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INNATE AND ADAPTIVE IMMUNE RESPONSES

The human immune system is a highly sophisticated network of cells and proteins that 
evolved to protect the body against harmful pathogens. The human immune system has two 
lines of defense, innate and adaptive immunity, that co-operate to facilitate rapid and specific 
clearance of pathogens. Innate immune responses serve as a first line of defense against 
pathogens as these act rapidly upon infection. They depend on the complement system, 
phagocytic and secretory cells that recognize broadly conserved features of pathogens, 
with each innate component acting in a pathogen-class specific (viruses, bacteria, fungi, 
parasites) fashion1–3. Adaptive immune responses are generated more slowly, but have high 
specificity for the pathogen and depend on the activation of B and T cells4. In addition, 
these responses provide long-lasting protection as immunological memory is generated and 
allows for rapid and specific response to re-call infection of the same pathogen, or their 
related variants5. A fundamental feature of the immune system is the ability to distinguish 
self from non-self. Occasionally, the systems fails to make this distinction which can 
lead to self-damaging immune responses and can drive pathology and the generation of 
autoimmune diseases6. Although the innate and adaptive immune systems are different, 
their collaboration is essential to facilitate rapid and specific clearance of pathogens: the 
innate immune system enables the generation of an adaptive immune response, while the 
latter acts by enhancement of the functions of the innate immune system.

B cell development and maturation
B cells recognize antigens by using their antigen receptors, or B cell receptors (BCRs). 
The immense variety of antigen receptor specificities in the human B cell pool enables the 
generation of immune response to virtually any pathogen. This diverse repertoire of BCRs 
is generated during B cell development. Most B cells develop in the bone marrow from 
common lymphoid progenitor cells. Here they receive specific signals from the specialized 
microenvironment to commit to B cell lineage development. Throughout life new B cell 
are continuously generated and leave the bone marrow to populate peripheral secondary 
lymphoid organs (SLOs), e.g. lymph nodes, spleen and mucosal lymphoid tissues. SLOs are 
highly organized structures connected to the blood and lymphatics system and constantly 
sample and collect circulating antigens which can activate the SLO populating immune 
cells to initiate adaptive immune responses7,8.

B cell development begins by rearrangement of the heavy (H) chain locus by assembly of 
one of many V, D and J gene segments in the pro-B cell. Around two thirds of the VDJH 
rearrangements is nonproductive. If failure occurs on both alleles transition towards the 
pre-B cell stage is ceased and surface expression of both BCRs is prevented. If VDJH 
rearrangements result in a functional heavy chain this pre-B cell receptor is expressed in 
the cytoplasm and on the cell surface. In the next stage rearrangement of the light chain 
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gene is rearranged in a similar fashion, but does not include a D segment. By a successful 
rearrangement of the light chain a complete BCR molecule can be expressed on the cell 
surface accompanied by several other co-receptor molecules, such as CD79, Igα and Igβ, 
CD19, CD45 at the cell surface, for efficient signal transduction upon antigen binding.

Within the bone marrow, immature B cells that express properly rearranged BCRs are tested 
for reactivity to self-antigens. In early stages of B cell development, only IgM is expressed. 
Immature B cells that express IgM BCRs that crosslink self-antigens development is 
arrested. This mechanism is known as clonal deletion9. Other mechanisms, within or outside 
of the bone marrow, that deal with self-reactive immature B cells are receptor editing, the 
induction of a permanent state of unresponsiveness to antigen, or anergy, and immunological 
ignorance. These mechanisms all contribute that the B cell populations in the SLOs will 
be relatively limited in recognition of self-antigens and are mainly pathogen-specific. 
Occasionally, self-reactive B cells are able to escape elimination. This does not necessarily 
lead to pathology, but if sustained reaction to self occurs, with generation of effector cells 
and molecules, such as destructive autoantibodies, autoimmune diseases can develop.

To complete development, immature B cells that pass central tolerance within the bone 
marrow migrate to the spleen, currently at the maturation stage of transitional B cell, to 
populate the medullary vascular sinuses. Here, B cells compete for access to the follicles in 
lymphoid tissues to receive essential survival factors, such as BAFF, provided by follicular 
dendritic cells (FDCs). In the spleen these B cells differentiate into follicular (FO) B cells 
or marginal zone (MZ) B cells10 depending on received signals11–14, and fulfill different 
functions11. These FO B cells are now considered matured, and are commonly referred to 
as naive B cells. Naive B cells co-express IgM and IgD BCRs on their surface. IgM and IgD 
perform many of the same roles and can largely substitute for one another15. However, naive 
B cells that recognize ‘self’ decrease their levels of IgM but retain high levels of IgD on their 
surface which subsequently drives these B cells into anergy16,17. The distribution of naive 
B cells throughout peripheral lymphoid tissues is controlled by chemoattractant cytokines 
(chemokines) secreted by stromal cells and bone marrow derived cells and the expression of 
chemokine receptors on the B cell surface. Naive B cells constitutively express CXCR5 and 
are attracted to the follicles, where its ligand CXCL13 is expressed by FDCs predominantly18.

B cell fate decision: memory B cells, plasmablasts and plasma cells
B cell responses to infection or immunization can broadly be divided into T cell-dependent 
B cell responses that feature a germinal center (GC) reaction and T cell-independent B cell 
responses that lack GCs and feature B cell proliferation and differentiation at extrafollicular 
sites. Both responses will be discussed in more detail in this section.
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T cell-independent B cell responses
Activation of B cells occurs trough different mechanisms depending on several factors, such 
as the molecular nature of the antigen. Antibody responses to most protein antigens require 
T cell help for B cell activation, however humans with T cell deficiencies still generate 
antibodies against many bacterial antigens19. These T cell-independent (TI) responses 
lack GCs and feature B cell proliferation and differentiation into plasmablasts (PBs) at 
extrafollicular sites and are often induced by repeated, non-protein bacterial antigens such 
as polysaccharides and lipopolysaccharides20. TI antigens display structural repetitive 
epitopes that allow for cross-linking of multiple BCRs. Activation of the B cell trough the 
BCRs results in the upregulation of toll-like receptors (TLRs) that interact with pathogen-
associated molecular patterns (PAMPs), including glycans like LPS and nucleic acids like 
CpG21. The combination of BCR and TLR activation generally leads to the generation of 
short-lived PBs that secrete low-affinity IgM antibodies22. Although these responses do not 
mount high-affinity antibodies or B cell memory, they are an essential part of the first line 
defense against invading extracellular pathogens since they arise earlier that TD responses 
that require priming and clonal expansion of T helper cells and are thus able to provide a 
speedily support to the actions of the innate immune system.

T cell-dependent B cell responses
T cell-dependent (TD) antibody responses require help of CD4 T cells and are elicited by 
TD protein antigens. These antigens have been designated T-dependent, as individuals 
that lack or have deficient T cells do not elicit an antibody response to these antigens23. 
TD B cell responses feature a GC reaction that occurs within follicles of SLOs (Figure 1). 
However, also TD B cell responses often are preceded by a short phase of extrafollicular 
proliferation and differentiation. During the initial extrafollicular response, an early wave 
of naive B cells differentiate with help of activated CD4 T cells (pre-T follicular helper 
cells) into plasmablasts (PBs) and early memory B cells (MBCs). These cells display limited 
levels of somatic hypermutation and affinity maturation22,24–26.

Naive CD4 T cells that recirculate through SLOs can recognize antigen on major 
histocompatibility complex class II (MHCII) molecules presented by dendritic cells 
(DCs), populating the T cell zone, using their T cell receptors (TCR)27. After recognition, 
the activated T cell receives DC-derived co-stimulatory signals such as CD80/86, and 
cytokines that promote expansion and differentiation into effector T helper cells and T 
follicular helper cells (Tfh)28,29. These Tfh cells migrate from the T cell zone to the border 
of the B cell zone in search for a cognate B cell. In the B cell zone resting naive B cells 
can recognize antigen presented by FDCs via their BCRs30,31. This interaction leads to 
activation and migration of the naive B cells, like the Tfh cell, to the T/B cell zone border. 
This migration is driven by up and down regulation of several chemokine receptors, such as 
CCR7 and CXCR5, on the B and T cell surface32–34 and production of chemokine receptor 
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ligands, including CXCL19, CXCL21 and CXCL13, by T/B zone restricted stromal cells, 
DCs and FDCs18,32,35. After BCR-antigen recognition activated naive B cells the antigen 
is internalized, processed into antigenic peptides and presented onto MHCII molecules 
on the B cell surface. Cognate Tfh cells recognize and bind the presented peptide:MHCII 
complex via their T cell receptor (TCR) and provide both cell-bound and secreted effector 
molecules that synergize in activating the GC B cell. The interaction between CD40 ligand 
(CD40L) on the Tfh cell and CD40 on the B cell surface activating the NF-κB pathway 
and triggering B cell proliferation36. B cells that recognized antigen but did not receive 
subsequent CD40L co-stimulation will go into apoptosis. The second component of Tfh 
cells help is the secretion of cytokines, such as IL-21 and/ or IL-4 that promote GC B 
cell proliferation, maintenance and differentiation in PBs and long-lived PCs37–39. After 
receiving these signals the activated B cells start to proliferate and a first fate decision is 
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Figure 1. Cellular mechanisms of germinal center selection. Model depicting events and decision points 
as GC B cells progress through the steps of affinity-based selection and differentiation. GC, germinal center; 
BCR, B cell receptor; DZ, dark zone; LZ, light zone; Tfh, T follicular helper cell; FDC, follicular dendritic 
cell; MBC, memory B cell; PB, plasmablast; PC, plasma cell; SHM, somatic hypermutation; CSR, class 
switch recombination.
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made. Activated B cells either differentiate into extrafollicular ASCs or GC-independent 
early MBCs, or move into the follicle to initiate GC generation22,24–26,40,41. Affinity for the 
antigen is a major driver of the fate decision choice. Activated B cells with relatively high 
affinity will differentiate in short-lived extrafollicular ASCs42,43 to ensure a first wave of 
protection by pathogen-opsonization and immune complex formation to initiate pathogen 
clearance and subsequent antigen presentation by FDCs, important for driving the GC 
reaction. The GC-independent MBCs display lower affinity BCRs than do contemporary 
GC B cells26,44,45. These cells ensure plasticity for the memory pool as these can be recruited 
later in the same response or reactivated during recall responses upon secondary antigen 
encounter. Activated B cells that enter the follicles, accompanied by their cognate Tfh cells, 
start to upregulate Bcl-646,47. During an ongoing GC reaction the follicles can be subdivided 
into two distinct regions, the dark zone (DZ) and the light zone (LZ), where distinct B 
cell intrinsic processes take place. Within the DZ, GC B cells will go through multiple 
rounds of division during which mutation may accumulate within the BCR V region by 
the process of somatic hypermutation (SHM). In the LZ, B cells that acquired affinity 
improving mutations are selected and at this site also class switch recombination takes 
place which may occur as early as the pre-GC stages48–50. The segregation of proliferation/
hypermutation and antigen-driven selection/CSR between DZ and LZ requires that GC B 
cells migrate dynamically between these two compartments, a framework known as cyclic 
reentry51 and is driven by temporal expression of the chemokine receptor CXCR452,53.

Besides VDJ recombination, B cells can undergo two additional genetic modifications, 
somatic hypermutation and class switch recombination, that aim to increase the affinity for 
the antigen and alter the biological properties of the immunoglobulin following secretion, 
respectively (Figure 2). The process of somatic hypermutation introduces single point 
mutations that typically accumulate predominantly in the three hypervariable regions 
(CDR1-3) of the variable domains of the BCR. This results in part of the BCR repertoire 
changing from germline to somatically mutated BCRs, that generally display a structural 
decrease in conformational flexibility, slower antigen dissociation rates, and increased 
binding selectivity. These mutations generate the sequence diversity upon which affinity-
based selection will act. Class switch recombination alters the isotype of the BCR via 
irreversible nonhomologous DNA recombination at switch regions on the heavy chain 
locus by excision and ligation of C genes. BCRs of different isotypes have different modes 
of intracellular signaling and upon secretion all have distinct effector functions. Isotype 
selection is dictated by cytokines secreted by Tfh cells and is discussed in more detail 
below. Both processes share similar molecular mechanisms and rely on the expression of 
the enzyme activation-induced cytidine deaminase (AID)54–56. AID is highly expressed 
in GC B cells and expression is induced by CD40 engagement, IL-4, BCR crosslinking 
and TLR activating agents including LPS and CpG57–61. AID preferably targets hotspots 
within ssDNA and converts cytosine bases to uracils. The introduction of uracil triggers 
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several types of DNA repair pathways including mismatch repair (MMR) and base excision 
repair (BER)62–66. These will initiate the excision of uracils and generally results in DNA 
repair with high fidelity. Hence, non-canonical MMR and BER, that recruit low-fidelity 
polymerases like Polη and REV, are essential for transition or transversion mutations in 
SHM and double-strand brake formation required for CSR67–69.

In the LZ, FDCs continue to present antigen. Higher affinity GC B cells, that obtained favorable 
SHM, have prolonged interaction with FDCs and internalize more antigen conferring an 
advantage in obtaining Tfh cell help70,71. This promotes survival and regulates dwell time and 
number of selection cycles. Often, SHM lead to BCRs with decreased rather than enhanced 
affinity, and these B cells, failing to bind and internalize antigen, do not receive survival 
signals and go into apoptosis. Within a GC, the GC B cell repertoire changes and becomes 
less diverse with predominantly high affinity clones, a process known as affinity maturation72. 
After initial fate decision choice for GC reactive B cells, GC B cells can be positively selected 
to exit the GC reaction as PCs, plasmablasts (PBs) -the precursors of PCs that also secrete 
antibodies73- or as MBCs44,74, which, upon re-exposure to antigen, will rapidly differentiate 
into PCs75 or re-enter the GC reaction for further diversification76,77. The cues and factors that 
determine whether a GC B cells differentiates into a MBCs, PBs or PCs are an active area of 
investigation and are still incompletely understood and is further discussed below.

A C
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IgDIgM IgG3 IgA1 IgG2 IgG4 IgE IgA2IgG1s

VDJ

Segment

IgG4 IgE IgA2

IgG4 antibody

IgM and IgD antibodyV
H

J
H

D C
H

CDR3

V
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J
H

D
(n = 38 - 46) (n = 23) (n = 6)
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Figure 2. Schematic overview of V(D)J recombination, somatic hypermutation and class switch re-
combination at the immunoglobulins heavy chain. (A) V(D)J recombination: heavy chain V regions are 
constructed from three separate gene segments, one of many V, D and J gene segments. Light chain V region 
construction works similarly except for the absence of a D segment (not shown). (B) Somatic hypermutation 
(SHM) results in mutations (yellow stars) being introduced into the VH, altering the affinity of the antibody 
for its antigen. (C) Class switch recombination (CSR): the initial μ CH are replaced by CH of another isotype 
by joining and excision of two switch regions (s), modifying the effector activity but not its antigen specificity.
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Memory B cells
The establishment of immunological memory enables the immune system to respond 
more rapidly and specifically to pathogens and their variants, that have been encountered 
previously78. Those pathogens enter the body trough infections but also trough vaccination, 
in case of the latter aiming to prevent disease. MBCs are long-lived and quiescent cells 
poised to response quickly upon antigen recall76,77. Little is known about the cues that drive 
B cells to differentiate into MBCs79,80. Classically, the generation of both MBCs and PBs/
PCs has been attributed exclusively to the GC reaction. However, recent studies suggest 
that early MBCs are also formed after contact with activated T cells at the border of the 
B-T zones and prior to the onset of GCs during protein immunizations24,81–84. In mice it 
was recently observed that the contribution of MBCs within recall responses is more 
limited than previously thought. Upon secondary antigen exposure limited MBCs reenter 
secondary GCs, which mainly contain B cells without prior GC experience or detectable 
clonal expansion, suggestive to be naive B cells85. Also their contribution to the PB/PC 
compartments was minor and derived from a small subset of MBCs differentiated from 
precursor clones with higher germline affinity during the primary response. Whether TI 
B cell responses are able to generate MBCs is less clear, but has also been described 
in some amount86,87. Several studies have pointed towards “master transcription factors” 
promoting MBC differentiation, but transcription factors unique to MBCs have not been 
found. As MBCs are formed prior to or early in the GC response they feature fewer somatic 
hypermutations and are of lower affinity as compared to PCs88,89. GC B cells that express 
high levels of Bach2 are suggested to be precursors of MBCs44. The timing of memory 
formation is supported by the observation that Bach2 is only expressed in early GC B cells. 
ZBTB32, KLF290, ABF-191,92, HHEX, TLE393 and STAT594,95 have been associated with 
MBC generation, as well as timing80 and absence of IL-21/ Tfh cell help39,96,97. Identification 
of MBCs using surface markers also proves difficult as markers are not shared between 
mice and humans, such as CD80 and PD-L292,98, or not shared between different memory 
subsets99, including CD27100–103 and CCR626,104. Further studies into molecular mechanisms 
indispensable for MBC generation and markers for identification are needed.

Plasmablasts and plasma cells
Shortly after antigen recognition, B and T cells interact at the T cell border. Some B cells 
migrate to extrafollicular regions and initiate PB differentiation where they proliferation and 
secrete antibodies which can be isotype switched and contain few V region mutations50,105–107. 
PBs expand rapidly and since their half-life is only a few days there is high recruitment of 
new PB precursors during ongoing responses.

Concurrently, other B cells migrate into B cell follicles and commit to the GC B cell fate. 
High affinity for antigen favors differentiation of GC B cells into proliferative PBs, some 
of which subsequently enter the quiescent PC compartment. As with positive selection, Tfh 
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cell help, specifically CD40L stimulation, is thought to play a prominent role in driving 
cells toward the PB fate108. PCs differ from GC B cells and MBCs in terms of affinity and 
SHM, as affinity of PCs is almost uniformly high88 and lower affinity cells are absent. 
The differentiation of GC B cells into PBs and subsequently into PCs is characterized by 
distinct transcriptional and morphological changes. PB/PC differentiation requires the 
repression of several GC-associated TFs, such as PAX-5 and BCL6, and upregulation of 
BLIMP1, IRF4 and XBP-1s109–115.

Given the fact that 20% of the proteins produced by PCs are antibodies it is no wonder that 
they contain an enlarged protein machinery. PCs that remain in the lymphoid organs are 
usually short-lived. PCs that exit the SLOs by downregulation of CXCR5 and upregulation 
of S1PR1 enter circulation and either move to sites of infection via CXCR3-mediated 
migration or enter the bone marrow by upregulation of CXCR4114. Long-lived PCs are able 
to migrate into survival niches in the bone marrow and continue their antibody production 
there, often for decades. It is unclear what drives a PCs to become short- or long-lived, but 
potentially selection advantages or a different phenotype might enable long-lived PCs to 
migrate into these survival niches.

Characterization of B cell differentiation by glycan remodeling
Glycans can be found attached to proteins and are abundantly found on cellular surfaces 
and common glycan structures include O- and N-linked glycans. Glycans are important for 
proper protein folding, cell-cell interaction, lymphocyte migration and antibody effector 
functions116. Distinct global O-glycosylation profiles allow for segregation of different B cell 
subsets during B cell differentiation (Figure 3). Naive B cells exhibit sialylated, elongated 
O-glycans, which become transiently non-sialylated and subsequently progressively 
shortened during GC and post-GC stages117. These alterations in O-glycan profiles arises 
from differential expression of glycan-modifying enzymes, including ST3Gal1 and GCNT1. 
Lectins, glycan-binding proteins, are useful for characterizing B cell subsets based on 
their glycan-binding profiles. PNA (peanut agglutinin) in combination with other surface 
markers, is used to detect GC B cells118,119, whereas lectins Jacalin and HPA bind to MBCs 
and PBs117. It was noted that alterations in glycosylation occur to a significant extend on 
CD45, a central regulator of BCR signaling, since binding of two anti-CD45 antibodies 
(B220 and MEM55), which recognize distinct glycan-dependent epitopes, switched during 
B cell differentiation117,120–123. Different glycan profiles may not only generate phenotypic 
differences but potentially also provide functional differences by their ability to interact 
in cis or trans with endogenous lectins such as galectins and SIGLECs124,125.
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Figure 3. O-glycosylation phenotype of human B cell subsets and expression of associated CD45 gly-
coforms and their lectin and anti-CD45 antibody binding profiles. Glycan features that are inconclusive 
are marked with a “?”. GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; Gal, galactose; Sia, 
sialic acid; BCR, B cell receptor; GC, germinal center; STA, solanum tuberosum agglutinin; HPA, Helix 
pomatia agglutinin; PNA, peanut agglutinin.

Antibodies
Antibodies, or immunoglobulins, rapidly recognize and neutralize invading pathogens and 
leave a signature of clearance recognized by other host immune mechanisms. Antibodies 
exist as monomers and oligomers. The monomers are Y-shaped and consist of two linked 
heavy chains each paired with a light chain and constitute two distinct regions, a Fab 
region that determines the antibody specificity and is responsible for antigen binding and 
a crystallizable fragment (Fc) that exerts the effector functions of the antibody.

The variable region
The variable region (V region) is the N-terminal part of the Fab, of which each antibody has 
two identical (Figure 2). It comprises multiple loops, that constitute three complementarity 
determining regions (CDR1, CDR2 and CDR3) that are imperative for antigen binding 
and harbor the highest diversity in the variable domain. CDR1 and CDR2 are encoded in 
the germline sequences whereas the CDR3 is generated during initial BCR formation in 
the bone marrow, by a mechanism known as V(D)J-recombination introduced above126. 
The CDRs from both heavy and light chains form the antigen binding site which can be 
shaped differently depending on the shape of the antigen. Typically however, only a few 
amino acid residues contribute to the paratope, particularly those within the CDR3 of 
the heavy chain127. A single antibody harbors two or more identical antigen-binding sites 
which allow for binding to multivalent antigens (such as polysaccharides on bacteria) and 
immune complex formation.
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The constant region
The constant region, or Fc region, is composed of constant domains from both heavy 
chains and attributes the effector capacities of the antibody. After antibody opsonization 
of the pathogen several clearance pathways are in place, including complement-dependent 
cytotoxicity (CDC), antibody-dependent cellular phagocytosis (ADCP), and antibody-
dependent cell-mediated cytotoxicity (ADCC). During CDC, the classical complement 
pathway is triggered by C1q binding to opsonizing antibodies, resulting in the formation 
of a membrane attack complex and lysis of the pathogen. During ADCP and ADCC, 
effector cells with FcRs, such as macrophages and NK cells, are recruited via opsonizing 
antibodies and get activated by receptor cross-linking resulting in release of cytotoxic 
molecules or phagocytosis all leading to clearance of the pathogen. During an immune 
response different C region isotypes can be expressed in the B cell progeny. The route 
of antigen entry into the body, its chemical composition and the released cytokines steer 
isotype class switching decisions and only occurs after antigen stimulation. B cells can 
switch isotype via irreversible nonhomologous DNA recombination at switch regions on 
the heavy chain locus by excision and ligation of C genes. Antibody isotype switching 
increases the functional diversity of the antibody response as it allows for the generation 
of antibodies with the same antigen specificity but distinct effector functions (Figure 2).

The antibody classes and subclasses
Humans have five classes or isotypes of antibodies IgM, IgD, IgG, IgA, IgE (Figure 4) and 
for IgG and IgA several subclasses are defined. Isotype switching is regulated, amongst 
others, by cytokines such as IL-4, IL-10, IL-13, IL-21 and TGFβ128–130, and isotype-switched 
antibodies are associated with different types of pathogenic infections. Viral infections 
are associated with IgG1 and IgG3, bacteria induce IgG1 and IgG2, parasitic infections 
elicit IgG4 and IgE, and mucosal pathogens induce IgA antibodies. Different antibody 
isotypes differ in biological properties, functional target sites and induced routes of antigen-
clearance131–133.

IgM

The secreted form of IgM is a pentameric multimer, composed of five monomers and a 
J-chain polypeptide that promotes polymerization. Most IgM molecules are present in the 
bloodstream where it has a half-life of 10 days. IgM is the first antibody to be expressed in 
the early stages of an immune response in anticipation of affinity matured antibodies. The 
affinity of a single IgM monomeric subunit is often low, due to the lack of SHM and affinity 
maturation, however due to the multiple binding sites of the pentameric structure its overall 
binding strength, or avidity, can be much greater towards multivalent antigens such as 
viral particles. Not surprisingly, IgM antibodies often recognize repetitive epitopes such as 
polysaccharides on bacteria. IgM is a potent activator of the classical complement pathway 
by binding of C1q leading to antigen opsonization and complement-mediated cytolysis.
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IgD

Membrane-bound IgD differs from IgM in that it has a hinge region making this molecule 
structurally more flexible than IgM, which may explain why the dual expression of IgD 
and IgM on one B cells improves antigen recognition16. IgD antibodies are present in low 
quantities in serum, and have a high susceptibility for proteolytic enzymes resulting in a 
serum half-life of only 3 days. Although IgD is often described as having an insignificant 
role in immune responses, recent evidence suggest that secreted IgD is involved in mucosal 
immunity134,135. IgD expressing B cells are also enriched in autoreactivity. Elevated levels 
of IgD and reduced IgM expression hallmark anergic B cells that recognize self-antigens 
and comprise ~30% of naive B cells in human peripheral blood134,136–139.

IgA

IgA has two subclasses (IgA1 and IgA2) and can be secreted as monomers as well as dimers, 
and small quantities of larger oligomers. Monomeric IgA is found in serum whereas dimeric 
secretory IgA (sIgA) is produced locally by PCs in the lamina propria of the gut. IgA dimers 
contain a J-chain and after poly-Ig receptor-mediated secretion over epithelial borders a 
polypeptide called the secretory component. At mucosal surfaces, IgA functions as a barrier 
for pathogens by covering the epithelial cells, interfering with pathogen-epithelial receptor 
binding and cross-linking of pathogens resulting in clearance. In the blood, although weak 
in activating complement, complexed IgA can provoke strong pro-inflammatory responses 
like ADCC and phagocytosis via Fcα-receptor I (FcαRI) binding expressed on immune 
effector cells. However, also opposing anti-inflammatory properties have been described 
proposing a protective role for IgA in autoimmunity140.
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Figure 4. Immunoglobulin isotypes and their sites of glycosylation. Each immunoglobulin is comprised 
of two heavy chains (VH + CH1-3/4 ) and two light chains (VL + CL ). IgG, IgD, and IgA have a flexible hinge 
region that link the antigen-binding Fab region to the Fc effector region. For IgG the N-glycan structure is 
represented for other isotypes O-glycosylation sites are depicted as orange hexagons and N-glycosylation 
sites are depicted as grey hexagons. The depicted glycans are important for the structural integrity of the 
antibodies and their effector function. J-chain in purple and secretory component in green.
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IgG

IgG is the most abundant antibody class in serum and extracellular fluids. IgG antibodies 
have the lowest molecular weight attributed by the low number of Fc glycans, a single 
highly conserved N-glycosylation site at the asparagine 297 residue on each heavy chain. 
The half-life of circulating IgG is between 7-21 days depending on the IgG subclass and 
characteristics of the V region141. The increased half-life of IgG compared to other antibody 
classes is attributed to its association with the neonatal Fc receptor (FcRn) that leads 
to recycling and minimal endosomal degradation142. There are four IgG subclasses in 
humans, IgG1, IgG2, IgG3 and IgG4, named in decreasing order of abundance in serum. 
IgG subclass antibodies share over 90% homology in amino acid sequence, but all have a 
unique profile with respect to antigen binding, immune complex formation, complement 
activation, and triggering of effector cells131.

IgG1

IgG1 antibody responses are induced by variety of pathogens, including viruses and 
bacteria, via binding to soluble protein antigens and membrane proteins, and are often 
accompanied by lower levels of IgG3 in the initial stage of the response. IgG1 antibodies 
can effectively bind C1q initiating CDC and FcγRs initiating ADCC131. As IgG1 is the most 
abundant subclass in healthy human serum, deficiencies in IgG1 often lead to lowered total 
IgG levels and are associated with recurrent infections.

IgG2

Responses restricted to IgG2 include responses to bacterial capsular polysaccharide 
antigens and represents the bulk of the reactivity to many glycans143. Unlike IgG1, IgG2 
is limited to engage effector functions due lowered binding to effector molecules, e.g. 
FcRs, and due to restricted conformational flexibility because of its relatively short hinge 
region144. Nevertheless, IgG2 antibodies can activate complement mainly at high antigen 
densities145,146. Interestingly, IgG2 antibodies have greater resistance to microbial proteases 
such as Staphylococcus aureus gluV8 and Streptococcus pyogenes IdeS147, mostly due to 
the unique sequence of their lower hinge region. This feature may provide an evolutionary 
advantage for IgG2 antibodies in dealing with encapsulated, protease-producing pathogens.

IgG3

IgG3 antibodies are pro-inflammatory antibodies with efficient effector functions and high 
Fab arm flexibility due to their extended hinge region148,149. IgG3 responses are elicited 
against viruses, specific bacteria and parasites expressing protein antigens143,150,151. IgG3 
antibodies often arise early against protein antigens upon infection and are followed-up by 
IgG1. Antibody responses exclusively inducing IgG3 are rare, but have been observed for 
anti-hinge antibodies152, which bind to the exposed hinge region of cleaved IgG molecules.
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IgG4

IgG4 antibodies are generally considered anti-inflammatory, as they are poor activator 
of immune cell-mediated cytotoxicity and unable to crosslink antigens due to Fab-arm 
exchange-induced functional monovalency153–156. IgG4 responses are associated with 
prolonged or repeated antigen exposure157–160 and are predominantly induced by Tfh cell 
derived cytokines IL-4 and IL-21161,162. IgG4 antibody responses are observed during allergy 
where the relief of allergic symptoms correlates with increasing IgG4 levels, linking this 
subclass to tolerance induction163. Moreover, IgG4 antibody responses are found in helminth 
or filarial parasite infections164 and are associated with several autoimmune diseases, 
amongst which IgG4-related disease (IRD), MuSK myasthenia gravis and pemphigus 
vulgaris165. While in MuSK myasthenia gravis and pemphigus vulgaris IgG4 autoantibodies 
are pathogenic, in IRD their contribution to disease needs to be determined.

IgE

Similar to IgM, IgE monomers have no hinge region and the Fc region consists of four 
constant domains. IgE is the least abundant and has the shortest half-life of all antibody 
isotypes in serum, approximately 2 days133. Generation of IgE antibodies presumably occurs 
in incomplete GCs leading to low-affinity IgE antibodies166 and switch requires either IL-4 
from Tfh cells or IL-13 from TH2 cells133,161,167. IgE antibodies are well known for their role 
in mediating allergic reactions, but are also important in the defense against parasites168. 
Although they are poor activators of complement, IgE antibodies have powerful effector 
functions through binding to Fc receptors FcεRI and FcεRII/CD23 on mast cells and 
basophils169. Bound IgE mediates mast cell degranulation of biologically active mediators in 
an antigen-specific manner which is central to the initiation and propagation of immediate 
hypersensitivity reactions which can lead to various allergic diseases, but also anaphylactic 
shock.

Autoantibodies
Various autoimmune diseases are characterized by the presence of antibodies that 
recognize self-antigens, so-called autoantibodies. These autoantibodies have escaped 
elimination and for some diseases, including MuSK myasthenia gravis and pemphigus 
vulgaris, their contribution to pathology has been established170–172. Autoantibody-mediated 
clearance of red blood cells and platelets is observed in autoimmune hemolytic anemia and 
thrombocytopenic purpura (TTP). Here, autoantibodies directed against platelets and red 
blood cells induce phagocytosis or complement-mediated lysis173,174. Autoantibodies can 
also interfere with cell-cell interactions or cell functions resulting in systemic inflammation 
and tissue damage, as is seen in pemphigus vulgaris175 and MuSK myasthenia gravis176. The 
presence of autoantibodies is a common feature of many autoimmune diseases and for some 
diseases these can be useful for diagnosis and classification and for others may announce 
the disease status or predict further clinical evolution of the disease177–180.
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Antibody repertoire diversification
The human antibody repertoire is immensely variable and able to generate an antibody 
response to virtually any pathogen/substance, often with multiple antibodies capable of 
recognizing a particular pathogen via different epitopes. Although still controversial, the 
naive or germline antibody repertoire is currently estimated to consist of ~1015 independent 
members181,182. However, the number of B cells in the body at a given moment in time 
is limited by the individual’s total number of B cells and history of antigen encounter. 
The theoretical diversity of the human antibody repertoire is the result of a number of 
diversification strategies. The ‘core’ combinatorial diversity is generated by the process of 
V(D)J recombination and the joining of V, (D), and J genes by random nucleotide junctions. 
In addition, antibody diversification is mediated by the process of somatic hypermutation 
and class switch recombination, described in more detail earlier. Furthermore, antibodies 
can undergo a magnitude of post-translational modifications, such as N- and O-linked 
glycosylation, cysteinylation, deamination, oxidation and carbamylation183. Although post-
translational modifications of antibodies has been studied for decades the full impact of 
the microheterogeneity on antibody function is less well understood. These multiple layers 
of different diversification strategies combined gives rise to a myriad of distinct antibody 
molecules with large activity and potency differences.

Antibody Fab glycosylation
Antibodies are glycoproteins and all antibodies classes have one or more conserved 
N-linked glycans within the constant region (Figure 4). For IgG N-linked glycans attached 
to the heavy chain position N297184 are well studied and major immunoregulatory functions 
have been attributed to these glycans185,186. In addition to Fc glycans, the variable domains 
of antibodies may also contain N-linked glycans. In healthy individuals, it is estimated 
that 11-14% of IgG antibodies display V region glycans, so-called Fab glycans187–191. The 
presence of Fab glycans in other antibody isotypes, apart from IgG, is less clear since their 
quantification is challenging due to the presence of additional conserved N-linked glycans, 
i.e. in the CH1 domains of IgM and IgE and O-linked glycans in the hinge regions of IgD, 
IgA and IgG3. Fab glycans are linked to N-glycosylation sites (Asn-X-Ser/Thr [where X 
is any amino acid but proline]) and are mainly the result of somatic hypermutation, as 
N-glycosylation sites are largely absent in the germline antibody repertoire192. Although 
the existence of Fab glycans is well established, the mechanisms and functions of 
Fab glycosylation remain poorly understood. Nevertheless, it is not unlikely that Fab 
glycosylation can have an impact on immune function since they are found more frequently 
in autoimmune diseases and certain B cell lymphomas193. The characterization of and 
occurrence in physiological and pathological conditions of this specific type of antibody 
diversification is one of the main topics of this thesis.
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Structural features of Fab glycans
There are three main types of N-linked glycans; high-mannose-, complex- and hybrid-type 
glycans. Glycans found on IgG, both Fab and Fc, are generally complex-type N-linked 
glycans that exhibit a high degree of conformational flexibility. Compared with IgG 
Fc glycans, IgG Fab glycans contain high levels of sialic acid, galactose, and bisecting 
N-acetylglucosamine and low levels of core fucose191,194–196, with slight alterations observed 
during aging and pregnancy197. High-mannose-type glycans are rare and estimated to be 
found on ~ 4% of IgG in healthy individuals198,199. The presence of a glycosylation site within 
the antibody V region does not guarantee the presence of a glycan. The glycosylation of 
V region sites follows along the classical N-glycosylation pathway. Why certain sites are 
occupied and others are not, is not fully understood. For one, sites can stay unoccupied due 
to inaccessibility for glycosidases to attach the initial sugar moiety simply because the site 
is unexposed within the three-dimensional antibody structure199. However, several studies 
have shown that sites, even though exposed, can still lack a glycan187,200 which suggest that 
inaccessibly is not the only mechanism driving unoccupied glycan sites. Other mechanisms 
that influence glycosylation site occupancy may be the type of motif: Asn-X-Ser motifs were 
three times more common as Asn-X-Thr motifs, but tend to be less often glycosylated187. In 
addition, the type of amino acids surrounding the glycosylation motifs but also expression 
levels of enzymes required for glycosylation may also play a role.

