly variable, and has the dominant role in 

determining antigenic specificity of the sequence.18 Clusters were iteratively defined using an 

approach to identify cluster centers that gave the largest possible clusters. Briefly, clustering started 

with a set of unique sequences of the same length U(L) and an empty set of clusters C(L). The first 

cluster center is defined as the sequence x∈U(L) that had the most neighbor’s |N(x)|; the set N(x) is 

then added to C(L), with cluster center x. N(x) is then removed from U(L), and the process repeated 

until U(L) is empty and C(L) is full. Clusters were then collapsed into single reads, with each cluster 

represented by its cluster center sequence, V D and J gene usage, isotype subclass, and average V 

gene mutation. Where a single cluster contained multiple reads with different isotype subclass or D 
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gene usage, the most frequent usage within the cluster was used for cluster annotation. These 

collapsed clusters were used in all subsequent analysis, and defined as “sequences”. 

Statistical analysis and graphing 

Statistical analysis was performed using R.45 The ggplot246 package for R was used for constructing 

graphs. Circos plots were created using circos software (http://www.cirocs.ca). To calculate the 

clonality of each sample, similar clones were defined as having identical CDR3 AA sequences, and 

clonality was calculated using a modified version of the Simpson index (λ), where clonality equals 

1- λ. Principal component analysis was performed using the prcomp function in the stats R package 

based on clonality, average CDR3 length, and mutation for each sample.  

 For analysis of shared sequences, we used two different definitions for sequence sharing: 

exact CDR3 AA sequence matches, or exact CDR3 AA sequence matches plus exact V and J gene 

usage. The reason for doing this is to distinguish sequences that are shared due to a common 

antigenic-specificity (shared CDR3 only), and sequences that are shared due to common ancestry 

(shared CDR3 and VJ). Requiring identical V and J gene segment usage for the identification of 

shared sequences will also ensure that chimeric sequences formed during PCR (where the CDR3 is 

the same, but either the V or J gene annotation may differ), do not artificially increase the number of 

shared sequences we find. The definition used for specific figures is noted in the legend. We searched 

for shared sequences between all samples individually, and also between samples grouped by vaccine 

group.  

The probability of PC sequences being related to sequences from each baseline subsets was 

calculated separately for each participant and each PC subset. PC sequences that were shared with 

any baseline subset were found, and the proportion of these sequences that mapped to each baseline 

subset was then determined (proportion shared PC shared with baseline subset = PSHARED). To account 

for the different representation of baseline subsets, the proportion of each baseline subset of the total 
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baseline sequence pool was calculated (proportion baseline subset of total baseline = PBL). The 

probability of PC’s being related to a specific baseline subset was then determined as PSHARED / PBL. 

The resulting value was normalized so that the sum of the probabilities of being related to each 

baseline subset was equal to 1.  
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Figure Legends 

Fig. 1. Study plan and sampling protocol. Four participants were given a conjugate, and five 

participants given a polysaccharide MenACWY vaccine at day 0. All participants were given 

the conjugate vaccine at day 28. All participants had blood taken 7 days after each vaccine for 

PC repertoire analysis. Each participant also had blood taken on either the day of the first 

vaccine or the day of the second vaccine (but not both) for repertoire analysis of baseline B cell 

subsets. Fluorescence-activated cell sorting was used to isolated the different B cell subsets at 

each visit. 

 

Fig. 2. Validation of clustering parameters. A) Distribution of reads with different CDR3 AA 

distances to their closest neighbor. Calculated separately for each participant, and mean values 

plotted for each cell subset. B) Correlation between degree of over-sequencing (number of 

sequences / number of cells) and the proportion of reads with a distance of 2 or fewer AA 

differences to their closest neighbor, calculated for each cell subset. Error bars indicate ± SEM. 

Regression line, and correlation coefficient with corresponding p value are shown. C) 

Correlation between cell number for a particular sample, and the number of sequences (after 

clustering) for that sample.  

 

Fig. 3. Repertoire differences in the different cell subsets. Differences in A) clonality, B) V gene 

mutation and C) CDR3 AA length between the different cell subsets. For A,B and C, boxes show 

locations of 25, 50 and 75th percentiles. Whiskers show data within 1.5x the interquartile range. 

Samples from all participants and timepoints were included together in the analysis. D) 

Principal component analysis including just the baseline cell subsets, just the plasma cell 

subsets, or all cell subsets together, utilizing the clonality, V gene mutation, and CDR3 length 
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variables. E) Proportion of sequences utilizing different V gene families in the different cell 

subsets. Error bars indicate ± SEM. 

 

Fig. 4. Percent of CDR3 AA sequences shared either within or between the two vaccine groups 

in the different subsets on the different days. Within vaccine group shared sequences are shared 

between at least two participants. Percent shared between A and B = (A∩B/sum(A,B)*100). 

 

Fig. 5. Relationships between baseline subsets and PCs produced after vaccination. A) Circos 

diagrams from one representative participant in the conjugate group, and one representative 

participant in the polysaccharide group showing the relationship between baseline subsets, and 

HLA-DR+ IgM and IgG PCs after the first vaccination. Colored sections represent baseline 

subsets, and black section represents PCs after vaccination. The length of each section 

represents the number of different sequences comprising that subset. Sequences are ordered 

clockwise by abundance, which is represented by the grey histogram. Colored lines join 

sequences that are present in the PCs, and any one of the baseline subsets. Sequences shared 

within the different baseline subsets are not shown. B) Probability of shared PC sequences at 

visit 2 being shared with each baseline cell subset for HLA-DR+ IgG and IgM PCs after the 

first vaccine (either conjugate or polysaccharide depending on vaccine group). C) Same as B, 

but with HLA-DR+ PCs at visit 4 after the second vaccine (conjugate for both vaccine groups). 

Error bars indicate ± SEM. For sequences to be defined as shared they had to have an exact 

CDR3 AA sequence match, and use the same V and J genes.  

 

Fig. 6. IgG usage and mutation in HLA-DR+ PC sequences after vaccination in the two study 

groups. A) Proportion of sequences of each IgG subclass after the first and second vaccines. B) 
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Percent of mutated nucleotides in the V gene after the first and second vaccines for IgM and 

IgG PCs. C) Same as B, but split by IgG subclass. Error bars indicate ± SEM. Comparisons 

performed using the t test. *p<0.05, **p<0.005.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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