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Abstract 
The human adaptive immune system relies on the diversity and specialization of B cells to mount 
an effective response against pathogens and antigens. Memory B cells represent distinct and 
functional subsets and isotypes with different origins and immunological roles within the human 
body. This study aims to investigate the clonal relationships and subset specific dynamics of 
human memory B cells by reconstructing immunoglobulin lineage trees derived from high 
throughput sequencing data. Three different B cell subsets, CD27+IgD+ (non-switched memory B 
cells), CD27+IgD- (switched memory B cells), and plasmablasts, from four healthy donors were 
used as a basis for the analysis conducted in this study. Raw immunoglobulin repertoire data was 
processed using MiXCR to generate clonotypes and to reconstruct the subsequent 
immunoglobulin lineage trees. These trees were then used to perform a comprehensive 
topographical and statistical analysis using R. The statistical analyses included subset and isotype 
comparisons, evaluations of the different topographical characteristics across subsets and 
isotypes, intra and interclonal diversity analyses and principal component analysis comparing 
samples with and without the plasmablast subset. The results demonstrated significant 
differences in lineage topology between the B cell subsets, with trees containing plasmablasts 
showing a greater variance in branch length and average depth, suggesting an increased clonal 
diversification consistent with an active immune response. Moreover, the interclonal and 
intraclonal diversity comparisons revealed a notable heterogeneity in the subset distribution and 
isotype usage, reflecting a varied immune history between the donors. It was also shown that the 
lineage trees containing the IgA isotype displayed a greater difference in characteristics 
associated with depth. These findings might contribute to a deeper understanding of the 
structural and functional dynamics of memory B cell subsets and help to underscore the utility of 
lineage tracing in immunological research. 

  



 
 

Popular scientific summary 
The human immune system is made up of different highly complex defence networks and systems. An 
important part of this defence network involves certain types of cells called B lymphocytes (cells), 
which is a type of white blood cell that plays an important role in the adaptive immune system by 
producing antibodies and helps to form a longer lasting immune memory. These B cells originate in 
the bone marrow from hematopoietic stem cells and mature through several different developmental 
stages. Immature B cells form in the bone marrow and then migrate through the body to peripheral 
organs such as the spleen, where they further mature into naïve B cells, which is a type of B cell which 
have yet to encounter any foreign substance or antigen. When these cells encounter an antigen that 
matches the specific cell receptor located on the cells, the naïve B cells become activated. This leads 
to a process called clonal expansion, which is a rapid multiplication of identical B cells, and to the 
formation of specialized structures in the lymph nodes and the spleen called germinal centers (GCs). 
Within these GCs, B cells undergo a process known as affinity maturation, which is a process that ”fine-
tunes” their antibody specificity and effectiveness against antigens. This process involves somatic 
hypermutation of the variable region of the immunoglobulin and class switch recombination. The GC 
response results in two main types of differentiation pathways, memory B cells and plasma cells. 
Plasma cells, which secrete large numbers of antibodies as a means to  neutralize pathogens, and 
memory B cells which provide long-term immunity by responding quickly upon re-exposure to the 
same antigen. These cells are what forms the foundation of a lasting immune protection, such as 
provided by vaccinations. 

The high diversity of B cells is due to a process called V(D)J recombination, which is the random 
rearrangement of gene segments that produces the vast array of BCRs, each with a unique antigen-
binding property due to the rearrangement. This diversity of the BCRs ensures that the immune system 
can recognize and respond to an almost limitless variety of foreign pathogens. Furthermore, B cells 
can switch the type of antibody that they produce through a process called class switch recombination. 
This process allows the cells to produce different antibody isotypes, such as IgM, IgG, IgA, IgE and IgD, 
each with a specific function in the various parts of the human body, from the bloodstream to mucosal 
surfaces such as the lining of the nose or the mouth as an example. Recent advances in the scientific 
area called immunology, which specialises in the immune system, have made it possible to study the 
development of B cells and their function in greater detail through techniques such as lineage tracing. 
This method is a way to track the ”family trees” of B cells based on their genetic changes and thereby 
revealing how individual B cells evolve and develop during an immune response. This has helped 
researchers understand how effective immune responses are formed and as a means to understand 
how and what goes wrong in conditions like autoimmune diseases or immunodeficiencies.  
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CSR Class switch recombination 
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Introduction 

B cell and the different subtypes 
The human adaptive immune system is composed mainly of T cells and B cells, which together provide 
a protection against a wide range of pathogens. Defects in the development, selection and function of B 
cells may in many cases lead to issues with malignancy, autoimmunity, immunodeficiencies and/or 
allergy (Pieper et al., 2013). 

In humans, immature B cells develop in the bone marrow from hematopoietic precursor cells (Pieper et 
al., 2013). The immature B cells leave the bone marrow and enter the spleen via the bloodstream and 
transition into transitional B cells which then mature and develop into longer lived mature naïve B cells. 
These transitions can be seen in Figure 1 in which the development of B cells and their differentiation 
pathways are shown. B cells may provide a first line of defence against intrusive pathogens via 
differentiation into short-lived plasma cells. They also are known to play a crucial role in the adaptive 
immune response where they produce antibodies after being stimulated, expanded and selected in the 
germinal centres (GCs) in the presence of T cells (Carsetti et al., 2004). 

 

 
Figure 1. B cell development and B cell differentiation pathways. Hematopoietic precursor cells in the bone 
marrow differentiate into Pro B cells, Pre B cells and immature B cells with the immature cells migrating to the 
spleen where they transition from transitional B cells and follicular B cells and eventually becoming naïve B cells. 
The naïve B cells either enter the germinal centre where they become high-affinity memory B cells or develop into 
germinal centre independent memory B cells or into short-lived plasma bells. 

When a naïve B cell encounters a cognate antigen, it becomes activated and undergoes clonal expansion 
and affinity maturation in the GCs. The activated naïve B cell differentiates into either plasma cells or 
high-affinity memory B cells (MBCs), with the memory cells being known to provide a longer lasting 
immune response in case the same antigen is encountered again (Lanzavecchia et al., 2006). One of the 
major functions that cells derived from B cell lineages does is to generate antibody-secreting cells with 
an enhanced capability to specific initiating antigens (Dörner et al., 2009). Furthermore, marginal zone 
B cells which are responsible for a quick response to blood-borne pathogens and the secretion of natural 
antibodies are found in the peripheral blood. Marginal zone B cells are known to be important for a 



 
 

variety of housekeeping functions within the human body, such as clearing apoptotic cell debris (Palm 
& Kleinau, 2021). 

Much of the humoral immunity stems from cell differentiation of naïve B cells in GC reactions in which 
somatically mutated MBCs and plasma cells are generated. The GCs are specialized structures located in 
the secondary lymphoid tissues such as the lymph nodes and the spleen which develop as a response to 
T cell dependent antigens. Within the GCs, high affinity antibodies develop and differentiate into plasma 
or MBCs which mediate and sustain a protection against invasive pathogens (De Silva & Klein, 2015). 
GCs form when naïve B cells proliferate and differentiate in response to an infection or intrusive 
pathogens, with the GCs being divided into two main components, the dark zone and the light zone. In 
the dark zone B cells undergo somatic hypermutation (SMH) to diversify their antibodies, while in the 
light zone the cells are tested for antigen affinity. The high-affinity B cells are selected for survival in the 
light zone and then re-enter the dark zone for further refinement, while low-affinity or self-reactive cells 
are usually eliminated (Young & Brink, 2021). Naïve B cells are also known to undergo class switching 
recombination (CSR) (Chi et al., 2020) which is what enables B cells to produce a vast array of antibodies 
with different constant regions while still maintaining antigen specificity. The constant region of the 
immunoglobulin is responsible for the diverse specificity and affinity of the antibody (Torres & 
Casadevall, 2008) and thereby allowing for a diverse immune response, with this process involving 
replacing the constant region of the heavy chain through DNA rearrangement (Yu & Lieber, 2019). 