Functional attributes of antibody Fab glycosylation
Several functional attributes have been observed or proposed for the role of Fab glycans in 
immunity (Figure 5). Fab glycans on antibodies can influence antigen binding, either by 
increasing199,201–204 or decreasing199,201,205 binding affinity. However, in many cases antibody 
affinity will remain essentially unaffected when Fab glycans are present or removed. In 
addition, it is thought that via steric hinderance Fab glycans can prevent protein-protein 
interactions, as exemplified by interfering with binding of FVII to von Willebrand Factor206. 
Furthermore, Fab glycans showed to affect in vivo antibody half-live by altering stability 
and aggregation201,207–210. This was recapitulated in vitro, and the introduction of Fab 
glycans could improve antibody stability whereas removing naturally acquired Fab glycans 
deteriorated stability. Not only the presence or absence of the glycan, but also the glycan 
structure seems to be important for their function. It was observed that removal of terminal 
sialic acid on Fab glycans could decrease antigen binding affinity187,211 but did not affect 
the stability of the antibody207,210. Finally, Fab glycans may participate in glycan-lectin 
interactions thereby modulating inhibitory receptor signaling (i.e. SIGLEC CD22 on the 
B cell surface212) or act as surrogate antigen to mediate BCR-crosslinking205,213.
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Figure 5. Influence of Fab glycosylation on antibody function. Fab glycans can (A) enhance or decrease 
antigen binding, (B) hinder interaction between proteins by steric hindrance, (C) extend antibody half-life 
as a result of sialylation, (D) affect antibody aggregation and immune complex formation, and may (E) alter 
B cell receptor signaling via cis and trans interactions with lectins.

Selection of Fab glycosylated antibodies
Fab glycans may accumulate as a natural byproduct of somatic hypermutation. However, 
in recent years a growing body of evidence indicates that the acquisition of Fab glycans is 
subject to multiple selection mechanisms. Although N-glycosylation sites can be acquired 
across the entire V region of both heavy and light chains, there is preferential introduction 
of sites within and flanking CDRs due to an inherent bias in the germline variable domain 
repertoire187. The majority of sites is located at ‘progenitor glycosylation sites’, positions for 
which a single mutation would suffice to introduce an N-glycosylation site, that specifically 
cluster around CDRs. The biased distribution of sites may be subject to several selection 
mechanism, such as the higher mutation frequency in CDRs compared to the framework 
regions (FWRs) or introduction of glycosylation sites within the FWR is more likely to 
disrupt antibody folding. Moreover, another bias was observed when Fab glycosylation 
levels were compared amongst IgG subclasses. IgG4 antibodies had a 2-fold higher level 
of Fab glycosylation compared to the other IgG subclasses187. In addition, Fab glycosylation 
levels have been analyzed for several IgG antibody responses with different specificities. 
It was observed that several responses had increased levels of IgG Fab glycosylation (anti-
PLA2, -ADL, -CCP), others showed a decrease (anti-RhD) and some showed similar levels 
(anti-TT, anti-NTZ) compared to total IgG187. The variation of Fab glycosylation levels for 
antibodies with different isotypes and specificities suggests that Fab glycosylation is subject 
to selection during antigen-specific antibody responses. It is not fully understood how B 
cells with Fab glycosylated BCRs convey a survival advantage. Fab glycans acquired during 
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antigen-specific immune responses may provide the antibody with improved stability 
compared to non Fab glycosylation variants, potentially offering an in vivo selection 
advantage. In addition, Fab glycans on BCRs may interact with cellular lectins. A likely 
scenario involves the highly sialylated Fab glycans on BCRs to interact with sialic acid-
binding immunoglobulin-type lectins (SIGLECs), such as CD22 an inhibitory co-receptor 
of the BCR on the B cell surface. By interacting with CD22, or other cellular lectins, the 
threshold for activation may be modified, leading to a selective advantage for B cells that 
have Fab glycosylated BCRs.

Fab glycans in physiological and pathological conditions
The amount of glycans or the composition of the glycan may vary for a given antibody 
response, but can also change during certain physiological and pathological conditions. 
This suggest that glycans may play a role in or are informative for the (patho)physiological 
status of an antibody.

During pregnancy Fab glycans contain more sialic acid and less bisecting GlcNAc than after 
delivery194. Although not confirmed, this specific modulation of Fab glycan composition is 
suggested to minimize unwanted reactivity towards the fetus. In line, in nonimmunized 
rats 80% of Fab glycosylated IgG conferred autoreactivity, whereas this was only 40% for 
non-Fab glycosylated rat IgG214, suggesting that Fab glycans may be introduced to eliminate 
autoreactivity. Furthermore, IVIg treatment has been proven successful for the treatment of 
symptoms in a number of autoimmune diseases, like rheumatoid arthritis, SLE, iTTP. The 
precise mechanism of the therapeutic effect is not established, however a growing body of 
evidence suggest that the Fab glycosylated fraction of IVIg mediates, at least in part, the 
observed anti-inflammatory activity215.

ACPA autoantibodies in rheumatoid arthritis are characterized by a high prevalence of Fab 
glycans216. Furthermore, patients with IgG4-related disease did not only exhibited increased 
IgG4 titers but also levels of Fab glycans217. The role of Fab glycosylation for any of these 
conditions has not been established and it is unclear what determines the levels of Fab 
glycosylation for a specific response, but might relate to the type of antigen recognized or 
the chronicity/abundance of antigen exposure.

Elevated levels of Fab glycans have not only been observed in autoimmune diseases, 
but also for certain lymphomas, including follicular lymphoma and primary cutaneous 
follicle center cell lymphoma218–221. Tumor-associated Fab glycans are rich in high-mannose 
glycans, that are rarely found in non-pathological conditions. The corresponding Fc glycans 
are complex-type glycans confirming that the normal N-glycan pathway is functional222,223, 
and suggest a specific role for these oligomannoses in lymphomas. Similar to Fab glycans 
in autoimmunity, it has been postulated that Fab glycans on lymphoma BCRs interact 
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with microenvironmental lectins and thereby gain additional growth and survival 
signals205,213,224,225. Intriguingly, as both autoimmune disease and B cell malignancies arise 
from poor immune regulation they might feature an unappreciated shared pathogenic 
mechanism, involving elevated levels of Fab glycans, that is worth exploring. In addition, 
the sialic acid enriched fraction of IVIg may be a potential therapeutic option to explore 
for patients with autoimmune diseases or B cell malignancies.
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SCOPE OF THIS THESIS

Repertoire diversification and classification for both B cells and antibodies arises, among 
others, from post-translational attachment of glycan moieties to cellular proteins or onto 
antibodies. Several B cell differentiation stages are characterized by the presence of 
distinctly composed glycans on proteins on the B cell surface and antibodies can harbor 
Fab glycans in addition to conserved Fc glycans. The importance of glycosylation is 
emerging in immunity, and critical roles for glycans involve lymphocyte migration, effector 
functions and pathogen recognition. Moreover, a growing body of evidence points towards 
the immunomodulatory effects of glycans via their interactions with endogenous and 
exogenous lectins. At the same time, many unanswered questions remain with regards to 
the role of glycans in immunity. The focus of this thesis therefore lies on the contribution of 
surface glycans to B cell subset classification and clarifying the role of antibody repertoire 
diversification by Fab glycans during health and autoimmune diseases.

Antibody Fab glycosylation per se and the location of glycan sites within V regions may 
be driven by antigen specific properties. Therefore, the acquisition of N-glycosylation sites 
by naive B cells in presence and absence of antigen in vitro may be informative. For this 
purpose it is essential that studies are performed using true naive B cells that have non-
mutated BCRs to acknowledge in vitro induced somatic hypermutation and potentially 
acquired N-glycosylation site patterns. Current strategies for isolation of naive B cells make 
use of CD27 expression to discriminate antigen-experienced and inexperienced B cells as 
CD27 expression correlates with having mutated BCRs. However, a substantial fraction of 
isotype-switched and non-isotype switched B cells that do not express CD27 carry mutated 
BCRs. In Chapter 2 we investigated if we could improve current naive B cell identification 
strategies by including a glycan-dependent B cell subset marker.

Distinct glycosylation profiles of CD45 are used to segregate B cell subsets. Anti-CD45RB 
antibody MEM55 recognizes a glycan-dependent epitope associated with memory B 
cells and plasmablasts. There is however a small fraction of non-memory B cells and 
plasmablasts that also bind this antibody. In Chapter 3 we studied these and other B 
cell subsets segregated by CD45RB glycosylation, CD27 and Ig isotype expression and 
analyzed their IGHV repertoire and in vitro functionality.

In Chapter 4 we improved previously established human naive B cell cultures to better 
recapitulate the human germinal center response in vitro. Here, we established TD and TI 
B cell cultures performed with low B cell numbers, relevant when working with sparse 
patient material.
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A major factor often overlooked in in vitro cultures is the partial pressure of oxygen (pO2) 
in healthy human tissues (pO2 ~3-6%) and the presence of distinctive hypoxic regions (pO2 
~0.5-1%) within the germinal center microenvironment. The role of variations in pO2 on 
human B cell differentiation, and fate decision into MBCs and ASCs has not been studied. 
In fact, the vast majority of studies is carried out at atmospheric oxygen levels, which is 
much higher than proliferating B cells will encounter. Variations in pO2 are likely to affect 
the amplitude of B cell differentiation, due to profound effects of cellular metabolism as 
well as direct effects on transcriptional regulation. In Chapter 5 we investigated the effect 
of physiological relevant pO2 on B cell fate decision and class switch recombination.

BCRs and antibodies can acquire glycans on N-glycosylation sites present in their V regions 
of which most emerge during antigen-specific B cell responses by the process of somatic 
hypermutation. Basic knowledge about patterns of V region N-glycosylation at different 
stages of B cell development is scarce. In Chapter 6 we therefore established patterns of 
N-glycosylation sites in V regions of naive and memory B cell repertoires by analyzing 
the V region distribution and acquisition of N-glycosylation sites.

Although several autoantibody responses have been characterized with increased levels 
of Fab glycans, it is not known whether this is a general characteristic acquired by 
antibodies that develop in the context of autoimmunity. In Chapter 7 we performed a 
disease-overarching study and determined the level of Fab glycosylation on ten different 
autoantibody responses in a broad range of autoimmune diseases.

In Chapter 8 we investigated if elevated levels of Fab glycans are specific for antibodies 
that develop in the context of autoimmunity or also develop in other inflammatory-contexts, 
such as anti-hinge antibodies found in inflammatory proteolytic microenvironments. 
The association of anti-hinge antibody responses and their level of Fab glycosylation are 
compared between rheumatoid arthritis patients and healthy individuals.

Finally, a general summary about the most relevant findings of this thesis and how they 
relate to current literature is presented in Chapter 9. Understanding the role of glycans 
in B cell and antibody biology is important as it may provide insights in the phenotypic 
and functional progression from differentiating B cell subsets and if Fab glycans on 
autoantibodies, may aid in diagnostics, be indicative of disease progression or contribute 
to pathogenesis.
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ABSTRACT

In past years ex vivo and in vivo experimental approaches involving human naive B cells 
have proven fundamental for elucidation of mechanisms promoting B cell differentiation 
in both health and disease. For such studies, it is paramount that isolation strategies yield a 
population of bona fide naive B cells, i.e., B cells that are phenotypically and functionally 
naive, clonally non-expanded and have non-mutated B cell receptor (BCR) variable regions. 
In this study different combinations of common as well as recently identified B cell markers 
were compared to isolate naive B cells from human peripheral blood. High-throughput 
BCR sequencing was performed to analyze levels of somatic hypermutation and clonal 
expansion. Additionally, contamination from mature mutated B cells intrinsic to each cell-
sorting strategy was evaluated and how this impacts the purity of obtained populations. Our 
results show that current naive B cell isolation strategies harbor contamination from non-
naive B cells, and use of CD27-IgD+ is adequate but can be improved by including markers 
for CD45RB glycosylation and IgM. The finetuning of naive B cell classification provided 
herein will harmonize research lines using naive B cells, and will improve B cell profiling 
during health and disease, e.g. during diagnosis, treatment and vaccination strategies.
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INTRODUCTION

Naive B cells are the basis of humoral immunity. After differentiation in the bone marrow, 
resting naive B cells start to circulate in peripheral blood where they can become activated 
upon antigen encounter and directly differentiate into low-affinity antibody secreting cells 
(ASCs), or mature within germinal centers (GC) into memory B cells and high-affinity 
ASCs expressing B cell receptors (BCRs) of different isotypes1–3.

Commonly, the isolation of naive B cell from peripheral blood for further in vitro functional 
characterization relies on few phenotypic surface markers, among which absence of CD27 
and presence of IgD is most frequently used4–6. Co-stimulatory molecule CD27, a member 
of the TNF-receptor superfamily, is constitutively expressed on 20-40% of peripheral 
blood B cells7 and is associated with greater cell size8,9, increased proliferation capacity10,11, 
increased antigen presentation12 and detectible levels of somatic hypermutation13,14 in the 
BCRs, all hallmarks of antigen experience. However, approximately 5% of the isotype 
switched and non-switched B cells in peripheral blood display mutated BCRs in the absence 
of CD27 expression9,15–17. These mutated CD27- B cells have a different BCR-repertoire, 
are in a different maturation stage, and respond, like memory B cells, more rapidly to in 
vitro stimulation8,10,17,18. Including IgD expression improves isolation of naive B cells, as 
this excludes most of the mutated CD27- B cells. IgD is co-expressed with IgM on the B 
cell surface in defined windows during development, i.e. only after maturation within 
the spleen. However, a large proportion of CD27-IgD+ B cells (~30%) have reduced IgM 
expression, representing a population of anergic B cells that recognize self-antigens. These 
cells have been observed in autoimmune diseases, e.g. in active SLE19–23. Hence, the use 
of CD27 and IgD alone might not represent the most optimal strategy to isolate bona fide 
naive B cells, i.e. B cells that are naive from a phenotypical and functional point of view.

In this respect, we and others have recently identified glycosylation of CD45RB, an isoform 
of CD45, as a novel marker to identify antigen-primed B cells, independent of CD27 
and BCR isotype expression5,17,24–27. The glycan-dependent CD45RB (RB) epitope can 
be detected using the mAb MEM-5524. This marker in combination with CD27 and BCR 
isotype, may be useful to better define bona fide naive B cells in humans.

In this study we aimed to define an optimal sorting strategy to isolate bona fide naive 
B cells. We interrogated eleven cell-sorted naive B cell populations from healthy adult 
peripheral blood using different combinations of known and new phenotypic markers of 
naive B cells. We used high-throughput BCR repertoire sequencing to analyze the level of 
somatic hypermutation and clonal expansion for each sorted population. Here we observed 
that in many of the commonly used naive B cell sorting strategies contamination occurs 
of highly mutated B cells, which was inherent to the marker selection for cell-sorting. 
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Including markers for RB and IgM in combination with CD27 and IgD improved currently 
used cell-sorting strategies and yielded a population of phenotypical naive B cells with 
minimal contamination by clonally expanded and/or somatically hypermutated B cells.

MATERIALS AND METHODS

Human B cell isolation
Buffy coats were obtained from anonymized healthy adult donors with written informed 
consent in accordance to the guidelines established by the Sanquin Medical Ethical 
Committee and in line with the Declaration of Helsinki. Human peripheral blood 
mononucleated cells (PBMCs) were isolated from fresh buffy coats (n = 3) using Ficoll 
gradient centrifugation (lymphoprep; Axis-Shield PoC AS) and CD19+ cells were isolated 
by positive selection using magnetic Dynabeads (Invitrogen). CD19+ cells were resuspended 
in B cell culture medium (RPMI medium supplemented with FCS (5%, Bodinco), penicillin 
(100 U/mL, Invitrogen), streptomycin (100 μg/mL, Invitrogen), β-mercaptoethanol (50 
μM, Sigma-Aldrich), L-glutamine (2mM, Invitrogen), human apo-transferrin (20 μg/mL, 
Sigma-Aldrich) depleted for IgG using protein A sepharose (GE Healthcare) supplemented 
with 20% DMSO) and stored in liquid nitrogen.

Cell sorting
Cryopreserved CD19+ cells were thawed into B cell culture medium and pelleted for 5min 
at 300g. Cells were resuspended in PBA (PBS supplemented with 0.1% bovine serum 
albumin) and surface stained for 30 minutes at 4°C. Singlet viable CD19+ cells were 
acquired using a lymphocyte gate (FSC-A and SSC-A), single cell gate (SSC-A/SSC-H) 
and subsequent gating on cells that express CD19 but remain negative in the LIVE/DEAD 
Fixable Near-IR channel. Singlet viable CD19+ B cells were further separated into eleven 
subsets based on the expression of a single or multiple markers, including CD27, CD38, 
CD45RB glycosylation, IgD, IgM, IgG, and IgA. For each subset 105 B cells were cell-
sorted (FACS Aria III, BD Biosciences) into RNA LoBind tubes (eppendorf). The gating 
strategy is provided in Figure 1A. Additional technical replicate samples (n = 12) were 
sorted from the same donors for several S, C and memory subsets (Figure S2).

Antibodies
CD19+ cells were surface stained using the following antibodies: anti-CD19 (clone SJ25C1, 
562947), anti-CD38 (clone HB7, 646851), anti-IgD (clone IA6, 2561315), anti-IgM (clone 
G20-127, 562977) from BD Biosciences. Anti-IgG (MH16-1, M1268) from Sanquin 
Reagents. Anti-IgA (polyclonal, 2050-09) from SouthernBiotech. Anti-CD27 (clone O323, 
25-0279-42) from ThermoFisher. Anti-CD45RB (clone MEM-55, 310205) from Biolegend. 
Each antibody was titrated to optimal staining concentration using PBMCs.
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B cell receptor repertoire sequencing
Repertoire amplification was performed as previously described28. Briefly, specific 
complementary DNA (cDNA) of BCR molecules was synthesized using a BCR heavy chain 
joining gene primer tagged with a 9-nucleotide Unique Molecular Identifier (UMI). After 
cDNA synthesis an Exonuclease I (Thermo Fisher Scientific) treatment was carried out 
followed by a multiplexed PCR with 6 primers covering all BCR heavy chain variable genes 
(primer details are available upon request). Amplified libraries were purified, quantified and 
sequenced via Illumina Miseq 2 x 300 technology according to the sequencing platform 
manufacturer’s manual (Illumina, San Diego, California, USA).

B cell receptor repertoire dataset construction and mutation analysis
Reads retrieved from the sequencing platform were processed using pRESTO29. Low 
quality reads (phred score < 25) were filtered out using the FilterSeq.py quality function. 
The MaskPrimers.py function was used to identify and mask the IGHV primers and to cut 
the sequence after and including the IGHJ primer. UMI-based consensus sequences were 
created with the max.error parameter of the BuildConsensus.py function set to 0.1 and 
paired-end reads were assembled using the AssemblePairs.py function. Additional filtering 
was applied to obtain datasets of unique consensus sequences represented by a minimum of 
3 aligned UMIs using IMGT/HighV-QUEST30. Aligned sequences were further processed 
using Change-O31. Output of the IMGT/HighV-QUEST was parsed using the MakeDb.py 
function and only functional rearrangements were selected. Germline sequences were 
reconstructed using the CreateGermlines.py function. Each unique nucleotide sequence 
spacing from the IGHV gene to the IGHJ gene was regarded as a BCR. Clonal frequency 
for each BCR was calculated as the number of different UMIs associated to the BCR 
divided by the total number of unique UMIs in the sample. The clonal expansion index was 
calculated as the Gini index on the distribution of the number of unique UMIs per BCR in 
each sample32 using the renyi function in the “vegan” R package33 (version 2.5-6). IGHV 
and IGHJ gene usage was calculate using the geneUsage function in the “immunarch” R 
package34 (version 0.6.5). Analysis of somatic hypermutation (SHM) was performed using 
the “SHazaM” R package31 (version 0.2.1) which compared each BCR sequence to its 
reconstructed germline. Mean SHM counts and median SHM counts were then calculated 
for each sample as respectively the mean and the median of the mutations distribution 
carried by each BCR sequence in the sample. For the three analyzed buffy’s the observed 
SHM was calculated as the mean of the three observations. To correct for the percentage 
of cellular contamination from a contaminating subset C %CX, the corrected mean μ_SX 
was calculated from the observed mean SHM for each naive subset μ_SX and observed 
mean SHM for the contaminating population μCX using the following formula:

 

sample. For the three analyzed buffy’s the observed SHM was calculated as the mean of the 
three observations. To correct for the percentage of cellular contamination from a 
contaminating subset C %CX, the corrected mean μ_SX was calculated from the observed 
mean SHM for each naive subset μ_SX and observed mean SHM for the contaminating 
population μCX using the following formula: 

 

 

 

Raw sequencing data have been deposited at NCBI Sequence Read Archive (BioProject: 
PRJNA856112) and processed repertoires are available upon request to the corresponding 
author. 

Statistical analysis  
Differences between groups were analyzed using a one-way ANOVA and Tukey’s multiple 
comparison test (each group against every other group). In the comparisons against all S-
subsets, all single data points from S-subsets were pooled together and a Kruskal-Wallis test 
followed by a Dunn’s multiple comparison test (each group against pooled S-subsets only) 
was performed. Correlations were determined using a Spearman rank correlation test. A p 
value <0.05 was considered significant. The statistical analysis was carried out using 
GraphPad Prism 9.1.1. 

 

Results 
Examination of different cell-sorting strategies to obtain naive B 
cells from human peripheral blood 
We interrogated eleven different strategies to determine an optimal strategy for cell-sorting 
bona fide naive B cells using a single or multiple B cell identity surface markers, including 
CD19, CD27, CD38, CD45RB glycosylation (RB), IgM, IgD, IgG and IgA (Figure 1A, 
gating strategy in blue, pre-gating of singlet, viable CD19+ cells in Figure S1A). These sorted 
populations are hereafter regarded as sample (S) subsets (Figure 1B). Subsets S1 to S6 are all 
CD27- populations, with additional gating for BCR isotype expression. Subsets S7 to S9 are 
RB- populations and subsets S10 to S11 are both CD27- and RB- with additional BCR isotype 
gating. Additionally, we sorted five CD27- or RB- populations expected to harbor non-naive B 
cells that could potentially contaminate the S-subsets and were therefore designated 
contaminating (C) subsets (Figure 1A, gating strategy in light pink). Subsets C1 and C2 
represent isotype-switched or IgM+IgD- CD27- B cells that have previously been described to 
carry mutated BCRs and are functionally distinct from naive B cells13,35,36. Subset C3 
represents IgMD+RB+ B cells for which we have recently shown that these cells still have low 
mutations levels but are functionally distinct from IgMD+RB- cells17, while subset C4 

2



Chapter 2 | Isolation of bona fide naive B cells from human peripheral blood

50

Raw sequencing data have been deposited at NCBI Sequence Read Archive (BioProject: 
PRJNA856112) and processed repertoires are available upon request to the corresponding 
author.

Statistical analysis
Differences between groups were analyzed using a one-way ANOVA and Tukey’s multiple 
comparison test (each group against every other group). In the comparisons against all 
S-subsets, all single data points from S-subsets were pooled together and a Kruskal-Wallis 
test followed by a Dunn’s multiple comparison test (each group against pooled S-subsets 
only) was performed. Correlations were determined using a Spearman rank correlation 
test. A p value <0.05 was considered significant. The statistical analysis was carried out 
using GraphPad Prism 9.1.1.

RESULTS

Examination of different cell-sorting strategies to obtain naive B cells 
from human peripheral blood
We interrogated eleven different strategies to determine an optimal strategy for cell-sorting 
bona fide naive B cells using a single or multiple B cell identity surface markers, including 
CD19, CD27, CD38, CD45RB glycosylation (RB), IgM, IgD, IgG and IgA (Figure 1A, 
gating strategy in blue, pre-gating of singlet, viable CD19+ cells in Figure S1A). These 
sorted populations are hereafter regarded as sample (S) subsets (Figure 1B). Subsets 
S1 to S6 are all CD27- populations, with additional gating for BCR isotype expression. 
Subsets S7 to S9 are RB- populations and subsets S10 to S11 are both CD27- and RB- with 
additional BCR isotype gating. Additionally, we sorted five CD27- or RB- populations 
expected to harbor non-naive B cells that could potentially contaminate the S-subsets 
and were therefore designated contaminating (C) subsets (Figure 1A, gating strategy in 
light pink). Subsets C1 and C2 represent isotype-switched or IgM+IgD- CD27- B cells that 
have previously been described to carry mutated BCRs and are functionally distinct from 
naive B cells13,35,36. Subset C3 represents IgMD+RB+ B cells for which we have recently 
shown that these cells still have low mutations levels but are functionally distinct from 
IgMD+RB- cells17, while subset C4 represents CD38+ activated naive B cells. Finally, subset 
C5 represents B cells that are CD27+ but RB- with previously reported high mutation 
levels5. CD27+IgM+ (IgMmem) and CD27+IgG/IgA+ (Smem) B cells were sorted as control 
populations, representing antigen-experienced memory B cell populations characterized 
by mutated BCRs (Figure 1A, gating strategy in dark pink). Classification strategy and 
frequency within CD19+ cells are reported for each population (Figure 1B). For each 
subset 105 cells were sorted from peripheral blood of healthy adult donors (n = 3) and 
next-generation sequencing of the immunoglobulin heavy chain variable (IGHV) genes 
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and VDJ-junction, followed by BCR repertoire analysis was performed (Figure 1C). For 
each cell-sorted subset the efficiency of sequencing and the number of obtained sequences 
are provided (Figure S1B and C). Additional technical replicate samples were sorted for 
several S, C, and memory subsets and their comparison is reported in Figure S2.
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Figure 1. Overview of FACS cell-sorting and BCR repertoire strategies for obtaining naive B cells from 
human peripheral blood. (A) Representative gating strategy for sorting sample (S), contaminating (C), and 
memory B cell subsets from healthy adult donor peripheral blood by flow cytometry. Pre-gating of singlet, 
viable CD19+ cells in Figure S1A. (B) Table shows the classification and frequency of studied subsets within 
CD19+ cells for three biological replicates in one independent experiment. (C) Experimental overview (n = 
3). The reproducibility was shown by using several technical replicate samples for each donors presented 
in Figure S2.

Repertoire analysis in cell-sorted B cell subsets
The BCR repertoire of the different cell-sorted subsets was analyzed to compare the level of 
somatic hypermutation and clonal expansion. First, we performed in-depth analysis of the 
somatic hypermutation levels (Figure 2A-D). No significant differences were observed in 
the mean mutation counts among S-subsets, where values ranged from 0.66 ± 0.06 (mean ± 
s.d.) for S10 to 1.40 ± 0.48 for S7 (Figure 2A for mean and Figure S3A for median mutation 
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counts). Among C-subsets, only C1 and C5 showed significantly higher mean mutation 
counts compared to S-subsets (C1: 8.80 ± 2.14, C5: 13.4 ± 4.07, mean ± s.d., p-value ≤0.05 
for C1 and p-value ≤0.01 for C5 versus pooled S-subsets). As expected, IgMmem and Smem 
both displayed significantly higher mutation counts compared to all S-subsets (IgMem: 
9.66 ± 0.89, Smem: 15.1 ± 2.93, mean ± s.d., p-value ≤0.05 for IgMem and p-value ≤0.01 
for Smem versus pooled S-subsets). Next, we analyzed the percentage of non-mutated 
BCRs present in each subset (Figure 2B). No significant differences were observed among 
S-subsets and C3 and C4 (average S-subsets: 75.2% ± 3.9%, C3: 59.3% ± 4.7%, C4: 74.0% 
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Figure 2. Analysis of somatic hypermutation (SHM) and clonal expansion in cell-sorted subsets. (A) 
Mean SHM per BCR and (B) percentage of BCRs with zero SHM in the BCR repertoire of cell-sorted B cell 
subsets from healthy donor peripheral blood. (C) Fraction of repertoire consisting of BCRs with 1 or 2, 3 to 
5 or more than 5 mutations (expressed as percentage of total BCRs). Statistical differences were determined 
using a Kruskal-Wallis with a Dunn’s multiple comparison test. *p < 0.05, **p < 0.01, ****p < 0.0001, n.s. 
= not significant. (D) Cumulative frequency distribution of mutations in the BCR repertoire for S, C and 
memory subsets. Different colors represent different donors. (E) Clonal expansion index (CEI). Data displays 
three biological replicates in one independent experiment. The reproducibility was shown by using several 
technical replicate samples for each donors presented in Figure S2. Single dots represent single donors, black 
lines depict means and subsets are ordered by increasing (A and C) or decreasing (B) mean.
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± 0.5%, mean ± s.d.). However, C1, C2, and C5 showed a significantly lower percentage 
of non-mutated BCRs compared to S-subsets (C1: 28.0% ± 13.1%, C2: 53.1% ± 9.4%, C5: 
11.2% ± 7.0, mean ± s.d., p-value ≤0.05versus pooled S-subsets). Of note, C5 showed very 
similar values compared IgMmem and Smem (IgMmem: 2.8% ± 0.5%, Smem: 2.4% ± 
1.1%, mean ± s.d., p-value = n.s. versus C5). When focusing on mutated BCRs found in 
S-subsets, we observed that on average 12.9% of the repertoire was composed of BCRs 
with 1 or 2 mutations (Figure 2C, grey bars). Surprisingly, also highly mutated BCRs with 
more than 5 mutations could be detected (average BCRs with >5 SHM in S-subsets: 6.3%, 
dark pink bars). The overall impact on the repertoire of non-mutated and mutated BCRs 
for each sorted subset is reported in Figure 2D. Next, we evaluated the level of clonal 
expansion by the use of the clonal expansion index (CEI) and again observed no significant 
differences among the S-subsets, and a significant increase in clonal expansion only in the 
C-subsets C1 and C5 compared to the S-subsets (C1: 0.55 ± 0.06, C5: 0.53 ± 0.02, mean 
± s.d., p-value ≤0.001 for C1 and p ≤0.05 for C5 versus pooled S-subsets; Figure 2E). 
However, a significant correlation was observed between the level of somatic hypermutation 
and clonal expansion in the analyzed S-subset (Figure S3B) and S7, S9, S6 and S1 showed 
both the highest mean mutations count and the highest clonal expansion index among all 
S-subsets. Correlation between mutation counts and clonal expansion at single BCR level 
for all sorted subsets is reported in Figure S3C. Additional BCR repertoire parameters 
such as average CDR3 length (Figure S3D) and IGHV and IGHJ gene usage (Figure S3E 
and F) did not show large differences among S-subsets. In conclusion, subtle differences 
were observed between mean mutation counts, the frequency of non-mutated BCRs and 
the clonal expansion index among S-subsets. Among the contaminating subsets, C1 and 
C5 showed the most substantial and significant differences from S-subsets indicating that 
these populations do in fact contain relevant hypermutated and clonal expanded BCRs that 
can potentially contaminate S-subsets.

Analysis of the contamination level by C-subsets in S-subsets
The analysis of the BCR repertoire in the different S-subsets revealed subtle differences 
among tested cell-sorting strategies, based on which it would be difficult to decide on an 
outcompeting strategy. However, we did observe that some of the C-subsets do in fact carry 
more mutated and expanded BCRs compared to S-subset and that BCRs with more than 5 
mutations were detected with variable levels in all S-subsets. Hence, the level of C-subset 
contamination, inherent to each specific cell-sorting strategy, could likely affect the purity 
of the obtained naive B cell population, thus playing an additionally role in the decision 
for the best isolation strategy for bona fide naive B cells. To test this, we first determined 
the percentage of cells coming from C-subsets present in each S-subset by flow cytometry 
(Figure 3A). Among the highly mutated contaminating subsets, C1 was found back in all 
but one S-subset, S2, while C5 was found in only three S-subsets, S7, S8 and S9. To evaluate 
the impact of contamination by C-cells on S-subset mutation levels, we corrected the mean 
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mutation count of each S-subsets by subtracting the weighted mean mutation count of each 
C-subset that is present (Figure 3B). S7, S8 and S9 showed major correction of their mean 
mutation counts most likely due to the high percentage of highly mutated C5 cells present 
in these subsets. Accordingly, these three subsets also showed the highest percentage highly 
mutated BCRs (SHM >5) within their repertoire among S-subsets (Figure 3C). On the 
contrary, subsets S4, S10 and S11 showed only minor corrections of their mean mutation 
count. In these subsets the contaminating populations were only the virtually non-mutated 
C4 and a low frequency of highly mutated C1 (~1%). S10 and S11 also showed the lowest 
percentage of highly mutated BCRs. For S-subsets S1, S2, S3, S5 and S6 which showed 
various level of contamination by C-subsets intermediate correction of their mean mutation 
count was observed. Overall, there was a correlation between the percentage contamination 
from mutated C1 and C5 cells and the percentage of highly mutated BCRs found in S-subset 
(Figure 3D, r = 0.77**). There was, however, no correlation observed between C-cell 
contamination and CEI, indicating that the highly mutated C-cells are not clonally expanded 
(Figure 3E). Taken together these results confirm that based on the selected cell-sorting 
strategy little or a substantial amount of highly mutated B cells can contaminate the naive B 
cell target population impacting the overall mutation level but not the clonal expansion level.
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Figure 3. Contamination by C-cells impacts overall BCR mutation levels. (A) Heat map of the mean 
percentage of C-cell contamination for each S-subset. (B) Dot plot depicts the observed mean SHM and the 
corrected mean SHM for each S-subset. (C) The percentage of BCRs with more than 5 mutations (SHM) in 
the BCR repertoire of S, C and memory subsets. Black lines depict means and each dot is an individual donor 
and subsets are ordered by increasing mean. Statistical differences were determined using a Kruskal-Wallis 
with a Dunn’s multiple comparison test. *p < 0.05, **p < 0.01, n.s. = not significant. (D) Correlation between 
FACS C1 and C5 subset contamination and the percentage of BCRs with >5 SHM for S-subsets. (E) Cor-
relation between FACS C1 and C5 subset contamination and CEI. For correlation plots the Spearman rank 
correlation coefficient (r) is represented at the right side of each graph and dots represent average value of 
n = 3. Data displays three biological replicates in one independent experiment.
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Ranking of sorting strategies to obtain naive B cells
After having analyzed the level of mutations and clonal expansion in the BCR repertoire 
and the level of sorting-derived contamination for each S-subset, we combined relevant 
parameters such as, mean SHM, % BCRs with zero SHM, % BCRs with >5 SHMs, and 
% of contaminating C-cells and composed a ranking of the best sorting strategy to obtain 
bona fide naive B cells (Table I). The number of markers used for isolation is also reported 
but was not included in the ranking calculation. S10, S11 and S3 ranked as the top 3 sorting 
strategies, scoring best in all considered parameters. On the contrary, subsets S7, S9, S6 
and S1 were among the worst performing sorting strategies. The remaining subsets S2, 
S4, S5 and S8 scored intermediate.

DISCUSSION

The aim of this study was to evaluate and optimize naive B cell cell-sorting strategies 
from human peripheral blood to acquire a population of non-mutated, non-expanded and 
phenotypical non-antigen experienced B cell population. Here we show that current naive 
B cell isolation strategies using CD27-IgD+ are adequate but can be improved considerably 
by including markers for IgM and CD45RB glycosylation.

CD27 expression is used in general to separate naive from antigen-experienced B cells as 
its expression correlates with detectible levels of somatic hypermutation in the V region, 
regardless of cells being IgD- or IgM/IgD+7,13,14. Here we show that the isolation of naive 
B cells using only CD27 negativity (S1 subset) was not optimal and ranked 8th out of the 
11 tested strategies, due to high mean mutation level and low percentage of non-mutated 
BCRs. This is most likely due to the presence of contaminating CD27- cells that carry 
highly mutated BCRs, such as CD27-IgG+/IgA+ cells (C1 subset) or CD27-IgD-IgM+ cells 
(C2 subset). The removal of these switched and non-switched CD27- cells, respectively in 
subsets S2 and S4, reduced the mean SHM from 1.2 to 0.90 for S2 and 0.94 for S4 while 
also reducing the percentage of contaminating highly mutated cells (S1: 29.4%; S2: 18.7%; 
S4: 1.0%; Figure 3). Another commonly used strategy to isolate naive B cells, i.e., CD27-

IgD+ (S3 subset), showed low levels of mutated BCRs (mean SHM = 0.81) and ended up 
in the top 3 of best sorting strategies (Table I). However, it must be noted that there is a 
large fraction (~30%) of anergic B cells (CD27-IgD+IgMlow B cells) present when using this 
isolation strategy19,20. Although functional evaluation of the different subsets was beyond 
the scope of this paper others have shown the reduced responsiveness of these IgD+IgMlow 
B cells in vitro22,23. Therefore, depending on the experimental aim for which the naive B 
cell are isolated, it might be more appropriate to also include a marker for IgM by which 
CD27- B cells with dual expression of IgM and IgD can be isolated (S5 subset, mean SHM 
= 0.89). Moreover, within cells with dual expression of IgM and IgD, a small percentage 
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of cells also expressed IgG or IgA (~1%) that likely represent a population of cells that 
recently underwent class-switching. The exclusion of these cells by also including markers 
for IgG and IgA in cell-sorting strategies may further improve naive B cell isolation and is 
particularly important when studying the process of IgG and IgA class-switching.