As MBCs are known to exhibit increased affinity compared to naive B cells, this enhanced reactivity 
enables them to quickly differentiate into plasma cells and produce antibodies. MBCs are crucial 
components of the human immune system where they are responsible for providing long-term 
immunity following an infection. MBCs possess an ability to quickly respond to pathogens and thereby 
offer a secondary protection when initial antibody responses from long-lived plasma cells are 
insufficient (Grimsholm, 2022). MBCs which originate in the GCs during an initial immune response, are 
known to undergo processes such as SHM and affinity maturation to ensure antigen specificity and 
effectiveness. The ability of MBCs to quickly produce high-affinity antibodies and combat intrusive 
pathogens efficiently, helps the immune system to take swift action against reinfection and is a part in 
providing a longer lasting immunity against harmful and intrusive pathogens (Pupovac & Good-
Jacobson, 2017). In addition, CD27 is a common cell marker used for characterising human MBCs 
(Grimsholm, 2022), with recent research having highlighted the complementary roles of CD27dull and 
CD27bright MBCs subsets in the humoral immune response. It has been shown that these subsets have 
unique but interconnective roles in adult immune responses (Grimsholm et al., 2020) further 
highlighting the complexity of MBCs and subsets derived from these cells. 

Among human MBCs, CD27+IgD+ cells, often called unswitched MBCs, are thought to arise from T cell-
independent responses and retain their ability to re-enter the germinal centers (GCs) (Newell et al., 
2021). By comparison, CD27+IgD- represent MBCs which have undergone SMH and isotype switching 
within the GCs and contribute to a prolonged humoral immunity (Klein et al., 1998). Plasmablasts are 
antibody-secreting precursors to plasma cells and are known to rapidly mobilise in response to 
antigenic stimulation, especially during early phases of infection or vaccination (Nutt et al., 2015). These 
subsets reflect diverse maturation pathways and functional specializations which are essential to an 
effective immune memory and antibody-mediated protection. 

B cell receptors and their immunoglobulins 
It is known that the B cell receptor (BCR) repertoire plays an important part in the human adaptive 
immune system due to the random rearrangement of the multiple immunoglobulin (Ig) gene segments. 
The result being a vast antibody repertoire which enables the immune system to recognize and combat 
a broad range of different intrusive pathogens (Wang et al., 2024). B cells undergo a diversification 



 
 

process during their development which rearrange the Ig molecules heavy and light chain gene loci to 
create a complete Ig molecule responsible for antigen recognition (Yam-Puc et al., 2018). Moreover, on 
the heavy and light chain regions of the Ig molecule there are both constant and variable regions. The 
variable region is known to consist of six hypervariable loops, also known as the complementary-
determining regions (CDRs) which is known to be where most of the antigen recognition occurs during 
an immune response (Mejias-Gomez et al., 2023). The Ig molecules heavy and light chain, the CDR and 
their location can be seen in Figure 2 together with the structure and different regions of an antibody. 

 

 
Figure 2. The structure and antigen recognition of an antibody. The antibody is composed of two light chains and 
two heavy chains. The heavy chain located on the Fab region contains the variable (V) regions which includes the 
complementarity-determining regions (CDRs) responsible for antigen binding. The paratope also located within 
the V region binds to the epitope on the antigen. The Fc region consists of constant ( C ) domains which mediate 
effector functions. Moreover, the V region is encoded by the segments V, D and J which contributes to the antibody’s 
vast diversity and specificity. 

The vast number of antigens that can be recognized by Ig is due to the immense diversity of the antigen-
binding portions, also known as the (V) regions, which play an important part in the immune response. 
The exon coding V region, known as the V (variable), D (diversity), or J (joining) genes, and the 
recombination of the V, D, J gene segments are responsible for producing the huge amount of antibody 
diversity seen in the immune system. Moreover, different B cell isotypes exercise distinct and crucial 
functions on the human immune system by influencing the behaviour, localization and effector functions 
of MBCs and due to the distinct characteristics of the CDRs which might differ between isotypes due to 
V(D)J recombination and SHM (Kurosaki et al., 2010; Mejias-Gomez et al., 2023). 

It is known that each isotype subclass has evolved structurally distinct characteristics in their Fc regions 
that determines their interaction with specific receptors and complement proteins which influences 
effectors functions such as phagocytosis, cytotoxicity and immune regulation. IgM typically initiates 
early immune responses with high avidity for antigen binding and complement activation. IgA plays a 
crucial role at the mucosal surfaces through microbial neutralization and anti-inflammatory signalling. 
IgG, which is the most versatile and abundant in the serum, comprises subclasses with distinct 
inflammatory and/or regulatory profiles which are suited to systemic and mucosal immunity. IgE, 
despite its relatively low abundance, orchestrates rapid responses against parasites and allergens 
through mast cell activation (James, 2022). IgD, although less understood than the previously 



 
 

mentioned isotypes, have been speculated to participate in immune regulations and microbial 
interactions (Schroeder & Cavacini, 2010). 

The functional heterogeneity of these isotypes is further shaped and refined by their tissue distribution, 
receptor expression and microenvironmental signals, further underscoring their significance in both the 
protective immune system and in immune-mediated diseases (James, 2022). Moreover, IgG MBCs, which 
are usually generated in the GC, are programmed for a rapid differentiation into plasma cells and 
thereby offering an immediate protection during secondary immune responses. While IgM MBCs can 
originate through both GC-dependent and independent pathways and have a higher chance of re-
entering the GC for renewed rounds of affinity maturation and isotype switching (Kurosaki et al., 2010). 

It is known that the Ig heavy chain (IGH) locus is a highly complex and polymorphic region of the human 
genome which results from V(D)J recombination. BCR profiling of the V(D)J region through high-
throughput sequencing has proven to be a powerful method and is commonly used for examining the 
diversity of BCRs which arises as a result of the somatic recombination of the V(D)J regions. The use of 
BCR profiling has shown to provide valuable insights into human immune responses and is increasingly 
applied to understand such conditions as autoimmunity, infection, allergy, cancer and aging. 
Furthermore, the process of BCR profiling is becoming more central to modern immunogenomics and 
has shown promise in areas such as clonal grouping and lineage tracing (Yaari & Kleinstein, 2015). 

Lineage Tracing and Its Importance in Immunology 
Lineage tracing has proven to be a fundamental method used in developmental biology in which the 
relationships and ancestry between cells are tracked, and has helped to uncover the processes that guide 
cell differentiation across time. Human cell lineage tracing relies on retrospective methods that use the 
naturally occurring somatic mutations as inherited markers across cell generations. The use of lineage 
tracing has evolved with advances in genomic technologies which has allowed the tracing of lineages 
from single cells (Abyzov & Vaccarino, 2020). Moreover, lineage tracing of B cells is a method used to 
track the developmental pathways of B cells through their life cycles. Historically, B cells have served as 
a robust model system due to their clearly defined differentiation stages and unique V(D)J 
recombination events and thereby served as a genetic marker of lineage history. Furthermore, B cell 
lineage tracing has proven to provide valuable insight into the understanding of immune developments, 
disease mechanisms and potential therapeutic interventions (Belcheva & Chaudhuri, 2022). 

Lineage trees, constructed from clonally related Ig sequences, have been used to reflect the dynamics of 
B cell affinity maturation in the GCs which have provided knowledge about the evolutionary 
relationships and shared mutations of the cells, and thereby offered insights into the occuring selection 
pressures behind the cell selection and progression (Uduman et al., 2013). As an example, through 
lineage tracing of the Ig heavy chain genes, researchers have been able to trace B cell ancestry and reveal 
hierarchical structures of class switching pathways. These findings have demonstrated how lineage 
tracing can explain the mechanisms and dynamics behind antibody diversification and provide crucial 
insights into how adaptive immunity functions in humans (Horns et al., 2016). 

Lineage tracing of B cells has also shown how B cell clones tend to follow restricted differentiation paths. 
It has been demonstrated that clones with similar transcriptional profiles shared persistent gene 
expression across generations, indicating that inherent cell states, rather than just external cues, plays 
a crucial role in shaping immune responses (Swift et al., 2023). Other studies have demonstrated how 
lineage tracing has been used in immunology to track the development, diversification and persistence 
of autoreactive B cells, which are known to play a central role in humoral autoimmunity. Through 
lineage tracing, patterns of clonal expansion, SMH and CSR, which are hallmarks of antigen-driven 



 
 

responses, have been able to uncover early immune activation, autoimmune risk and the mechanisms 
underlying defective B-cell tolerance (Blazso et al., 2022). 

Aim 
The aim of this study is to investigate the clonal relationship and subset-specific dynamics of human 
MBCs by reconstructing lineage trees from high throughput immunoglobulin sequencing data. 
Specifically, the study focuses on three different B cell subsets, CD27+IgD+ (non-switched MBCs), 
CD27+IgD- (switched MBCs), and plasmablasts, obtained from four healthy donors. By using lineage 
tracing methods, the study aims at characterizing topographical and B cell subset differences in the 
reconstructed lineage trees, to evaluate isotype and subset diversity but also to assess intraclonal and 
interclonal variability within the B cell repertoire



 
 

 

Materials and Methods 

Data Acquisition 
The high throughput Ig sequencing data used throughout this research was retrieved from a publicly 
available dataset originally published by Zhao et al. (2018). The dataset consists of high-throughput 
next-generation sequencing data from human marginal zone and MBC populations found in the 
lymphoid tissues and peripheral blood derived from four healthy donors. As a foundation for this 
research, three different B cell subsets were selected for further analysis: CD27+IgD- switched MBCs, 
CD27+IgD+ non-switched MBCs and plasmablasts. The high throughput Ig sequencing data used was 
downloaded from the National Center for Biotechnology Information (2025) with the accession number 
SRP161123. To enable a more focused investigation of the clonal lineage relationships and subset 
dynamics within the human adaptive immune response, the downloaded high throughput Ig sequencing 
data were obtained in its raw and unprocessed format, without any prior trimming or filtering being 
performed. This approach was chosen to maintain full control and transparency over the data 
processing steps. The low-quality reads were included with no adapter trimming being performed. 
Quality controls were later performed in the upstream analysis pipeline. A flow diagram of the pipeline 
can be observed in Appendix IV Figure 3.  

Upstream Processing 
For the upstream processing of the raw high throughput Ig sequencing and to generate the subsequent 
Ig clonotypes, MiXCR (Version 4.3.2) was employed and executed within a Unix environment. MiXCR is 
a tool which is widely adopted for alignment, assembly and quantification of immune repertoire data 
originating from high-throughput sequencing experiments. The subsequent analysis followed the 
recommendations in the MiXCR documentation found on MiXCR MiLaboratories (2025) webpage 
without any major changes to the recommended guidelines. The only modification to the predefined 
preset being that the sequencing reads were aligned according to the human reference V(D)J gene 
segments  and assembled into full-length clonotypes. 

Quality Control 
A post-assembly quality control procedure was performed to ensure the reliability and success of the 
alignment rates and later to evaluate the chain usage. Alignment statistics and chain usage frequencies 
were examined to identify any possible failed alignment or contamination of the samples. 

Immunoglobulin Lineage Tree Reconstruction 
Ig lineage trees were reconstructed using the clonotype data produced by MiXCR (Version 4.3.2). The 
reconstruction of the lineage trees aimed to infer the evolutionary relationships among clonally related 
B cells clones from the donor and chosen subsets. Prior to the reconstruction, the clonotypes from the 
different subsets for each donor were pooled into four separate datasets representing each donor and 
their corresponding subsets. Allele inference was performed to separate and exclude any true allelic 
variants from hypermutations alterations. 

The lineage tree reconstruction was also performed with MiXCR (Version 4.3.2), using the instructions 
and guidelines outlined in their Ig lineage tree reconstruction section found on MiXCR MiLaboratories 
(2025) webpage with only changes to the dedicated preset being the filtering criteria and adjustments 
for colour coding the subsets. The Ig lineage trees were constructed under the following criteria: that 
only lineage trees with a minimum of four nodes and a minimum height of four were retained, with a 



 
 

minimum requirement of at least two different subsets present in each constructed tree. The filtering 
criteria was decided upon arbitrarily at the advice of the supervisor and employed to exclude any 
insignificant trees which did not represent any meaningful evolutionary history of clonal lineages. 

In the reconstructed lineage trees, each node represents a unique clonotype, with the node size 
corresponding to the clonotypes relative abundance within the generated datasets. Moreover, node 
colour was used to denote the specific B cell subsets (CD27⁺IgD⁻, CD27⁺IgD⁺, or plasmablast) to allow 
for easier intuitive visual of the lineage tree subset composition. 

Statistical Analysis 
All the following downstream analyses and visualization of the results were performed in an R 
environment (version 4.4.3) used for statistical computing and graphics. The primary objective was to 
characterize, compare and visualize the different topographical structures and features of the generated 
Ig lineage trees across the different donors and subsets. 

The topographical characteristics which were computed for each of the 104 lineage trees, includes: the 
average tree depth, branching factor, collapsing time, the distance from root to maximum split, the 
number of head nodes, the maximum distance from leaf to split, maximum tree depth, the mean distance 
from leaf to split, the total number of nodes, the number of terminal nodes, symmetry score, the height 
of the trees and the variance in branch length. All the characteristics were then compiled into one 
document and sorted according to their donor association. 

These characteristics were later visualized using boxplots, with the boxplots being grouped by both 
donor and B cell subset groups. This was followed by Fisher's exact test to evaluate any statistical 
significance between the groups using a p-value threshold of 0.05. If any significant statistical difference 
could be observed the Dunn’s test was used as a post-hoc test using a p-value threshold of 0.05. 

To explore potential clustering patterns of the reconstructed lineage trees, an Principal Component 
Analysis (PCA) was performed using the same characteristics as mentioned above. The PCA was 
employed to determine whether lineage trees with or without plasmablast could potentially exhibit any 
distinguishable features or clustering patterns. The PCA plots were generated with colour-coded points 
to indicate whether plasmablasts were present in the tree or whether they were absent. 

The clonal diversity was later assessed using the Shannon Diversity Index and applied both within and 
across the donors to quantify the intra-clonal and inter-clonal variability. In addition to this, 
comparative isotype distributions were also computed for each donor and subset together with a 
Fisher's exact test to evaluate any significant statistical difference between the groups with a p-value 
threshold of 0.05. Alongside this, the subset proportions found within each donor’s lineage trees was 
also assessed and represented visually using bar charts. 

Software and Packages 
The following R packages were used for analysis and visualization: 

● readxl and readODS were used to import Excel and OpenDocument spreadsheet files, 
respectively. 

● dplyr and tidyr were employed for data manipulation, filtering, and reshaping to prepare data 
for analysis. 

● FSA was used for non-parametric tests, including Dunn’s test for multiple comparisons. 

● vegan was applied to calculate ecological diversity metrics such as the Shannon diversity index. 



 
 

● ggplot2 was used for generating all major plots including boxplots and PCA plots. 

● ggsignif was used to annotate plots with statistical significance. 

● RColorBrewer and scales were used to enhance visual appeal and control color palettes and axis 
scaling. 

● igraph was used for constructing and analyzing graph-based structures such as lineage trees. 

● alakazam, part of the Immcantation framework, was used for immunoglobulin lineage and 
diversity analyses. 

Moreover, all code and scripts used in the upstream processes and downstream analysis can be found 
in the Github repository A18jonme (2025) linked in the sources. 

Results 

Upstream Processing 
Through MiXCR, a comprehensive repertoire of Ig clonotypes was obtained and reconstructed from the 
original raw high throughput Ig sequencing data provided by Zhao et al. (2018). Out of the obtained 
FASTQ files, 30 192 different clonotypes were generated after the alignment and assembly procedures. 
Following the findSHM tree procedure, a total of 3822 distinct clonotypes were obtained. 

Quality Control 
The quality control of the assembled alignments, as seen in Figure 1 in Appendix I, shows high-quality 
read alignments and clonotype calling. The vast majority of the sequences from the twelve different 
FASTQ files were correctly aligned to the V(D)J region with consistent CDR3 annotation. Only minor 
unsuccessfully assembled and aligned samples can be seen, validating the accuracy of the align and 
subsequent assembly step. 

Quality controls of the chain usage, seen in Figure 2 in Appendix I, shows a clear Ig chain distribution 
among the reconstructed clonotypes with the majority of the rearrangements showing a IGH chain 
which is consistent with the expectations for BCR profiling of the V(D)J region.   

Immunoglobulin Lineage Tree Reconstruction 
Based on the pre-decided threshold, 104 different lineage trees were reconstructed from the four 
donors. From the first donor, 24 trees were reconstructed, while for the second donor, third donor and 
fourth donor 12, 36 and 32 different lineages trees were reconstructed respectively. 

Furthermore, a quick overview of the reconstructed lineage trees showed that class switch 
recombination (CSR) events occurred frequently between the CD27+IgD+ (unswitched MBC) and 
CD27+IgD- (switched MBC) subsets. Moreover, several lineages showed unidirectional switching from 
IgM to IgA or IgG which is consistent with CSR dynamics. Other lineages exhibited an extensive 
proliferation within the switched compartment alone, such as IgA or IgG expansions only. 