Recently, we and others have identified glycosylation of CD45RB (RB) as a novel marker to 
identify antigen-primed B cells, independent of CD27 and BCR isotype expression5,17,24,25. 
However, the use of RB negativity alone (S7 subset), proved to be the least optimal strategy 
to cell-sort naive B cells, yielding the subset with the highest mean SHM (1.40), highest 
percentage of BCRs with >5 SHM and highest percentage of contaminating cells. Although 
a large fraction of cells in this population still harbors non-mutated BCRs (75%), the 
presence of contaminating CD27+RB- cells with high mutation levels (C5, mean SHM = 
13.36) is likely responsible for the poor performance of this strategy. By including IgM 
and IgD surface expression (S8 subset) the BCR mutation levels reduced somewhat but 
remained relatively high (mean SHM = 1.03). This could be explained the fact that ~15% 
of CD27+RB- cells also have dual expression of IgM and IgD17. Thus, using RB alone or 
in combination with BCR isotype markers does not seem to outperform current isolation 
strategies using CD27 expression, and is even suboptimal. However, when cell-sorting 
using RB- is combined with CD27- or CD27-IgD+ a lower mutation level was observed, 
likely due to the loss of mutated CD27-IgMD+RB+ (C3 subset) which account for 20% of 
the contamination in CD27-/ CD27-IgD+ sorted subsets (Figure 3A and C). The addition 
of IgM expression, CD27-RB-IgD+IgM+ (S10 subset), yielded the B cell population with 
the lowest mean SHM (0.65), highest percentage of BCRs with zero SHM and lowest 
percentage of BCRs >5 SHM, ranking in fact number one among the tested strategies. 

Table I. Ranking of sorting strategies to isolate non-clonally expanded non-mutated naive B cells
Subset Classification No. of 

markers*
Mean 
SHM

BCRs
0 SHM

BCRs
>5 SHM

FACS 
C-cells

CEI Total 
Score

Rank

S10 CD27- RB- IgD+ IgM+ 4 1 1 1 4 1 8 1

S11 CD27- RB- IgD+ IgM+ CD38lo 5 2 3 2 1 7 15 2

S3 CD27- IgD+ 2 3 4 3 3 2 15 3

S2 CD27- IgG- IgA- 3 5 5 4 5 6 25 4

S4 CD27-IgD+ IgM- 3 6 9 5 2 3 25 5

S5 CD27- IgD+ IgM+ 3 4 6 6 9 4 29 6

S8 RB- IgD+ IgM+ 3 7 2 9 8 5 31 7

S1 CD27- 1 8 10 7 6 9 40 8

S6 CD27- IgD+ IgM+ CD38lo 4 9 11 8 7 8 43 9

S9 RB- IgD+ IgM+ CD38lo 4 10 7 10 10 10 47 10

S7 RB- 1 11 8 11 11 11 52 11

*For all sorting strategies markers for CD19 and viability were also included. This parameter is not included in 
the ranking calculation.
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Whether this is also the preferred strategy during pathological conditions, for example 
autoimmune diseases, needs to be investigated in PBMCs from patients.

Naive B cells that become positive for CD38, are described to be activated and to participate 
in the GC reaction, where multiple rounds of affinity selection will lead to the accumulation 
of SHM in their BCRs. It is unclear whether CD27-RB-CD38+ B cells found in peripheral 
blood (C4 subsets) are naive B cells that have recently been activated or did already 
participate in the GC reaction and therefore display mutated BCRs27. Here we observed 
that these cells have minimal BCR mutations (mean SHM = 1.84), but do show higher levels 
of clonal expansion compared to S-subsets (Clonal expansion index 0.35 in C4 versus 0.25 
on average for S-subsets) (Figure 2E, S3C). This suggest that CD27-RB-CD38+ B cells in 
peripheral blood have been activated by antigen and started to proliferate but have not yet 
been subjected to the process of somatic hypermutation.

Contrary to what is expected from antigen-naive B cells that have not yet undergone clonal 
expansion and somatic hypermutation in a GC reaction, the mean mutation count in the 
BCR repertoire of naive B cell subsets in this study and in other studies32,37 is higher than 0. 
Furthermore, we observed that only around 80% of repertoires found in S-subsets contained 
BCRs with zero SHM while around 13% contained BCR with 1 or 2 SHM (Figure S4A). 
The latter was shown to be independent from the level of FACS contamination from mutated 
cells (Figure S4B), opposite to what was observed for the percentage of BCRs >5 SHM 
(Figure 3D). Therefore, the mutations found in BCRs with 1 or 2 SHM are likely to be 
errors introduced by the technical procedure of PCR amplification and sequencing. This 
was confirmed when analyzing the distribution and type of mutations across the antibody 
V region in BCRs with 1 or 2 SHM compared to BCRs with >5 SHM in S-subsets versus 
memory subsets (Figure S4B and C). In fact, it became apparent that reads with 1 or 2 
mutations within S-subsets did not follow natural occurring mutational patterns, which 
was observed in both BCRs with 1 or 2 SHM and BCRs with >5 SHM from IgMmem 
and Smem. Therefore, one must consider that upon performing repertoire analysis using 
current methodologies one can expect a baseline error level of approximately 1 to 2 SHM 
for naive B cells.

In summary, we showed that although some of the most widely adopted sorting strategies 
for naive B cell isolation (such as CD27-IgD+) are adequate to obtain a B cell population 
with virtually non-mutated BCR, others (such as CD27- or RB-) deliver a naive B cell 
population with increased contamination of B cells with mutated BCRs. We therefore 
propose that exclusion of CD27 expression and CD45RB glycosylation with dual expression 
of IgM and IgD (thus CD27-RB-IgD+IgM+) provides a more stringent but improved strategy 
to obtain a purified naive B cell population. Finetuning naive B cell classification will 
improve interrogation and monitoring of B cell profiles during health and disease, diagnosis 
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and treatment, and vaccination strategies. Phenotypic B cell analysis, BCR analysis, and 
functional in vitro assays are vital to further elucidate the mechanisms driving B cell 
maturation and their contribution in mediating autoimmune diseases and cancer.
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Figures S3. BCR repertoire analysis. (A) Median SHM per BCR and (B) Correlation between the clonal 
expansion index (CEI) and the mean SHM for each S-subset. Spearman rank correlation coefficient (r) is 
represented at the right side of the graph. (C) Scatterplot depicting the clonal frequency and the total SHM 
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lines depict means. Statistical differences were determined using a Kruskal-Wallis with Dunn’s post-test. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. = not significant. Data displays three biological 
replicates in one independent experiment.
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ABSTRACT

Glycosylation of CD45RB (RB+) has recently been identified to mark antigen-experienced 
B cells, independent of their CD27 expression. By using a novel combination of markers 
including CD45RB glycosylation, CD27 and IgM/IgD isotype expression we segregated 
human peripheral blood B cell subsets and investigated their IGHV repertoire and in vitro 
functionality. We observed distinct maturation stages for CD27-RB+ cells, defined by 
differential expression of non-switched Ig isotypes. CD27-RB+ cells, which only express 
IgM, were more matured in terms of Ig gene mutation levels and function as compared to 
CD27-RB+ cells that express both IgM and IgD or cells that were CD27-RB-. Moreover, 
CD27-RB+IgM+ cells already showed remarkable rigidity in IgM isotype commitment, 
different from CD27-RB+IgMD+ and CD27-RB- cells that still demonstrated great plasticity 
in B cell fate decision. Thus, glycosylation of CD45RB is indicative for antigen-primed B 
cells, which are, dependent on the Ig isotype, functionally distinct.
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INTRODUCTION

B cell development and the formation of a highly diverse pool of long-lived antibody-
secreting cells and memory B cells is crucial for the humoral immune response and lasting 
immunological memory. During the course of an immune response, the immunoglobulin 
(Ig) gene is changed by the process of somatic hypermutation (SHM), class switch 
recombination (CSR), and selection in response to antigen stimulation. Hypermutated and 
class-switched Ig genes are a characteristic of memory B cells along with the loss of 
IgD expression. Gain of CD27 expression, often combined with absent IgD expression, 
is commonly used to discriminate human memory B cells from naive B cells. However, 
a substantial proportion of CD27- B cells in healthy adults displays mutated and isotype-
switched Ig genes like memory B cells1–3, which disputes the feasibility of using CD27 
as a truly discriminative memory marker. Mutated CD27- cells are present at birth4 and 
account for 5% of the peripheral blood B cell population in healthy adults1. The function 
of these putative CD27- memory cells and their relationship to CD27+ cells is not well 
understood but increased frequencies have been observed during aging5, in autoimmunity6 
and several viral infections7,8. The lack of markers to distinguish naive B cells from 
memory B cells resulted in novel strategies for B cell classification using phenotypical 
differences in addition to CD27 and Ig isotype9. Several studies identified changes in site-
specific O-linked glycosylation of CD45RB during human B cell differentiation in various 
secondary lymphoid organs and blood10–14. This glycan-dependent CD45RB epitope can 
be detected using the mAb MEM-55 and within human peripheral blood, glycosylation of 
CD45RB (RB+) was absent on naive B cells, but highly expressed on CD27+ cells and on a 
small fraction of switched and non-switched CD27- B cells10. Next-generation sequencing 
of the Ig heavy chain variable (IGHV) genes revealed that these CD27-RB+ cells displayed 
intermediate levels of somatic mutations, higher than CD27-RB- but lower than CD27+RB+ 
cells1,14, suggesting that these B cells are antigen-primed and no longer naive. On the other 
hand, these CD27-RB+ cells, with high IgM levels, were found with increased frequencies in 
young children and early after hematopoietic stem cell transplantation (HSCT)11, suggesting 
an immature rather than memory stage. Thus, CD45RB glycosylation, in combination with 
CD27 expression and Ig isotype, may serve as an additional marker to improve classification 
of human naive and memory B cells. Here, we investigated human peripheral blood B cell 
subsets segregated by CD45RB glycosylation, CD27 and IgM/IgD isotype expression and 
studied their IGHV repertoire and in vitro functionality.
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MATERIALS AND METHODS

Human B cell isolation
Buffy coats were obtained from anonymized adult healthy donors with written informed 
consent in accordance to the guidelines established by the Sanquin Medical Ethical 
Committee and in line with the Declaration of Helsinki. Human peripheral blood 
mononucleated cells (PBMCs) were isolated from buffy coats using Ficoll gradient 
centrifugation (lymphoprep; Axis-Shield PoC AS) and CD19+ cells were isolated by positive 
selection using magnetic Dynabeads (Invitrogen).

FACS sorting
Cryopreserved CD19+ cells were surface stained in PBA (PBS supplemented with 0.1% 
bovine serum albumin) for 30 min at 4°C and washed in PBA. A LIVE/DEAD cell staining 
(ThermoFisher scientific) was used to label and exclude non-viable cells. B cells were 
gated as singlet, viable, CD19+ cells and were segregated further into six subsets using 
surface marker expression of: CD27, CD38, CD45RB-glycosylation, IgD, IgM, IgG, and 
IgA. Subsets were FACS-sorted (FACS Aria III, BD Biosciences) into RTL buffer (Sigma-
Aldrich) for next-generation sequencing or in PBA for in vitro stimulation assays.

Antibodies
CD19+ cells were surface stained using the following antibodies: anti-CD19 (clone SJ25C1, 
562947), anti-CD38 (clone HB7, 646851), anti-IgD (clone IA6, 2561315), anti-IgM (clone 
G20-127, 562977) from BD Biosciences. Anti-IgG (MH16-1, M1268) from Sanquin 
Reagents. Anti-IgA (polyclonal, 2050-09) from SouthernBiotech. Anti-CD27 (clone O323, 
25-0279-42) from ThermoFisher. Anti-CD45RB (clone MEM-55, 310205) from Biolegend.

Immune repertoire sequencing
5000 B cells were sorted per subset per donor (n = 3), lysed and gDNA was extracted 
according to the manufacturer’s instructions (Qiagen). IgH rearrangements were amplified 
in a multiplex PCR using forward primers VH1-6 FR1 (BIOMED-2) and JH consensus 
reverse primers with a Molecular Identifier (MID)-tag. A total of 40 PCR cycles were 
performed and a heat stable polymerase with proof-reading activity was used (AmpliTaq 
Gold DNA polymerase, Thermo Fisher). Equal quantities of PCR products were pooled and 
purified by gel extraction (MinElute gel extraction kit, Qiagen) and Agencourt AMPure XP 
beads (Backman Coulter) and quantified by fluorescence using the Qubit 2.0 Fluorometer 
(Invitrogen). Sequencing was performed using a Illumina Miseq run in standard mode 
using a v3 kit.
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Repertoire and Mutation analysis
Reads retrieved from the sequencing platform were processed using pRESTO15. Briefly, paired-
ends reads were assembled using the AssemblePairs.py function and assembled reads with a 
phred score < 25 were removed. VH, JH primers and MID-tags were annotated and masked 
using the MaskPrimers.py function. Obtained datasets were then submitted to IMGT/HighV-
QUEST 16,17 for alignment. Aligned sequences were further processed using Change-O18. 
Output of the IMGT/HighV-QUEST was parsed using the MakeDb.py function18 and only 
functional rearrangements were selected. Analysis of somatic hypermutation was performed 
using the SHazaM R package (version 0.2.1) after germline sequence reconstruction using 
the CreateGermlines.py function from Change-O. All data here presented are performed on 
a final dataset of unique nucleotidic sequences (spacing from the IGHV to the IGHJ gene, 
primers excluded). Due to the lack of unique molecular identifiers (UMIs) in the amplification 
protocol, it was not possible to properly correct for technical artifacts such as PCR and 
sequencing errors. Therefore, we removed reads that occurred only once (singletons) with 
the assumption that technical artifacts occur randomly and independently of each sample’s 
origin and are therefore equally distributed in all analyzed samples. Information on the total 
and unique rearrangements per sample, before and after singletons exclusion, and IGHV and 
IGHJ gene representation is reported in Table SI. Raw sequencing data have been deposited 
at NCBI Sequence Read Archive (BioProject: PRJNA816414) and processed repertoires are 
available upon request to the corresponding author.

In vitro stimulation assays
T cell-dependent (TD) stimulation assays. 96- well flat-bottom plates were seeded with 
0.01x106 irradiated 3T3 fibroblast cells expressing human CD40L per well in B cell medium 
(RPMI medium supplemented with FCS (5%, Bodinco), penicillin (100 U/mL, Invitrogen), 
streptomycin (100 μg/mL, Invitrogen), β-mercaptoethanol (50 μM, Sigma-Aldrich), 
L-glutamine (2mM, Invitrogen), and human apo-transferrin (20 μg/mL, Sigma-Aldrich) 
depleted for IgG using protein A sepharose (GE Healthcare)) and adhered overnight. The 
generation of CD40L expressing fibroblasts is described elsewhere19. The next day, B cell 
medium supplemented with recombinant human IL-21 (50ng/ml, Preprotech) or IL-21 and 
IL-4 (50ng/ml and 25ng/ml, Preprotech) was added to the seeded 3T3-CD40L cells. B 
cell subsets (Figure 2A) were directly sorted into the plates in a density of 250 cells/well. 
After ten days of culture, survival, isotype switching, differentiation and Ig secretion was 
assessed using flow cytometry and ELISA.

T cell-independent (TI) stimulation assays. 96- well flat-bottom plates were seeded 
with 10.000 B cells from each subset per well supplemented with either 0.1μM CpG 
ODN (Invivogen) or 1μM R848 (Invivogen), in the presence of 1μg/ml anti-IgM F(ab’)2 
(JacksonImmunoResearch). After seven days of culture B cell survival, isotype switching, 
differentiation and Ig secretion were assessed using flow cytometry and ELISA.
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IgM, IgG, and IgA ELISA of culture supernatants
IgM, IgG, and IgA expression levels were measured as described previously19. In brief, 96-
well maxisorb plates were coated with monoclonal anti-IgM, anti-IgG, or anti-IgA (2μg/
ml MH15-1, 2μg/ml MH16-1, or 1μg/ml MH14-01-M08, Sanquin reagents) and culture 
supernatants were incubated for 1h. Secreted IgM, IgG, or IgA was detected using HRP-
conjugated mouse anti-human IgM, IgG, or IgA (1μg/ml MH15-1, 1μg/ml MH16-1, or 
1μg/ml MH14-1, Sanquin reagents) in HPE (Sanquin reagents). The ELISA was developed 
using TMB substrate, stopped by addition of 0.2M H2SO4 and absorbance was measured at 
450 and 540 nm. OD values were normalized to values of a reference serum pool that was 
included in each plate. To properly determine IgM production, in vitro stimulation assays 
described above, were also performed in the absence of anti-IgM F(ab’)2 as this compound 
interferes with the IgM ELISA resulting in an incomplete picture of the IgM production. 
Of note, the presence of anti-IgM F(ab’)2 may alter IgM production during culture.

Statistical analysis
Differences between groups were analyzed using a Friedman analysis of variance for non-
parametric repeated measures followed by a Dunn’s multiple comparison test. A p value 
<0.05 was considered significant. The statistical analysis was carried out using GraphPad 
Prism 9.1.1.

RESULTS

B cell subsets separated based on CD45RB glycosylation and CD27 
expression feature differential Ig isotype usage
Human peripheral blood CD19+CD38lo B cells (Figure S1A, pre-gating strategy) can be 
segregated into four populations based on their CD45RB glycosylation (RB) and CD27 
expression levels (Figure 1A). The CD27-RB- (55%) and CD27+RB+ (28%) populations are 
more prevalent compared to CD27-RB+ (9.5%) and CD27+RB- (7%) (Figure 1B). Within 
these populations differential Ig isotype usage was observed, with CD27+ cells enriched for 
IgG and IgA and CD27- cells mostly being IgM+ and/or IgD+ (Figure 1C). Within CD27+ 
populations, the Ig isotype usage was quite similar, despite cells being RB+ or RB-. By 
contrast, within CD27- populations, there was an increased prevalence of all IgD- subsets 
within the RB+ population. By isotype-specific gating around 13% of the CD19+ cells were 
left unannotated, in line with a recent study14. These cells are not mislabeled IgE+ B cells 
as these are extremely rare in healthy peripheral blood20. The Iglo cells were found across 
all four populations and likely represent a mixture of isotypes found on cells that recently 
underwent class-switching. Thus, the CD27-RB+ population features more isotype-switched 
cells than the CD27-RB- population, a difference not observed within CD27+ populations.
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Figure 1. B cells within subsets separated based on CD45RB glycosylation and CD27 expression feature 
differential Ig isotype usage. (A) Representative biaxial CD45RB/CD27 plot gated from singlet viable 
CD19+CD38lo cells (Figure S1A). (B) Percent of B cells in each quadrant, as in (A), for seven biological 
replicates (healthy adults) each composed of two technical replicates over three independent experiments. (C) 
VH-isotype usage per quadrant. ND, not determined. Black lines depict mean values. Statistical differences 
were determined using a Friedman analysis of variance and Dunn’s multiple comparison test. * p < 0.05, 
** p < 0.01.

CD45RB glycosylation marks antigen-primed B cells independent of 
CD27 expression
To refine discrimination of CD27/RB populations we included Ig isotype expression for 
enhanced characterization. In the current study we focused on characterizing the non-
isotype switched (IgM and IgD) B cells but excluded CD27-IgD+IgM- B cells that represent 
a population of anergic B cells that recognize self-antigens21–23. Based on the expression of 
CD27, CD45RB glycosylation and IgM and IgD we discriminated four CD27- populations 
(Figure 2A, Figure S1B): CD27-RB-IgM+IgD+ [IgMD+RB-], CD27-RB-IgM+IgD- [IgM+RB-

], CD27-RB+IgM+IgD+ [IgMD+RB+], and CD27-RB+IgM+IgD- [IgM+RB+]. In addition, two 
CD27+RB+ populations were included: IgM+IgD- memory B cells [IgMmem] and isotype-
switched memory B cells [IgG/Amem]. Subset classifications are depicted (table, Figure 
2A). All subsets were gated on being CD38lo to exclude CD38+ transitional B cells and 
CD38+ ASCs. Combined the CD27- subsets make up ~30% of the adult human peripheral 
blood B cell population with the largest fraction being IgMD+RB- cells (n = 7, Figure 
2B). To investigate the levels of somatic hypermutation in the six different subsets we 
performed next-generation sequencing of IGHV genes (n = 3). We observed increased 
somatic mutations in VH-regions of both memory B cell subsets (IgMmem and IgG/Amem), 
in line with previous studies24,25. VH-mutations were virtually absent for IgMD+RB- cells 
and not significantly increased for both IgM+RB- and IgMD+RB+ subsets compared to 
IgMD+RB- cells (Figure 2C). Remarkably, IgM+RB+ cells had comparable mutation counts 
as IgMmem, but less than IgG/Amem. Similar results were observed when analyzing the 
entire cumulative distribution of mutations in the Ig repertoire (Figure 2D). In addition, 
IgM+RB+ cells displayed a reduction in VH-CDR3 length25,26, also similar to IgMmem 
(Figure 2E). Taken together, IgM+RB+ cells show characteristic that associate with being 
antigen-primed despite being CD27-.
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75

CD45RB glycosylation, combined with Ig isotype, identifies functionally 
distinct B cell subsets
Apart from expression of mutated VH genes, memory B cells can be distinguished from 
naive B cells by more efficient proliferation and differentiation into antibody-secreting cells 
(ASCs) upon stimulation26,27. Given that the IgM+RB+ subset carried somatic mutations 
they may also functionally resemble memory B cells. Therefore, we studied their in vitro 
functionality, and of the other CD27- subsets, using T cell-dependent (TD) and -independent 
(TI) stimulation and analyzed survival, differentiation and isotype-switching potential.

The six B cell subsets were cell-sorted and cultured on CD40L-expressing cells in 
the presence of IL-21 for 10 days. Survival and/or proliferation was similar for most 
subsets (Figure S2A). Compared to IgMD+RB- cells, IgM+RB+ cells showed increased 
differentiation towards activated and/or memory-like B cells (MBCs, CD27+CD38-, Figure 
3A and B). Within IgMmem and IgG/Amem populations, that were sorted as being CD27+, 
we observed downregulation of CD27 expression, a phenomenon previously observed by 
others upon in vitro culture of memory B cells28,29. Interestingly, IgM+RB+ cells, but not 
IgMD+RB+ cells, had poor IgG switching potential, a feature shared with IgMmem (Figure 
3C). The addition of IL-4, a TD cytokine known to enhance isotype switch to IgG, had 
limited additional effects and did not alleviate the reduced IgG switch observed for IgM+RB+ 
cells (Figure S2B-F). Furthermore, the IgM+RB+ subset showed increased differentiation 
into functional ASCs (CD27+CD38+, Figure 3A, D and E, Figure S2G), however, this was 
less in comparison to IgG/Amem. IgMD+RB+ cells, although not significant, did show a 
trend in increased MBC and ASC formation compared to IgMD+RB- and IgM+RB- cells, 
but less in comparison to IgM+RB+ cells (Figure 3B, D and E). Differentiation of B cells 
also occurs during T cell-independent (TI) immune responses that generally results in the 
formation of ASCs that secrete low-affinity IgM antibodies30. Since IgM+RB+ cells showed 
reduced isotype switch to IgG upon in vitro TD stimulation we studied their functionality, 
and of the other CD27- subsets, upon in vitro TI stimulation. After 7 days of TI stimulation 
with CpG ODN (TLR9 activator) and anti-IgM, IgM+RB+ and IgMD+RB+ subsets, but 
not IgM+RB- and IgMD+RB- subsets, were able to differentiate into memory-like B cells 
(Figure 3F), albeit, much less when compared to TD stimulation. Furthermore, IgM+RB+ 
and IgMD+RB+ subsets showed a trend towards increased differentiation into functional 
ASCs as was observed for IgMmem and IgG/Amem, albeit to various degrees (Figure 3G, 
Figure S3A), and with limited isotype switching (Figure S3B). Subsets responded in a 
similar fashion when stimulated with R848 (TLR7/TLR8 agonist) and anti-IgM for 7 days 
(Figure S4). Thus, different from IgMD+RB+, IgM+RB- and IgMD+RB- subsets, IgM+RB+ 
cells showed a higher propensity for MBC differentiation with an IgM isotype commitment.
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Figure 3. CD45RB glycosylation, combined with Ig isotype, marks functionally distinct B cell subsets. 
B cell subsets were cultured with TD-stimulation of CD40L-expressing 3T3s in the presence of IL-21 (50ng/
ml) for 10 days (six biological replicates each consisting of two technical replicates over two independent 
experiments). (A) Representative biaxial CD27/CD38 FACS plot after 10 days of TD culture. The formation 
of (B) MBCs (CD27+CD38-) (C) IgG+ B cells, and (D) ASCs (CD27+CD38+) was measured using flow 
cytometry. (E) Cumulative IgM secretion measured in culture supernatants using ELISA at day 10 (n = 6). 
B cell subsets were cultured with TI-stimulation of CpG ODN (0.1μM) and anti-IgM-F(ab’)2 (1μg/ml) for 7 
days (four biological replicates each consisting of two technical replicates). The formation of (F) MBCs and 
(G) ASCs was measured using flow cytometry. Black lines depict mean values. Statistical differences were 
determined using a Friedman analysis of variance and Dunn’s multiple comparison test. * p < 0.05, ** p < 
0.01, *** p < 0.001, **** p < 0.0001.

DISCUSSION

Here, by using a novel combination of markers including CD45RB glycosylation, CD27 
and IgM/IgD isotype expression we segregated human peripheral blood B cell subsets and 
investigated their IGHV repertoire and in vitro functionality. Table I summarizes for each 
of the studied B cell subset their VH mutation status and in vitro functionality.

IgMD+ RB- cells displayed virtually absent levels of somatic hypermutation, indicating 
that this population corresponds to “classical” naive B cells. IgM+RB- and IgMD+RB+ 
cells were both in repertoire and in vitro functionality similar to IgMD+RB- cells. Because 
IgM+RB- cells were gated on being CD38lo we do not assume that they represent human T1 
B cells that are often characterized by a CD24hiCD38hi phenotype31. Circulating IgM+RB+ 
cells carried mutated VH genes and reduced CDR3 length which implies previous antigen-
priming. This suggests that these cells are at a later stage of development with regards 
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to affinity maturation as compared to the other CD27- subsets. In line, IgM+RB+ cells 
also showed improved ability to develop into functional ASCs using TI and TD in vitro 
stimulations. IgMD+RB+ cells, although not significant and less in comparison to IgM+RB+, 
did show a trend in increased MBC and ASC formation compared to IgMD+RB- and 
IgM+RB- cells. These data indicate that CD27-RB+ populations fall within the continuum 
of naive B cells that progress towards memory B cells and ASCs and do not represent 
a population of exhausted memory B cells with downregulated CD27, as was proposed 
previously5. In addition, the absence of CD45RB glycosylation to define ‘true’ human 
naive B cells may advance current strategies using CD27 and IgD. Even though using the 
glycosylation epitope on CD45RB helps to identify antigen-primed B cells among CD27- 
cell, there is, however, a population of CD27+ cells, presumed memory B cells, that are 
RB-, meaning that glycosylation of CD45RB does not mark all antigen primed B cells.

We show that IgM+RB+ cells have properties in common with CD27+IgM+IgD-RB+ cells 
(IgMmem). IgM+RB+ cells seem to have an early lineage commitment to the IgM isotype 
as they showed reduced ability to isotype-switch to IgG, similar to IgMmem but in steep 
contrast to the other CD27- subsets. Moreover, CD27 expression was higher on IgM+RB+ 
cells after 10 days of TD culture compared to the other CD27- subsets which shows that 
with the same level of stimulation these cells had enhanced capacity to differentiate towards 
a memory phenotype. IgM memory B cells are important for the generation of a broadly 
cross-reactive memory repertoire with lower affinity BCRs to protect against a plethora 
of pathogens and their variants32–34. The early lineage commitment of IgM+RB+ cells to the 
IgM isotype might represent a mechanism to ensure replenishment of the IgM memory 
pool for lasting B cell immunity. In contrast, the efficient IgG isotype-switching seen for 
IgMD+RB+ cells suggests this subset has more plasticity in B cell fate decision. Thus, 
within RB+ cells, differential expression of IgM and IgD, discriminates two functionally 
distinct B cell subsets. In line, for CD27+RB+ subsets, only IgG/Amem, but not IgMmem, 
outperformed both CD27-RB+ subsets in ASC differentiation. This suggest that expression 
of just CD27 or CD45RB glycosylation upon B cell activation is not indicative for enhanced 
ASC differentiation, but also relies on the Ig isotype. The notion that the Ig isotype imprints 

Table I. Summary of B cell subset discriminating factors

B cell subset VH mutations MBC TD-stim. IgG+ TD-stim. IgM secr. TD-stim. MBC TI-stim.

IgMD+RB- low - + +/- -

IgM+RB- low - + +/- -

IgMD+RB+ low - + + -

IgM+RB+ int + - + -

IgMmem int + - + +

IgG/Amem high + + - +

MBC = memory B cell differentiation, TD = T cell-dependent, TI = T cell-independent

3
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the subsequent fate of the B cell upon recall responses is consistent with data obtained from 
mouse and human in vitro models indicating that in general the IgM memory B cells re-
entered germinal centers to undergo multiple rounds of expansion, somatic hypermutation 
and selection, whereas IgG memory B cells preferentially differentiated into ASCs35–37.

In this study we did not analyze memory subsets with differential expression of IgM and 
IgD and only included the CD27+IgM+IgD-RB+ subset (IgMmem). For CD27+IgM+IgD+ cells 
it has been described that they have fewer VH-gene mutation than CD27+IgM+IgD- and class-
switched CD27+ cells but more mutations than naive (CD27-IgM+IgD+) and CD27+IgM-IgD+ 
cells38. CD27+IgM-IgD+ cells only make up a small fraction of CD27+ cells (7.5%, Figure 
1C). Within CD27+RB+ cells, CD27+IgM+IgD+ cells make up around 25% cells and are 
present to a lesser degree within the CD27+RB- population (16%, Figure 1C). Whether, 
the presence or absence of glycosylated CD45RB on CD27+ cells with differential IgM and 
IgD expression impacts the level of detectible VH-gene mutations and in vitro functionality 
remains unclear.

Previous studies reported increased frequencies of CD27-RB+ cells that expressed high 
levels of IgM in young children and early after hematopoietic stem cell transplantation11. 
Unfortunately, the dual IgM/IgD expression on these cells was not determined. Therefore, 
we cannot assign with certainty whether these are CD27-IgM+RB+ or the CD27-IgMD+RB+ 
cells. As these cells have increased frequency in children it may be more likely that these 
are the CD27-IgMD+RB+ cells described here that have fewer mutations and showed a naive-
like behavior. However, cord blood and fetal tissues also accommodate a small population 
of mutated CD27+IgM+IgD+ B cells39,40. These subsets may represent a first-line defense 
mechanism that respond rapidly upon both TD and TI activation.

The findings presented here provide novel insights in the phenotypic and functional 
progression from naive B cells via CD27-RB+ cells to memory B cells in human peripheral 
blood. In conclusion, glycosylation of CD45RB is indicative for antigen-primed B cells, 
which are, dependent on the Ig isotype, functionally distinct.
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Figure S1A. Gating strategy. Cryopreserved CD19+ magnetic bead isolated B cells were pre-gated to obtain 
singlet viable CD19+CD38lo cells for flow cytometry (Figure 1A).
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Figure S2. B cell subsets were cultured with TD stimulation for 10 days. (A) Survival measured in subsets 
cultured with 3T3-CD40L expressing cells and IL-21 (50ng/ml) by flow cytometry (six biological replicates 
each consisting of two technical replicates over 2 independent experiments). B cell subsets cultured with 
CD40L-expressing 3T3s for 10 days in the presence of IL-21 (50ng/ml) and IL-4 (25ng/ml). (B) Survival, 
(C) frequencies of MBCs, (D) ASCs, and (E) IgG+ cells were measured using flow cytometry (six biologi-
cal replicates each consisting of two technical replicates over 2 independent experiments). Ig secretion in 
TD-cultures with IL-21 and IL-4 (F) and IL-21 (G) was measured in culture supernatants by ELISA. Black 
lines depict mean values. Statistical differences were determined using a Friedman analysis of variance and 
Dunn’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure S3. B cell subsets were cultured with CpG (0.1μM) and anti-IgM-F(ab’)2 (1μg/ml) for 7 days. 
(A) Ig secretion was measured in culture supernatants by ELISA (four biological replicates each consisting 
of two technical replicates). (B) IgG and IgA isotype switching was measured by flow cytometry. Black lines 
depict mean values. Statistical differences were determined using a Friedman analysis of variance and Dunn’s 
multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure S4. B cell subsets cultured with R848 (1μM) and anti-IgM-F(ab’)2 (1μg/ml) for 7 days. (A) Sur-
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ABSTRACT

For mechanistic studies, in vitro human B cell differentiation and generation of plasma 
cells are invaluable techniques. However, the heterogeneity of both T cell-dependent 
(TD) and T cell-independent (TI) stimuli and the disparity of culture conditions used 
in existing protocols makes interpretation of results challenging. The aim of the present 
study was to achieve the most optimal B cell differentiation conditions using isolated 
CD19+ B cells and PBMC cultures. We addressed multiple seeding densities, different 
durations of culturing and various combinations of TD stimuli and TI stimuli including 
B cell receptor (BCR) triggering. B cell expansion, proliferation and differentiation was 
analyzed after 6 and 9 days by measuring B cell proliferation and expansion, plasmablast 
and plasma cell formation and immunoglobulin (Ig) secretion. In addition, these conditions 
were extrapolated using cryopreserved cells and differentiation potential was compared. 
This study demonstrates improved differentiation efficiency after 9 days of culturing for 
both B cell and PBMC cultures using CD40L and IL-21 as TD stimuli and 6 days for CpG 
and IL-2 as TI stimuli. We arrived at optimized protocols requiring 2500 and 25.000 B 
cells per culture well for TD and TI assays, respectively. The results of the PBMC cultures 
were highly comparable to the B cell cultures, which allows dismissal of additional B cell 
isolation steps prior to culturing. In these optimized TD conditions, the addition of anti-
BCR showed little effect on phenotypic B cell differentiation, however it interferes with 
Ig secretion measurements. Addition of IL-4 to the TD stimuli showed significantly lower 
Ig secretion. The addition of BAFF to optimized TI conditions showed enhanced B cell 
differentiation and Ig secretion in B cell but not in PBMC cultures. With this approach, 
efficient B cell differentiation and Ig secretion was accomplished when starting from fresh 
or cryopreserved samples. Our methodology demonstrates optimized TD and TI stimulation 
protocols for more in-depth analysis of B cell differentiation in primary human B cell 
and PBMC cultures while requiring low amounts of B cells, making them ideally suited 
for future clinical and research studies on B cell differentiation of patient samples from 
different cohorts of B cell-mediated diseases.
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INTRODUCTION

B cells are an essential arm of the adaptive immunity as their differentiation in response to 
foreign antigen generates protective antibodies and immunological memory1. The process 
of B cell differentiation into plasmablasts and plasma cells involves profound molecular 
changes in morphology, phenotype and gene expression, enabling the cells to produce 
and secrete large amounts of immunoglobulins (Igs). B cell differentiation is initiated by 
activation of B cells by exposure to antigen. Classically, B cell responses are categorized in 
two different B cell responses dependent on the type of antigen, known as T cell-dependent 
(TD) and T cell-independent (TI) responses1,2.

In TD B cell responses, B cells are usually activated by proteinaceous antigens in the 
secondary lymphoid organs through recognition of their cognate antigen by the B cell 
receptor (BCR). Differentiation of B cells in these circumstances requires T cell help in 
the form of CD40-CD40L co-stimulation with T cell-derived cytokines such as IL-4 and 
IL-213-5. Initially, this process results in the generation of memory B cells, which can rapidly 
differentiate into high-affinity antibody producing plasma cells during secondary antigen 
exposure6,7. Secondly, long-lived plasma cells are generated that move to bone-marrow 
niches from where they secrete high affinity antibodies8. These two compartments of 
humoral immunological memory are hallmarks of many vaccination strategies.