Statistical Analysis 
Subsets 
Figure 1. Distribution of B cell subsets across donors. Bar charts showing (A) the absolute counts and (B) the 
relative proportions of three B cell subsets (CD27+IgD-, CD27+IgD+ and plasmablasts) from the reconstructed 
immunoglobulin lineage trees from the four healthy donors (D1-D4). Donor 3 showed the highest total count of B 
cells, followed by donor 4,1 and 2. CD27+IgD- showed to comprise the largest subset proportion across all donors, 



 
 

while plasmablasts were the least represented subset with no plasmablasts being detected in donor 4. The 
variation seen in the subset distributions indicates individual differences in the cell count and composition of the 
donors. Lower plasmablast frequencies may suggest a resting and non-activated immune state. 
 
As can be seen in Figure 1, the distribution and counts of the sequences in each B cell subset varied 
across the four donors and the reconstructed lineage trees. Donor three showed the highest total B cell 
subset counts, followed by donor four, donor one and donor two. Regarding the relative proportions of 
the subsets, also seen in Figure 1, CD27+IgD- was shown to consistently comprise the largest subset 
proportion across all the four donors. CD27+IgD+ were shown to be the second most frequent subset in 
all the donors. Plasmablasts were shown to be the least abundant subset in all the donors, excluding 
donor four which did not show any detectable plasmablasts in the trees analysed herein. The observed 
difference across the subset distribution highlights individual variability in both cell count and subset 
composition. The low plasmablast frequencies most likely reflect resting and non-activated immune 
status at the time of sampling.  

Subset comparisons 
Topographical characteristics of the lineage trees from the four donors were also evaluated comparing 
the various B cell subsets identified in the lineage trees using the same characteristics as that of the 
isotype comparison. Kruskal-Wallis tests were used to compare any statistically significant differences, 
and if any significant difference could be found, this was followed by a Bonferroni-corrected Dunn’s 
post-hoc test to assess group differences. Among the evaluated characteristics, only the variance in 
branch length and average depth showed any statistically significant difference between the subsets and 
characteristics that were evaluated, with the constructed boxplot for variance in branch length and 
average depth being shown in Figure 1 and Figure 2 respectively in Appendix II. 

The variance in branch length characteristic differed significantly among the four subsets (χ² = 15.507, 
df = 3, p = 0.0014). A post-hoc test showed that trees from the CD27⁺IgD⁻/Plasmablast subsets group 
had a significantly higher branch length variance compared to the  CD27⁺IgD⁺/CD27⁺IgD⁻ subsets group 
(p = 0.00057), indicating a greater difference in the lineage expansion patterns within this group. 
However, no other statistical comparison for this characteristic proved to be statistically significant. 
Moreover, the average depth characteristic also differed significantly among the four evaluated subsets 
(χ² = 14.924, df = 3, p = 0.001883). The subsequent post-hoc test showed that trees from the 
CD27⁺IgD⁻/Plasmablast subsets group had a significantly higher average depth compared to the 
CD27⁺IgD⁺/CD27⁺IgD⁻ subsets group (p = 0.001134768), indicating a greater difference in the depth of 
the trees within this group. This further suggests that trees containing plasmablasts and switched 
memory B cells (CD27⁺IgD⁻) undergo more diverse and extensive clonal expansion and somatic 
diversification, which is consistent with their role in adaptive immune responses. No other statistical 
comparison for this characteristic proved to be statistically significant. The other evaluated metrics did 



 
 

not show any statistically significant difference across the evaluated subset groups and can be seen in 
Table 1 in Appendix IV. 

While a few of the evaluated characteristics, such as the maximum depth and the symmetry score of the 
lineage trees, approached a significant value (p = 0.0536 and p = 0.0794 respectively), the differences 
did not prove to be sufficient to reject the null hypothesis, with the constructed boxplot being shown in 
Figure 5 and Figure 6 in the Appendix. In the end, the findings demonstrated that the branch length 
variability characteristics proved to be the distinguishing topographical feature in the evaluated lineage 
trees and subsets. The evaluated characteristics for which no statistical significance could be found are 
shown in Figure 2 to Figure 10 in the Appendix II. 

PCA 
The reconstructed lineage trees represented in the PCA plot, as seen in Figure 2, shows that the first two 
principal components (PC1 and PC2) account for 39% and 28% of the variance among the lineage trees 
respectively. The PCA plot also reveals that lineage trees derived from donors with plasmablast (red) 
and from donors without plasmablast (blue) were generally broadly mixed in the plot, with a slight 
variation between the two being seen. The lineage trees with plasmablast showed a greater dispersion 
across the first principal component axis, while lineage trees without plasmablast showed a higher 
dispersion along the second principal component axis. This indicates that lineage trees with 
plasmablasts capture a higher variation than the lineage trees without plasmablasts. The observed 
difference in variance between the two principal components showcases how trees with plasmablast, 
which are more dispersed along PC1, might possess a more complex and heterogeneous lineage 
structure as opposed to trees without plasmablast. This is most likely driven by active immune 
responses with shifting clonal expansion and differentiation patterns.  

 

Figure 2. Principal Component Analysis (PCA) of reconstructed B cell lineage trees. PCA plot based off the 
topographical features from the reconstructed lineage trees coloured according to trees with (red) or without 
(blue) plasmablasts. The first two principal components (PC1 and PC2) explain 39% and 28% respectively of the 



 
 

variance. Trees with plasmablasts showed a broader dispersion along PC1, suggesting a greater variability, while 
trees without plasmablasts are more dispersed along PC2. The greater variance along PC1 in trees with 
plasmablasts suggest a more complex and heterogeneous linge structure compared to trees without plasmablasts. 
This likely reflects an active immune response and dynamic clonal expansion within these trees. 
 

Isotype distribution 
The isotype composition varied across the reconstructed lineage trees and the donors as seen in Figure 
1 in Appendix III. Donor one and donor three displayed a combination of IgA, IgG and IgM isotypes across 
the different lineages tree. Donor two and donor four were mainly dominated by IgM and IgA isotypes 
with few IgG isotypes being shown. Several of the lineage’s trees, particularly in those from donor two 
and donor four, showed a high degree of isotype homogeneity, while those of donor one and donor three 
showed a diverse isotype composition across the reconstructed lineage trees. The greater isotype 
diversity of Donor 1 and 3 might suggest a more active or mature immune history with broader class-
switching occuring. Donor 2 and 4 shows a more restricted isotope composition which might reflect a 
more naive or mucosal-skewed immune state, since they mainly compose of IgM and IgA. Furthermore, 
Fisher's exact test comparing the different isotype distributions between the four donors demonstrated 
a p-value of 0.09289, indicating that there was no statistically significant difference at the chosen 0.05 
p-value threshold. 

Isotype comparison 
To evaluate the differences in the isotypes of the reconstructed lineage trees of the donors, a series of 
topographical characteristics were chosen and analysed using Kruskal-Wallis rank sum test, followed 
by Dunn's post-hoc tests with Bonferroni correction. Among the evaluated topographical lineage tree 
characteristics statistical significant differences were observed among the average depth, maximum 
depth and variance in branch length of the trees, with the boxplot being shown in Figure 11 to Figure 
13 in the Appendix II. Moreover, the other constructed boxplot without any statistically significant 
difference can be seen in Figure 14 to Figure 20 in the Appendix II. 

The average depth of the lineage trees showed significant variation across the evaluated isotypes (χ² = 
19.77, df = 3, p < 0.001). A post-hoc comparison indicated that the lineage trees associated with the IgA 
isotype had a significantly greater average depth compared to those of the Composite group (p = 0.0060)  
and that of the IgM group (p < 0.0001). However, no significant differences were observed between the 
Composite, IgG and IgM groups. 

Similarly, the Maximum Depth of the lineage trees also differed significantly across the isotypes (χ² = 
10.22, df = 3, p = 0.017). The Dunn’s test employed as a post-hoc test showed that the IgA trees had a 
significantly greater maximum depth compared to that of the IgM trees (p = 0.0090). No statistically 
significant difference could be observed for the other evaluated groups. 

The variance in branch lengths was also shown to differ significantly between the evaluated isotypes (χ² 
= 8.98, df = 3, p = 0.030). The variance in branch length, which reflects the heterogeneity in the lengths 
of the branches, was significantly greater in the IgA trees compared to those of the IgM trees as shown 
by the post-hoc test. Moreover, no statistically significant difference could be observed between the 
evaluated isotype groups for the other analysed metrics, and these can be seen in full in Table 2 in 
Appendix IV. 

The results highlight that certain characteristics related to depth and variability differs among the 
evaluated isotypes, while characteristics associated with branching and size proved to be mainly 
different in the IgA-containing trees. This aligns with what is known regarding IgA responses, which is 
often the result of prolonged and antigen-driven selection processes in which there occurs more 
extensive clonal diversification and thereby leading to deeper trees. Moreover, while the metric 



 
 

Maximum distance from leaf to split node was close to a statistically significant difference (p = 0.080), it 
did not prove to be sufficient to reject the null hypothesis. 