In TI B cell responses, B cells are activated without T cell help9. TI antigens include 
multimeric antigens, like bacterial capsule polysaccharides (PS) and bacterial DNA, which 
can activate B cells through binding of the BCR and engagement of specific Toll like 
receptors (TLRs) such as TLR-4 and TLR-910-13. In addition to this, multiple different 
cytokines, produced by multiple immune cells, can interact with their respective receptor 
expressed on B cells and could potentially modulate the response. TI B cell responses 
are short-lived and do not result in selection of affinity matured antibodies. However, 
these TI B cell responses have been shown to result in long-lived antibody production 
in specific cases14. Although antibodies are of fundamental importance in the protection 
against pathogens, aberrant B cell differentiation may lead to autoimmune diseases when 
tolerance governed by immunological checkpoints is lost15.

A major hurdle in the study of in vitro human B cell differentiation consists of the various 
methods described to generate in vitro plasmablasts and plasma cells, which often fail 
to exactly mimic in vivo responses. In these methods TD and TI antigens are often 
combined (Table I). While this is an effective method to induce B cell differentiation in 
vitro and combining TD and TI antigens could be of great importance to answer specific 
research questions (e.g. understanding B cell responses to specific viruses, bacteria or 
vaccines using adjuvants) it does not allow evaluation of the separate and distinct routes 

4
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of B cell activation that each are characterized by their own antibody output. Optimal 
conditions are still elusive and there are many determinant factors. Thus, this study was 
designed to investigate the most optimal B cell differentiation conditions with regards 
to several essential factors, i.e. using isolated CD19+ B cells or PBMC cultures, multiple 
seeding densities, different durations of culturing and various combinations of TD stimuli 
or TI stimuli. B cell expansion, proliferation and differentiation was analyzed by flow 
cytometry after 6 and 9 days by measuring B cell numbers, Cell Trace Yellow (CTY) 
dilution, CD27+CD38+plasmablast and CD27+CD38+CD138+ plasma cell formation and 
immunoglobulin (Ig) secretion in culture supernatants by Enzyme Linked Immunosorbent 
Assay (ELISA). In addition, these conditions were extrapolated using cryopreserved cells 
and differentiation potential of cryopreserved and freshly isolated cells were compared. 
Resulting protocols are 1-step and minimalistic, ensuring that results from different labs 
are comparable.

MATERIALS & METHODS

Literature review
In order to identify stimuli described in previously reported B cell differentiation protocols, 
a literature review was carried out using the following search terms: B cell culture, B 
cell expansion, B cell stimulation, B cell activation, human B cell differentiation, human 
plasma cell differentiation using the NCBI Pubmed database (https://www.ncbi.nlm.nih.
giv/pubmed). The results of this literature review is summarized in Table I.

Cell lines
NIH3T3 fibroblasts expressing human CD40L (3T3-CD40L+)16 were cultured in IMDM 
(Lonza,Basel 4002, Switzerland) containing 10% FCS (Serana, 14641 Pessin, Germany), 
100 U/mL penicillin (Invitrogen, through Thermo Fisher, 2665 NN Bleiswijk, The 
Netherlands), 100 μg/mL streptomycin (Invitrogen), 2 mM l-glutamine (Invitrogen), 50 
μM β-mercaptoethanol (Sigma Aldrich, 3330 AA, Zwijndrecht, The Netherlands) and 500 
μg/mL G418 (Life Technologies, through Thermo Fisher).

Isolation of PBMCs and B cells from human healthy donors
Buffy coats of healthy human donors were obtained from Sanquin Blood Supply. All the 
healthy donors provided written informed consent in accordance with the protocol of the 
local institutional review board, the Medical Ethics Committee of Sanquin Blood Supply, 
and the study conformed to the principles of the Declaration of Helsinki. The mean age 
of the healthy donors was 41,3 years at the time of blood withdrawal [range 27-61 years], 
male n=2, female n = 4. Peripheral blood mononucleated cells (PBMCs) were isolated 
from buffy coats using a Lymphoprep (Axis-Shield PoC AS, Dundee DD2 1XA, Scotland) 
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density gradient. Afterwards, from half of the fraction of PBMCs, CD19+ B cells were 
isolated using magnetic Dynabeads and DETACHaBEAD (Thermo Fisher) according to the 
manufacturer’s instructions. The purity of B cells after isolation and the B cell compartment 
distribution at baseline was assessed by flow cytometry. All B cell isolations had a purity 
of >92%. Excess cells were resuspended to 20-50*106 cells per ml in culture medium and 
slowly cold freezing medium (80% DMSO / 20% FCS, Thermo Fisher) was added in a 1:1 
ratio. The cell suspension was resuspended and divided over cryo-vials. Cells were frozen 
overnight to -80 oC in a Mr. Frosty and transferred to cryo-storage the next morning.

In vitro PBMC and B cell stimulation cultures
3T3-CD40L+ were harvested, irradiated with 30 Gy and seeded in B cell medium (RPMI 
1640, Gibco through Thermo Fisher) without phenol red containing 5% FCS, 100 U/mL 
penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 50 μM β-mercaptoethanol and 

Table I. Frequently reported B cell differentiation stimuli for human naive and/or memory B cells in literature

Stimuli Target(s) Concentrations Reference

Anti-IgM
Anti-IgG/IgM F(ab’)2

Anti-IgG/IgA/IgM F(ab’)2

BCR 2, 5, 10 µg/ml (5), (17), (19), (27), (36), (37), 
(38), (39)

BAFF BAFF-R. 
BMCA. TACI

75, 100 ng/ml (36), (40)

aCD40, CD40L CD40 50, 500 ng/ml
1, 5 µg/ml

(5), (17), (27), (38), (39), (41), 
(42), (43)

CD40L expressing L cells
3T3-CD40L fibroblasts

CD40 Various ratios of B cell : 
feeder cell

(3), (19), (36), (37)

CpG-ODN 2006 TLR9 1.0, 2.5, 3.2, 6.0, 10 
µg/ml
0.35, 1.0 µM

(17), (27), (36), (38), (39), (40), 
(41), (42), (43)

IFNα IFNAR 100, 500 U/ml (37), (41)

IL-2 IL-2R 20, 50, 100 U/ml
25, 50 ng/ml

(3), (5), (37), (38), (39), (41), (42)

IL-4 IL-4R 10, 25, 50, 100, 200 
ng/ml

(3), (5), (17), (19), (36), (38), (41), 
(43)

IL-6 IL-6R 10, 50 ng/ml (37), (41)

IL-10 IL-10R 25, 50, 200 ng/ml (5), (36), (38), (41), (43)

IL-15 IL-15R 10 ng/ml (36), (41)

IL-21 IL-21R 2, 20, 50,100 ng/ml (5), (19), (27), (36), (37), (39), 
(40), (42), (43)

Abbreviations: BAFF: B cell activating factor. BCMA: B cell maturation antigen. IFN: interferon. IL: interleukin. 
ODN: oligodeoxynucleotide. TACI (TNFRSF13B): transmembrane activator and CAML interactor. TLR: toll like 
receptor. The used concentrations in this study are depicted in bold.
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20 μg/mL human apo-transferrin (Sigma Aldrich; depleted for human IgG with protein 
G sepharose (GE Healthcare, 3871MV, Hoevelaken, The Netherlands)) on 96-well flat-
bottom plates (Nunc through Thermo Fisher) to allow adherence overnight. 3T3-CD40L+ 
were seeded by adding 100 µl of 0.1*106 cells/ml (or 10,000) cells per well. In some 
experiments PMBCs were thawed from cryo-storage and washed with B cell medium. 
PBMCs or B cells were rested at 37 ˚C for 1h before counting. Then, 50 µl of CD19+ B 
cells at a concentration of 0.005-, 0.05- or 0.5*106 cells/ml (250, 2500 or 25000 cells resp.) 
were co-cultured in duplicate in the presence or absence of PBMCs with the irradiated 
3T3-CD40L+ fibroblasts in TD settings or in 96-well U-bottom plates for TI settings. 50 
µl of stimuli were added as indicated: F(ab’)2 fragment Goat Anti-Human IgA/G/M (5 
μg/mL; Jackson Immunoresearch, Ely CB7 4EZ, UK), IL-4 (25 ng/mL; Cellgenix, 79107 
Freiburg, Germany), IL-21 (50 ng/mL; Peprotech, London W6 8LL, UK), CpG ODN 2006 
(1 µM, Invivogen), IL-2 (50 ng/ml, Miltenyi Biotec) and BAFF (100 ng/ml R&D) for up to 
9 days. After adding the B cells to the wells, the plate was centrifuged for 1 min at 400x 
g to force all the cells onto the 3T3-CD40L+ layer. Cryopreserved cells were thawed by 
agitating the tubes gently in a 37 oC waterbath until only a small ice clump was left. The 
cells were transferred to a 50 ml tube and cold B cell medium was added drop-wise while 
the tube was constantly agitated.

CelltraceYellow labeling
CD19+ B cells or PBMCs were washed with 10 ml PBS/0.1% bovine serum albumin (BSA, 
Sigma Aldrich) and resuspended to a concentration of 2x107 cells/ml in PBS/0.1%BSA. 
Cells and 10 µM CellTrace Yellow (Thermo Fisher Scientific) were mixed at a 1:1 ratio 
and incubated 20 minutes in a 37oC waterbath in the dark, vortexing the tube every 5 
minutes to ensure uniform staining. Cells were washed twice using a 10 times volume of 
cold culture medium to end labeling. Thereafter, B cells were cultured according to the 
protocol described above.

Flow cytometry
Wells were resuspended and transferred to 96-well V-bottom plates (Nunc). Cells were 
centrifuged 2 min at 600x g, supernatant was transferred to V-bottom plates, sealed with an 
ELISA sticker and stored at -20oC. Samples were washed twice with 150 ul PBS/0.1%BSA. 
Cells were stained in a 25 µL staining mix with 1:1000 LIVE/DEAD Fixable Near-IR Dead 
cell stain kit (Invitrogen) and antibodies diluted in PBS/0.1% BSA for 20 minutes at RT 
in the dark (Table II). The samples were wash 2x with 150 ul PBS/0.1%BSA. Finally, the 
samples were resuspended in a volume of 140 µl, of which 90 µl was measured on a LSRII 
or FACSymphony flow cytometer. Samples were measured on LSRII or Symphony and 
analyzed using Flowjo software. The gating strategy is shown in Figure S1.
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Table II. Antibodies used for flow cytometry.
Ab Conjugate Manufacturer Clone Catalog No. Dilution*

CD19 BV510 BD SJ25-C1 562947 1:100

CD20 PerCP-Cy5.5 BD L27 332781 1:25

CD27 PE-Cy7 eBioscience 0323 25-0279-42 1:50

CD38 V450 BD HB7 646851 1:100

CD138 FITC BD MI15 561703 1:50

IgG BUV395 BD G17-145 564229 1:100

IgM APC Biolegend MHM-88 314510 1:100

CD3 PerCP BD SK7 345766 1:20

LIVE/DEAD APC-Cy7 Invitrogen L34976 1:1000

*Optimal antibody dilutions as defined for the method and staining procedure used in this paper. As the staining 
conditions and flow cytometer settings may differ per lab, it is advised that these dilutions are taken as guidelines 
and that these are validated within each individual lab.

ELISA of culture supernatants
Supernatants of eligible conditions were tested for secreted IgG, IgA and IgM with a 
sandwich ELISA using polyclonal rabbit anti-human IgG, IgA and IgM reagents and 
a serum protein calibrator (X0908, Dako, Glostrup) all from Dako (Glostrup; product 
numbers A0423, Q0332 and A0425 respectively). The polyclonal rabbit anti-human IgG, 
IgA and IgM were diluted in coating buffer to a concentration of 5 μg/ml, then 100 μl 
was used to coat Nunc MaxiSorp flat bottom 96 well plates (Thermo Fisher) overnight 
at 4°C. Plates were washed with PBS/0.05% Tween- 20 and blocked with 100 μl PBS/1% 
bovine serum albumin (BSA) (Sigma Aldrich) for 1 hour at room temperature (RT). Plates 
were then washed and 100 μl of serum protein calibrator (X0908, Dako, Glostrup) or 
culture supernatant diluted in HPE buffer (M1940, Sanquin reagents) (1:25 for IgG and 
IgA and 1:30 for IgM) was added to each well and incubated for 1.5 hour at RT. Human 
serum protein low control (X0939, Dako, Glostrup) was used as reference sample on each 
plate. Following incubation and washing, 100 μl of detection antibody diluted in blocking 
buffer was added: poly rabbit anti-human IgG/HRP (1.3 g/L, 1:15,000), IgA/HRP (1.3 g/L, 
1:15,000), and IgM/HRP (1.3 g/L, 1:10,000) (Dako, Glostrup; product numbers: P0214, 
P0215, P0216 respectively). Plates were washed and developed using TMB (00-4201-56, 
Invitrogen by Thermofisher), stopped using 1M H2SO4 stopping solution and read using 
the Biotek microplate reader (450-540nm) (Synergy HT, Biotek) and IgM, IgA and IgG 
concentrations were calculated relative to a titration curve of the serum protein calibrator.

Interference ELISA
The interference ELISA assay was developed as described in the sandwich ELISA above. 
Serial dilutions of F(ab’)2 fragment Goat Anti-Human IgA/G/M (5, 2.5, 1.25 and 0.625 
μg/mL; Jackson Immunoresearch, Ely CB7 4EZ, UK) in HPE buffer (M1940, Sanquin 
reagents) were incubated (60 min, RT) with the standard curve dilutions of the serum 
protein calibrator (X0908, Dako, Glostrup). The results were plotted as titration curves.
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Graphics
Schematic overviews were created using images from Servier Medical Art, which are licensed 
under a Creative Commons Attribution 3.0 Unported License (http://smart.servier.com).

Statistics
Statistical analysis was performed using GraphPad Prism (version 8; Graphpad Software). 
Data were analyzed using t tests, Repeated Measures one-way ANOVA or Repeated 
Measures two-way ANOVA where appropriate. Results were considered significant at p < 
0.05. Significance was depicted as * (p < 0.05) or ** (p < 0.01), *** (p < 0.001) or **** (p 
< 0.0001). Correlation analyses between flow cytometry and immunoglobulin ELISA data 
were performed with Pearson’s correlation test. *p < 0.05. The statistical tests performed 
are indicated in the figure legends.

RESULTS

Frequently reported B cell differentiation stimuli for human naive and/or 
memory B cells in literature
The first step in establishing optimized in vitro protocols for TD and TI stimulation of B 
cells to induce B cell differentiation was to identify frequently used and reported culture 
conditions by literature review (Table I). Following identification of a wide range of stimuli, 
together with consortium partner labs, standard TD and TI combinations were chosen 
using concentrations reflective of the publications obtained through literature review or 
by previous experimental work. For TD stimuli, the combination of CD40L and IL-21 was 
selected, a combination frequently used to mimic CD4+ T cell help5. Although multiple 
methods of CD40L stimulation are reported (either soluble or using feeder cells), here a 
monolayer of feeder cells consisting of 3T3 mouse fibroblast expressing high levels of 
human CD40L was selected. For TI the combination of CpG, a well-known ligand of 
TLR-9, together with IL-2, a B cell survival factor, was set up17, 18. These combinations of 
stimuli were either constantly or most frequently used and therefore found to be essential.

Following the identification of CD40L and IL-21 as TD stimuli and CpG and IL-2 as TI 
stimuli, the effect of (1) culture duration and (2) different seeding densities (or starting B 
cell numbers) were determined. These experiments were performed with cells from healthy 
donors either using (3) purified CD19+ B cells or (4) PBMC cultures corrected for B cell count, 
comprising of B cells and other PBMCs (mainly T cells and small fractions of monocytes 
and NK cells) since such cultures do not require B cell isolation and are thus more practical 
for routine use. For this, PBMCs from the same healthy donors were used to avoid donor 
variability. Additionally, the augmenting effect of (5) additional stimuli, i.e. anti-BCR and IL-4 
for TD, anti-BCR and BAFF for TI, was investigated and (6) the effect of cryopreservation 
on B cell differentiation potential was checked. All conditions were cultured in duplicate.
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Efficient in vitro B cell differentiation after 9 days using T cell-dependent 
stimulation with CD40L and IL-21 using 2500 starting B cells
In the TD assay either 25.000, 2500 or 250 starting B cells were co-cultured with CD40L-
feeder cells and IL-21 enabling 3 conditions, from now on referred to as condition I, II and 
III (Figure 1A). Due to these settings, different ratios of B cell to feeder cell (1:0.4, 1:4 and 
1:40 respectively) were created, resulting in different availability of CD40L during culturing. 
For each condition, B cell expansion and proliferation was assessed by flow cytometry after 
6 and 9 days as well as plasmablast (CD27+CD38+) and plasma cell (CD27+CD38+CD138+) 
formation (for gating strategy, see Figure S1). Additionally, the IgG, IgA and IgM secretion 
was measured by ELISA in culture supernatants, which acts as a second readout for B cell 
differentiation as B cells differentiate from surface Ig-expressing cells to Ig-secreting cells.

To assess expansion of B cells during culturing, the number of CD19+ live B cells were 
determined. The conditions II and III showed significant more CD19+ live B cells compared 
to its specific starting B cell numbers at day 6 and day 9 whilst a significant decline in 
CD19+ live B cells in condition I was observed (Figure 1B). Condition II showed a 4-fold 
amplification (± 0.6; n=4) on day 6 and a 4-fold amplification (± 1.3; n=4) on day 9 compared 
to its starting B cell number (Table III). Condition III showed a 7-fold amplification (± 0.9; 
n=4) on day 6 and a 27-fold amplification (± 5.2; n=4) on day 9. Interestingly, in all three 
conditions a similar yield of CD19+ live B cells was detected at day 9, but not at day 6, whilst 
the starting B cell numbers was different, i.e. 10-100-fold. As shown before, this suggests that 
the amount of available CD40L critically influences B cell survival and/or expansion during 
culture19. For further FACS analysis, we set a cut-off value at a minimum of 1000 events 
of CD19+ live B cells. To assess proliferation, B cells were labeled with Cell Trace Yellow 
(CTY) prior to culturing. Proliferation was observed in all conditions at day 6 (Figure 1C), 
however conditions II and III showed a significant higher dilution of CTY in accordance 
with the amplification in cell numbers observed. A significant increase in the percentage of 
CD27+CD38+ cells between day 6 and day 9 in each condition was observed, suggesting that 
a 9-day culture period induced higher levels of differentiation (Figure 1D). However, we did 
not observe differences in plasma cell formation between day 6 and day 9 (Figure 1E) and 
there was no significant difference between the 3 culture conditions (statistics not shown). 
Measurement of secreted IgG, IgA and IgM showed a significant increase between day 6 
and day 9, confirming a 9-day culture period induces higher levels of differentiation and Ig 
secretion (Figure 1F). Notably, although the yield of CD19+ live B cells and phenotypically 
differentiated plasmablasts and plasma cells was comparable in each condition at day 9, 
different Ig secretion patterns between the 3 conditions was observed. When we compared 
the 3 conditions in the flow cytometry analysis, significantly higher percentages of CD27-

CD38+ B cells were observed in condition II and III (Figure S2A and B).
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Table III. B cell survival and proliferation during different B cell differentiation conditions
Isolated CD19+ B cells (TD) Condition I Condition II Condition III

Starting B cell number 25.000 2500 250

3T3-CD40L cell 10.000 10.000 10.000

Ratio B cell : 3T3-CD40L cell 1 : 0.4 1 : 4 1 : 40

Cytokines IL-21 IL-21 IL-21

Mean CD19+ live cells

Day 0 25.000 2500 250

Day 6 12438 ± 3120; n=4 9736 ± 1566; n=4 1656 ± 224; n=4

Day 9 8012 ± 2643; n=4 8899 ± 3196; n=4 6769 ± 1305; n=4

Mean amplification (compared to starting B cell number)

Day 6 0.5 ± 0.1; n=4 3.9 ± 0.6; n=4 6.6 ± 0.9; n=4

Day 9 0.3 ± 0.1; n=4 3.6 ± 1.3; n=4 27.1 ± 5.2; n=4

PBMCs (TD) Condition I.2 Condition II.2 Condition III.2

Starting B cell number 25.000 2500 250

3T3-CD40L cell 10.000 10.000 10.000

Ratio B cell : 3T3-CD40L cell 1 : 0.4 1 : 4 1 : 40

Cytokines IL-21 IL-21 IL-21

Mean CD19+ live cells

Day 0 25.000 2500 250

Day 6 8601 ± 1397; n=3 14487 ± 4320; n=3 4139 ± 311; n=3

Day 9 6019 ± 695; n=3 7819 ± 2713; n=3 12826 ± 3750; n=3

Mean amplification (compared to starting B cell number)

Day 6 0.3 ± 0.1; n=3 5.8 ± 1.7; n=3 16.6 -

Day 9 0.2 ± 0.1; n=3 4.2 ± 1.1; n=3 51.3 -

Isolated CD19+ B cells (TI) Condition IV Condition V Condition VI

Starting B cell number 25.000 2500 250

TLR ligand CpG CpG CpG

Cytokines IL-2 IL-2 IL-2

Mean CD19+ live cells

Day 0 25.000 2500 250

Day 6 4751 ± 1397; n=4 85 ± 22.7; n=4 17 ± 2.3; n=4

Day 9 1571 ± 695; n=4 29 ± 13.8; n=4 2 ± 0.8; n=4

Mean amplification (compared to starting B cell number)

Day 6 0.2 ± 0.1; n=4 - - - -

Day 9 0.1 ± 0.0; n=4 - - - -
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In parallel experiments, PBMCs (corrected for 250, 2500 and 25.000 B cells) were cultured 
in similar conditions, which created conditions I.2, II.2 and III.2 (Figure S3A). Here, we 
observed again significantly more B cell expansion and proliferation in condition II.2 and 
III.2 with higher CD40L availability (Figure S3B and C, Table III). The number of CD19+ 
live cells and dilution of CTY showed similar results as in condition I, II and III suggesting 
limited effect of the presence of PBMCs with CD40L and IL-21 stimulation. Proliferation 
analysis of CD3+ T cells did not show any increased proliferation compared to unstimulated 
controls, indicating that the used stimuli did not activate T cells which would influence B 
cell differentiation (data not shown). Again, there was no significant difference between the 
3 conditions (statistics not shown) (Figure S3D). No effect was observed of the presence 
of PBMCs on the efficacy of plasmablasts or plasma cell induction (Figure 1D and E, 
Figure S3D and E). Ig measurements in the supernatants of the PBMC cultures showed a 
significant increase in IgA and IgM secretion between day 6 and 9, indicating that a 9-day 
culture period induces higher levels of differentiation and Ig secretion (Figure 3F).

Taken together, condition I, II and III with 250, 2500, 25.000 starting B cells respectively 
were all suitable for generating CD27+CD38+ plasmablasts and IgG secretion at day 9, two 
important hallmarks of B cell differentiation. The optimal differentiation conditions for 
TD stimulation with limited numbers of B cells was defined here as condition II and II.2, 
being 2500 CD19+ cells per 96-well with or without other PBMCs, which were used for 
further experiments.

PBMCs (TI) Condition IV.2 Condition V.2 Condition VI.2

Starting B cell number 25.000 2500 250

TLR ligand CpG CpG CpG

Cytokines IL-2 IL-2 IL-2

Mean CD19+ live cells

Day 0 25.000 2500 250

Day 6 8978 ± 1985; n=3 3823 ± 1983; n=3 58 ± 18; n=3

Day 9 7841 ± 2127; n=3 2463 ± 1055; n=3 47 ± 26; n=3

Mean amplification (compared to starting B cell number)

Day 6 0.4 ± 0.1; n=3 1.5 ± 0.8; n=3 - -

Day 9 0.3 ± 0.1; n=3 1.0 ± 0.4; n=3 - -

Purified B cells or non-purified B cells (PBMC cultures) were cultured using a 1-step culture system for 6 and 9 
days with either TD (CD40L + IL-21) or TI (CpG + IL-2) stimuli. On day 6 and day 9 cell counts and viability were 
determined using flow cytometry with fluorochrome-conjugated Live/Dead and anti-CD19. Results are shown as 
the mean ± SEM of n = 4 (B cell cultures) or n = 3 (PBMC cultures) donors. – indicates no further analysis due to 
<1000 CD19+ live events.
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Figure 1. Proliferation, differentiation and antibody production after T cell dependent in vitro stimula-
tion and culturing of low numbers of primary human CD19+ B cells. (A) Schematic overview of the T cell 
dependent (TD) culture system to induce B cell differentiation. A total of 25000, 2500 or 250 CD19+ human B 
cells (n = 4) were stimulated with a human-CD40L-expressing 3T3 feeder layer and recombinant IL-21 (50 ng/
mL) enabling condition I (dark blue), II (cobalt blue) and III (light blue). Cells were analyzed at day 6 and day 
9 by flow cytometry to evaluate (B) number of live CD19+ events, (C) amount of proliferation by CTY dilution 
and frequency of (D) plasmablast (CD27+CD38+ B cells) and (E) plasma cell (CD27+CD38+CD138+ B cells). 
A cut off of 1000 events was used to proceed with further analysis. (F) The supernatant was collected at day 
6 and day 9 to evaluate IgG, IgA and IgM production by ELISA (n = 4). Each data point represents the mean 
of an individual donor with duplicate culture measurements. Mean values are represented by bars and the 
error bars depict SEM. P values were calculated using two-way ANOVA with Sidak’s multiple comparison 
test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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CD40L and IL-21 stimulation in combination with anti-BCR and/or IL-4 
does not increase B cell differentiation and immunoglobulin secretion
In an attempt to drive differentiation and expansion even further in our 1-step in vitro B cell 
differentiation assay, the effect of additional stimuli in our culture conditions was tested. 
For this purpose, the reference stimuli CD40L and IL-21 were combined with or without 
F(ab)2 fragments targeting IgM, IgG and IgA to induce BCR signaling (also referred to 
as anti-BCR). Secondly, we tested whether the addition of IL-4, a cytokine important for 
naive B cells during the GC reactions, can augment in vitro B cell differentiation induced 
by CD40L and IL-21. In these cultures, 2500 freshly isolated CD19+ B cells (condition II) or 
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Figure 2. Addition of anti-BCR stimuli in a T cell dependent stimulation results in increased B cell 
differentiation while IL-4 severely inhibits antibody production. Human primary B cells obtained from 
healthy donors were stimulated under conditions described in Figure 1A (condition II) and Figure S2A 
(condition II.2, PBMC cultures) with or without anti-BCR (anti-Ig F(ab’)2 mix (5 µg/mL) targeting IgM, IgG 
and IgA) and/or recombinant IL-4 (25 ng/mL). Frequencies of CD27+CD38+ B cells on day 6 and day 9 in (A) 
condition II and (B) condition II.2 (n = 4-6). (C-D) Total secretion of IgG, IgA and IgM measured in culture 
supernatants of eligible conditions after 6 and 9 days (C) without PBMCs (condition II) and (D) within 
PBMC cultures (condition II.2). Each data point represents the mean of an individual donor with duplicate 
culture measurements. Mean values are represented by bars and the error bars depict SEM. P values were 
calculated using one-way ANOVA with Dunnett’s multiple comparison test (A-B) or two-way ANOVA with 
Sidak’s multiple comparison test (C-D). . * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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PBMCs corrected for B cell number (2500 B cells; condition II.2) were used from the same 
donors shown in the previous experiments. Flow cytometry was performed on day 6 and 
day 9 to classify CD19+ cells as CD27+CD38+ plasmablasts and IgG, IgA and IgM secretion 
was measured in culture supernatants. In condition II we observed a significant increase 
in plasmablasts upon adding anti-BCR both on day 6 as on day 9 compared to CD40L 
and IL-21 alone (Figure 2A). In condition II.2 no combination of stimuli was superior to 
CD40L and IL-21 (Figure 2B). Prolonged culture to 9 days allowed a significant increase 
in plasmablasts in all 4 combinations of stimuli both in condition II and II.2 (statistics not 
shown). As addition of anti-BCR and/or IL-4 stimulation to conditions I, II or III (and PBMC 
culture variants of these) could also affect proliferation of CD19+ cells this was investigated, 
showing no significant differences (Figure S4A and B). In the main condition with 2500 
cells, significantly less cells were found when adding IL-4 to isolated CD19+ cultures at 
day 6 but not on day 9, or in PBMC cultures (Figure S4C and D). As use of the mixture of 
F(ab)2 fragments in our cultures might interfere with the IgG, IgA and IgM ELISA assay, 
an interference ELISA was performed. Indeed, we observed a decrease in measured IgG, 
IgA and IgM when F(ab)2 fragments in different concentrations were added to the standard 
curve (Figure S5A-C). Therefore, samples containing anti-BCR stimulation were excluded 
for further analysis of secreted Ig. Although the percentages of plasmablasts on day 9 were 
similar (or higher) upon addition of IL-4, we observed significant lower secreted IgG, IgA 
and IgM in culture supernatants in the conditions where IL-4 was added (Figure 2C and D). 
In conclusion, an augmenting effect of anti-BCR on TD induced B cell differentiation was 
found but its use prevents Ig secretion analysis. Notably, although we observed no significant 
effect on plasmablast differentiation, IL-4 reduced Ig secretion under all conditions tested.

Efficient in vitro B cell differentiation after 6 days using TI stimulation 
with CpG and IL-2 with 25.000 starting B cells
In the TI assay the effect of (1) culture duration and (2) different seeding densities (or 
starting B cell numbers) were also determined. Again 25.000, 2500 or 250 CD19+ B 
cells were cultured, enabling condition IV, V and VI (Figure 3A). We assessed B cell 
differentiation by flow cytometry analysis and measurements of Ig secretion on day 6 
and day 9. Culturing CD19+ B cells with TI stimuli resulted in a decline in CD19+ B cells 
(Figure 3B, Table III). Flow cytometry analysis of condition V and VI showed less than 
1000 events on day 6 and day 9 and these conditions were therefore excluded from further 
analysis. In condition IV, a significant decline in CD19+ live cells was observed on day 9 
compared to day 6, with two out of 4 donors not meeting the cut-off of 1000 events, thus 
longer culture periods under TI conditions results in lower B cell survival and/or expansion. 
Samples eligible for further flow cytometry analysis showed sufficient proliferation on day 
6 (Figure 3C). There was no significant difference between day 6 and day 9 in terms of 
CD27+CD38+ plasmablasts, but a significant increase in CD27+CD38+CD138+ plasma cells 
on day 9 (Figure 3D and E). Accordingly, a small increase of secreted IgG, IgA and IgM 
in culture supernatants was observed on day 9 (Figure 3F).
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Extrapolation of the TI conditions to PBMC cultures enabled conditions IV.2, V.2 and VI.2 
(Figure S6A). Consistent with condition IV, we observed a significant decrease in CD19+ 
live B cells condition IV.2 (Figure S6B). Interestingly, we observed a 1.0 and 1.5-fold 
(± 0.8; n=3, ± 0.4; n=3) amplification of B cell numbers on day 6 and 9 in condition V.2, 
which provided sufficient B cell numbers for further analysis (in contrast to condition V) 
(Figure S6B, Table III). As shown before, this suggests an additional pro-survival effect 
of PBMCs in these culture17. Condition VI.2 did not meet de cut off of 1000 events and 
was also excluded from further analysis. Proliferation analysis by CTY dilution showed a 
significant difference in proliferation of CD19+ live B cells at day 6 between conditions IV.2 
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Figure 3. Proliferation, differentiation and antibody production after T cell independent in vitro stim-
ulation and culturing of low numbers of primary human CD19+ B cells. (A) Schematic overview of the 
T cell independent (TI) culture system to induce B cell differentiation. A total of 25000, 2500 or 250 CD19+ 
human B cells (n = 4) were stimulated with CpG (1 µM) and IL-2 (50 ng/ml) enabling condition IV (dark blue), 
V (cobalt blue) and VI (light blue). Cells were analyzed at day 6 and day 9 by flow cytometry to evaluate (B) 
number of live CD19+ events, (C) amount of proliferation by CTY dilution and frequency of (D) plasmablast 
(CD27+CD38+) and (E) plasma cell (CD27+CD38+CD138+) generation. A cut off of 1000 events was used to 
proceed with further analysis. (F) The supernatant was collected at day 6 and day 9 to evaluate IgG, IgA and 
IgM production by ELISA (n = 4). Each data point represents the mean of an individual donor with duplicate 
culture measurements. Mean values are represented by bars and the error bars depict SEM. P values were 
calculated using two-way ANOVA with Sidak’s multiple comparison test (B) or unpaired t test (D-F). * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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and V.2 (Figure S6C). Proliferation analysis of CD3+ T cells showed minimal proliferation 
compared to unstimulated controls in the conditions IV.2 and V.2, which suggests that 
the used stimuli (likely IL-2) could activate the T cells in these PBMC cultures possibly 
influencing B cell differentiation (Figure S6D). Further analysis showed no significant 
difference between day 6 and day 9 in terms of plasmablasts and plasma cells (Figure S6E 
and F). Despite the lack of increase in the percentages of CD27+CD38+ plasmablasts and 
CD27+CD38+ CD138+ plasma cells between day 6 and day 9, a small increase of secreted 
IgG, IgA and IgM was observed in culture supernatants on day 9 in condition IV.2 and 
V.2 (Figure S6G). These experiments identified condition IV and condition IV.2, being 
25.000 CD19+ cells per well, as most suitable for the assessment of B cell differentiation 
using TI stimulation.

CpG and IL-2 induced B cell differentiation can be amplified by anti-BCR 
and BAFF stimulation
To assess potential further assay optimization, the effect of additional stimuli to augment 
TI induced differentiation was investigated. For this purpose, anti-BCR stimulation 
with or without B cell activating factor (BAFF), another well-known survival factor 
and differentiation signal for B cells, were supplemented to the reference stimuli CpG 
and IL-2. Studies primarily done in vitro have shown that BAFF can be expressed by 
different immune cell types (including monocytes, macrophages, follicular dendritic cells), 
which BAFF-producing cells contribute to specific B cell responses in vivo is not yet 
understood20-22. In these cultures, 25.000 freshly isolated CD19+ B cells (condition IV) 
or PBMCs corrected for B cell number (25.000 B cells; condition IV.2) were used from 
the same donors shown in the previous experiments. We observed a small increase in 
plasmablasts upon addition of anti-BCR and/or BAFF both on day 6 and day 9 in condition 
IV but not in IV.2 suggesting that anti-BCR, BAFF or a combination of both can amplify 
plasmablast formation in the cultures without the presence of other PBMCs (Figure 4A and 
B). Prolonged culture to 9 days did not result in higher percentages of plasmablasts in any 
4 combinations of stimuli both in condition IV and IV.2 (statistics not shown). Analysis of 
samples without anti-BCR stimulation showed that in condition IV the addition of BAFF 
resulted in significant higher secreted IgG, IgA and IgM in culture supernatants, while 
this effect was not present in condition IV.2 where other PBMCs were present (Figure 4C 
and D). As addition of anti-BCR and/or BAFF stimulation to conditions IV, V or VI (and 
PBMC culture variants of these) could also affect proliferation of CD19+ cells this was 
investigated, showing no significant differences (Figure S7A andB). In the main condition 
with 2500 cells, significantly more cells were found when anti-BCR stimulation was added 
to isolated CD19+ cultures at day 6 but not on day 9 (Figure S7C). In PBMC cultures 
there is a trend towards higher CD19+ counts when BAFF is present although this was not 
significant (Figure S7D). Taken together, the addition of BAFF stimulation to CpG and 
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IL-2 augments TI induced differentiation and Ig secretion upon culturing purified B cells, 
but this effect is absent in PBMC cultures.

Proportion of CD27-expressing and class-switched cells at start of 
culture correlate with in vitro induced differentiation and Ig-secretion
The ratio of naive to memory cells or the proportion of IgM or Ig-switched cells at the 
start of culture could be a determining factor for both TD and TI culture results. Thus, we 
investigated if specific B cell memory- or Ig-subsets at day 0 (Figure S8) correlated with 
culture end-points such as CD27+CD38+ plasmablast differentiation and IgG, IgA and IgM 
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Figure 4. Addition of BAFF in a T cell independent stimulation results in increased IgG and IgA pro-
duction in isolated B cell cultures. Human primary B cells obtained from healthy donors were stimulated 
under conditions described in Figure 3A (condition IV) and Figure S4A (condition IV.2, PBMC cultures) 
with or without anti-BCR (anti-Ig F(ab’)2 mix (5 µg/mL) targeting IgM, IgG and IgA) and/or BAFF (100 ng/
mL). Frequencies of CD27+CD38+ B cells on day 6 and day 9 in (A) condition IV and (B) condition IV.2 (n 
= 3-5). (C-D) Total secretion of IgG, IgA and IgM measured in culture supernatants of eligible conditions 
after 6 and 9 days (C) without PBMCs (condition IV) and (D) as PBMC culture (condition IV.2). Each data 
point represents the mean of an individual donor with duplicate culture measurements. Mean values are 
represented by bars and the error bars depict SEM. P values were calculated using one-way ANOVA with 
Dunnett’s multiple comparison test (A-B) or two-way ANOVA with Sidak’s multiple comparison test (C-D). 
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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secretion in culture supernatant. This analysis demonstrated that mainly the proportion of 
CD27+ cells at the start of culture correlates with differentiation into CD27+CD38+ cells at 
day 6 and 9 in both TD and TI stimuli (Table SI and SII). Interestingly, the CD40L, IL-21 
and IL-4 stimulation shows a negative correlation between the proportion of CD27+ cells 
and differentiation (Table SI). This negative correlation is however again reversed when 
anti-BCR stimulation is also added. With regards to Ig-specific secretion, the addition of 
IL-4 positively correlated with day 6 IgG concentrations but negatively correlated with 
day 9 IgG concentrations. In TI conditions, the proportion of CD27+IgG+ and CD27+IgM- 
cells positively correlated with CD27+CD38+ differentiation in all combinations of CpG, 
IL-2, BAFF and anti-BCR stimuli, indicating that these subsets undergo more efficient 
differentiation in response to these stimuli compared to other subsets. With regards to 
Ig-specific secretion, a higher proportion of CD27- cells at the start of culture negatively 
correlated with IgG and IgA secretion. Taken together, the proportion CD27+ and isotype-
specific subsets does significantly determine the result of TD and TI cultures.

Preserved in vitro B cell differentiation in cryopreserved PBMCs
The decision to use fresh PBMCs or cryopreserved PBMCs for an assay or study will depend 
on the assay itself as well as the logistics of handling of samples. Collection of patient 
samples often involves freezing of samples, therefore the effect of freezing and thawing 
was assessed on the B cell differentiation potential in our optimized TD and TI assays. For 
this purpose, the B cell differentiation experiments were repeated on frozen samples of 
previously used healthy donors, either total PBMCs or isolated CD19+ B cells from thawed 
PBMCs, and assessed their B cell proliferation, differentiation potential by plasmablast 
formation using FACS and Ig secretion. Interestingly, the CD19+ counts showed an increase 
in TD stimulated frozen samples compared to fresh samples, although this difference 
was not significant (Figure S9A and B). These trends were less clear in TI stimulated 
frozen samples (Figure S9C and D). Using the culturing conditions II and II.2 described 
above with CD40L and IL-21 stimulation, with or without IL-4, we detected a tendency 
to generate less CD27+CD38+ plasmablasts and subsequently lower secretion of IgG, IgA 
and IgM in supernatants of frozen samples after 6 and 9 days of culturing in all conditions 
tested, although we found no significant difference using the preferred CD40L and IL-21 
stimulation (Figure 5A and B, Figure S10A and B). Using the aforementioned conditions 
IV and IV.2 starting with 25.000 B cells and CpG and IL-2 stimulation supplemented with 
or without BAFF, again, we observed lower percentages of CD27+CD38+ plasmablasts and 
IgG, IgA and IgM secretion in culture supernatants after 6 and 9 days of culturing when 
compared to their matched fresh sample (Figure 5C and D, Figure S10C and D). Thus, 
B cells obtained from cryopreserved PBMCs retain their ability to differentiate after in 
vitro culturing using TD and TI stimulation though we observed a small decrease in their 
differentiation potential.
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Figure 5. Cryopreserved B cells respond similarly to freshly isolated cells in T cell dependent and 
independent assays. Total human B cells were isolated from fresh PBMCs (indicated in white) or frozen 
PBMCs (indicated in gray) and cultured for 6 and 9 days (n=4). (A-B) Using T cell dependent (TD) stimuli 
(CD40L and IL-21 with/without IL-4) 2500 B cells (fresh and frozen) were cultured under conditions de-
scribed previously (A) without PBMCs (condition II) and (B) as PBMC culture (condition II.2). Frequencies 
of CD27+CD38+ B cells (left panel) and IgG production (right panel) on day 6 (upper graphs) and day 9 
(lower graphs) are shown. (C-D) Using T cell independent (TI) stimuli (CpG and IL-2 with/without BAFF) 
25000 B cells (fresh and frozen) were cultured under conditions described previously (C) without PBMCs 
(condition IV) and (D) with PBMCs (condition IV.2). Frequencies of CD27+CD38+ B cells (left panel) and 
IgG production (right panel) on day 6 (upper graphs) and day 9 (lower graphs) are shown. Each data point 
represents the mean of an individual donor with duplicate culture measurements. Mean values are repre-
sented by bars and the error bars depict SEM. P values were calculated using two-way ANOVA with Sidak’s 
multiple comparison test. * p < 0.05.
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DISCUSSION

In this study we report optimized and efficient protocols for in vitro B cell differentiation 
using both TD and TI stimulation while requiring very low numbers of B cells. This 
has been accomplished by comparing several factors essential for optimal expansion, 
proliferation and differentiation of B cells, including stimulation duration, seeding density 
and combinations of activating stimuli reported in various publications for in vitro B cell 
differentiation. Here, we provide a 1-step culture system starting with isolated CD19+ 
B cells or PBMCs corrected for B cell counts. We demonstrate successful generation of 
plasmablasts and plasma cells by measuring different parameters, including phenotypic 
markers (CD27, CD38 and CD138) combined with functional characteristics (IgG, IgA 
and IgM secretion). Despite the small decrease in differentiation efficiency when using 
cryopreserved samples, there are numerous reasons why using frozen PBMCs is favored 
over fresh samples. The two main reasons being that patient sampling is often done in 
outpatient clinics that are not in close proximity to laboratory facilities where cellular 
assays are performed. Secondly, patient cohorts are often sampled longitudinally and to 
prevent assay-to-assay variation, samples are stored for prolonged periods of time and 
thawed simultaneously. The loss in assay sensitivity in regards to differentiation may be 
minimized by narrowing down the time span in which all samples are handled or by taking 
along a known control. However, it should be noted that controls are preferentially also 
frozen PBMCs and handled in a comparable manner as the patient samples. The low number 
of required B cells determined here is ideal as patient samples are scarce and have value 
for multiple immunological assays. We believe that the conclusions and recommendations 
from this study will provide a base for optimized protocols that can be used to study patient 
related differences amongst patient cohorts of B cell mediated diseases and to screen 
compounds that target B cell differentiation.

To date, a plethora of different conditions for inducing B cell differentiation have been 
published (summarized in Table I). The strength of the current study is the inclusion and 
comparison of many variables and different stimuli. However, due to study size limitations 
it was not possible to include and compare all previously reported stimuli. The chosen 
reference stimuli for the TD assay, CD40L and IL-21, mimics the in vivo activation and 
differentiation in germinal centers (GCs), where B cells interact with CD40L and IL-21 
expressing follicular T helper cells1, 23. In our experience, CD40L-expressing fibroblasts are 
the strongest activators of B cells by providing sufficient CD40 binding and crosslinking 
(data not shown). Interestingly, in both B cell and PBMC assay different kinetics of B cell 
expansion, proliferation and Ig secretion were observed when the ratio of starting B cell 
to 3T3-CD40L feeder cell was increased. Specifically, in condition III and III.2, starting 
with only 250 B cells, very high levels of IgM (but limited IgG) were observed on day 9, 
coinciding with an increased percentage of B cells with a CD27-CD38+ transitional-like 
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phenotype. It is important to note that comparing the three conditions in terms of absolute 
Ig production during the 6- and 9-day culture period has its limitations as the number of 
B cells during these culture periods differed to great extent and this could influence the 
height of Ig secretion (Figure 1B, Figure S2B). In our data higher availability of CD40L 
resulted in increased expansion of B cells and, despite cell number differences, a higher 
ratio of secreted IgM compared to IgA and IgG. As many facets of B cell differentiation are 
linked to cell division, it is possible that the timing of isotype switching or the outgrowth 
of specific B cell subsets occurs differently in these culture settings. Since we studied B 
cell differentiation in bulk B cells and PBMCs, the specific effects of CD40L on naive B 
cells, IgM+- or isotype switched-memory cells cannot be distinguished. These subsets 
however have been shown to have different requirements for stimulation with regard to 
differentiation into antibody-secreting cells24, 25. Although we cannot make firm conclusions 
based on our data, it suggests and is in agreement with previous data that CD40 co-
stimulation together with IL-21 regulates B cell differentiation and Ig production, and that 
these read-outs are driven by CD40L availability19. However, we acknowledge that the 
effect of media exhaustion could also play a role in these cultures. Refreshing the culture 
media could lead to increased differentiation and Ig secretion, specifically in cultures with 
higher starting cell numbers. This was not opted for in the current study as we sought to 
maintain a one-step, easy and simple culture to be used in clinical studies. Concluding 
from our data, we choose 2500 B cells as the optimal starting number to not preferentially 
outgrow specific subpopulations or isotypes. In order to mimic the in vivo response to 
cognate antigen more closely, we added an anti-BCR trigger26. However, we show that this 
hampers Ig detection. This has to be taken into account when these assays are applied for 
specific research questions where omitting an anti-BCR trigger is not desirable. The same 
holds true for adding IL-4 to the assays. Previously, we have shown that IL-4 addition is 
beneficial for B cell differentiation of naive B cells but only in circumstances with low 
CD40L stimulation19. In accordance with other studies using total CD19+ B cells, we show 
that continuous IL-4 in our assay hampers Ig secretion compared to CD40L and IL-21 
alone, indicating a lack of commitment to antibody secretion5. Because of this we do not 
recommend using IL-4 when the investigating induction of plasmablast differentiation. 
However, as IL-4 plays a major role regarding pre-GC B cell priming and promotes class-
switch to IgG4 and IgE, studies focusing on e.g. IgG4-related disease or allergy might want 
to use IL-4 nonetheless. IgE and IgG-subclass production were however not determined 
in the cultures presented here.

To mimic in vivo TI responses, the most commonly used stimulation is TLR-9 activation 
through CpG, mimicking antigen activation (Table I). Activation with CpG induces 
proliferation of both human naive and memory B cells (data not shown), whilst the 
differentiation of naive B cells is only observed in cultures where PBMCs are present or T cell 
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derived cytokines such as IL-2 are supplemented17,27. Adding to this, in vivo TI stimulation 
has been shown to result in long-lived plasma cell generation14. This together indicates 
that though direct T-B interactions may not be required, a supportive microenvironment 
may be crucial to gain plasmablast fate and sustain plasma cell generation in TI responses 
in vitro. Condition IV with 25.000 starting B cells was identified as a minimum when 
stimulating isolated CD19+ B cells with CpG and IL-2 due to limited B cell survival in this 
culture. Considering the significant decrease of CD19+ B cells between day 6 and day 9 in 
condition IV, we do not recommend culturing longer than 6 days, although higher amounts 
of immunoglobulins can be measured with a longer culture period. Re-stimulation of cells 
can be opted for, but this was not investigated in this study. Finally, compared to isolated 
B cell cultures, PBMC TI cultures showed better survival of B cells (condition IV and V 
versus IV.2 and V.2 (Table III). Although the microenvironment provided by PBMCs may 
support survival there was no observation of increased differentiation.

BAFF protein is expressed by myeloid lineage cells and acts as both cell surface–associated 
and soluble forms28,29. BAFF has been shown to activate class switch recombination in 
human B cells, which can be enhanced by BCR crosslinking30. Ever since, research groups 
have used BAFF in B cell differentiation assays but most frequently in combinatorial 
use with CD40 stimulation, preventing the dissection of their individual effects. In the 
current study, limited effects of BAFF, in addition to anti-BCR stimulation, were found on 
plasmablasts formation. Interestingly, a donor-dependent effect of BAFF stimulation on the 
Ig secretion was observed. Healthy donors, and patients, possibly differ in their expression 
of BAFF-responding receptors at baseline. Furthermore, because activated monocytes 
and T cells can also express BAFF-responding receptors, it raises the possibility that in 
the PBMC cultures the addition of BAFF will stimulate the rest of the PBMCs rather than 
the B cells. Finally, as monocytes are known to increase BAFF secretion upon TLR-9 
stimulation, it is possible that these cells were already supplying sufficient BAFF to the B 
cells within the PBMC TI cultures20. Altogether, although no detrimental effects of BAFF 
on B cell differentiation was observed in our assay, using BAFF should be complemented 
with appropriate analysis of its compliant receptors at baseline and throughout the assay.

The data presented here shows that for the TD condition stimulating as little as 2500 
CD19+ B cells with CD40L and IL-21 results in significant expansion, differentiation and 
secretion of IgM, IgA and IgG. For specific purposes, even lower cell numbers can be 
used. Interestingly, IL-4 did not affect differentiation but did significantly reduce antibody 
secretion. For studying TI responses, stimulating 25.000 CD19+ B cells with CpG and 
IL-2 results in proliferation, differentiation and IgM, IgA and IgG production. We do 
not recommend using lower cell numbers for this condition. Interestingly, addition of 
BAFF resulted in significant increases of IgM, IgA and IgG production in TI CD19+ B 
cell cultures. However, this effect is absent in PBMC cultures. Furthermore, we show 
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that both these protocols can be performed with PBMC cultures, omitting the need for B 
cell isolation and thus making them highly suitable for clinical research. We do however 
recommend that B cell numbers are corrected using measured B cell percentages, after 
thawing, as these percentages are variable between donors. Furthermore, monocyte and 
T cell involvement in these cultures could not entirely be excluded possibly explaining 
mixed results when comparing this and previous studies17,27. In addition, we recommend 
determining the B-cell subset and Ig-isotype composition in (patient) samples before 
culture as the proportion of CD27+ and class-switched cells correlate with differentiation 
and Ig-secretion results. As healthy donor cells were used here, it will be interesting to 
monitor, for example, (longitudinal) auto-immune patient sample composition to determine 
if the same correlations are present and if these are affected during immunosuppressive 
treatment. Finally, we acknowledge that for specific research questions or patient samples 
it will be worthwhile to study additional B cell functions (e.g. pro- and anti-inflammatory 
cytokine production)31 or to sort B cell subsets like naive19, memory or MZ B cells32,33 or 
IgG4-expressing cells34. It should be taken into consideration however how much material 
is available, how much material will be lost upon sorting and if instead it is possible to 
investigate the subset of interest within PBMC cultures.

In conclusion, it is still an active area of investigation to define how autonomous factors 
control TD and TI responses in healthy donors or patients with B cell mediated diseases. 
Future research is needed to define these autonomous factors and address signaling 
pathways involved in both beneficial and unwanted plasma cell development. Comparing 
patients and healthy donors in optimized cultures and assays that detect gene expression and 
post-translational modifications such as phosphorylation or ubiquitination by intracellular 
staining methods35 may aid in these research questions. The TD and TI assay described 
here in condition II (and II.2), being 2500 CD19+ B cells stimulated with CD40L and IL-21, 
and condition IV (and IV.2), being 25.000 CD19+ B cells stimulated with CpG, IL-2 and 
possibly BAFF, supports efficient differentiation of human primary B cells into plasma 
cells, with warranted B cell expansion, proliferation and quantifiable production of IgG, 
IgA and IgM. Due to the minimalistic nature of the protocols, results from different labs 
and facilities will be highly comparable. These assays will allow in-depth dissection of B 
cell differentiation pathways in B cells of healthy individuals and patients.
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SUPPLEMENTARY MATERIAL

Figure S1. Flow cytometry gating strategy. Total lymphocytes were first gated on a forward scatter (FSC-A) 
versus Live/Dead plot and then gated on single cells using both FSC-H/FSC-A and SSC-H/SSC-A plots. Next, 
CD19+ B cells were gated and subsets of interest were gated within the CD19+ B cells. On day 0 the initial 
characterization of the B cell compartment was performed, including pre-existing CD27+ CD38+ plasmablasts, 
CD27- CD38+ and CD27+/- CD38- B cells. IgM and IgG expression within the CD27+/- CD38- B cells was used 
to determine the naive, non-switched memory and switched memory population at baseline. On day 6 and 
day 9 CD27+ CD38+ plasmablasts and CD27+ CD38+ CD138+ plasma cells were analyzed.
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Figure S2. CD27 and CD38 expression of stimulated primary human B cells. (A) Representative FACS 
plot (left panel) show gating strategy of CD27/CD38 subpopulations and quantification of the relative per-
centages of CD27 and CD38 subpopulations in the total CD19+ B cell population between 6 and 9 days of 
culture (n = 4). (B) The frequency of CD27-CD38+ B cells. Each data point represents the mean of an indi-
vidual donor with duplicate culture measurements. Mean values are represented by bars and the error bars 
depict SEM. P values were calculated using two-way ANOVA with Tukey’s multiple comparison test. *** p 
< 0.001, **** p < 0.0001.
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Figure S3. Proliferation, differentiation and antibody production of primary human CD19+ B cells 
after T cell dependent in vitro stimulation and culturing of PBMCs. (A) Schematic overview of the T cell 
dependent (TD) culture system to induce B cell differentiation. A total of 25000, 2500 or 250 CD19+ human 
B cells in PBMCs (n = 3) were stimulated with a human-CD40L-expressing 3T3 feeder layer and recombi-
nant IL-21 (50 ng/mL) enabling condition I.2 (dark blue), II.2 (cobalt blue) and III.2 (light blue). Cells were 
analyzed at day 6 and day 9 by flow cytometry to evaluate plasmablast and plasma cell generation. The 
supernatant was collected at day 6 and day 9 to evaluate IgG, IgA and IgM production by ELISA. (B) The 
number of live CD19+ events was analyzed using flow cytometry. A cut off of 1000 events was used to proceed 
with further analysis. (C) Representative histograms of CTY dilution (left panel) and quantification (right 
panel) on day 6 compared to their unstimulated condition. (D) The frequency of CD27+CD38+ B cells and 
(E) CD27+CD38+CD138+ B cells was analyzed by using flow cytometry. (F) IgG, IgA and IgM production in 
culture supernatants was evaluated by ELISA after 6 and 9 days (n = 3). Each data point represents the mean 
of an individual donor with duplicate culture measurements. Mean values are represented by bars and the 
error bars depict SEM. P values were calculated using two-way ANOVA with Sidak’s multiple comparison 
test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure S4. CD19+ live cells in TD cultures with anti-BCR and IL-4. (A – B) Frequencies of CD19+ live 
cells on day 6 and day 9 in conditions described in Figure 1A (condition I, II, III) and Figure S3A (condition 
I.2, II.2, III.2) (PBMC cultures) with or without anti-BCR (anti-Ig F(ab’)2 mix (5 µg/mL) targeting IgM, IgG 
and IgA) and/or recombinant IL-4 (25 ng/mL). Frequencies of CD19+ live cells on day 6 and day 9 in (C) 
condition II (n = 4) and (D) condition II.2 (n = 3) including statistics. Each data point represents the mean 
of an individual donor with duplicate culture measurements. Mean values are represented by bars and the 
error bars depict SEM. P values were calculated using two-way ANOVA with Sidak’s multiple comparison 
test. * p < 0.05, ** p < 0.01.
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Figure S5. Anti-IgA/G/M F(ab’)2
 fragments interfere with ELISA readouts. Interference of F(ab’)2  frag-

ment Goat Anti-Human IgA/G/M in (A) IgG, (B) IgA and (C) IgM ELISA. Serial dilutions of F(ab’)2 fragments 
(5, 2.5, 1.25 and 0.625 μg/mL) were added to the standard curve dilutions as indicated. Black lines indicate 
no F(ab’)2 fragments added.
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Figure S6. Proliferation, differentiation and antibody production primary human CD19+ B cells after 
T cell independent in vitro stimulation and culturing of PBMCs. (A) Schematic overview of the T cell 
independent (TI) culture system to induce B cell differentiation. A total of 25000, 2500 or 250 CD19+ human 
B cells and PBMCs (n = 3) were stimulated with CpG (1 µM) and IL-2 (50 ng/ml) enabling condition IV.2 
(dark blue), V.2 (cobalt blue) and VI.2 (light blue). Cells were analyzed at day 6 and day 9 by flow cytometry 
to evaluate plasmablast and plasma cell generation. The supernatant was collected at day 6 and day 9 to 
evaluate IgG, IgA and IgM production by ELISA. (B) The number of live CD19+ events was analyzed using flow 
cytometry. A cut off of 1000 events was used to proceed with further analysis. (C) Representative histogram 
of CTY dilution (left panel) and quantification (right panel) of condition IV.2 and V.2 on day 6 compared to 
their unstimulated condition. (D) Analysis of proliferation by CTY dilution of CD3+ T cells in condition IV.2 
and V.2 on day 6. (E) The frequency of CD27+CD38+ B cells and (F) CD27+CD38+CD138+ B cells. (G) IgG, 
IgA and IgM production in culture supernatants was evaluated by ELISA after 6 and 9 days (n = 4). Each 
data point represents the mean of an individual donor with duplicate culture measurements. Mean values are 
represented by bars and the error bars depict SEM. P values were calculated using two-way ANOVA with 
Sidak’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure S7. CD19+ live cells in TI cultures with anti-BCR and BAFF. (A – B) Frequencies of CD19+ live 
cells on day 6 and day 9 in conditions described in Figure 3A (condition IV, V, VI) and Figure S6A (condition 
IV.2, V.2, VI.2) (PBMC cultures) with or without anti-BCR (anti-Ig F(ab)2 mix (5 µg/mL) targeting IgM, IgG 
and IgA) and/or BAFF (100 ng/mL). Frequencies of CD19+ live cells on day 6 and day 9 in (C) condition IV 
(n=4) and (D) condition IV.2 (n = 3) including statistics. Each data point represents the mean of an individual 
donor with duplicate culture measurements. Mean values are represented by bars and the error bars depict 
SEM. P values were calculated using two-way ANOVA with Sidak’s multiple comparison test. * p < 0.05.
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Figure S8. Characterization of the B cell compartment at day 0. On day 0 the initial characterization of 
the B cell compartment of donor A-F was performed (for gating strategy see Figure S1), including pre-existing 
CD27+ CD38+ plasmablasts, CD27- CD38+ and CD27+/- B cells. IgM and IgG expression within the CD27+/- 
CD38- B cells was used to determine the naive, non-switched memory and switched memory distribution at 
baseline. These baseline % were used for correlation analysis (see Suppl. Table 1 and 2).
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Figure S9. Frequencies of CD19+ live cells in TD and TI cultures using cryopreserved and freshly isolated 
B cells. Frequencies of CD19+ live cells measured by flowcytometry from cultures with B cells isolated from 
fresh PBMCs or frozen PBMCs which where cultured for 6 and 9 (A-B) with TD stimuli with and without 
PBMCs (condition II and II.2) or (C-D) with TI stimuli (condition IV and IV.2). ND = not determined.
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Figure S10. Cryopreserved and freshly isolated B cells produce similar amounts of antibodies in T cell 
dependent and independent assays. Comparison of IgA and IgM production of B cells isolated freshly from 
PBMCs or from cryopreserved PBMCs obtained from the same healthy donor (n=4). Total human B cells were 
isolated from fresh PBMCs (indicated in white) or frozen PBMCs (indicated in gray) and cultured for 6 and 
9 days. (A-B) Using T cell dependent (TD) stimuli (CD40L and IL-21 with/without IL-4) 2500 B cells (fresh 
and frozen) were cultured under conditions described previously (A) without PBMCs (condition II) and (B) 
with PBMCs (condition II.2). IgA (left panel) and IgM production (right panel) on day 6 (upper graphs) and 
day 9 (lower graphs) are shown. (C-D) Using T cell independent (TI) stimuli (CpG and IL-2 with/without 
BAFF) 25.000 B cells (fresh and frozen) were cultured under conditions described previously (C) without 
PBMCs (condition IV) and (D) with PBMCs (condition IV.2). IgA (left panel) and IgM production (right 
panel) on day 6 (upper graphs) and day 9 (lower graphs) are shown. Each data point represents the mean 
of an individual donor with duplicate culture measurements. Mean values are represented by bars and the 
error bars depict SEM. P values were calculated using two-way ANOVA with Sidak’s multiple comparison 
test. * p < 0.05, ** p < 0.01.
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Table SI. Pearson correlations T-Dependent stimulations 2500 B cells
Day6  %CD27+CD38+
CD40L + IL-21 CD40L + IL-21 + 

anti-BCR
CD40L + IL-21 
+ IL-4

CD40L + IL-21 + anti-
BCR + IL-4

%CD27+ 0,490 0,604 -0,218 0,987
%CD27+IgG+ 0,766 0,838 -0,283 0,942
%CD27+IgM+ 0,283 0,417 -0,165 0,949
%CD27+IgM- 0,633 0,721 -0,231 0,986
%CD27-IgG+ 0,284 -0,094 0,899 0,125
%CD27-IgM+ -0,498 -0,356 -0,421 -0,863
%CD27-IgM- -0,474 -0,644 0,372 -0,951

Day9 %CD27+CD38+
CD40L + IL-21 CD40L + IL-21 + 

anti-BCR
CD40L + IL-21 
+ IL-4

CD40L + IL-21 + anti-
BCR + IL-4

%CD27+ 0,619 0,610 -0,322 0,465
%CD27+IgG+ 0,520 0,697 -0,550 0,450
%CD27+IgM+ 0,586 0,411 -0,037 0,270
%CD27+IgM- 0,329 0,557 -0,542 0,516
%CD27-IgG+ -0,400 -0,328 0,533 0,343
%CD27-IgM+ -0,343 -0,149 -0,146 -0,718
%CD27-IgM- -0,325 -0,389 0,219 0,133

ELISA IgG Day6 ELISA IgG Day9
CD40L + IL-21 CD40L + IL-21 

+ IL-4
CD40L + IL-21 CD40L + IL-21 + IL-4

%CD27+ -0,052 0,401 0,420 -0,100
%CD27+IgG+ -0,139 0,556 0,436 -0,450
%CD27+IgM+ 0,103 0,215 0,356 0,223
%CD27+IgM- -0,269 0,450 0,282 -0,485
%CD27-IgG+ -0,638 0,387 0,139 0,550
%CD27-IgM+ -0,578 -0,733 -0,774 -0,127
%CD27-IgM- 0,494 0,149 0,136 -0,047

ELISA IgM Day6 ELISA IgM Day9
%CD27+ 0,409 0,156 0,348 -0,354
%CD27+IgG+ 0,488 -0,356 -0,051 -0,734
%CD27+IgM+ 0,251 0,548 0,585 0,119
%CD27+IgM- 0,393 -0,457 -0,157 -0,841
%CD27-IgG+ -0,843 0,365 -0,080 -0,319
%CD27-IgM+ -0,253 0,222 0,493 0,450
%CD27-IgM- -0,030 -0,586 -0,842 -0,177

ELISA IgA Day6 ELISA IgA Day9
%CD27+ 0,708 0,862 0,520 0,411
%CD27+IgG+ 0,609 0,853 0,731 -0,317
%CD27+IgM+ 0,327 0,420 0,143 0,806
%CD27+IgM- 0,638 0,716 0,577 -0,510
%CD27-IgG+ 0,369 0,092 0,017 0,113
%CD27-IgM+ -0,825 -0,603 -0,165 0,266
%CD27-IgM- 0,266 -0,075 -0,214 -0,930
Day0 subsets

4



126

Chapter 4 | In vitro human B cell differentiation assays

Table SI. Pearson correlations T-Dependent stimulations - 2500 B cells in PBMCs (continued)
Day6  %CD27+CD38+
CD40L + IL-21 CD40L + IL-21 + 

anti-BCR
CD40L + IL-21 
+ IL-4

CD40L + IL-21 + anti-
BCR + IL-4

%CD27+ 0,520 0,142 0,103 0,997
%CD27+IgG+ 0,772 0,460 -0,230 0,965
%CD27+IgM+ 0,065 -0,333 0,552 0,851
%CD27+IgM- 0,650 0,299 -0,059 0,996
%CD27-IgG+ -0,204 -0,573 0,755 0,680
%CD27-IgM+ 0,020 0,412 -0,621 -0,803
%CD27-IgM- -0,790 -0,485 0,258 -0,958

Day9 %CD27+CD38+
%CD27+ 0,649 -0,121 0,068 -0,194

%CD27+IgG+ 0,108 0,044 -0,376 -0,466
%CD27+IgM+ 0,764 -0,077 0,388 0,186
%CD27+IgM- -0,085 -0,092 -0,418 -0,547
%CD27-IgG+ 0,307 0,017 0,744 0,494
%CD27-IgM+ 0,026 0,602 0,453 0,783
%CD27-IgM- -0,830 -0,568 -0,851 -0,924

ELISA IgG Day6 ELISA IgG Day9
CD40L + IL-21 CD40L + IL-21 

+ IL-4
CD40L + IL-21 CD40L + IL-21 + IL-4

%CD27+ 0,491 0,410 0,876 0,130
%CD27+IgG+ 0,405 -0,198 0,511 -0,480
%CD27+IgM+ 0,193 0,623 0,664 0,541
%CD27+IgM- 0,493 -0,225 0,414 -0,542
%CD27-IgG+ 0,138 0,659 0,445 0,603
%CD27-IgM+ -0,855 -0,057 -0,547 0,396
%CD27-IgM- 0,537 -0,584 -0,314 -0,868

ELISA IgM Day6 ELISA IgM Day9
%CD27+ 0,317 0,870 -0,259 -0,164
%CD27+IgG+ 0,357 0,415 -0,312 -0,696
%CD27+IgM+ 0,173 0,789 0,018 0,411
%CD27+IgM- 0,201 0,211 -0,426 -0,839
%CD27-IgG+ -0,844 0,121 0,189 -0,140
%CD27-IgM+ -0,273 -0,317 0,815 0,695
%CD27-IgM- 0,178 -0,564 -0,791 -0,826

ELISA IgA Day6 ELISA IgA Day9
%CD27+ 0,708 0,862 0,520 0,411
%CD27+IgG+ 0,609 0,853 0,731 -0,317
%CD27+IgM+ 0,327 0,420 0,143 0,806
%CD27+IgM- 0,638 0,716 0,577 -0,510
%CD27-IgG+ 0,369 0,092 0,017 0,113
%CD27-IgM+ -0,825 -0,603 -0,165 0,266
%CD27-IgM- 0,266 -0,075 -0,214 -0,930
Day0 subsets
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Table SII. Pearson correlations T-Independent stimulations - 2500 B cells
Day6  %CD27+CD38+
CpG + IL-2  CpG + IL-2 + anti-

BCR
CpG + IL-2 + BAFF CpG + IL-2 + anti-

BCR + BAFF
%CD27+ 0,638 0,592 0,455 0,477
%CD27+IgG+ 0,757 0,733 0,616 0,647
%CD27+IgM+ 0,523 0,466 0,326 0,340
%CD27+IgM- 0,523 0,466 0,326 0,340
%CD27-IgG+ -0,552 -0,543 -0,616 -0,574
%CD27-IgM+ -0,118 -0,081 0,077 0,035
%CD27-IgM- -0,738 -0,694 -0,573 -0,589

Day9 %CD27+CD38+
%CD27+ 0,464 0,721 0,415 0,388
%CD27+IgG+ 0,826 0,910 0,737 0,819
%CD27+IgM+ 0,059 0,331 0,066 -0,079
%CD27+IgM- 0,771 0,884 0,662 0,824
%CD27-IgG+ -0,380 -0,462 -0,640 -0,421
%CD27-IgM+ -0,803 -0,531 -0,528 -0,364
%CD27-IgM- 0,378 -0,070 0,230 0,170

ELISA IgG Day6 ELISA IgG Day9
CpG + IL-2 CpG + IL-2 + BAFF CpG + IL-2 CpG + IL-2 + BAFF

%CD27+ 0,721 0,535 0,404 0,322
%CD27+IgG+ 0,932 0,557 0,776 0,634
%CD27+IgM+ 0,373 0,271 0,035 0,022
%CD27+IgM- 0,826 0,636 0,690 0,545
%CD27-IgG+ -0,082 -0,135 -0,363 -0,706
%CD27-IgM+ -0,558 -0,797 -0,191 -0,420
%CD27-IgM- -0,153 0,237 -0,056 0,226

ELISA IgM Day6 ELISA IgM Day9
%CD27+ 0,243 0,252 0,237 -0,257
%CD27+IgG+ -0,320 -0,365 -0,316 -0,722
%CD27+IgM+ 0,636 0,670 0,620 0,249
%CD27+IgM- -0,420 -0,447 -0,420 -0,830
%CD27-IgG+ 0,039 0,112 -0,410 0,076
%CD27-IgM+ 0,429 0,369 0,367 0,257
%CD27-IgM- -0,777 -0,758 -0,646 -0,207

ELISA IgA Day6 ELISA IgA Day9
%CD27+ 0,270 0,406 0,503 0,402
%CD27+IgG+ 0,723 0,714 0,748 0,721
%CD27+IgM+ -0,108 0,070 0,206 0,078
%CD27+IgM- 0,633 0,642 0,637 0,621
%CD27-IgG+ -0,358 -0,630 -0,459 -0,534
%CD27-IgM+ -0,203 -0,314 -0,217 -0,265
%CD27-IgM- 0,089 0,070 -0,157 0,008
Day0 subsets

4
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Table SII. Pearson correlations T-Independent stimulations - 2500 B cells in PBMCs (continued)
Day6  %CD27+CD38+
CpG + IL-2  CpG + IL-2 + anti-

BCR
CpG + IL-2 + BAFF CpG + IL-2 + anti-

BCR + BAFF
%CD27+ 0,780 0,887 0,774 0,894
%CD27+IgG+ 0,943 0,990 0,939 0,992
%CD27+IgM+ 0,402 0,572 0,393 0,586
%CD27+IgM- 0,871 0,950 0,866 0,955
%CD27-IgG+ 0,143 0,332 0,133 0,348
%CD27-IgM+ -0,322 -0,500 -0,313 -0,514
%CD27-IgM- -0,952 -0,993 -0,949 -0,995

Day9 %CD27+CD38+
%CD27+ 0,617 0,620 0,474 0,489
%CD27+IgG+ 0,735 0,947 0,654 0,889
%CD27+IgM+ 0,250 0,055 0,142 -0,049
%CD27+IgM- 0,578 0,860 0,517 0,808
%CD27-IgG+ 0,131 0,111 0,275 0,194
%CD27-IgM+ -0,217 -0,491 -0,041 -0,313
%CD27-IgM- -0,217 -0,491 -0,041 -0,313

ELISA IgG Day6 ELISA IgG Day9
CpG + IL-2 CpG + IL-2 + BAFF CpG + IL-2 CpG + IL-2 + BAFF

%CD27+ 0,594 0,654 0,544 0,278
%CD27+IgG+ 0,799 0,597 0,915 0,340
%CD27+IgM+ 0,097 0,386 -0,014 0,142
%CD27+IgM- 0,784 0,458 0,847 0,229
%CD27-IgG+ 0,599 0,442 0,270 0,561
%CD27-IgM+ -0,460 -0,159 -0,390 0,270
%CD27-IgM- -0,014 -0,487 0,046 -0,643

ELISA IgM Day6 ELISA IgM Day9
%CD27+ 0,503 0,573 0,000 -0,088
%CD27+IgG+ -0,263 -0,187 -0,473 -0,718
%CD27+IgM+ 0,877 0,903 0,414 0,511
%CD27+IgM- -0,476 -0,409 -0,612 -0,867
%CD27-IgG+ -0,078 -0,134 -0,823 -0,295
%CD27-IgM+ 0,133 0,045 0,146 0,557
%CD27-IgM- -0,837 -0,784 -0,196 -0,736

ELISA IgA Day6 ELISA IgA Day9
%CD27+ -0,334 -0,146 0,520 -0,059
%CD27+IgG+ 0,467 0,621 0,940 0,257
%CD27+IgM+ -0,754 -0,649 -0,055 -0,205
%CD27+IgM- 0,561 0,701 0,857 0,205
%CD27-IgG+ 0,460 0,488 -0,029 0,566
%CD27-IgM+ 0,227 0,050 -0,452 0,475
%CD27-IgM- 0,202 0,230 0,202 -0,509
Day0 subsets



129

Legend P value <0.05 marked as BOLD
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ABSTRACT

The generation of high-affinity antibodies requires an efficient germinal center (GC) 
response. As differentiating B cells cycle between GC dark and light zones they encounter 
different oxygen pressures (pO2). However, it is essentially unknown if and how variations 
in pO2 affect B cell differentiation, in particular for humans. Using optimized in vitro 
cultures together with in-depth assessment of B cell phenotype and signaling pathways, 
we show that oxygen is a critical regulator of human naive B cell differentiation and 
class switch recombination. Normoxia promotes differentiation into functional antibody 
secreting cells, while a population of CD27++ B cells was uniquely generated under hypoxia. 
Moreover, time-dependent transitions between hypoxic and normoxic pO2 during culture 
- reminiscent of in vivo GC cyclic re-entry - steer different human B cell differentiation 
trajectories and IgG class switch recombination. Taken together, we identified multiple 
mechanisms trough which oxygen pressure governs human B cell differentiation.
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INTRODUCTION

Development of an effective long-lasting immune response implies development of high-
affinity, class-switched antibodies, the result of B cell differentiation within so-called 
germinal centers (GC), specialized substructures in secondary lymphoid tissues. Upon 
initiation of the humoral immune responses, initial T cell-dependent B cell activation leads 
to generation of a GC response, which is preceded by a short period of extrafollicular B 
cell activation. During the initial extrafollicular response, an early wave of naive B cells 
differentiate into plasma blasts and early memory B cells. These cells display limited levels 
of somatic hypermutation and affinity maturation1–4. The GC forms approximately one 
week after antigen exposure and becomes organized into two histologically distinct regions; 
the dark zone, where B cells undergo extensive proliferation and somatic hypermutation, 
and the light zone, where high-affinity B cells compete for antigen in order to undergo 
affinity selection. Class switch recombination may occur as early as the pre-GC stages 
and ensues in the GC reactions5–7. GC B cells cycle repeatedly through the light zone and 
dark zone. After initial fate decision, differentiation may proceed towards affinity-matured 
late memory B cells or antibody secreting cells (i.e., plasmablasts and plasma cells) with 
accumulating affinity maturation8–10.