 

Shannon diversity (Intraclonal diversity) 

Figure 3. Intraclonal diversity of B cell clones across donors measured by Shannon Diversity Index. Bar 
plot showing the Shannon Index values for the reconstructed B cell lineages from the four donors (D1-D4). Donor 
4 showed the highest intraclonal diversity (3.09), indicating a more even distribution of distinct B cell clones. 
Donor 2 showed a moderate diversity (2.35), while donors 1 and 3 showed lower values (1.93 and 1.70 
respectively), indicating a greater clonal dominance. These results reveal distinct clonal compositions among the 
donors. Intraclonal diversity patterns might suggest reflecting differences in immune histories, exposures or 
physiological states. 
 
The intraclonal diversity among the four donors was evaluated using the Shannon Diversity Index and 
shown to vary across the four donors, as shown in Figure 3, Donor four showed the highest intraclonal 
diversity out of the donors, with a reported Shannon Index value of 3.09, indicating a relatively even 
distribution of distinct clones. Donor two showed intermediated diversity with a demonstrated index 
value of 2.35, while donor one showed a lower intraclonal diversity with an index value of 1.93. The 
lowest intraclonal diversity among them was that of donor three with a reported index value of 1.70. 
These results highlight characteristic differences in the clonal composition among the donors and the 
observed intraclonal diversity patterns may reflect different immune histories, exposures or 
physiological states among the donors. 

Shannon diversity (Interclonal diversity) 
The interclonal diversity between the four donors was also assessed using the Shannon Diversity Index 
as can be seen in Figure 2 in the Appendix III. Donor four showed the highest diversity out of the donors, 
with a Shannon index of 1.15, indicating the diverse isotype distribution among the evaluated donors. 



 
 

The second highest diversity was that of donor three with a reported index of 1.10. The Shannon index 
for donor one was reported as 1.02, while donor three showed the lowest interclonal diversity with a 
Shannon index of 0.87. The differences in the isotype distribution across the donors may point to a more 
broader and/or experienced immune repertoire in Donor 3 and 4. In contrast, Donor 2 and 1 shows a 
more restricted isotype usage, which might potentially reflect a recent clonal expansion dominated by 
specific isotypes. This however highlights differences and underlying variation in immune history, 
antigen exposures or physiological immune status among the donors. 

Discussion 
The quality control analysis of the assembled alignments, as can be seen in Figure 1 and Figure 2 in the 
Appendix, shows that the majority of the sequences were correctly aligned to the V(D)J region with 
consistent CDR3 annotations. The immunoglobulin chain usage analysis, seen in Figure 2, shows a 
predominant presence of the immunoglobulin heavy (IGH) chain among the reconstructed clonotypes. 
This is to be expected when employing BCR repertoire profiling, since the IGH chain plays a central role 
in BCR repertoire diversification (Aguirre-Gamboa et al., 2016). Moreover, the accurate identification of 
the complementarity-determining region 3 (CDR3), which is the most diverse and antigen-specific 
segment of the BCR, is known to be critical for immune profiling (Seo & Choi, 2025). Moreover, 
throughout the sequencing procedure the researchers used pyrosequencing, which is known to higher 
rate of PCR errors than, as an example, Illumina sequencing (Liu et al., 2012), with PCR error rates 
having been shown to significantly affect antibody repertoire diversity estimates as shown by Greiff et 
al. (2014). Nonetheless, the quality controls validate the accuracy and reliability of the reconstructed 
BCR sequences and the resulting chain distribution alignments. 

A total of 104 lineage trees were reconstructed from the four donors using the threshold that was 
decided upon, with the donors producing 24, 12, 36 and 32 trees respectively. The variation in the 
number of lineage trees could possibly reflect underlying biological differences such as prior antigen 
exposure, clonal expansion or sampling variability among the donors as described by Horns et al. (2016) 
where it is shown that different infection and/or vaccination histories may produce a varying number 
of lineages trees across individuals. Moreover, the lineage trees showed frequent class switch 
recombination (CSR) events, particularly between the CD27+IgD+ and CD27+IgD- cells, which typically 
signifies an active and ongoing humoral immune response (Liu et al., 2024). Some of the lineage trees 
showed a significant clonal expansion with IgA or IgG dominant clones, which point towards antigen-
selected proliferation. This is characteristic of GC reactions, where B cells undergo somatic 
hypermutation and selection for high affinity isotypes (Shlomchik & Weisel, 2012). The diversity and 
depth of these expanded clones may reflect sustained antigen exposure or secondary immune 
responses. Moreover, the expanded clones containing plasmablasts showed differences in features 
associated with branch length variability characteristics of the reconstructed lineage trees. This could 
possibly verify earlier research by Weisel et al. (2016) performed in mice, where it is shown that plasma 
cells tend to undergo more rounds of mutations and leave the GCs. 

The observed distribution of the B cell subsets, seen in Figure 1, across the four donors shows a notable 
variability. However, the observed variability is consistent with earlier research indicating  subsets 
prevalence can differ considerably among healthy individuals due to influences such as age, genetic 
background and environmental factors as Aguirre-Gamboa et al. (2016) describes. The high prevalence 
of the CD27+IgD- subset across all donors aligns with the established knowledge that these cells 
represent switched MBCs, which has undergone somatic hypermutation and isotype switching, usually 
as a result of GC reactions (Berkowska et al., 2011). The CD27+IgD+ subset, which is shown to be the 
second most frequent subset across the donors, corresponds to non-switched MBCs. These cells can 
produce high-affinity IgM antibodies which contributes to an early defence mechanism against 



 
 

pathogens (Weller et al., 2004). The low prevalence of plasmablasts observed in all donors, with none 
being detected in donor four, is not unexpected. In healthy individuals, plasmablasts are typically 
present at lower frequencies in the peripheral blood, often constituting less than 5% of the total B cell 
population (Aguirre-Gamboa et al., 2016). The numbers of plasmablasts can temporarily increase during 
active immune responses, such as infections of vaccinations (Fink, 2012). The absence of any detectable 
plasmablasts in donor four may furthermore indicate a lack of any recent antigenic stimulation 
(Appanna et al., 2016). Overall, the distribution patterns observed are consistent with the established 
immunological principles regarding B cell subset dynamics in healthy individuals (Cyster & Allen, 2019). 

The evaluation of topographical characteristics in the lineage trees associated with subsets across the 
donors revealed that variance in branch length was the only statistically significant feature among the 
analysed characteristics and subsets. The CD27⁺IgD⁻/Plasmablast subsets group showed a significantly 
greater branch length variance compared to the CD27⁺IgD⁺/CD27⁺IgD⁻ subsets group. This might 
reflect the dynamic nature of plasmablasts, which are known to develop during strong antigenic 
stimulation and rapidly expand in a short timeframe (Fink, 2012). The greater branch length variance 
also might indicate that they stay longer in the GCs (Hoehn et al., 2021), which opens up to the possibility 
that a greater branch length variance might therefore serve as an indicator of increased clonal diversity 
which is typical of an ongoing immune response (Laserson et al., 2014). Previous findings have shown 
that plasmablasts such as, especially those arising from MBCs, often reflect a broader spectrum of 
somatic hypermutation and proliferative history, which corresponds with the higher variance in branch 
length being shown in the lineage trees containing plasmablasts as shown by Phad et al. (2022). In 
contrast, the other topographical characteristics, such as number of nodes, branching factor, maximum 
depth, tree height, and symmetry score did not display any statistically significant differences between 
B cell subsets in this analysis. 

Moreover, the reconstructed B cell lineage trees were analysed using PCA, with the results being shown 
in Figure 2. The two principal components (PC1 and PC2) accounted for 39% and 28% of the total 
variance respectively among the evaluated lineage trees. The PCA plot revealed that the lineage trees 
from the donors with plasmablasts (red) and those without plasmablasts (blue) were generally spread 
out throughout the plot, which indicates a broad overlap between the two groups. However, the lineage 
trees associated with plasmablasts showed a greater dispersion along the PC1 axis, whereas those 
without plasmablasts demonstrated a higher variability along the PC2 axis. The overall pattern shown 
in the plot suggests that the inclusion of plasmablasts may capture a wider range of lineage diversity 
along the dominant variance axis. This is consistent with previous findings on the dynamic nature of 
plasmablast-associated repertoires which are known to shift overtime. As shown by Phad et al. (2022) 
and Grasseau et al. (2021) which demonstrates how plasmablast-associated repertoires are highly 
dynamic and display significant transcriptomic shifts during differentiation. 