Previous studies by ourselves and others using in vitro cultures of human or mouse B 
cells demonstrated that a GC-like B cell response can be faithfully reproduced, including 
generation of mature memory B cells and antibody secreting cells11,12. Similar to what 
has been reported in vivo, CD40 ligation together with the availability of Tfh-associated 
cytokines IL-4 and IL-21 is required to promote B cell proliferation, isotype switching 
and generation of antibody secreting cell in vitro2,13–15. The combined action of Tfh-
derived CD40L, IL-21, and IL-4, results in activation of NFkB and JAK-STAT pathways. 
These are vital for, amongst others, upregulation of BLIMP1 and XBP-1s, transcription 
factors necessary for initiation of antibody secreting cell differentiation and antibody 
production16–20, as well as C-Myc and IRF4 upregulation18,21–23. C-Myc is required for the 
survival of GC B cells and is strongly upregulated upon antigen-specific selection in the 
GC light zone, allowing for dark zone (re-) entry24–27. A central role in orchestrating these 
events is the transcriptional repressor BCL6, which regulates expression of amongst others 
c-Myc and BLIMP124,28,29 (For more detail, see Figure S4A).

The partial pressure of oxygen (pO2) in healthy human tissues is around 3-6%,30,31 but 
within lymphoid tissues, distinctive hypoxic regions exist (pO2 ~0.5-1%), as specifically 
observed in GC light zone regions32–34. However, the role of variations in pO2 on human B 
cell differentiation, and fate decision into memory B cells and antibody secreting cells has not 
been studied. In fact, the vast majority of in vitro studies is carried out at atmospheric oxygen 
levels ((pO2 ~21%), which is much higher than proliferating B cells will encounter in vivo.
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Variations in pO2 are likely to affect the amplitude of B cell differentiation, due to profound 
effects of cellular metabolism as well as direct effects on transcriptional regulation30,31,35–38. 
Although, contrasting findings have been reported for the influence of hypoxia on GC 
responses in mice, negative effects on class switch recombination and proliferation are 
repeatedly described32,34,39. Others observed increased Tfh function induced by upregulation 
of HIF-1α, a major transcription factor involved in the cellular sensing of pO2

33. Not all 
previous studies have been able to confirm HIF-1α expression within GC B cells, suggesting 
hypoxia may regulate B cell function independent of HIF-1α40. Another study comparing 
hypoxic (1%) and venous (5%) pO2 reported decreased class switch recombination and 
altered cellular metabolism upon culture at hypoxic pO2

32. Overall, oxygen pressure appears 
an important but as yet poorly understood variable in B cell differentiation.

In the present study, we systematically investigated the effect of atmospheric (21%), 
normoxic, tissue-associated (3%), and hypoxic (1%) pO2 on human B cell differentiation 
in our highly optimized system for human primary B cell culture. Moreover, in line 
with varying oxygen pressures during B cell cycling in the GC dark zone and light zone, 
we studied time-dependent transitions in pO2 during culture and its effects on B cell 
differentiation trajectories and IgG class switch recombination. We show that different 
oxygen pressures distinctly regulate human naive B cell differentiation and class switch 
recombination.

MATERIALS & METHODS

Isolation of human naive B cells
Buffy coats were obtained from anonymized healthy donors with written informed consent 
in accordance to the guidelines established by the Sanquin Medical Ethical Committee 
and in line with the Declaration of Helsinki. Human Peripheral blood mononucleated 
cells (PBMCs) were isolated from fresh buffy coats using Ficoll gradient centrifugation 
(lymphoprep; Axis-Shield PoC AS). CD19+ cells were isolated by positive selection using 
magnetic Dynabeads (Invitrogen). Cryopreserved CD19+ cells were resuspended in PBA 
(PBS supplemented with 0.1% bovine serum albumin) and stained for surface markers 30 
minutes in the dark at 4 °C. Viable, singlet naive B cells (CD19+IgD+ CD27-IgG-IgA-) were 
sorted on a FACS Aria II/III.

Human B cell cultures
3T3 mouse fibroblast cells expressing human CD40L (subtype: high), described previously 12, 
were harvested and irradiated with 30 Gy and seeded 10x103 cells/well on 96-well plates 
for overnight adherence in B cell culture medium (RPMI medium supplemented with FCS 
(5%, Bodinco), penicillin (100 U/mL, Invitrogen), streptomycin (100 μg/mL, Invitrogen), 
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β-mercaptoethanol (50 μM, Sigma-Aldrich), L-glutamine (2mM, Invitrogen), human apo-
transferrin (20 μg/mL, Sigma-Aldrich) depleted for IgG using protein A sepharose (GE 
Healthcare). The next day, naive B cells were sorted and 250 naive B cells/well were 
co-cultured with the seeded 3T3-CD40L expressing cells in the presence of IL-4 (25ng/
ml; Peprotech) and IL-21 (50ng/ml; Peprotech) for 3 – 11 days to determine proliferation, 
isotype switching, GC, memory and plasma cell formation and Ig production. Cultures 
were maintained at 37 °C in an atmosphere with 5% pCO2 and 21%, 3% or 1% pO2. For 
some cultures after 3, 5 or 7 days cultures were moved from 1 to 3% pO2 and vice versa.

Flow cytometry
Extracellular staining of surface markers
Cultured cells were washed with PBA and extracellular staining was performed at 4 °C 
for 30 minutes using the following antibody conjugates; CD19 (562947), CD38 (646851), 
IgD (561315), and IgM (562977), CD138 (552723), CD21 (561372 or 740395), FAS/CD95 
(762346), CD80 (750440 or 558226), CD86 (748375 or 562433), CXCR4 (563924) from BD 
Biosciences. IgG (M1268) from Sanquin Reagents. IgA (2050-09) from SouthernBiotech. 
CD27 (25-0279-42) from ThermoFisher. PNA (FL-1071-5) from VectorLabs. Glut1 
(FAB1418A) from R&D. LIVE/DEAD Fixable Near-IR from Invitrogen.

Intracellular staining of signaling and transcription factors

Staining procedures were performed as previously described41. In short, harvested and 
pooled cultures were kept on melting ice at all times. After washing, cultures were stained 
for membrane markers in a 25µl staining mix containing the Live/Dead stain, anti-CD19 
and anti-CD38 antibodies. TF stain procedure also contained anti-CD27 antibodies during 
membrane marker staining. After staining, samples were washed once with ice-cold PBA 
and centrifuged. Samples were fixed with either paraformaldehyde (PFA; Sigma) or Foxp3 
fixation buffer (eBioscience). PFA fixed samples were subsequently washed once and 
permeabilized with 90% methanol. Samples were incubated at -20°C till day of FACS 
analysis. Foxp3-fixed samples were washed once with Foxp3 permeabilization buffer and 
kept in ice-cold PBA in the dark till day of FACS analysis.

Before FACS analysis, all samples were retrieved from -20 0C or 4 0C storage and washed 
once with ice-cold PBA. Methanol permeabilized samples were washed once more before 
adding 25µl staining mix containing antibodies against STAT3 (564133, BD) , pSTAT3 
(612569, BD), NFκB p65 (565446, BD), STAT6 (IC2167T, R&D), pSTAT6 (612600, BD) and 
C-MYC (13871S, CST), NFκB p65, HIF1α (359706, Biolegend) diluted in PBA. Samples 
were incubated for 45 minutes on a plate shaker at room temperature. Afterwards, samples 
were washed once with PBA and measured on a flow cytometer.

5
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Foxp3 fixed samples were washed once with Foxp3 permeabilization buffer. Samples were 
stained in 25µl staining mix containing antibodies against PAX5 (649708, Biolegend), 
BCL6 (358512, Biolegend), IRF4 (646416, Biolegend) and AID (565785, BD) or PAX5, 
BCL6, IRF4, BLIMP1 (IC36081R-025, R&D) and XBP-1s (562820, BD) diluted in Foxp3 
permeabilization buffer and incubated for 30 minutes in the fridge. Samples were washed 
once with Foxp3 permeabilization buffer and measured on a flow cytometer.

All antibodies used have been tested prior to experiments in target positive and negative 
cell lines/PMBCs/total CD19+ cells and were diluted to optimal staining concentrations. 
For overall population shifts the gMFI was plotted and expression frequencies were plotted 
when there was a particular expansion of high- or low-expressing cells. Samples were 
measured on the BD LSR Fortessa or BD FACSymphony and analyzed using Flowjo V10.8. 
For representative gating strategy, see Figure S1.

Proliferation assays
B cells were labelled with proliferation dye according to manufacturer’s instructions. In 
short, sorted B cells were washed with 10 ml PBS twice and resuspended to a concentration 
of 2x107 cells/ml in PBS. Cells and 4µM Violet Proliferation Dye 450 (VPD450, BD 
Biosciences) in PBS were mixed at a 1:1 ratio and incubated 15 minutes in a 37 oC water 
bath in the dark, vortexing the tube every 5 minutes to ensure uniform staining. Cells were 
washed twice using a 10 times volume of cold culture medium to end labeling. Thereafter, 
B cells were cultured according to the protocol described above.

Assessment of B cell metabolic status
To monitor B cell metabolic activity, cells were cultured as described and loaded with 50nM 
MitoTracker Red CMXRos (M7512, Invitrogen) and 25nM MitoTracker Green FM (M7514, 
Invitrogen), 20nM BODIPY™ FL C12 (4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-
Indacene-3-Dodecanoic Acid) (D3822, Invitrogen) or 200µM 2-NBDG (2-(N-(7-Nitrobenz-
2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) (N13195, Invitrogen) for 30 minutes or 
2.5uM MitoSOX (M36008, Invitrogen) for 10 minutes at 37 °C 5% CO2 in pre-warmed 
Hank’s Buffered Salt Solution (HBSS, 14025050, Gibco) on day 0 and 7 of culture. Cells 
were washed, stained for membrane markers as described above and measured on a flow 
cytometer. Within experiments, for each sample, cell size was determined using FSC/SCC 
and gMFI was corrected subsequently according to the average cell size.

Cell counts
Before FACS analysis samples were mixed with at least 10.000 CountBright Absolute 
counting beads (Thermo Fisher Scientific) and prepared for flow cytometry analysis as 
described above. Absolute B cell counts were determined according to the formula:
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Ig ELISAs of culture supernatants
IgM, IgA, IgG, and IgG1 and IgG4 expression levels were measured in culture supernatants 
at day 7, 11 and 14. 96-well maxisorb plates were coated with monoclonal mouse anti-
human IgM (2μg/ml, MH15-1), anti-IgA (1μg/ml, MH14-01), anti-IgG (2μg/ml, MH16-
1), anti-IgG1 (1μg/ml, MH161-01), and IgG4 (1μg/ml, MH164-01) in PBS all provided 
by Sanquin Reagents. Culture supernatants were incubated for 1h and secreted Igs were 
detected using 1μg/ml HRP-conjugated mouse anti-human IgM, IgA, IgG, IgG1, or IgG4 
(Sanquin Reagents) in HPE (Sanquin Reagents). The ELISA was developed using TMB 
substrate, stopped by addition of 2M H2SO4 and absorbance was measured at 450 and 540 
nm. OD values were normalized to values of a titration curve of a serum pool that was 
included in each plate.

Lactate production
L(+)-lactate production was measured in B cell culture supernatant using L-lactate Assay 
Kit (ab65331, Abcam) according to manufacturer’s instructions. Lactate production was 
corrected for cell counts as measured by flow cytometry.

Real-time semi-quantitative RT-PCR
RNA isolation was performed as described elsewhere42. Primers were developed to span 
exon–intron junctions and then validated (IL-4R: 5’- CCCTGAAGTCTGGGATTTCCT 
-3’). Gene expression levels were measured in duplicate reactions for each sample in 
StepOnePlus (Applied Biosystems, Foster City, CA, USA) using the SYBR green method 
(Applied Biosystems, Foster City, CA, USA). Expression of housekeeping gene 16S was 
used for normalization.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8. Data were analyzed using 
Repeated Measures one-way ANOVA with Tukey’s multiple comparison test, Repeated 
Measures two-way ANOVA with Sidak’s multiple comparison test or mixed-effects analysis 
with Dunnett’s multiple comparison test where appropriate. Results were considered 
significant at p <0.05. Significance was depicted as *p <0.05 or **p <0.01, ***p <0.001 or 
****p <0.0001. To show significance between specific datasets within a graph containing 
multiple datasets, the * shows the significance between the dataset matching the color of 
* and the dataset closest to the *.

5
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RESULTS

Differential pO2 controls human B cell differentiation into CD27+ and anti-
body secreting cell compartments
The contribution of pO2 on human naive B cell differentiation was investigated in B 
cell differentiation cultures while maintaining constant pCO2. Resting naive B cells 
(CD19+IgD+CD27-IgG-IgA-) from human peripheral blood were stimulated under 
atmospheric (pO2 = 21%), normoxic (pO2 = 3%) or hypoxic (pO2 = 1%) conditions, using 
a combination of CD40L-expressing 3T3 cells12, IL-4 and IL-21, known to facilitate class 
switch recombination, memory B cell and antibody secreting cell formation (Figure 
1A)12,43,44. Alterations in pO2 did not affect CD40L expression levels on 3T3 cells used for 
stimulation (Figure S2I, subtype high). Up until day 7 B cell survival was similar among 
pO2 conditions, but at day 11 hypoxic cultures contained fewer cells (Figure S2A and 
B). In all cultures a rapid upregulation of activation marker CD80 was observed (Figure 
S2C). Remarkably, naive B cell differentiation, as determined by the formation of antibody 
secreting cells (CD27+CD38+) and CD27+ (CD27+CD38-) B cells, was dramatically altered 
by differential pO2. Hypoxia induced a 5 to 10-fold induction of CD27+ B cells as compared 
to atmospheric (p<0.0001) and normoxic cultures (p<0.0001) at day 7 (Figure 1B and C, 
and absolute cell no. in Figure S2D), at the expense of antibody secreting cell formation at 
day 11. In addition, in normoxic cultures, the relative numbers of CD138+ antibody secreting 
cells were 2 to 4-fold increased relative to atmospheric (p<0.001) and hypoxic cultures 
(p<0.0001, Figure 1D), in line with increased concentration of secreted IgM and IgG in 
normoxic culture supernatant at day 11 (Figure 1E). Naive B cells poorly survived and 
differentiated when cultured under extreme hypoxic conditions (pO2 = 0.5%, Figure S2E 
and F). Furthermore, using 3T3 cells with higher or lower expression of CD40L resulted 
in reduced proliferation, especially at reduced oxygen pressures (resp. ‘VH’, and ‘Low’, vs 
‘High’; Figure S2H and I). The addition of anti-IgM F(ab’)2s to the cultures, as additional 
BCR stimulation, did not alter in vitro B cell survival and differentiation at differential 
pO2s (Figure S2J). Next, we assessed the effect of pO2 on antibody class switching and 
Ig production. Protein expression of DNA-editing enzyme AID –indispensable for class 
switch recombination and somatic hypermutation– were substantially elevated over time 
regardless of oxygen pressure, but significantly lower at low pO2 at day 7 and 11 (Figure 
1F), in accordance with previous studies in mice32, reflecting the overall larger fraction 
of differentiated cells under these conditions (Figure 1B and C; Figure S2K). In line 
with AID expression levels, IgG+ B cell frequencies were higher in atmospheric cultures 
(p<0.001, Figure 1F) with minimal switch to IgA+ overall, as was expected by the IgG 
promoting culture conditions (CD40L + IL-21 + IL-4, Figure S2L). Altogether, these data 
illustrate a profound regulation of human naive B cell differentiation by oxygen levels and 
show that normoxia promotes differentiation into potent antibody secreting cells while 
hypoxia promotes differentiation into CD27+ B cells.
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Figure 1. Differential pO2 controls human B cell differentiation into CD27+ and antibody secreting cell 
compartments. (A) Schematic overview of B cell in vitro culture system. 250 resting human naive B cells 
(CD19+CD27-IgD+) were stimulated using a human CD40L-expressing feeder cell layer (subtype ‘High’12); 
recombinant human IL-4 (25ng/ml) and IL-21 (50ng/ml); and cultured at 5% pCO2 and 21, 3, or 1% pO2 for a 
maximum of 11 days. (B) Representative biaxial CD27/CD38 FACS plots after 5, 7, and 11 days of culture at 
21, 3, or 1% pO2. (C) Quantification of the percentages of CD27 and CD38 subpopulations within total CD19+ 
B cells over time (n = 9). (D) CD138 expression within the CD27+CD38+ antibody secreting cell population 
(n = 6). (E) Cumulative secretion of IgM and IgG measured in culture supernatants after 11 days (n = 9). (F) 
gMFI of AID expression over time (n = 3). (G) Percentage of IgG+ cells within CD19+ B cells, combined surface 
and intracellular staining (n = 8). Bars represent means of biological replicates each composed of 2 technical 
replicates in (D, F) 2, (E, G) 3 or (C) 4 independent experiments. Statistical differences were determined 
using (C, F) mixed-effects analysis using Tukey’s test for multiple comparisons (D, E, G) repeated measures 
one-way ANOVA using Tukey’s test for multiple comparisons. * p<0.05, *** p<0.001, **** p<0.0001.

Proliferative human B cells adopt glycolysis and mitochondrial-associated 
ROS levels are increased in hypoxic cultures
Given that cellular metabolism has been reported to be linked to gene expression and 
B cell differentiation45, we assessed the metabolic status of B cells that were cultured at 
different pO2s. Using flow cytometry, HIF1α levels were increased throughout hypoxic 
cultures compared to normoxic and atmospheric cultures (Figure 2A). After 7 days of in 
vitro stimulation B cells showed similar increase in cell size in all conditions compared to 
unstimulated cells (Figure S3A). Dividing lymphocytes typically rely on aerobic glycolysis, 
fermenting imported glucose into lactate rather than oxidizing it in the mitochondria for 
energy. Glycolytic activity was assessed by uptake of 2-NBDG, a fluorescent analog of 
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glucose, and production of lactate as an end product of glycolysis. Uptake of 2-NBDG and 
lactate production were not significantly different between different pO2 culture conditions, 
but overall higher compared to resting naive B cells suggesting that indeed stimulated B 
cells require more glucose but demands did not change considerably upon differential 
pO2 environments (Figure 2B). Also expression of GLUT1, a glucose transporter, varied 
minimally between culture conditions (Figure S3B). To asses mitochondrial oxidative 
metabolism we analyzed mitochondrial mass, potential and formation of reactive oxygen 
species (ROS) by flow cytometry at day 7. Mitochondrial mass, potential and mitochondrial 
ROS were higher in B cells cultured at hypoxic conditions (Figure 2C). Uptake of a 
fluorescent fatty acid probe was reduced in B cells under hypoxic conditions (Figure 2D), 
suggesting these cells rely less on oxidation of fatty acids. At day 11 metabolic markers 
yielded similar result among different pO2 conditions, except for ROS levels that were 
significantly higher in hypoxic cultures compared to atmospheric cultures (Figure S3C). 
Taken together, these results indicate that highly proliferative B cells adopt glycolysis 
independent of local pO2 levels and mitochondrial-associated ROS levels are elevated in 
hypoxic cultures.
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Figure 2. Proliferative human B cells adopt glycolysis and mitochondrial-associated ROS levels are 
increased in hypoxic cultures (A) gMFI of HIF1α expression over time (n = 6) and histogram overlay at day 
3. (B) Glucose uptake (2-NBG; (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose) by B cells 
cultured for 7 days (n = 9). Lactate production measured in supernatants at day 11 in µM per 104 cultured 
B cells (n = 6). (C) gMFI of MitoTracker GREEN, MitoTracker RED, and MitoSOX after 7 days of culture 
(n = 8) indicative for mitochondrial mass, potential and ROS production, respectively. (D) Fatty acid (FA) 
uptake by B cells cultured for 7 days (n = 5). Bars represent means of biological replicates each composed 
of two technical replicates of (E) 1, (A, C) 2 or (B, D) 3 independent experiments. Statistical differences 
were determined using a repeated measures one-way ANOVA using Tukey’s test for multiple comparisons. 
* p<0.05, ** p<0.01, *** p<0.001.
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pO2 steers canonical signaling pathways that direct naive B cell 
differentiation pathways
The amplitude of B cell proliferation and differentiation is regulated by a complex interplay 
of signaling pathways induced by antigen recognition, CD40 ligation and reception of Tfh-
derived cytokines IL-4 and IL-21 (summarized in Figure S4A)8,46. Upregulation of BCL6 as 
well as IRF4 expression suggests differentiation of cells with a GC-like phenotype (Figure 
3A and B, respectively). In line, PNA positivity, indicative for expression of GC-specific 
glycans, and CD95 expression was observed early on in culture and decreased prior to the 
generation of CD27+ B cells and antibody secreting cells (Figure 3C and D). PNA binding was 
reduced for B cells cultured at hypoxic pO2 at day 3 and 5 potentially due to the accelerated 
CD27+ differentiation in hypoxic cultures. Expression of CD86, an activation marker highly 
expressed on light zone B cells47,48, increased rapidly during culture and remained significantly 
higher expressed on B cells cultured at hypoxic pO2 (Figure 3E). CD40 signaling primarily 
shapes the magnitude of B cell expansion and survival through induction of NFkB p65 
and c-Myc22,49,50. Moreover, NFkB p65 and c-Myc are reported to maintain cellular GC 
commitment51. B cells cultured at hypoxic pO2 showed a reduction in NFkB p65 (Figure 
3F) and c-Myc (Figure 3G) expression from day 5 onwards, supporting the concomitant 
differentiation into CD27+ cells, and to a lesser extent antibody secreting cells, at day 7 and 
reduced B cells numbers observed in hypoxic cultures thereafter (Figure S2B).

Next, the effect of pO2 on the IL-4R/IL-21R signaling pathways to regulate B cell and 
antibody secreting cell transcriptional programs was analyzed. Increased phosphorylation 
of STAT6 (pSTAT6), a signaling protein downstream of the IL-4R, was observed in B cells 
cultured at hypoxic pO2, peaking at day 3 and 5 (p<0.01 at day 5) (Figure 3H, Figure S4B). 
This coincided with higher expression of XBP-1s, a transcription factor (TF) downstream 
of pSTAT6, at day 7 (Figure 3J, right panel), and was not the result of variable IL-4R 
expression levels, determined by RT-qPCR (Figure S4C). Peak levels of pSTAT3 on day 
3 and 5, with minor differences when comparing the different pO2 conditions (Figure 3I, 
Figure S4D), coincided with upregulation of BLIMP1, directly downstream of pSTAT3, 
and repression of PAX5, most prominently in B cells cultured at hypoxic pO2 (Figure 3J, 
Figure S4E). PAX5 supports B cell identity. Consistent with this activity, B cells cultured 
at atmospheric pO2 retained highest PAX5 levels throughout culture, and thus overall a 
lower fraction of differentiated cells under this conditions (Figure S4E, Figure 1C)52. 
Expression of BLIMP1 and XBP-1s was higher under hypoxic conditions (Fig 3J), and 
did not differ within the CD27-CD38- population at varying pO2 at day 7 (Figure S4F), 
suggesting elevated BLIMP1 and XBP-1s expression in B cells cultured at hypoxic pO2 
arises from the expanded CD27+ compartment (Figure 1C). This CD27+ population did not 
secrete more Ig at day 7 compared to cells cultured at normoxic or atmospheric pO2 despite 
elevated XBP-1s expression, which is essential for the unfolded protein response in antibody 
secreting cells (Figure S4G). At day 11, naive B cells differentiation into antibody secreting 
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Figure 3. pO2 steers canonical signaling pathways that direct naive B cell differentiation pathways 
(A-D) gMFI of (A) BCL-6 (n = 6) (B) IRF4 (n = 6) (C) PNA+ (n = 6) (D) CD95 (n = 6) (E) CD86 (n = 6) (F) 
NFkB active subunit p65 (n = 9) (G) c-Myc (n = 9) (H-I) gMFI of (H) tSTAT6 and pSTAT6 and (F) tSTAT3 
and pSTAT3 over time in culture (n = 6) and (left panels) representative histogram overlays of pSTAT and 
tSTAT expression on day 5 of culture (I) gMFI of PAX5, BLIMP1 and %XBP-1s+ in BLIMP1hi cells (n=6) 
on day 7 (A-J) Bars represent means of biological replicates each composed of two technical replicates of 
2 (H-J) or (A-G) 3 independent experiments (A-I) Differences in gMFI were determined using mixed-ef-
fects analysis using Tukey’s test for multiple comparisons. (J) Differences in gMFI were determined using 
repeated measures one-way ANOVA using Tukey’s tests for multiple comparisons. * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001.
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cells in normoxic cultures outperformed atmospheric cultures in which B cells retained 
higher PAX5 levels and repression of BLIMP1 and XBP-1s (Figure S4H). Furthermore, 
cells in normoxic cultures had highest XBP-1s levels in line with higher Ig production 
observed in these cultures (p<0.05) (Figure 1G). Overall, B cell culture at different pO2 
affects CD40-, IL-21R- and IL-4R-dependent signaling pathways essential for efficient B 
cell survival and differentiation. Expression dynamics of B differentiation-associated TFs 
PAX5, BLIMP1 and XBP1 were influenced by local pO2, skewing the formation of CD27+ 
and/or antibody secreting cell populations at hypoxic or normoxic pO2, respectively.

Hypoxic pO2 drives generation of a unique CD27++ B cell population, 
with enhanced antibody secreting cell differentiation capacity and Ig 
production upon restimulation
Culturing B cells at hypoxic pO2 resulted in a remarkable increase in CD27+ B cells 
which emerged earlier as compared to atmospheric and normoxic cultures (Figure 1C). 
Interestingly, there was not only enlargement of this compartment but also formation of a 
population of CD27++ cells (4.4% of CD19+ population), absent in normoxic and atmospheric 
cultures at day 7 (p<0.05) (Figure 4A, Figure S5) To assess the phenotype of these CD27++ 
B cells, transcription factor profiles directing B cell differentiation were compared between 
CD27-, CD27+/-, CD27+/+ and CD27++CD38++ populations that developed under hypoxic 
pO2 at day 7 (Figure 4B). PAX5 expression was lower and BLIMP1 expression higher in 
CD27+/++ cells compared to CD27-CD38- B cells, with PAX5 and BLIMP1 expression being 
similar between CD27++ and CD27++CD38++ populations (Figure 4C, upper and middle 
panel). Expression of XBP-1s increased as differentiation progressed, being highest in the 
CD27++CD38++ population (Figure 4C, lower panel). Moreover, a rise in the frequency 
of IgG+ B cells coincided with increasing CD27 expression, being highest in the CD27++ 
population (Figure 4D).

As the CD27++ showed a distinct transcriptional profile compared to CD27+/- and CD27- 
B cells, we assessed whether this translated into functional differences with regard to 
antibody secreting cell differentiation and Ig production. To this end naive B cells were 
cultured for 7 days under hypoxia, after which different CD27 expressing populations were 
sorted and subsequently cultured at antibody secreting cell-promoting normoxic pO2 for an 
additional 4 or 7 days (Figure 4E). CD27++ cells showed a significant increase in antibody 
secreting cell differentiation and antibody production as compared to the CD27+/- and 
CD27- subsets (p<0.05) (Figure 4F), indicating that with the same level of stimulation the 
CD27++ cells had enhanced capacity to differentiate towards functional antibody secreting 
cells. In summary, a population of CD27++ B cells emerged exclusively in hypoxic cultures, 
with the potential to rapidly differentiate into antibody secreting cells and produce Ig after 
restimulation.
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Figure 4. Hypoxic pO2 drives generation of a unique CD27++ B cell population, with enhanced antibody 
secreting cell differentiation capacity and Ig production upon restimulation (A) Quantification of per-
centage of CD27-CD38-, CD27+/-CD38-, CD27++CD38- and CD27++CD38++ cells on day 7 of culture (n = 5) 
(B) Representative biaxial flow cytometry plot of CD27 and CD38 expression, with heatmap depicting MFI 
expression of PAX5, BLIMP1 and XBP-1s on day 7. (C) gMFI of PAX5, BLIMP1 and XBP-1s in respective 
populations of CD27-CD38-, CD27+/-CD38-, CD27++CD38- and CD27++CD38++ cells on day 7 (n = 6) (D) 
Percentage of IgG+ B cells on day 7 of of culture at 1% pO2 within CD27++ CD38-, CD27+/- CD38- or CD27- 
CD38- populations. (n = 5) (E) Representative example of FACS sort gating strategy on day 7 to isolate CD27++ 
CD38-, CD27+/- CD38- or CD27- CD38- B cells with schematic experimental time line. (F) Quantification of 
%CD27+CD38+ cells by flow cytometry and IgG and IgM secretion by ELISA, 4 or 7 days after sort (day 11 
or 14 of culture) (n = 5). (A-F) Bars represent means of biological replicates each composed of two technical 
replicates of (A, C, D) 2 or (F) 1 independent experiment (A) Differences in %gated cells were determined 
using mixed-effects analysis using Tukey’s test for multiple comparisons. (C, D, F) Differences in gMFI and 
% gated cells were determined using repeated measures one-way ANOVA using Tukey’s test for multiple 
comparisons. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Time-dependent pO2 transitions alter B cell differentiation dynamics and 
promote class switch recombination to IgG
Given that during an in vivo GC reaction B cells cycle between the hypoxic light zone and 
normoxic dark zone, we assessed the effect of a pO2 transition on B cell differentiation 
and class switch recombination in vitro. To this end, naive B cells were cultured at either 
hypoxic or normoxic pO2 and transferred at stated time points to normoxic or hypoxic pO2, 
respectively. Independent of timing, a transition from hypoxic to normoxic pO2 increased 
antibody secreting cell differentiation concomitant with decreased CD27+ cell formation 
(Figure 5A and B). Transition from hypoxic to normoxic pO2 at day 3 of culture enhanced 
antibody secreting cell differentiation at day 11 compared to continued culture at hypoxic 
pO2 and was similar to continuous culture under normoxic pO2 (Figure 5A and B), with 
BLIMP1 expression lower compared to hypoxic cultures and similar to levels observed in 
normoxic cultures (Figure 5C). A transition from 1 to 3% pO2 at day 5 led to a moderate 
generation of CD27+ B cells and reduced antibody secreting cells formation in line with 
continuous hypoxic cultures. When hypoxic cultures were transitioned to normoxic pO2 
at day 7, this induced an efficient formation of antibody secreting cells at day 11. Different 
from cultures at hypoxic pO2 on day 3 and 5, at day 7 hypoxic cultures consist for a 
significant proportion (~20%) of CD27+/++ B cells, which efficiently differentiate to antibody 
secreting cells upon restimulation and transition to normoxic pO2 as was shown in Figure 
4F. Overall this suggests time-dependent transitions in pO2 steer B cell differentiation, 
where early (day 3) transitions from hypoxic to normoxic pO2 lead to antibody secreting cell 
formation comparable to continuous normoxic cultures whereas a pO2 transition later on 
during culture (day 7) induces antibody secreting cell formation - in part - via the CD27++ 
compartment. These data show that in vitro B cell differentiation can occur via distinct 
trajectories steered by differential pO2, where hypoxia drives differentiation via a CD27++ 
population and atmospheric and normoxic pO2 via CD38+ or directly towards antibody 
secreting cells (Figure S6A). Remarkably, transitions from hypoxic to normoxic pO2 at day 
3 and 5 enhanced class switch recombination to IgG+ B cells concomitant with a reduction 
in IgM+ B cells (Figure 5D). Even though the percentage of CD138+ antibody secreting cells 
was similar (Figure 5E) and lower compared to continuous normoxic cultures (Figure 1D), 
transition of hypoxic to normoxic pO2 at day 3 and 5 resulted in higher quantities of secreted 
IgM and IgG in culture supernatants (Figure 5F). Enhanced IgG class switch recombination 
and Ig production were no longer observed when the pO2 transition was made at day 7.

Vice versa, transition from normoxic to hypoxic pO2 at day 3 and 5 enhanced CD27+ B cell 
formation and BLIMP1 expression compared to continuous normoxic cultures and was more 
similar to continuous hypoxic cultures (Figure S6B, C and D). A transition at day 7 from 
normoxic to hypoxic pO2 was deleterious for both CD27+ B cell and antibody secreting cell 
differentiation. class switch recombination to IgG+ B cells and Ig production levels ranged 
between those found in continuous normoxic and hypoxic cultures (Figure S6E, F and G).
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Overall, time-dependent transitions between hypoxic and normoxic pO2 during 
culture govern different human B cell differentiation trajectories and IgG class switch 
recombination in vitro.
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Figure 5. Time-dependent pO2 transitions alter naive B cell differentiation and IgG class switch re-
combination. (A) Representative biaxial CD27/CD38 FACS plots of 21, 3, 1% pO2 cultures and 1 – 3% pO2 
transition cultures at day 3, 5 or 7 shown for day 7 and 11 of culture. (B) Quantification of CD27+CD38+ 
and CD27+CD38- B cells over time in culture (n = 11) (C) gMFI of BLIMP1 on day 7 (n = 3) (D) Frequency 
of IgM+ and IgG+ B cells on day 11 (n = 5). (E) CD138 expression within the CD27+CD38+ population (n = 
5). (F) IgM and IgG levels were measured by ELISA in culture supernantant after 11 days (n = 11). Bars 
represent means of biological replicates each composed of two technical replicates of (B, F) 3, (D) 2 or 
(C, E) 1 independent experiment. (B) Statistical differences were determined using mixed-effects analysis 
using Tukey’s test for multiple comparisons (C-F) Differences in gMFI, % gated cells and Ig production were 
determined using repeated measures one-way ANOVA using Tukey’s test for multiple comparisons. * p<0.05, 
** p<0.01, *** p<0.001, **** p<0.0001.
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DISCUSSION

The GC reaction is at the heart of the humoral immune response. Both extrafollicular and 
GC B cell responses take place within human tissues where oxygen pressure may range 
from 0.5-6% pO2 with hypoxic regions (0.5-1% pO2) described within GC light zone regions. 
Preciously little information is available about the potential role of local pO2 on human B cell 
fate decision during their cycling between dark zone and light zone, typically characterized 
by dissimilar oxygen pressures. Here we studied the effect of atmospheric (21%), tissue 
associated (normoxia, 3%) and hypoxic (1%) pO2 on human B cell differentiation. We 
observe profound differences in B cell differentiation, dynamics of emergence of various 
cell populations, class switch, and Ig production under these different oxygen pressures. 
Figure 6 summarizes our key findings on the contribution of pO2 on human naive B cell 
differentiation. In both hypoxic and normoxic cultures, naive B cells differentiated into a 
GC-like phenotype as evidenced by the expression of BCL6 and IRF4, as well as increased 
expression of CD95 and PNA binding. Similar to light zone B cell phenotype and function 
in vivo8, B cells cultured at hypoxic pO2 showed high expression of CD86 and differentiated 
rapidly into CD27+ B cells. Moreover, culture at hypoxic pO2 generated a unique population 
of CD27++ B cells efficient in antibody secreting cell differentiation and Ig production 
upon restimulation. In normoxic cultures, naive B cells predominantly differentiated into 
antibody secreting cells, which occurred less rapidly compared to CD27+ B cell formation 
at hypoxic pO2 in line with time-dependent waves of memory B cell and antibody secreting 
cell formation in vivo2. Finally, time-dependent transitions from hypoxic to normoxic pO2 
during culture changes B cell differentiation trajectories and promotes IgG class switch 
recombination and Ig production. This indicates during in vivo B cell cycling between GC 
light zone and GC dark zone, the dynamic variation in pO2 is also likely to form another 
regulatory layer for human B cell differentiation. Overall, our results identify oxygen as 
a critical factor in dictating human B cell differentiation and demonstrate the necessity of 
incorporating GC-like physiological pO2 variations rather than continuous atmospheric 
pO2 to study human B cell responses in vitro.

In vivo, antigen-specific triggering of the BCR is required for the generation of an efficient 
GC response. We did not observe an effect on B cell survival or differentiation by addition 
of a BCR stimulus to the B cell cultures at different pO2, in line with previous reports 
showing limited additional effects of BCR triggers in in vitro cultures12. Despite the absence 
of a BCR trigger, we saw a clear upregulation of c-Myc expression which is normally 
upregulated upon positive selection in the GC, in line with previous reports indicating 
CD40L ligation to be sufficient to induce c-Myc expression53. We observed a reduction of 
c-Myc and NFkB expression in cells cultured at hypoxic pO2 after an initial surge upon 
culture initiation. c-Myc and NFkB signaling play a major role in transcriptional regulation 
of GC B cell proliferation and cell survival, thereby correlating with our observations 
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regarding reduced cell numbers towards the end of cultures at hypoxic pO2. Naive B cell 
survival was abrogated upon culture at 0.5% pO2 and upon higher CD40L co-stimulation 
(subtype VH) at low pO2, but not atmospheric pO2, due to impaired proliferation. Hence, 
the level of CD40L co-stimulation impacts B cell survival at physiological pO2.

Highly proliferative lymphocytes have been described to adopt glycolysis54, which 
-although not comprehensively studied- is in line with the increase in glycolysis-associated 
metabolic traits observed in our cultures independent of in vitro pO2. B cells cultured under 
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hypoxic pO2 carried out mitochondrial oxidative metabolism, in addition to glycolysis. The 
difference in B cell differentiation trajectories and expansion of the CD27+ compartment 
in hypoxic cultures may explain the expanded metabolic program towards mitochondrial 
oxidative metabolism at day 7. Much of the research on crosstalk between immune 
responses and pO2 has focused on the TF HIF1α. We observe upregulation of HIF1α 
expression throughout all culture conditions not only at hypoxic pO2. HIF1α can also be 
induced by signaling through CD40L, BCRs as well as TLR ligands, probably explaining 
the increase in HIF1α also in non-hypoxic cultures55. Furthermore, a recent study could 
not identify expression of hypoxia-induced genes in ex vivo analyzed mouse GC B cells40, 
indicating HIF1α is not the sole regulator of hypoxia-associated responses.

Clear differences were observed in the expansion of CD27+ B cell and/or antibody 
secreting cell compartments in human naive B cells cultures at hypoxic and normoxic pO2, 
respectively, driven by differences in the underlying molecular pathways regulating B cell 
survival and differentiation. It has been shown that there is a time-dependent developmental 
switch in the output of the GCs, such that it first dedicates itself to memory B cell generation 
and later switches to mainly producing antibody secreting cells2. During culture of naive B 
cells at hypoxic pO2 a hypoxia-dependent CD27++ population emerged early during culture. 
The question arises whether these CD27++ cells may resemble memory B cell generated 
early within a GC response. Albeit unanswered in this study, it did become clear that these 
CD27++ cells did not secrete Igs, whereas upon restimulation they swiftly differentiated into 
antibody secreting cells and exhibited efficient Ig secretion, in line with functionalities of 
memory B cells56. Nevertheless, these cells clearly expressed a transcription factor signature 
of increased BLIMP1 and XBP-1s expression concomitant with a reduction of the B cell 
identity TF PAX5, similar to antibody secreting cells and different from memory B cells16,19. 
In line with varying pO2 during a GC response, where B cells cycle between hypoxic 
light zone to normoxic dark zone, we observed time-dependent effects of pO2 transitions 
on human B cell differentiation trajectories. Taken together, hypoxic pO2 primes B cells 
for efficient antibody secreting cell differentiation from a CD27+ phenotype that, in order 
to occur, favors a transition to a normoxic environment. Besides B cell differentiation 
trajectories, also IgG class switch recombination was influenced by pO2 transitions. When 
cultured at continuous pO2, atmospheric pO2 yielded the highest proportion of IgG+ B cells 
(albeit not corroborated with equally elevated levels of IgG antibody production). Similar 
numbers of IgG+ B cells could be generated in cultures that transitioned from hypoxic 
to normoxic pO2 at day 3 or 5. Overall, our in vitro studies demonstrate the necessity of 
incorporating GC-like physiological pO2 variations rather than continuous atmospheric 
pO2 to study human B cell responses in vitro, as it more closely resembles the in vivo GC 
microenvironment and recapitulates time-dependent regulation of B cell fate decisions.
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Besides local pO2, other factors such as availability of nutrients, migratory and physical 
signals such as shear stress are also likely to contribute to B cell fate decision during both 
extrafollicular and GC B cell responses, warranting the need for 3D culture systems or 
organoids that more closely resemble the GC microenvironment to facilitate human in 
vitro B cell differentiation studies. In addition, several pathological conditions have been 
described to be related to hypoxia, such as myocardial ischemia57, metabolic diseases58, 
chronic heart and kidney diseases59, and reproductive diseases60. Moreover, pO2 has been 
measured and found to be significantly reduced in the majority of tumors, and sensitivity to 
chemotherapeutic agents changed dramatically under hypoxic conditions61–63, highlighting 
the importance to adopt hypoxic cultures also for other avenues such as cancer-related drug 
testing and in vitro disease models.

In summary, we demonstrate that oxygen is an important regulator of human naive B cell 
differentiation by promoting oxygen-dependent differentiation trajectories and IgG class 
switch recombination.
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Figure S1. Representative gating strategy of B cells after culture. First, live cells are gated based on 
viability dye and FSC-A, subsequently lymphocytes are gated using FSC-A and SSC-A, two gates to select 
singles, based on FSC and SSC A and H parameters. Finally cells were gated as live, CD19+ whereupon 
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Figure S2. Hypoxia promotes human B cell differentiation in vitro. (A) Fold increase in number of CD19+ 
cells over the course of the culture compared to day 0 (250 cells/well, n = 9). (B) Proliferation (n = 3). (C) 
gMFI CD80 (n = 6). (D) The number of CD19+ cells retrieved per well within the CD27/CD38 quadrants (n = 
9). (E) Number of live CD19+ cells present in cultures using 0.5, 3 and 21 % pO2 (n = 3). (F) Representative 
CD27/CD38 biaxial plot showing the differentiation of naive B cells at 0.5, 3 and 21% pO2 at day 11 of culture. 
(G) Number of live CD19+ cells in cultures stimulated with IL-4 + IL-21 and human CD40L low, high or very 
high (VH) co-stimulation cultured at 21, 3 and 1% pO2 for 11 days (n = 3). (H) As in (G) for proliferation 
at day 3, 4 and 5 (n = 3). (I) Expression levels of human CD40L low, high and very high (VH) expressed on 
mice 3T3 fibroblast cells cultured at 21, 3 and 1% pO2  for 5 days (n = 2). (J) Number of live CD19+ cells, 
percentage of CD27+CD38+ and CD27+CD38- cells in cultures with and without 1μg/ml anti-IgM F(ab’)2 
cultured for 11 days (n = 5). (K) AID expression within the different CD27/CD38 quadrants (n = 3). (L) IgA+ 
B cells after 11 days of culture (n = 6). Bars represent means of biological replicates each composed of two 
technical replicates of (F-I, K) 1, (A, B, J, L) 2 or (C- E) 3 independent experiments. Statistical differences 
were determined using (B-F) mixed effects model using Tukey’s test for multiple comparisons. (H-J) repeated 
measures one-way ANOVA using Tukey’s test for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001.
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Figure S3. B cell cultured at hypoxic pO2 alter their metabolic program. At day 7 of culture (A) Cell size 
determined as gMFI of the forward scatter (FSC, n =14), (B) gMFI of GLUT1 expression, and (C) gMFI of 
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days (n = 3). Bars represent means of biological replicates each composed of two technical replicates of 
(A) 2 (B-C) or 1 independent experiments. Statistical differences were determined using repeated measures 
one-way ANOVA using Tukey’s test for multiple comparisons. *** p < 0.001, **** p < 0.0001.
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Figure S4. pO2 steers molecular signaling underlying B cell differentiation. (A) Schematic represen-
tation of intracellular signaling events leading to TF expression regulation upon B cell stimulation with 
typical Tfh signals including CD40L, IL-21 and IL-4. (B) ratio of pSTAT6/tSTAT6 gMFI (n = 6). (C) Relative 
expression of IL-4R mRNA as determined by RT-qPCR (n = 3). (D) ratio of pSTAT3/tSTAT3 gMFI (n = 6) 
(E) gMFI of PAX5, BLIMP1 and %XBP-1s over time (n = 6) (F) gMFI of BLIMP1 and XBP-1s within CD27- 
CD38- population. (n = 6) (G) secreted IgM and IgG as measured by ELISA on day 7 of culture (n = 6) (H) 
gMFI of PAX5, BLIMP1 and %XBP-1s at day 11 (n = 6). Bars represent means of biological replicates each 
composed of two technical replicates of (B, D-H) 2 or (C) 1 independent experiments. Statistical differences 
were determined using (B, D-E) mixed-effects analysis using Tukey’s test for multiple comparisons or (C, 
F-H) using repeated measures one-way ANOVA using Tukey’s test for multiple comparisons.* p < 0.05, ** p 
< 0.01, *** p < 0.001, **** p < 0.0001.
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Figure S6. Time-dependent pO2 transitions alter B cell differentiation dynamics and promote CSR 
to IgG. (A) Schematic representation of CD27/CD38 differentiation trajectories of human naive B cells in 
vitro (B) Representative biaxial CD27/CD38 FACS plots of 21, 3 and 1% pO2 cultures and 3 - 1% pO2 tran-
sition cultures at day 3, 5 and 7 shown for day 7 and 11 of culture. (C) Quantification of CD27+CD38+ and 
CD27+CD38- B cell formation (n = 11) (D) gMFI of BLIMP1 at day 7 (n = 3) (E) Frequency of IgM+ and IgG+ 
cells determined by intracellular flow cytometry (n = 5) (F) and cumulative IgM and IgG secretion in culture 
supernatants at day 11 in 3 and 1% pO2 cultures and 3 - 1% pO2 transition cultures (n = 11). (G) CD138 
expression within the CD27+CD38+ ASC population (n = 5). Bars represent means of biological replicates 
each composed of two technical replicates of (C, F) 3, (E, G) 2, or (D) 1 independent experiment. Statistical 
differences were determined using mixed-effects analysis using Tukey’s test for multiple comparisons. * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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ABSTRACT

Antibodies can acquire N-linked glycans in their variable regions during antigen-specific 
B cell responses. Amongst others, these N-linked glycans can affect antigen binding and 
antibody stability. Elevated N-linked glycosylation has furthermore been associated with 
several B cell-associated pathologies. Basic knowledge about patterns of variable region 
glycosylation at different stages of B cell development is scarce. The aim of the current 
study is to establish patterns of N-glycosylation sites in antibody variable regions of naive 
and memory B cell subsets. We analyzed the distribution and acquisition of N-glycosylation 
sites within antibody variable regions of peripheral blood and bone marrow B cells of 12 
healthy individuals, 8 myasthenia gravis patients, and 6 systemic lupus erythematosus 
patients, obtained by next-generation sequencing. N-glycosylation sites are clustered around 
complementarity-determining regions (CDRs) and the DE loop for both heavy and light 
chains, with similar frequencies for healthy donors and patients. No evidence was found for 
an overall selection bias against acquiring an N-glycosylation site, except for the CDR3 of 
the heavy chain. Interestingly, both IgE and IgG4 subsets have a 2-fold higher propensity to 
acquire Fab glycans compared to IgG1 or IgA. When expressed as recombinant monoclonal 
antibody, 35 out of 38 (92%) non-germline N-glycosylation sites became occupied. These 
results point towards a differential selection pressure of N-glycosylation site acquisition 
during affinity maturation of B cells, which depends on the location within the variable 
region, and is isotype- and subclass-dependent. Elevated Fab glycosylation represents an 
additional hallmark of TH2-like IgG4/IgE responses.
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INTRODUCTION

B cells are essential in adaptive immunity by recognizing and neutralizing a large variety 
of pathogen-associated antigens via membrane-bound receptors or secreted antibodies. 
In order to generate a diverse repertoire of antibodies, structural diversity is initially 
generated by the rearrangement of variable (V), diversity (D), and joining (J) genes, 
followed by somatic hypermutation (SHM) and class switch recombination. SHM is 
critical for antibody maturation by optimizing antigen recognition via accumulation of 
point mutations in the variable regions (V(D)J genes) of both heavy and light chains. An 
additional layer of antibody diversification arises from the glycosylation of N-glycosylation 
sites. N-glycosylation sites are consensus tripeptides consisting of asparagine, followed 
by any amino acid except proline, and either serine or threonine (N-X-S/T; X - P). The 
presence of such a motif does not guarantee its glycosylation, and is therefore usually 
referred to as potential N-glycosylation site. Here we will use the term N-glycosylation site 
to indicate these motifs, unless indicated otherwise. Since approximately 15% of serum 
IgG has variable regions that carry N-linked glycans1,2, and only few germline alleles carry 
N-glycosylation consensus tripeptides3, the majority of variable region glycosylation is 
therefore the result of SHM.

Glycosylation can have profound effects on protein function. In particular, IgG Fc 
glycosylation can directly modulate C1q and FcγR binding4–8, and associations between 
glycosylation status and autoimmune disease have been demonstrated9. Antigen-specific 
IgG-responses also have been shown to result in skewing towards altered fucosylation 
and galactosylation in certain infectious- and alloimmune diseases10–13. Less is known 
about the variable region glycans, so-called Fab glycans, but several studies have reported 
a role for Fab glycans not only in modulating antigen binding14–19 but also in increasing 
antibody stability20, or extending in vivo antibody half-life15,21. Recently, evidence was 
provided for differential positive or negative selection for Fab glycosylation during antigen-
specific antibody responses19, which could in part be attributed to a direct effect of Fab 
glycans on antigen binding. Furthermore, altered levels of Fab glycosylation have been 
associated with pregnancy1 as well as with several pathophysiological conditions, including 
follicular lymphoma22, rheumatoid arthritis (RA) 23–25, primary Sjögren’s syndrome (SS)26,27, 
and suggested for systemic lupus erythematosus (SLE) 28. In other words, differential 
selection pressure towards accumulation of Fab glycans is observed during various immune 
responses. However, the mechanisms behind these different layers of selection for or against 
Fab glycosylation and the extent of possible functional consequences are currently not 
known.

We previously showed that the distribution of N-glycosylation sites within the heavy chain 
variable regions of memory B cells is not random, but is largely dependent on the biased 

6
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distribution of positions where a single nucleotide mutation would suffice to introduce 
an N-glycosylation site, so-called ‘progenitor sites’ (Figure 1A and Table I)19. Further 
insights in the regulation of loss and gain of N-glycosylation sites in antibody variable 
regions may aid in understanding the selection for Fab glycosylated antibodies during 
antibody responses in various (patho)physiological conditions. Herein, we expand previous 
investigation of patterns and acquisition tendencies of N-glycosylation sites within heavy 
and light chain antibody variable regions during B cell maturation of healthy individuals, 
and two B cell associated diseases, SLE and myasthenia gravis (MG).

Table I. Description of variable region N-glycosylation site subsets

Subset Description

Germline site N-glycosylation site present in germline arrangement of a V gene allele.

Non-germline site All N-glycosylation sites not corresponding to germline sites. These are the 
result of somatic hypermutation, or, within the CDR3, can also result from 
junctional diversity

Progenitor site Sequon in the germline that can become an N-glycosylation site with a single 
nucleotide mutation (see Fig. 4C). Most glycosylation sites in the memory 
repertoire correspond to these; and resulted from somatic hypermutation

Non-progenitor site Other non-germline N-glycosylation sites. These include those within the CDR3 
that resulted from junctional diversity, as well as those that resulted from two or 
more mutations during somatic hypermutation.

METHODS

Data sets
For this study we included data sets from three open source efforts. From the first data 
set (SRA: PRJNA338795)29 non-processed sequence reads from peripheral blood (PB) 
memory B cells (CD19+CD27+/reads from IgM, IgG, IgA, kappa, lambda) and naive B cells 
(CD19+CD27-/reads from IgM) of 4 healthy donors and 9 myasthenia gravis (MG) patients 
were collected. From the second data set (SRA: PRJEB18926)30 non-processed sequence 
reads from PB and bone marrow (BM) mononuclear cells (reads from IgG1-4, IgA, IgM, 
IgE) of 6 allergic but otherwise healthy donors were obtained. In case of seasonal allergens, 
samples were taken out of season, and in all cases, subjects were free of symptoms at the 
time of sample collection. From the third data set (SRA: SRP057017)31 non-processed 
sequence reads from PB memory B cells (CD19+IgD-CD27+/reads from IgM, IgG, IgA) and 
naive B cells (CD19+IgD+CD27-/reads from IgM) of 2 healthy donors and 7 SLE patients 
were collected.
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Data processing
A total of 13 million raw paired end reads were assembled, quality trimmed, and filtered 
using Pandaseq32 and in-house Perl and Awk scripts (sequences with a Q-value <30 or 
unidentified (N) nucleotides were excluded from further analysis). Isotypes were assigned 
using constant region primer matching (primers sequences are previously described29–31) 
and a random subset of ca. 20.000 sequences per isotype per sample were used for variable 
region germline alignment and mutation analysis of unique productive reads using IMGT/
HiV-QUEST (http://www.imgt.org/HighV-Quest/)33. IgM sequences were subdivided into 
naive IgM with zero mutation in the V gene of the heavy chain (VH), thus corresponding 
to the germline sequence, and memory IgM with ≥1 mutation(s) in the VH. The memory 
B cell repertoire was represented by PB memory IgM, IgG and IgA and BM IgG and IgA. 
Biological replicates of PB and BM memory IgM, IgG and IgA and BM IgE sequences were 
similar, however, this was not the case for PB IgE30. The latter were therefore excluded from 
most analyses and IgE sequences were not included in the combined memory repertoire 
analysis. Very few sequences of PB IgE were available for one of six donors and these were 
therefore excluded from the analysis. Sequences of the four IgG subclasses were processed 
as described above. Sequences from two biological replicates for 5 healthy donors were 
available from both PB and BM IgG1-4 B cells. One of six donors had essentially no 
IgG4 sequences and was excluded from the analysis. In one of the studies next-generation 
sequencing was carried out using unique molecular identifiers (UMIs)29. When using UMI-
guided read processing, as described previously29, error rates decreased with approximately 
1 error/sequence, illustrating the improved sequence quality when using UMI-adopted 
sequencing approaches. However, there was no appreciable difference in frequency 
distributions of N-glycosylation sites between the different types of processing.

Analysis of N-glycosylation sites
N-glycosylation site (N-X-S/T, X-P) mapping and matching to variable region progenitor 
sites was carried out essentially as previously described using either a combination of 
custom VB scripts and SQL queries in Microsoft Access19, or custom R scripts. Additional 
data processing was also carried out using custom R scripts. N-glycosylation sites within 
the CDR3 region of the heavy chain (H-CDR3) were subdivided according to their position 
in either the left junction (position 105 – start D gene), the D gene (nonameric sequon of 
IMGT D3-REGION) or the right junction (D gene terminus – position 117). Sequences 
missing the D gene were excluded from further analysis. To analyze mutation propensities 
at progenitor sites, we subdivided progenitor sites as being Type I, IIa, and IIb, as described 
in the main text. In brief, for each type of progenitor site one or two of the three possible 
mutations at a specific nucleotide position result in a glycosylation site and those can be 
compared to the other one or two possible mutations at that same nucleotide position that 
do not result in a N-glycosylation site. For each unique progenitor site, frequencies of 
each of the three possible mutations were determined and compared. N-glycosylation sites 

6



168

Chapter 6 | Antibody V region N-glycosylation site repertoires

that emerged through multiple mutations within the triplet were excluded and therefore 
potential cases of co-dependent mutations were not considered in this analysis. In addition, 
framework region (FR) 1 was excluded from the analysis as most 5’ primers annealed to 
this region. Only progenitor sites for which >1500 sequence reads were available were 
included in the analysis.

Antibody production and purification
Recombinant monoclonal antibodies were produced and purified as previously described19. 
In brief, synthetic VH and VL gene constructs were separately cloned into pcDNA3.1 
expression vectors containing the corresponding constant (C) genes, and cotransfected 
in HEK293F cells. After a 5-day incubation at 37°C in humidified 8% CO2 antibodies 
were purified from culture supernatant using protein G sepharose. For the generation 
of antibodies with germline N-glycosylation sites we used clone mAb63 for IGHV4-34. 
For IGHV1-8 we expressed an IGHV1-2 clone (anti-ADL 1.2) with and without a D81N 
mutation, which makes the clone homologous to an IGHV1-8 gene (i.e., ..TSTR(N/D)
TSISTA.. vs ..TMTRDTSISTA..). Similarly, for IGHV5-10-1, we expressed guselkumab 
(IGHV5-51) with and without a R66N mutation, making the sequence homologous to 
IGHV5-10-1 (i.e., ...DSDT(N/R)YSPSFQ… vs …DSYT RYSPSFQ…).

Detection of N-linked glycans at variable regions of monoclonal antibodies
Detection of N-glycosylation site occupancy was performed as described previously19. 
In brief, glycosylation of recombinant antibodies was analyzed by SDS-PAGE and lectin 
ELISAs, using Sambucus nigra agglutinin (SNA, Vector Laboratories) for the detection 
of sialic acid. All monoclonal antibodies that showed increased molecular weight by SDS-
PAGE also scored positive in the SNA lectin ELISA.

Statistical tests
Statistical comparisons were performed using two-tailed Student’s t test, one-way analysis 
of variance (ANOVA) or Wilcoxon signed rank test. Measures for correlation used Pearson 
or Spearman’s r test. Differences were considered statistically significant when the P 
values <0.05 (*P<0.05, ** P<0.01, *** P<0.001). Statistical analyses were performed using 
Graphpad Prism 7.04.

RESULTS

Distributions but not frequencies of non-germline N-glycosylation sites 
are similar amongst the different memory B cell repertoires
The frequency distributions of non-germline N-glycosylation sites (Table I) in naive and 
memory B cell populations were evaluated for 12 healthy individuals (ca. 1.5 million 
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Figure 1. Frequency distribution of non-germline N-glycosylation sites across antibody variable region 
sequences for healthy individuals. (A) Schematic representation of N-glycosylation site acquisition by 
SHM at a progenitor site in the antibody variable region. (B) The frequency of N-glycosylation sites (%) 
per isotype in PB and BM B cells. Bars indicate medians, error bars ± S.D., with the number of individuals 
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indicate FR1, for which coverage is incomplete (see M&M). Sites within the CDR3 at positions 111.1 – 112.1 
are collapsed into position 111. (D) Frequency (%) of N-glycosylation sites across junctions and D genes in 
the H-CDR3 for PB and BM B cells. Each dot represents a single donor, bars represent median. B and D, 
one-way ANOVA, *** p <0.001; ** p <0.01 * p <0.05.
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sequence reads, Table SI). The frequencies of N-glycosylation sites were lowest for naive 
IgM, followed by IgM memory, Kappa and Lambda light chains, and highest for switched 
memory B cells (Figure 1B). Interestingly, the frequency of sites was similar for IgG 
and IgA, but significantly higher in BM IgE. The biological replicates of PB IgE yielded 
completely dissimilar results30, hence the large S.D., and were therefore not taken into 
account for subsequent analyses. Despite differences in absolute frequencies, the overall 
distribution of non-germline N-glycosylation sites across the heavy chain variable 
regions was fairly similar for the different PB and BM memory B cell populations 
and clustered around the CDRs and the DE loop (Figure 1C). The main exception are 
N-glycosylation sites within FR4 position 125 that were significantly more frequent in IgA 
compared to the other memory repertoires. N-glycosylation sites found in variable regions 
of memory B cell light chain sequences (n=4), showed similar clustering of N-glycosylation 
sites around the CDRs and DE loop as observed for heavy chain sequences (Figure 1C, 
Kappa and Lambda). Of note, between individual donors, the frequency of sites found at 
a specific position varies considerably for all repertoires.

Non-progenitor sites found within and outside of the CDR3
In the V and J genes, the majority of N-glycosylation sites within memory rearranged 
sequences correspond to ‘progenitor sites’19 (Table I) ranging from 77 – 88% for heavy 
chains and 79 and 88% for kappa and lambda light chains, respectively. The remaining 
non-progenitor sites can be subdivided as either randomly introduced within the CDR3 
V-D and D-J / V-J junctions during V(D)J recombination or is the result of two or more 
mutations. Non-progenitor sites found in the heavy chains also have the tendency, although 
less pronounced, to clustered around the CDRs and DE loop (Figure S1A). Naive B cells, 
carry besides germline sites (not shown in Figure 1, see below), N-glycosylation sites within 
V-D and D-J junctions of the H-CDR3 (Figure 1C, naive IgM), with significantly higher 
tendency within V-D junctions (Figure 1D). The frequency of N-glycosylation sites within 
the D genes is low in the naive repertoire but increases significantly in memory B cells. 
Despite these changes, the total frequency of sites within the H-CDR3 does not increase 
upon B cell maturation (see below). Of class switched B cells found in bone marrow, IgA 
expressing B cells have fewer N-glycosylation sites within the D gene compared to IgG.

Negative selection for germline N-glycosylation sites in the memory 
repertoire
Three N-glycosylation sites are encoded in the germline IGVH repertoire (alleles IGHV1-
8, IGHV4-34, and IGHV5-10-1). These were analyzed separately for their frequency in 
both the naive and memory repertoires (Figure 2A). In memory B cells, the frequencies 
of germline sites at position 81 (IGHV1-8) and position 57 (IGHV4-34) are significantly 
lower than those in naive IgM B cells, both because the VH gene allele frequencies are 
lower, and furthermore because a substantial part of the germline sites is reverted to non-
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glycosylation sites by SHM. This trend was less pronounced for position 66 in the less 
prevalent allele IGHV5-10-1 (which was observed in only 4 out of 12 donors). Similar 
patterns were observed for bone marrow derived switched memory B cells (Figure 2B). 
Interestingly, germline site IGHV1-8 was retained in most cases for BM IgE (although the 
allele frequency did decrease compared to naive IgM B cells), whereas the site disappeared 
due to mutations in at least 40% of the cases for IgG or IgA. VL alleles containing germline 
sites (IGKV5-2, IGLV3-12, IGLV3-22, IGLV5-37) were observed infrequently (≤0.06%) 
and were not further analyzed.
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Figure 2. Loss of germline N-glycosylation sites in memory B cell repertoires. (A) Germline site and 
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The latter allele was only observed in 4/12 donors. (B) Germline site and corresponding allele frequencies 
(%) in memory BM B cells for 6 healthy individuals. Bars represent medians, each dot represents 1 donor. 
One-way ANOVA, *** p <0.001, ** p <0.01, * p <0.05.

Signs of negative selection for acquisition of N-glycosylation sites in the 
H-CDR3
Next, we evaluated the relationship between acquiring N-glycosylation sites and the 
accumulation of non-silent somatic mutations in the heavy chain variable regions (Figure 
3A). The percentage of sequences that carry non-germline N-glycosylation sites was 
highly dependent on the number of mutations, and increases rapidly up to 15 mutations, 
after which a plateau is established (Figure 3B and C). Furthermore, non-progenitor sites 
within VH and JH genes accumulate steadily but more slowly with increasing number of 
mutations (Figure 3D). By contrast, the percentage of sequences carrying N-glycosylation 
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sites within the H-CDR3 is essentially invariant with respect to the number of somatic 
mutations (Figure 3D). This implies a negative selection bias for glycosylation sites within 
the H-CDR3 compared to the overall variable region.
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Figure 3. Negative selection pressure for non-germline N-glycosylation sites in H-CDR3. (A) Number of 
VH sequences containing zero, one, or two N-glycosylation sites versus the number of non-silent mutations 
found in the sequence. Sequences of 12 healthy individuals for memory IgM, IgG, IgA were collapsed as their 
individual patterns showed high resemblance. (B,C) Percentage of VH sequences acquiring one (B) or two 
(C) N-glycosylation sites in the variable region versus the number of non-silent mutations. (D) Percentages 
of sequences with, non-germline N-glycosylation sites in the complete variable region, non-progenitor sites 
across V and J genes, and within the H-CDR3 versus the number of non-silent somatic mutations.

Progenitor site and mutation propensity dictate the N-glycosylation sites 
present in the memory repertoire
Next, we examined to which extent the frequency of acquired N-glycosylation sites at 
progenitor site positions depends on the frequency of the progenitor sites. Figure 4A 
shows frequencies of progenitor sites, grouped per position for most commonly used VH 
gene families, with corresponding N-glycosylation sites found in the memory repertoire. 
Certain progenitor sites are frequent but rarely mutate into an actual N-glycosylation site 
(e.g. position 56 in IGHV3) or the other way around (less common progenitor sites that 
relatively frequent mutate into actual N-glycosylation sites e.g. position 86 in IGHV4). For 
other positions both the progenitor site and the N-glycosylation site are frequently found 
(e.g. position 90 in IGHV4). In other words, acquiring N-glycosylation sites during SHM 
is not solely dictated by the presence of a progenitor site, since the observed mutation 
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frequencies differ substantially between positions. Nevertheless, a moderate correlation 
was found between the number of progenitor sites (i.e., allele frequency) and the number 
of N-glycosylation sites (Figure 4B; Pearson r = 0.55, p <0.001).

In order to analyze the propensity for mutation towards N-glycosylation sites in more detail, 
we compared progenitor site mutations resulting in N-glycosylation sites to the other two 
possible mutations at the same nucleotide position. For the majority of progenitor sites 
(designated ‘Type I’; an example is shown in Figure 4C), only one specific replacement 
mutation results in an N-glycosylation site (Rglyc), whereas the two other possible mutations 
correspond to other non-silent or ‘replacement’ mutations (Ro). Analysis of all unique Type 
I nonameric progenitor sites across VH gene families revealed a large variation in mutation 
frequencies for both glycan-introducing and other replacement mutations across progenitor 
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sites (Figure 4D). A moderate to strong correlation was observed between either the Rglyc 
and the most frequent other mutation (Ro1; rs = 0.69, p <0.0001) and the least frequent 
other mutation (Ro2; rs = 0.55, p <0.0001) at each particular site. On average, the Rglyc 
mutation was slightly more frequent than Ro2 (Figure 4E, median = 1.51, p <0.0001), 
and about three times less frequent as Ro1 (median = 0.30, p <0.0001). This means that 
the overall propensity to acquire a glycan-introducing mutation falls within the range 
of acquiring another replacement mutation at that position, but with a wide range of ca. 
0.01 to 100-fold for individual positions. Furthermore, the relative propensity for glycan-
introducing mutations (relative to the other mutations, i.e., Ro1 and Ro2) observed for the 
CDRs is similar for the FRs, despite a higher overall mutation frequency for the CDRs 
(Figure 4F and G). Similar trends were observed for two other, less frequent groups of 
progenitor sites Type IIa/b mutations (examples are shown in Figure S1B), for which two 
out of three mutations at a single nucleotide position result in a glycosylation site (Figure 
S1C). Taken together, these results indicate that there is no pronounced selection pressure 
against acquiring N-glycosylation sites within the variable region during B cell maturation.

TH2 associated antibodies have increased levels of N-glycosylation sites
Since we observed a 2-fold higher frequency of non-germline N-glycosylation sites for 
IgE in comparison to the other switched isotypes, we also examined N-glycosylation site 
frequencies for the IgG subclasses including IgG4, which is also associated with TH2-like 
antibody responses. We previously observed an increased frequency of N-glycosylation 
sites in PB IgG4 variable region sequences, albeit in a small dataset19. Here, we confirm 
and extend this observation for 5 individuals for which IgG subclass-specific sequences 
were available for both PB and BM IgG B cells. Both PB and BM IgG4 antibodies have 
significantly higher frequencies of N-glycosylation sites in comparison to the other IgG 
subclasses (Figure 5A) and similar to BM IgE. The elevated number of N-glycosylation 
sites in IgG4 and IgE could not be explained by elevated levels of SHM (Figure 5B). 
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Figure 5. Enrichment of non-germline N-glycosylation sites in TH2 associated antibodies IgG4 and IgE. 
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Furthermore, there were no obvious differences in VH allele usage that could clarify 
these differences in N-glycosylation site frequencies (data not shown). Taken together, the 
elevated levels of N-glycosylation sites for both IgE and IgG4 indicate an altered selection 
pressure for the variable region antibody repertoire for TH2-like antibody responses.

Bulk B cell N-glycosylation patterns in autoimmune patients resembles 
those of healthy individuals
Next, we assessed the acquisition of variable region N-glycosylation sites in the general 
antibody repertoire of patients with autoantibody-mediated immune diseases, i.e. systemic 
lupus erythematosus (SLE, n=7) and myasthenia gravis (MG, n=9). N-glycosylation site 
frequency, distribution, and repertoire composition of bulk memory B cell repertoires of 
these patients were very similar to those of healthy individuals (Distributions not shown; 
Figure S2A-D). In other words, there does not appear to be gross alterations in Fab 
glycosylation patterns in these B cell-associated autoimmune diseases.

Antibodies with N-glycosylation sites at progenitor sites are frequently 
glycosylated
The presence of an N-glycosylation site does not guarantee that sites become occupied with 
glycans, since this is also influenced by the nature of the core amino acid (X), adjacent amino 
acids, and the overall folding of the protein34–36. Here we examined the actual glycosylation 
tendencies for both germline and non-germline variable region N-glycosylation sites. First, 
to investigate if the negative selection for germline sites in the memory repertoire may 
be attributed to glycosylation of these sites, antibodies corresponding to germline alleles 
IGHV1-8, IGHV4-34, and IGHV5-10-1 were expressed and glycosylation of the three 
germline N-glycosylation sites was analyzed using gel electrophoresis. Antibodies with 
Fab glycans exhibit an increased molecular weight compared to their non-glycosylated 
counterparts (Figure 6A). We observed that the germline site at position 57 in IGHV4-34 
is not glycosylated, whereas germline sites at position 81 in IGHV1-8 and 66 in IGHV5-
10-1 do become fully and partially glycosylated, respectively.

Next, we investigated the glycosylation of 38 non-germline N-glycosylation sites located 
at progenitor site positions in 27 different recombinant expressed monoclonal antibodies 
(including previously described18,19,34,35,37 and newly examined – for details see Table SII). 
From these N-glycosylation sites 35 out of 38 (92.1%) become at least partially occupied by 
glycans as confirmed by gel electrophoresis, lectin ELISA, or Mass Spectrometry (Figure 6B, 
Figure S2E and F). In addition, we did not observe preferential glycosylation of monoclonal 
antibodies that carry the N-X-S sequon compared to N-X-T, 90.5% and 94.1% respectively. 
These results suggest that in general, the acquisition of N-glycosylation sites located on 
progenitor sites during SHM will lead to expression of antibodies with variable region 
glycans. A major exception are the progenitor sites at position 57 in VH family IGHV4, that 
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are homologous to the germline site in IGHV4-34. Introduction of this N-glycosylation site 
into two different IGHV4 alleles (IGHV4-4 and IGHV4-39) did not lead to the introduction 
of a glycan (Figure 6C). In summary, although not every position across the variable region 
has been tested, these results suggest that the majority of the N-glycosylation sites introduced 
by SHM during B cell maturation have the potential to become glycosylated.
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Figure 6. Glycosylation of N-glycosylation sites in monoclonal antibodies. (A) Gel-electrophoresis of 
germline (GL) N-glycosylation sites. Left, reduced SDS-PAGE of full length IgG1 IGHV1-8, heavy chain at 
50 kD. Middle, lectin ELISA of F(ab’)2 IGHV4-34. Right, reduced SDS-PAGE of full length IgG1 IGHV5-10-1, 
heavy chain at 50 kD. (B) Schematic overview of the glycosylation of 38 N-glycosylation sites (in 27 different 
monoclonal antibodies) at various progenitor site positions. Glycosylation was confirmed by gel-electro-
phoresis, lectin ELISA or Mass Spectrometry as detailed in Table SII. (C) Gel electrophoresis of IGHV4-34 
GL site replacement in IGHV4-39 and IGHV4-4. Non-reduced SDS-PAGE of F(ab’)2 fragments, at 100 kD.