As shown in Figure 13 in the Appendix, the isotype composition of the lineage trees varied across the 
four donors, with the observed diversity possibly reflecting a more active or recent immune system 
stimulation in the different lineages. Isotype switching typically is the result of B cell activation driven 
by antigens and differentiation occurring in the GCs (Stavnezer et al., 2008), with recent research 
suggesting that isotype switching might also occur in extrafollicular regions during early activation 
stages as shown by (Roco et al. (2019). The narrower isotype distribution could indicate either a less 
diverse history of antigen exposure or stronger representation of marginal zone or naive B cell lineages, 
which primarily express IgM and undergoes limited class switching (Cerutti et al., 2013). It has also been 
shown that the MBC repertoire is largely dominated by clonal families expressing IgM, IgA and the IgG2 
isotype subclass, with mixed isotype families being fairly common, particularly combinations such as 
IgM with the subclass IgG2 or IgA with the subclasses IgA1 or IgA2 as described by (Phad et al. (2022). 
The high degree of isotype homogeneity within certain lineage trees might support the notion that these 



 
 

clones may represent earlier or less diversified immune responses (Syeda et al., 2024). However, the 
heterogeneous isotype profiles suggest a more extensive affinity maturation and class-switch 
recombination, which is consistent with previous studies demonstrating that long-term or repeated 
antigen exposure enhances isotype diversification within clonal families (Seifert & Küppers, 2016). This 
might further reflect differences in immune history or physiological states across the donors, such as 
subclinical infections, environmental factors or vaccination status (Syeda et al., 2024; Zimmermann & 
Curtis, 2019). Furthermore, the statistical analysis which was performed using Fisher’s exact test 
revealed no significant difference in isotype distribution between donors (p = 0.09289). While this value 
approached the significance threshold of 0.05, it might instead suggest that the variance could be due to 
random variation rather than biological differences. However, it also highlights inter-donor 
heterogeneity that may become significant with a larger sample group. 

The topographical characteristics of the lineage trees, analysed across different immunoglobulin 
isotypes, displayed a significant variation in tree topology. By using the Kruskal-Wallis rank sum test 
followed by Dunn's post-hoc tests with Bonferroni correction, statistically significant differences were 
observed in evaluated average depth, maximum depth, and variance in branch length characteristics 
among the isotype groups. The lineage trees associated with the IgA isotype displayed significantly 
higher average and maximum depths, compared to those of the IgM and Composite groups. This might 
suggest that B cells producing IgA undergo more rounds of somatic hypermutation or proliferate more 
extensively within the GCs, and thereby leading to shallower lineage trees (Berkowska et al., 2011). The 
increased depth in the lineage trees associated with IgA could further indicate a different differentiation 
pathway, possibly reflecting mucosal immune responses where a rapid antibody production is 
advantageous (Zhou et al., 2025). Furthermore, the variance in branch lengths was significantly greater 
in the lineage trees associated with IgA compared to the trees associated with IgM, possibly indicating 
a more consistent accumulation of mutations. This homogeneity within the variance in branch length 
might be attributed to a less restricted selection process or a increased range of antigenic stimulation in 
mucosal environments possibly due to intestinal gut microbiota, where IgA is known to play a pivotal 
role (Corthésy, 2013; Bunker et al., 2017). 

The intraclonal diversity, which was assessed using the Shannon Diversity Index, showed a notable 
variation in the clonal composition, as seen in Figure 24 in the Appendix. Donor four showed the highest 
diversity with an index value of 3.09, suggesting a more diverse distribution of B cell clones. The higher 
clonal diversity which was seen may reflect a more active or antigen-experienced B cell repertoire, 
possibly due to earlier infections, vaccinations or an ongoing immune challenge (Lam et al., 2020; Luo 
& Yin, 2021). Moreover, donor two demonstrated a moderate diversity with an index value of 2.35, 
whereas donors one and three had a relatively lower diversity score, 1.93 and 170 respectively. A lower 
Shannon Index shows a higher degree of clonal dominance, where a few clones are disproportionately 
expanded, possibly the results of antigen-driven selection or limited antigenic exposure (Victora & 
Wilson, 2015). The clonal composition may also reflect MBC expansions because of aging and disease-
associated immune repertoires (De Mol et al., 2021). Overall, the observed differences in Shannon 
diversity highlights a heterogeneity in the immune repertoire among the donors, which can be shaped 
by a multitude of internal and external factors, including such things as genetics, immune history and 
environmental factors as described by (Brodin & Davis (2016). Before any definitive conclusions can be 
made, a larger sample size including more donors and diverse cohorts may be necessary to provide a 
better understanding how these factors might influence the intraclonal diversity. 

The interclonal isotype diversity among the four donors was also assessed using the Shannon Diversity 
Index, as can be seen in Figure 25 in the Appendix. Donor four showed the highest isotype diversity with 
a reported Shannon Index value of 1.15, suggesting a broad distribution of immunoglobulin isotypes. 
This higher diversity may reflect a history of exposure to multiple antigens, which promotes isotype 



 
 

switching and diversification (Liu et al., 2024). Moreover, donor three followed closely with an index 
value of 1.10, indicating a comparably diverse isotype composition. Donor one demonstrated a 
moderate isotype diversity with a Shannon Index of 1.02, while donor two showed the lowest Shannon 
Index of 0.87, potentially suggesting a more restricted or skewed isotype distribution. A lower isotype 
diversity could result from clonal expansions of cells which predominantly expresses a single isotype, 
which is often observed in response to specific antigenic stimuli or in less antigen-experienced 
repertoires (Nielsen & Boyd, 2018). 

However, there were a few limitations concerning this study which are worth mentioning. Namly, (i) a 
small cohort size, (ii) the absence of any clinical metadata of the sequencing data and (iii) the reliance 
on a single public dataset. Kraemer and Kupfer (2005) have demonstrated how choosing a suitable 
cohort size is crucial for producing reliable, interpretable and statistically valid results in clinical studies. 
Smaller cohorts may potentially undermine any ability to detect true effects and might compromise the 
study's conclusion. The absence of any clinical metadata further hampers the study, as this could have 
provided valuable information regarding sex, genetic background, immune history or environmental 
factors which are known to affect the immune repertoire as mentioned earlier and demonstrated by 
Aguirre-Gamboa et al. (2016) and Brodin & Davis (2016).  The reliance on a single dataset might further 
skew the results, as this might introduce a bias with it being generally advised to perform similar studies 
with multiple dataset (Chen et al., 2019). All considered, this does not necessarily discredit the results 
laid forth here, merely that the study should only be considered a pilot study and future research would 
be highly advised to consider these limitations and obstructions.    



 
 

Ethical aspects, gender perspectives, and impact on the society 
This study was conducted using publicly available high throughput immunoglobulin sequencing data 
which was derived from different human B cell populations and collected from four healthy donors. The 
dataset was originally published by Zhao et al. (2018) and retrieved from the National Center for 
Biotechnology Information (NCBI). No new data was generated during this study and no direct 
involvement of human subjects, animals or pathogenic material occurred during the project and 
therefore a formal ethical approval was not required. However, ethical considerations remain relevant, 
particularly regarding data usage and representation of the subjects being handled responsibility and 
with ethical considerations in mind. Moreover, the publishers of the original dataset followed the 
established ethical standards for human biomedical research, including informed consent and 
anonymization, with an ethical approval from the UK Research Ethics Committees and all samples being 
collected with informed consent of the subjects. While this project did not involve any direct 
experimentation on subjects with sex or gender variables in mind, a discussion on the sex and gender 
perspectives may remain important. As the dataset did not provide any information regarding sex or 
gender of the subjects, this might present a limitation in the study, as sex-based immunological 
differences between the sexes are well documented. Women, as an example, often show stronger B cell 
responses and have a higher susceptibility to developing autoimmune diseases. Including a more 
thorough focus on sex and gender in immunogenomic research could therefore prove to uncover 
meaningful biological variation and further improve the value of the findings and research. Concerning 
possible societal impact, this project might contribute to a broader understanding of BCR diversity and 
MBC subset mechanisms through lineage tree reconstruction and profiling of the BCR repertoire. By 
uncovering possible patterns in the isotype usage, clonal diversity and specific subset expansions across 
healthy individuals, this might help to provide a groundwork to further disentangle the humoral 
immune memory and responsiveness. Such insight might prove to be valuable for further development 
of vaccines, understanding variability in immune responses and potentially for identifying early 
markers and signs of immune dysregulation in such conditions as autoimmune diseases or 
immunodeficiencies. 

Future perspectives 
While this study might potentially offer important insights into the structural and functional diversity 
of B cell lineages in healthy individuals, several different opportunities remain which could deepen our 
understanding. A possible next step might be to expand the cohort size to include individuals of different 
age, genetic background and/or immune status. The observed inter and intra-donor variability in the 
isotypes and clonal diversity together with the lineage topography suggests that a more vast and broad 
population study could reveal more ”consistent patterns” (Brodin & Davis, 2016). 

Moreover, a more longitudinal approach could further illuminate how B cell clonal structures evolve in 
response to sudden stimuli such as infection or vaccination. This approach could be valuable for 
understanding the plasmablast emergence and MBC reactivation as well as the dynamics of class switch 
recombination observed in vivo and in real-time (Phad et al., 2022; Victora & Nussenzweig, 2012) The 
distinct topographical features which was observed in the IgA-associated lineage trees might suggest 
possible tissue-specific immune adaptations, which might be better addressed by analysing B cells 
derived from mucosal tissues (Corthésy, 2013). 

Moreover, using transcriptomic data together with clonal lineage analyses could further uncover gene 
expression signatures which are associated with clonal expansion, somatic hypermutation or subset 
differentiation. As demonstrated by Morgan and Tergaonkar (2022), shared transcriptional states 
among related B cells can offer a better insight into lineage commitment and functional specialization 



 
 

of B cells. This multi-omics approach could strengthen the understanding of B cells and might identify 
potential biomarkers which could be used for immunological monitoring or therapeutic interventions. 
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Appendix 

Appendix I 

Figure 1. Alignment rates across B cell subset samples. Plot showing the alignment outcomes for the 
immunoglobulin sequencing reads from the twelve FASTQ files, representing the different B cell subsets and 
donors. The majority of the reads were successfully aligned to the V(D)J region as shown by the green colour, with 
consistent CDR3 annotation. Minor fractions of unaligned reads can be seen in orange and purple colour 
representing no CDR3 parts and absent barcode respectively. The plot indicates that the alignment which was 
performed in the vast majority of the cases proved successful.  
Figure 2. Clonal immunoglobulin heavy chain (IGH) usage across samples. Plot showing the distribution of 
IGH chain types among the reconstructed clonotypes from the twelve FASTQ files, representing the different B cell 
subsets and donors. The majority of clonotypes show IGH rearrangements (dark brown), while a smaller 
proportion shows sequences with stop codons (orange) and out-of-frame, OOF, rearrangements (beige). The plot 
confirms the expected dominance of functional IGH chains which is expected in BCR profiling. The plot indicates 



 
 

that the majority of the reconstructed clonotypes showed a clear IGH chain distribution, which is consistent with 
BCR profiling of the V(D)J region. 
  



 
 

Appendix II 

Figure 1. Variance in branch length across B cell subset combinations. Boxplot illustrating the Variance in 
branch length among the reconstructed lineage trees group by different combinations of B cell subsets. A 
significant difference was observed (χ² = 15.507, df = 3, p = 0.0014) with a post-hoc analysis using Dunn's test with 
Bonferroni correction showed that trees from the CD27⁺IgD⁻/Plasmablast group showed significantly higher 
branch length variance compared to the CD27⁺IgD⁺/CD27⁺IgD⁻ group (p = 0.00057, **) at the chosen 0.05 
threshold. No other subset comparisons showed any statistically significant differences. Boxes represent the 
interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 1.5× IQR, and points 
beyond whiskers indicate outliers. The results seen in the box plot might suggest that trees with plasmablasts and 
switched memory B cells (CD27⁺IgD⁻) undergo a greater clonal expansion and diversification. This is consistent 
with their roles in adaptive immunity, and thus showing a greater variance in branch length. 
Figure 2. Average depth of lineage trees across B cell subset combinations. Boxplot illustrating the Average 
depth among the reconstructed lineage trees grouped by B cell subset combinations. A statistically significant 
difference was observed between the groups (χ² = 14.924, df = 3, p = 0.0019). A post-hoc analysis using Dunn's 
test with Bonferroni showed that the  CD27⁺IgD⁻/Plasmablast group had significantly greater average tree depth 
compared to that of the CD27⁺IgD⁺/CD27⁺IgD⁻ group (p = 0.0011, **), indicating a more extensive clonal 
expansion within this subset. No other groups showed any statically significant difference at the chosen 0.05 
threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers 
extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results seen in the box plot might suggest 
that trees with plasmablasts and switched memory B cells (CD27⁺IgD⁻) undergo a greater clonal expansion and 



 
 

diversification. This is consistent with their roles in adaptive immunity, and thereby showing deeper average 
depth.  
Figure 3. Maximum depth of lineage trees across B cell subset combinations. Boxplots showing the Maximum 
depth of the reconstructed lineage trees grouped by the different B cell subsets. A statistical analysis using the 
Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 7.659, p = 0.0536) at the chosen 
0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, 



 
 

whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that 
no statistically significant difference could be observed in the evaluated characteristic and subset combinations. 
Figure 4. Symmetry score of lineage trees across B cell subset combinations. Boxplots showing the Symmetry 
score of the reconstructed lineage trees grouped by the different B cell subsets. A statistical analysis using the 
Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 6.776, p = 0.0794) at the chosen 
0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, 



 
 

whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that 
no statistically significant difference could be observed in the evaluated characteristic and subset combinations. 
Figure 5. Branching factor of lineage trees across B cell subset combinations. Boxplots showing the 
Branching factor of the reconstructed lineage trees grouped by the different B cell subsets. A statistical analysis 
using the Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 0.799, p = 0.850) at 
the chosen 0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate 
medians, whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here 



 
 

indicated that no statistically significant difference could be observed in the evaluated characteristic and subset 
combinations. 
Figure 6. Collapsing time of lineage trees across B cell subset combinations. Boxplots showing the Collapsing 
time of the reconstructed lineage trees grouped by the different B cell subsets. A statistical analysis using the 
Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 4.6409, p = 0.2001) at the 
chosen 0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate 
medians, whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here 



 
 

indicated that no statistically significant difference could be observed in the evaluated characteristic and subset 
combinations. 
Figure 7. Maximum distance leaf to split of lineage trees across B cell subset combinations. Boxplots 
showing the Maximum distance leaf to split of the reconstructed lineage trees grouped by the different B cell 
subsets. A statistical analysis using the Kruskal-Wallis test did not prove a significant difference between the 
groups (χ² = 4.641, p = 0.200) at the chosen 0.05 threshold. Boxes represent the interquartile range (IQR), 
horizontal lines within boxes indicate medians, whiskers extend to 1.5× IQR, and points beyond whiskers indicate 



 
 

outliers. The results shown here indicated that no statistically significant difference could be observed in the 
evaluated characteristic and subset combinations. 
Figure 8. Mean distance leaf to split of lineage trees across B cell subset combinations. Boxplots showing the 
Mean distance leaf to split of the reconstructed lineage trees grouped by the different B cell subsets. A statistical 
analysis using the Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 6.529, p = 
0.0885) at the chosen 0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes 
indicate medians, whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown 



 
 

here indicated that no statistically significant difference could be observed in the evaluated characteristic and 
subset combinations. 
Figure 9. Number of nodes of lineage trees across B cell subset combinations. Boxplots showing the Number 
of nodes of the reconstructed lineage trees grouped by the different B cell subsets. A statistical analysis using the 
Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 2.689, p = 0.442) at the chosen 
0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, 



 
 

whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that 
no statistically significant difference could be observed in the evaluated characteristic and subset combinations. 
Figure 10. Tree height of lineage trees across B cell subset combinations. Boxplots showing the Tree height 
of the reconstructed lineage trees grouped by the different B cell subsets. A statistical analysis using the Kruskal-
Wallis test did not prove a significant difference between the groups (χ² = 1.723, p = 0.632) at the chosen 0.05 
threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers 



 
 

extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that no 
statistically significant difference could be observed in the evaluated characteristic and subset combinations. 
Figure 11. Average depth of lineage trees across antibody isotypes. Boxplots showing the average depth 
among the reconstructed lineage trees group by antibody isotype. A statistically significant difference was 
observed between the (χ² = 19.77, df = 3, p < 0.001). A post-hoc analysis using Dunn's test with Bonferroni 
correction showed that the IgA group had significantly greater average depth compared to both the Composite 
group (p = 0.0060, **) and the IgM group (p < 0.0001, ***). No other groups showed statistically significant 
differences at the 0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes 
indicate medians, whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results align 
with what is known regarding IgA responses, which results from prolonged and antigen-driven selection. The 



 
 

prolonged and antigen-driven selection causes extensive clonal diversification and might lead to a deeper average 
depth compared to the other groups. 
Figure 12. Maximum depth of lineage trees across antibody isotypes. Boxplot showing the Maximum depth 
among the reconstructed lineage trees group by antibody isotype. A statistically significant difference was 
observed between the groups (χ² = 10.22, df = 3, p = 0.017). A post-hoc analysis using Dunn's test with Bonferroni 
correction showed that the IgA group had significantly greater Maximum depth compared to the IgM group (p = 
0.0090, *). No other groups showed statistically significant differences at the 0.05 threshold. Boxes represent the 
interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 1.5× IQR, and points 
beyond whiskers indicate outliers. The results align with what is known regarding IgA responses, which results 



 
 

from prolonged and antigen-driven selection. The prolonged and antigen-driven selection causes extensive clonal 
diversification and might lead to an increased maximum depth compared to the other groups. 
Figure 13. Variance in branch length of lineage trees across antibody isotypes. Boxplot showing the Variance 
in branch length among the reconstructed lineage trees group by antibody isotype. A statistically significant 
difference was observed between the groups (χ² = 8.98, df = 3, p = 0.030). A post-hoc analysis using Dunn's test 
with Bonferroni correction showed that the IgA group had significantly greater Variance in branch length 
compared to the IgM group (p = 0.030, *). No other groups showed statistically significant differences at the 0.05 
threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers 
extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results align with what is known regarding 
IgA responses, which results from prolonged and antigen-driven selection. The prolonged and antigen-driven 



 
 

selection causes extensive clonal diversification and might lead to a greater variance in branch length compared 
to the other groups. 
Figure 14. Branching factor of lineage trees across antibody isotypes. Boxplot showing the Branching factor 
among the reconstructed lineage trees group by antibody isotype. A statistical analysis using the Kruskal-Wallis 
test did not prove a significant difference between the groups (χ² = 1.4108, p = 0.703) at the chosen 0.05 threshold. 
Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 



 
 

1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that no statistically 
significant difference could be observed in the evaluated characteristic and isotype group. 
Figure 15. Collapsing time of lineage trees across antibody isotypes. Boxplot showing the Collapsing time 
among the reconstructed lineage trees group by antibody isotype. A statistical analysis using the Kruskal-Wallis 
test did not prove a significant difference between the groups (χ² = 5.0099, p = 0.171) at the chosen 0.05 threshold. 
Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 



 
 

1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that no statistically 
significant difference could be observed in the evaluated characteristic and isotype group. 
Figure 16. Maximum distance leaf to split of lineage trees across antibody isotypes. Boxplot showing the 
Branching factor among the reconstructed lineage trees group by antibody isotype. A statistical analysis using the 
Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 6.7654, p = 0.080) at the chosen 
0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, 



 
 

whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that 
no statistically significant difference could be observed in the evaluated characteristic and isotype group. 
Figure 17. Mean distance leaf to split of lineage trees across antibody isotypes. Boxplot showing the Mean 
distance leaf to split among the reconstructed lineage trees group by antibody isotype. A statistical analysis using 
the Kruskal-Wallis test did not prove a significant difference between the groups (χ² = 4.1209, p = 0.249) at the 
chosen 0.05 threshold. Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate 
medians, whiskers extend to 1.5× IQR, and points beyond whiskers indicate outliers. The results shown here 



 
 

indicated that no statistically significant difference could be observed in the evaluated characteristic and isotype 
group. 
Figure 18. Number of nodes of lineage trees across antibody isotypes. Boxplot showing the Number of nodes 
among the reconstructed lineage trees group by antibody isotype. A statistical analysis using the Kruskal-Wallis 
test did not prove a significant difference between the groups (χ² = 3.4582, p = 0.326) at the chosen 0.05 threshold. 
Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 



 
 

1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that no statistically 
significant difference could be observed in the evaluated characteristic and isotype group. 
Figure 19. Symmetry score of lineage trees across antibody isotypes. Boxplot showing the Symmetry score 
among the reconstructed lineage trees group by antibody isotype. A statistical analysis using the Kruskal-Wallis 
test did not prove a significant difference between the groups (χ² = 2.9886, p = 0.393) at the chosen 0.05 threshold. 
Boxes represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 



 
 

1.5× IQR, and points beyond whiskers indicate outliers. The results shown here indicated that no statistically 
significant difference could be observed in the evaluated characteristic and isotype group. 
Figure 20. Tree height of lineage trees across antibody isotypes. Boxplot showing the Tree height among the 
reconstructed lineage trees group by antibody isotype. A statistical analysis using the Kruskal-Wallis test did not 
prove a significant difference between the groups (χ² = 3.4046, p = 0.333) at the chosen 0.05 threshold. Boxes 
represent the interquartile range (IQR), horizontal lines within boxes indicate medians, whiskers extend to 1.5× 



 
 

IQR, and points beyond whiskers indicate outliers. The results shown here indicated that no statistically significant 
difference could be observed in the evaluated characteristic and isotype group. 
  



 
 

Appendix III 

Figure 1. Isotype composition per B cell lineage across four donors. Bar plots showing the proportional 
distribution of the evaluated immunoglobulin isotypes (IgA, IgG and IgM) within the B cell lineages from the four 
donors (D1-D4). Donor 1 and 3 displayed a more diverse isotype composition, while donor 2 and 4 showed a 
higher isotype homogeneity composed mainly of IgM and IgA. IgG was the least frequently observed isotype, 
particularly in donors 2 and 4. A statistical comparison of isotype distributions across the donors using Fisher’s 
exact test gave a p-value of 0.09289, indicating no statistically significant difference at the chosen 0.05 threshold. 
The higher isotype diversity in Donors 1 and 3 suggests a more active or mature immune history with broader 
class-switching, while the restricted IgM and IgA dominated profiles of Donors 2 and 4 may indicate a more naïve 
or mucosal-skewed immune status. 
 
Figure 2. Interclonal isotype diversity across donors measured by Shannon Diversity Index. Bar plots 
showing the Shannon Diversity Index for the isotype usage within the B cell lineages from the four donors. Donor 
4 showed the highest interclonal diversity (1.15), followed by donor 3 (1.10), donor 1 (1.02) and donor 2 which 
showed the lowest interclonal diversity (0.87) of the four donors. Differences in isotype distribution suggest a 
broader and more experienced immune repertoire in Donors 3 and 4, while Donor 1 and 2 shows a more restricted 



 
 

isotype usage, possibly reflecting recent clonal expansions. These results underscore variation in immune history, 
antigen exposure and physiological status among the donors. 
  



 
 

Appendix IV 
 
Table 1. Topographical characteristics of lineage trees across B cell subsets. Summary of Kruskal-
Wallis test results evaluating differences in topographical characteristics of the reconstructed lineage 
trees among the four B cell subsets. No statistically significant differences were observed for the 
characteristics listed in the table. 
Characteristic Chi-squared test ( χ²) P-value 
Branching factor 0.799 0.850 
Collapsing time 4.6409 0.2001 
Maximum distance from leaf to split node 4.641 0.200 
Maximum depth 7.659 0.0536 
Mean distance from leaf to split node 6.529 0.0885 
Number of nodes 2.689 0.442 
Symmetry score 6.776 0.0794 
Tree height 1.723 0.632 
 
Table 2. Topographical characteristics of lineage trees across antibody isotypes. Summary of 
Kruskal-Wallis test results evaluating differences in topographical characteristics of the reconstructed 
lineage trees among the antibody isotypes. No statistically significant differences were observed for the 
characteristics listed in the table. 
Characteristic Chi-squared test ( χ²) P-value 
Branching factor 1.4108 0.703 
Collapsing time 5.0099 0.171 
Maximum distance from leaf to split node 6.7654 0.080 
Mean distance from leaf to split node 4.1209 0.249 
Number of nodes 3.4582 0.326 
Symmetry score 2.9886 0.393 
Tree height 3.4046 0.333 
 



 
 

 
Figure 3. A flow diagram of the pipeline used throughout the project. A flow diagram showing the steps in 
which the project was performed from the data acquisition, followed by the upstream processing, lineage tree 
reconstruction and subsequent statistical analysis. 
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