DISCUSSION

Glycosylation of antibody variable regions stands out as an additional layer of repertoire 
diversification, being dependent on the primary amino acid structure as well as subsequent 
events resulting in attachment and further processing of glycans. Here, we analyzed in detail 
the patterns and biases of N-glycosylation sites across naive and memory B cell subsets. 
With the exception of the H-CDR3, we did not find evidence for an overall selection bias 
against the introduction of N-glycosylation sites in the variable region. This is noteworthy 
given that introduction of a large bulky glycan may be a disruptive event in terms of folding 
or antigen binding.

Interestingly, we observed an almost 2-fold higher propensity for both IgE and IgG4 to 
acquire glycans compared to IgG1 or IgA, indicating that TH2-like responses develop a 
skewed variable region repertoire.
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The 2-fold increase of acquired N-glycosylation sites for IgE and IgG4 could not be 
explained by increased levels of somatic mutations in these isotypes nor by a biased V 
gene usage. IgG4 and IgE responses have in common that they are often produced during 
so called TH2 responses, characterized by IL-4 and IL-5, the former of which is known to 
induce class switching to both IgG4 and IgE36. Although glycans can positively contribute 
to antigen binding14–18, it is unlikely that antigens that provoke a TH2-like response would 
generally be better recognized by antibodies carrying glycans. Alternatively, there may be 
(endogenous) sugar binding lectins involved in TH2-skewed responses that pose a selective 
survival advantage to B cells with Fab glycosylated B cell receptors. For IgE, there are 
indications for impaired GC responses38,39, which tentatively might provide the environment 
that positively selects for enhanced levels of Fab glycosylation. IgG4 antibody responses are 
associated with tolerance which make it feasible that Fab glycans contribute to a tolerogenic 
phenotype by dampening antigen binding or interaction with lectins on other immune 
cells and thereby exerting immune modulatory properties. Of note, we have recently 
observed elevated levels of Fab glycosylation on serum IgG4 from patients with IgG4-
related disease40. A disease characterized – amongst others – by abnormally high levels of 
infiltrating IgG4+ plasma cells into one or more affected organs. The potential consequences 
of elevated Fab glycosylation levels of IgG4 and IgE remain to be investigated.

It is relevant to point out that the biases observed in this study do not solely reflect selection. 
First, the non-random clustering of progenitor sites in the germline repertoire19 already pre-
determines to a substantial degree at which positions N-glycosylation sites are introduced. 
Second, the intrinsic mutability of a germline gene varies substantially depending on its 
sequence, and the distribution of so-called ‘mutation hot- and cold-spot motifs’ influence 
overall mutation patterns during somatic hypermutation41,42. Furthermore, since the overall 
patterns for acquiring N-glycosylation sites at particular positions reflect the average of 
a multitude of individual, antigen-specific B cell responses, it is not possible to directly 
link such patterns to antigen-driven selection, similar to other amino acid substitution 
profiles43. For example, the negative bias for N-glycosylation site acquisition in the H-CDR3 
in general, does not exclude the occasional positive contribution of a H-CDR3 glycan to 
antigen binding. On the other hand, it is feasible that alterations in glycosylation patterns 
may, for example, associate with certain physiological or pathological conditions. In this 
regard, the hyper Fab glycosylation observed for RA-specific autoantibodies (>90%)34, 
or the increased frequencies of N-glycosylation sites in parotid gland-derived B cells of 
primary SS patients26 represent an important research topic. Nevertheless, bulk serum 
IgG in RA patients does not appear to be aberrantly Fab glycosylated. Here we show 
that this is also true for the bulk memory repertoire of SLE and MG patients. Thus, 
despite the presence of relatively large amounts of autoantibodies in some patients, most 
of the circulating antibodies are not autoreactive. Therefore, differential glycosylation 
pattern of these autoantibodies cannot be revealed from bulk repertoire analysis. Elevated 
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levels of Fab glycosylation have been suggested as a general feature of autoimmunity28. 
However, the observed frequencies of N-glycosylation sites within bulk B cell repertoires 
of autoimmune disease patients fall well within the range of those observed here for healthy 
individuals. Therefore, aberrant Fab glycosylation may be mostly restricted to disease-
specific autoreactive B cells, for reasons yet to be unraveled. Altered autoreactivity of Fab 
glycosylated antibodies poses a potential mechanism. A recent paper described positive 
selection for Fab glycosylated autoantibodies in SS patients due to enhanced autoantigen 
binding44. However, both enhanced and diminished binding was observed for autoantibodies 
associated with RA34 and Fab glycans have also been suggested to contribute to redemption 
of autoreactivity45.

Bulky glycan structures in suboptimal positions may interfere with antibody folding and 
function. Therefore, one might expect that the introduction of N-glycosylation sites is 
restricted. We observed that N-glycosylation sites readily emerge throughout the variable 
region with similar distributions of sites amongst the different antibody classes that 
clustered around the antigen binding regions. A striking exception was an IgA-restrictive 
site at position 125. It would be of interest to find out if this site becomes glycosylated 
and whether it serves a purpose in IgA physiology. IgA antibodies associated with the 
intestinal lumen may benefit from extensive glycosylation as it can offer protection for 
the many residing proteases46. For one region in particular, the CDR3 of the heavy chain, 
we observed that relatively few sequences acquired N-glycosylation sites, irrespective of 
the accumulation of mutations. Interestingly, of all CDRs H-CDR3 is most important for 
antigen recognition and is the epicenter of most antigen-antibody contacts47. It is therefore 
likely that introduction of a glycan in the H-CDR3 is a highly unfavorable event, which 
can explain the local negative selection for N-glycosylation sites.

Somatic mutations can introduce but also remove N-glycosylation sites. For germline 
N-glycosylation sites the preservation of the sites in the memory repertoire was an 
unfavorable event, both in terms of selection against VH alleles carrying germline sites, 
as well as substantial loss of sites due to somatic hypermutation. In case of IGHV1-8, it 
is possible that the occurring negative selection is attributed to the presence of a glycan 
on the germline N-glycosylation site. By contrast, the germline site in IGHV4-34 is not 
glycosylated, thus glycosylation can therefore not account for the negative selection 
pressure. However, the IGHV4-34 allele has been associated with autoreactivity and is 
therefore negatively selected in general48. The main contribution of germline sites to the 
comprehensive variable region N-linked glycan repertoire of the memory B cell population 
derives from IGHV1-8. With taking into account the infrequent occurrence of IGHV5-10-
1, we estimate that germline sites account for approximately 5% of the glycans found on 
serum IgG and IgA.



179

It should be kept in mind that beyond the presence or absence of a glycan, its structural 
profile can vary substantially from one N-linked glycan to another49. The essential first 
event during glycosylation is the attachment of a high-mannose structure to the asparagine 
residue of the N-glycosylation site during antibody translation and folding in the ER. 
The presence of any glycan – regardless of its precise structure – depends on this first 
step. Hereafter, substantial multi-step glycan trimming and build-up takes place in the 
Golgi, with a wealth of possible outcomes9. Transfer of N-linked glycans to prototypic 
N-glycosylation sites does not always occur and is amongst others constrained by the 
accessibility of the N-glycosylation site for glycan attaching enzymes. Here, we show that 
the majority of N-glycosylation sites introduced at progenitor sites by SHM are glycosylated 
(Figure 6) which suggest that progenitor sites in general are located at positions that 
allow facile glycosylation. In summary, this study identified additional factors that shape 
the antibody variable region N-glycosylation repertoire. These results indicate that there 
exists differential selection pressure for glycans during B cell responses, with a profound 
skewing during TH2-like responses.
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SUPPLEMENTARY MATERIAL

Table SI. Overview of total read counts after data processing per donor per antibody isotype

Ref
B cell 
source Isotype Samples per isotype No. reads

V
an

 d
er

 H
ei

de
n29

PB IgM n HD07_M ; HD09_M ; HD10_M ; 
HD13_M 1786 ; 4509 ; 2812 ; 2324

PB IgM m HD07_M ; HD09_M ; HD10_M ; 
HD13_M 10226; 8511 ; 6845 ; 7759

PB IgG HD07_M ; HD09_M ; HD10_M ; 
HD13_M 4503 ; 3978 ; 5191 ; 9570

PB IgA HD07_M ; HD09_M ; HD10_M ; 
HD13_M 10914 ; 7740 ; 6189 ; 10613

PB Kappa HD07_M ; HD09_M ; HD10_M ; 
HD13_M 9023 ; 9366 ; 8876; 10258

PB Lambda HD07_M ; HD09_M ; HD10_M ; 
HD13_M 8582 ; 6668 ; 6833 ; 6725

PB IgG
MK08_M ; MK02_M ; MK03_M ; 
AR03_M ; AR04_M ; AR02_M ; 
AR05_M ; MK04_M ;

3340 ; 5140 ; 1379 ; 5366 ; 5010 ; 7722 ; 
4287 ; 1512

PB IgA
MK08_M ; MK02_M ; MK03_M ; 
AR03_M ; AR04_M ; AR02_M ; 
AR05_M ; MK04_M ; MK05_M

6927 ; 9039 ; 4394 ; 8848; 12289 ; 10166 ; 
15470 ; 4951 ; 6568

L
ev

in
30

PB IgM n Donor 1 – 6 PB sample 1 7069 ; 8011 ; 4693 ; 8911 ; 3406 ; 6492

PB IgM n Donor 1 – 6 PB sample 2 7786 ; 8847 ; 5561 ; 8025 ; 3194 ; 7156

PB IgM m Donor 1 – 6 PB sample 1 8184 ; 7561 ; 11541 ; 7801 ; 14804 ; 9454

PB IgM m Donor 1 – 6 PB sample 2 8062 ; 8748 ; 13114 ; 7045 ; 13979 ; 10800

PB IgG Donor 1 – 6 PB sample 1 12936 ; 11704 ; 13400 ; 14515 ; 13399 ; 
11144

PB IgG Donor 1 – 6 PB sample 2 14200 ; 14268 ; 11433 ; 11473 ; 12273 ; 
12598

PB IgA Donor 1 – 6 PB sample 1 11836 ; 11111 ; 13272 ; 12409 ; 13533 ; 
10667

PB IgA Donor 1 – 6 PB sample 2 12974 ; 10491 ; 12791 ; 11433 ; 13256 ; 
16633

PB IgE Donor 1 – 5 PB sample 1 9144 ; 3803 ; 4822 ; 2463 ; 8312

PB IgE Donor 1 – 5 PB sample 2 10296 ; 7436 ; 9218 ; 6914 ; 6456

BM IgG Donor 1 – 6 BM sample 1 16475 ; 15642 ; 16572 ; 15687 ; 15763 ; 
17338

BM IgG Donor 1 – 6 BM sample 2 15979 ; 15624 ; 17693 ; 16377 ; 17374 ; 
16019
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Table SI. Overview of total read counts after data processing per donor per antibody isotype (continued)

Ref
B cell 
source Isotype Samples per isotype No. reads

T
ip

to
n31

BM IgA Donor 1 – 6 BM sample 1 12128 ; 11732 ; 11315 ; 12516 ; 12145 ; 
11256

BM IgA Donor 1 – 6 BM sample 2 12441 ; 12569 ; 11427 ; 12867 ; 12586 : 
13631

BM IgE Donor 1 – 6 BM sample 1 13241 ; 12477 ; 11765 ;9620 ; 12638 ; 10802

BM IgE Donor 1 – 6 BM sample 2 13114 ; 13609 ; 12454 ; 8462 ; 11743 ; 10835

PB IgG SLE1-126 ; SLE2-178 ; SLE3-292 ; SLE4-
2037; SLE5-262 ; SLE7-730 ; SLE6-161

13190 ; 12187 ; 14998 ; 14904 ; 15388 ; 
14763; 12006

PB IgA SLE1-126 ; SLE2-178 ; SLE3-292 ; SLE4-
2037; SLE5-262 ; SLE7-730 ; SLE6-161

13939 ; 11689 ; 12702 ; 14379 ; 13133 ; 
12723; 12715

BM IgA D1 ; D2 9213 ; 11663

BM IgG D1 ; D2 10805 ; 11734

PB, peripheral blood; BM, bone marrow; IgM n, IgM naive; IgM m, IgM memory



185

Table SII. Glycosylation of non-germline N-glycosylation sites corresponding to progenitor sites in the 
variable domain of monoclonal antibodies.

Position Allele Occupied Clone N-glycosylation site

H
ea

vy
 c

ha
in

20 IGHV1-69*01 Yes RA1034 NVS

29 IGHV1-18*01 Yes α-IFX 1.319 NFT

29 IGHV1-2*02 Yes α-cFib 1.234 NVT

58 IGHV3-21*02 Yes RA1134 NRS

59 IGHV3-9*01 Yes ADL G63S19 NSS

66 IGHV1-69*01 Yes α-IFX 2.119 NYT

66 IGHV1-18*01 Yes α-ADL 1.319 NYT

68 IGHV4-39*01 Partial RF065 NYT

75 IGHV3 Yes CBGA118 NNS

77 IGHV1-3*01 Yes α-ADL 2.119 NFT

77 IGHV3-53*03 Yes RA834 NIS

77 IGHV3-9*01 Yes ADL T77N19 NIS

77 IGHV4-39*01 Yes α-ADL 2.619 NIS

77 IGHV1-3*01 Yes α-ADL 2.1019 NIT

77 IGHV3-30*01 Yes α-D T77N NIS

82 IGHV3-9*01 Yes ADL K84T19 NAT

84 IGHV3-30*01 Yes α-IFX 2.319 NNT

84 IGHV3-9*01 Yes ADL K84N19 NNS

90 IGHV4-38-2*02 Yes RF063 NLT

90 IGHV4-34*01 Yes α-ADL 2.719 NLT

97 IGHV1-2*02 Yes α-cFib 1.234 NDT

L
ig

ht
 c

ha
in

18 IGLV1-51*01 Yes α-cFib 1.134 NVT

22 IGLV3-25*02 Yes RA834 NCS

22 IGKV4-1*01 Yes RA1434 NCT

25 IGLV1-51*01 Yes mAb-C535 NSS

26 IGKV3-20*01 Partial α-ADL 2.1019 NRS

26 IGKV2-28*01 Yes RA1534 NQS

28 IGKV1-33*01 Partial α-ADL 2.919 NIS

28 IGKV1-33*01 No α-NTZ 2.2 NIS

37 IGKV1-27*01 Yes ADL L39S19 NYS

77 IGKV1-33*01 Partial α-ADL 2.919 NGS

77 IGKV1-33*01 No α-NTZ 2.2 NGS

79 IGKV1-33*01 Yes α-ADL 2.219 NGS

79 IGKV1-27*01 Yes ADL S79N19 NGS

79 IGKV1-39*01 Partial α-D S79N NGS

86 IGKV1-27*01 Yes ADL D86N19 NFT

108 IGKV1-27*01 No ADL A114T19 NRT

110 IGLV2-23*02 Yes α-IFX 1.419 NIT

ADL, Adalimumab; IFX, Infliximab; NTZ, Natalizumab; RF, Rheumatoid Factor; GSK, Guselkumab; RA, Rheumatoid 
arthritis; cFib, citrullinated fibrinogen; H, heavy chain; L, light chain

6
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Chapter 6 | Antibody V region N-glycosylation site repertoires
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Figure S1. Frequency distribution of non-progenitor sites across antibody variable region for healthy 
individuals. (A) Distributions are shown for memory PB B cells (IgM, IgG and IgA). Bars represent medians 
from multiple donors (n=12). Horizontal grey bars indicates FWR1, for which coverage is incomplete. Sites 
within the H-CDR3 at positions 111.1 – 112.1 are collapsed into position 111. (B) Mutation propensities in 
Type IIa and IIb progenitor sites. Examples of a Type IIa and IIb germline nonameric progenitor site nu-
cleotide motif (C) Scatterplot of the glycan-introducing mutations (Rglyc1, Rglyc2) versus either the silent 
(S) or replacement (Ro) mutation. Correlations were observed both between Rglyc mutations and silent (S) 
mutations (rs= 0.75, p = 0.003) and non-silent (Ro) mutations (rs = 0.56, p = 0.007). The propensity for Rglyc 
mutations over S mutations was 4-fold lower (median = 0.22, p <0.0001), and slightly higher for Ro mutations 
(median Rg/Ro = 1.29, p <0.04). Spearman’s r, p <0.0001 and Wilcoxon signed rank test.
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Figure S2. Frequency distribution of non-germline N-glycosylation sites across antibody variable region 
sequences for MG and SLE patients. (A) The frequency of N-glycosylation sites (%) for IgG and IgA PB B 
cells of healthy individuals (HC; n=12) and disease subjects (MG; n=9, SLE; n=7). Bars indicate medians, 
error bars ± S.D. (B,C) Correlation of progenitor sites and acquired glycosylation sites between HC and 
disease subjects for PB derived memory B cells. (D) Ratios of Rglyc versus Ro mutations compared for HC 
and disease subjects. (E) Glycosylation assessment of five monoclonal antibodies with N-glycosylation sites. 
Gel-electrophoresis of α-D monoclonal antibodies. (F) Lectin ELISA for IVIg, two rheumatoid factor (RF) 
monoclonal antibodies RF063 and RF065 and α- natalizumab (NTZ) 2.2
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ABSTRACT

Increased prevalence of autoantibody Fab glycosylation has been demonstrated for several 
autoimmune diseases. To study if elevated Fab glycosylation is a common feature of 
autoimmunity, we investigated Fab glycosylation levels on serum IgG and its subclasses for 
autoantibodies associated with a range of different B cell-mediated autoimmune diseases, 
including rheumatoid arthritis, myasthenia gravis subtypes, pemphigus vulgaris, ANCA-
associated vasculitis, systemic lupus erythematosus, anti-GBM glomerulonephritis, 
thrombotic thrombocytopenic purpura and Guillain-Barré syndrome. The level of 
Fab glycosylated IgG antibodies was assessed by lectin affinity chromatography and 
autoantigen-specific immunoassays. In six out of ten autoantibody responses, in five out 
of eight diseases, we found increased levels of Fab glycosylation on IgG autoantibodies 
that varied from 86% in RA to 26% in SLE. Elevated autoantibody Fab glycosylation was 
not restricted to IgG4, which is known to be prone to Fab glycosylation, but also present 
in IgG1. When autoimmune diseases with a chronic disease course were compared with 
more acute autoimmune illnesses, increased Fab glycosylation was restricted to the chronic 
diseases. As a proxy for chronic autoantigen exposure, we determined Fab glycosylation 
levels on antibodies to common latent herpes viruses, as well as to gp120 in chronically 
HIV-1-infected individuals. Immunity to these viral antigens was not associated with 
increased Fab glycosylation levels, indicating that chronic antigen-stimulation as such 
does not lead to increased Fab glycosylation levels. Our data indicate that in chronic but not 
acute B cell-mediated autoimmune diseases disease-specific autoantibodies are enriched 
for Fab glycans.
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INTRODUCTION

A central role of the immune system is to protect the host from invading pathogens, while 
maintaining tolerance to self. Failure to distinguish self from non-self is at the basis of 
autoimmunity and if improperly regulated this can lead to pathology and disease1. To date 
nearly 100 distinct autoimmune diseases are described that collectively affect 3-5% of the 
general population, with ever rising incidence. Autoimmune diseases are highly diverse and 
diseases differ in severity, affected tissue(s) and effector mechanism that cause damage. 
Although incompletely understood, autoimmunity is thought to result from a combination 
of loss of tolerance mechanisms, genetic susceptibility, and environmental factors2.

The presence of autoantibodies is a common feature of many autoimmune diseases, 
and for some diseases these can be useful for diagnosis and classification and for others 
may correlate with the disease status or predict further clinical evolution of the disease3. 
Autoantibodies can be directed against a variety of molecules, such as nucleic acids, lipids 
or proteins and mediate both systemic inflammation and tissue damage4. For several 
IgG autoantibody responses, an increased prevalence of antibody variable region (Fab) 
glycosylation has been observed5, such as anti-CCP in rheumatoid arthritis (RA)6,7 and 
anti-MPO in ANCA-associated vasculitis (AAV)8,9. Fab glycans are attached to consensus 
N-glycosylation sites (N-X-S/T) that are mainly introduced via the process of somatic 
hypermutation during antigen-specific immune responses, as they are largely absent in 
the naive B cell repertoire10. In healthy individuals, about 10-14% of serum IgG is Fab 
glycosylated11–15 with IgG4 antibodies showing higher levels of Fab glycosylation (44%) 
compared to the other IgG subclasses (IgG1:12%, IgG2:11%, IgG3:15%)15. Furthermore, 
mass spectrometry glycan analysis revealed that most Fab glycans have a complex-type 
biantennary structure with high levels (>90%) of terminal sialic acid residues13,16,17.

The role of Fab glycans in autoimmunity, as for immunity in general, is poorly understood. 
Fab glycans can affect antigen binding18–20. Therefore, it has been postulated that Fab glycans 
may reduce autoimmunity by masking the autoantigen binding sites of autoantibodies21. 
Likewise, Fab glycans expressed by autoreactive B cell receptors (BCRs) have been 
shown to enhance BCR-signaling and to prolong its expression on the cell-surface after 
antigenic triggering22. In certain B cell lymphoma, such as follicular or diffuse large B 
cell lymphoma, the introduction of Fab glycans on the BCR might allow for interaction 
with lectins in the germinal center and thereby provide survival signals to sustain tumor 
growth23,24. In addition, Fab glycans may also arise upon chronic antigen exposure since 
elevated Fab glycosylation levels are found on IgG4 and IgE antibodies which are associated 
with repeated or chronic antigen exposure10,15,25,26. Furthermore, anti-hinge autoantibodies in 
both RA patients and healthy individuals were extensively Fab glycosylated suggesting that 
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elevated Fab glycosylation may develop in response to an inflammatory microenvironment 
not per se restricted to autoimmunity27.

Although several IgG autoantibody responses have been characterized with increased 
levels of Fab glycans, it is not known whether this is a general characteristic acquired by 
autoantibodies that develop in the context of autoimmunity. Therefore, characterization 
of Fab glycosylation levels on a broad spectrum of autoantibody responses is important 
as it may provide a more detailed understanding of the role of Fab glycans in pathological 
conditions.

METHODS

Patients and healthy controls were included at the various collaborating teams at the 
University Medical Centers in Amsterdam, Leiden, Rotterdam, Groningen, and Paris 
according to the approved study protocols and with written consent of the patients according 
to the Declaration of Helsinki. In this study cross-sectional samples were included prior to 
(B cell targeted) therapy or more than 6 months after immunosuppressive treatment. For 
samples, lectin (SNA) affinity chromatography, total and specific IgG immunoassays, and 
gel filtration chromatography, see details in Supplementary material.

Statistical analysis
Differences between two groups were analyzed using a paired or unpaired t-test and 
between multiple groups using a Kruskal-Wallis ANOVA and a Dunn posttest for multiple 
comparisons. Non-parametric correlations were analyzed with a Spearman rank correlation 
test. A p value <0.05 was considered significant. The statistical analyses were carried out 
using GraphPad Prism 9.1.1.

RESULTS

Variable levels of autoantibody Fab glycosylation across multiple 
autoimmune diseases
To investigate if elevated levels of Fab glycosylation are a general characteristic acquired 
by antibodies that develop in the context of autoimmunity, we analyzed the level of Fab 
glycosylation for ten autoimmune disease-associated IgG autoantibody responses in 
cross-sectional serum samples taken before B cell targeted therapy across eight different 
autoimmune diseases (Table I). To do so, we fractionated sera of autoimmune patients (n 
= 101) and healthy controls (n = 15) using Sambucus nigra agglutinin (SNA, sialic acid 
binding lectin) affinity chromatography (Figure 1A). SNA affinity chromatography of 
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serum results in an SNA+ fraction (enriched for sialylated antibodies) and an SNA- fraction 
(devoid of sialylated antibodies). Total and specific IgG is measured in the initial serum and 
in SNA+ and SNA- fractions by quantitative ELISA, RIA, Luminex, FEIA or MIA. The 
percentage of Fab sialylated antibodies is calculated by dividing the amount of (antigen-
specific) IgG detected in the SNA+ fraction by the combined amount of (antigen-specific) 
IgG detected in the SNA+ and SNA- fractions (amount refers to arbitrary units measured 
in each fraction, Supplementary material). This technique allows for the enrichment of 
Fab sialylated antibodies, but not for Fc glycans, and provides a good estimate for the level 
of Fab glycosylation as over 90% of Fab glycans carry terminal sialic acid residues12,13,28.

Table I. Description of included autoimmune diseases for determination of autoantibody Fab 
glycosylation levels

Disease Autoantigen(s) Autoantibody 
subclass(es) Organ(s) affected No. patients 

included

Rheumatoid Arthritis CCP2, CarP IgG1-4 Joints, lungs, heart, skin, 
eyes and others

12

Myasthenia Gravis MuSK, AChR IgG1, IgG4 Muscle 24

Pemphigus Vulgaris Dsg3 IgG1, IgG4 Oral mucosa, skin 9

ANCA-Associated 
Vasculitis

PR3 IgG1, IgG3 Blood vessel walls 21

Systemic Lupus 
Erythematosus

dsDNA IgG1, IgG3 Skin, joints, kidneys, 
lungs, heart, others

10

Anti-Glomerular 
Basement Membrane 
disease

α3(VI) NC1 IgG1, IgG4 Kidneys & lungs 8

Guillain-Barré 
Syndrome

Gangliosides IgG1, IgG3, IgG4 Peripheral nervous 
system

8

Thrombotic 
Thrombocytopenic 
Purpura

ADAMTS13 IgG1, (IgG4) Central nervous system, 
kidneys, and others

9

In line with previous studies6,15,29, for ACPA in RA, we found high levels of Fab glycosylation 
(anti-CCP2, 86% [IQR 71-90]) that were significantly elevated compared with those of total 
IgG (14% [IQR 12-16], p <0.0001, Figure 1B). For the subset of samples with quantifiable 
anti-CarP antibody levels, we also found high levels of Fab glycosylation for anti-CarP 
antibodies (51% [IQR 42-77]), but significantly lower than for anti-CCP2 antibodies (p = 
0.05). Significantly increased levels of autoantibody Fab glycosylation were also observed 
for anti-Dsg3 antibodies found in patients with PV (49% [IQR 37-55], p <0.0001), anti-PR3 
antibodies found in patients with AAV (31% [IQR 15-40], p <0.0001) and anti-dsDNA 
(26% [IQR 19-34] p = 0.02) antibodies found in patients with SLE when compared to Fab 
glycosylation levels on their total IgG (Figure 1C). In contrast, Fab glycosylation levels 
on autoantibody responses found in patients with anti-GBM glomerulonephritis, GBS and 
TTP, anti-alpha3(IV)NC1 antibodies (10% [IQR 2-23]), anti-gangliosides antibodies (<3% 
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[IQR 2-4]) and anti-ADAMTS13 antibodies (3% [IQR 1-10]), respectively were found to be 
similar or decreased compared with that of their total IgG (GBM: 14%, p = 0.07; GBS: 11%, 
p <0.0001 and TTP: 12%, p = 0.05) (Figure 1D). Remarkably, in patients with MG we found 
high levels of Fab glycosylation for anti-MuSK antibodies (46% [IQR 29-64], p = 0.0001) 
but levels comparable to those of total IgG (11% [IQR 11-17]) for anti-AChR antibodies 
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Figure 1. Prevalence of IgG autoantibody Fab glycosylation across multiple autoimmune diseases. (A) 
Schematic overview of methodology. Cross-sectional serum samples taken before B cell targeted therapy or 
more than 6 months after immunosuppressive treatment from eight different autoimmune patients cohorts 
were fractionated using SNA affinity chromatography generating a sialic acid enriched (SNA+) and depleted 
(SNA-) pool of serum proteins. Total and antigen-specific IgG is determined for both fractions. The percent-
age of Fab glycosylated antibodies was calculated by dividing the amount of IgG in SNA+ by the amount of 
IgG in the combined SNA+ and SNA-fractions (i.e., arbitrary units measured in each fraction). Percentage 
of Fab sialylated total (T) IgG, (B) anti-CCP2 (n = 11) and anti-CarP (n = 8) in rheumatoid arthritis (RA), 
(C) anti-Dsg3 (n = 9) in pemphigus vulgaris (PV), anti-PR3 (n = 21) in ANCA-associated vasculitis (AAV), 
anti-dsDNA (n = 10) in systemic lupus erythematosus (SLE), (D) anti-alpha3(IV)NC1 (n = 8) in anti-GBM 
glomerulonephritis (GBM), anti-gangliosides (n = 8) in Guillain-Barré syndrome (GBS), and anti-ADAMTS13 
(n = 9) in Thrombotic thrombocytopenic purpura (TTP), and (E) anti-MuSK (n = 13) and anti-AChR (n = 11) 
in myasthenia gravis (MG). (F) Overview of Fab glycosylation levels of total IgG in healthy controls and ten 
IgG autoantibody responses across eight different autoimmune diseases. Dashed lines represent the median 
for Fab glycosylation of T IgG in healthy donor sera (11%, IQR 11-14%, n = 18). Box-plots show median and 
IQR. Statistical differences were determined using a paired or unpaired t-test or Kruskal-Wallis ANOVA and 
Dunn’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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(15% [IQR 1-20], p = 0.63). Contrary to anti-CCP2 and anti-CarP antibodies in RA, anti-
MuSK and anti-AChR antibodies in MG were not measured in the same individuals 
as these rarely co-exist. Because anti-dsDNA autoantibodies in SLE patients revealed 
elevated Fab glycosylation, we additionally analyzed two other autoantibody responses 
in the same patients. For anti-Sm antibodies, which are specifically associated with SLE, 
Fab glycosylation levels were elevated (n = 6 (23% [IQR 15-31] p = 0.04), contrary to the 
less disease-specific anti-Ro52 antibodies (14% [IQR 12-19] p = 0.38, n = 7) (Figure S2, 
panel A). Figure 1F provides an overview of Fab glycosylation levels on total IgG in 
healthy individuals and disease-associated autoantibody responses ordered by decreasing 
median Fab glycosylation levels. SNA+/SNA- antigen detection values of quantitative 
immunoassays are reported in the supporting information. Size-exclusion chromatography 
was performed to confirm the presence of Fab glycans on antigen-specific autoantibodies 
(larger hydrodynamic volume) for anti-PR3 and anti-MuSK antibodies (Figure S1, panel 
B), as previously described for anti-CCP2 and anti-hinge antibodies in RA6,27. For anti-
MuSK IgG4 antibodies the size shift was less pronounced probably due to the fact that 
most IgG4 molecules carry only a single Fab glycosylated Fab arm due to half-molecule 
exchange30. Autoantibody levels did not correlate with total IgG levels (Figure S2B) nor 
with Fab glycosylation levels (Figure S3) for any of the diseases, which suggests that high 
or low level of Fab glycosylation are not the result of the level of antibodies produced, in 
line with earlier studies27,31.

IgG autoantibody subclass distribution and Fab glycosylation levels
Next, we determined Fab glycosylation levels of IgG subclasses in autoantibody responses 
that showed elevated levels of Fab glycosylation. In healthy individuals IgG4 Fab 
glycosylation levels are increased (43% [IQR 40-48]) compared with that of other IgG 
subclasses (IgG1; 12% [IQR 11-17], IgG3; 15% [IQR 12-16]), and of total IgG (11% [IQR 
9-14], Figure 2A), of which IgG4 antibodies are only a minor fraction10,15. Within anti-
MuSK and anti-Dsg3 autoantibody responses, a large fraction is of the IgG4 subclass32,33. 
Therefore, we investigated whether the increased Fab glycosylation levels observed for 
these responses could be explained by a high proportion of IgG4 antibodies, that have 
elevated levels of Fab glycans in general. For MusK MG we found that levels of Fab 
glycosylation of anti-MuSK IgG4 antibodies (66% [IQR 58-73]) were significantly higher 
than that of total IgG4 (31% [IQR 19-41], p <0.0001) and anti-MuSK IgG (46% [IQR 29-64], 
p = 0.005), whereas Fab glycosylation levels of anti-MuSK IgG1 antibodies (3% [IQR 2-15]) 
were not elevated compared to total IgG (11% [IQR 8-14], p = 0.99) or IgG1 (12% [IQR 
9-14], p = 0.99). This indicates a subclass-specific increased selection for Fab glycosylation 
of anti-MuSK antibodies, restricted to the IgG4 subclass (Figure 2B). Fab glycosylation for 
PV-associated anti-Dsg3 followed a different pattern (Figure 2C). Fab glycosylation levels 
on anti-Dsg3 IgG1 antibodies (30% [IQR 21-52]) were significantly higher than total IgG1 
(12% [IQR 11-15], p = 0.003) but not different from anti-Dsg3 IgG (49% [IQR 37-55], p = 
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0.39). Anti-Dsg3 IgG4 antibodies (56% [IQR 36-68]) were not different from total IgG4 
(45% [IQR 29-47], p = 0.32) nor from anti-Dsg3 IgG (49% [IQR 37-55], p = 0.98). Anti-Dsg3 
IgG3 antibodies were only detectable in a small fraction of patients (n = 3) and presented 
variable levels of Fab glycosylation levels with high interpatient variation (26% [IQR 11-
56], Figure S4A) not significantly different from total IgG3 (10% [IQR 8-12], p = 0.25). 
Fab glycosylation levels for anti-PR3 antibodies in AAV, a response dominant in IgG1 and 
IgG3, were elevated for anti-PR3 IgG1 (21% [IQR 10-34]) and anti-PR3 IgG4 antibodies 
(40% [IQR 31-49]), and low for anti-PR3 IgG3 antibodies (5% [IQR 0-16], Figure 2D). Fab 
glycosylation of total IgG4 (35% [IQR 21-44]) and anti-PR3 IgG4 antibodies (40% [IQR 31-
49], p = 0.93) were not significantly different. Here, although not significant overall, some 
individuals showed a remarkable increase in anti-PR3 IgG1 Fab glycosylation compared 
to total IgG1 (14% [IQR 11-15], p = 0.14). Six AAV patients were included at first onset of 
disease and 15 patients during relapse. Interestingly, the median Fab glycosylation level 
of anti-PR3 IgG, and thus IgG subclasses, was significantly lower in patients at first onset 
of disease (14% [IQR 12-27], p = 0.009) than those in relapse (36% [IQR 26-41]) and not 
different from total IgG (12% [IQR 10-17], p = 0.91, Figure S4B). Anti-Dsg3 and anti-
PR3 IgG1 Fab glycosylation levels were significantly higher than those of anti-MuSK 
IgG1 whereas Fab glycosylation levels for anti-MuSK IgG4 were higher compared to anti-
PR3 IgG4 but not anti-Dsg3 IgG4 (Figure S4C). For RA, no reliable data were obtained 
for IgG2-4. This is in line with the observation that the ACPA subclass composition is 
dominated by IgG1, with a minor contribution of other subclasses, including IgG4, which 
is estimated to contribute, on average, 5% to the overall ACPA IgG composition34,35. Assays 
for reliable measurements of anti-dsDNA IgG subclasses were lacking and therefore not 
included in this study.
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Figure 2. Fab glycosylation levels of IgG autoantibody subclasses. (A) Percentage of sialylated antibodies 
for total (T) IgG and IgG1, IgG3, and IgG4 in healthy donor sera (n = 18). (B) Fab sialylated antibody levels 
for total and specific anti-MuSK IgG (n = 12), IgG1 (n = 10), and IgG4 (n = 12) in MG patients. (C) Fab 
sialylated antibody levels for total and specific anti-Dsg3 IgG, IgG1 and IgG4 (n = 9) in PV patients. (D) 
Fab glycosylation levels for total and specific anti-PR3 IgG (n = 22), IgG1 (n = 18), IgG3 (n = 15) and IgG4 
(n = 11) in AAV patients. Box-plots show median and IQR. Statistical differences were determined using a 
Kruskal-Wallis ANOVA and Dunn’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001.
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Chronic viral antigen stimulation or repeated tetanus toxoid 
immunization does not lead to increased levels of antigen-specific IgG 
Fab glycosylation
To investigate if elevated levels of Fab glycosylation are characteristic of situations of 
chronic antigen exposure, we analyzed Fab glycosylation levels on antibodies targeting 
several different herpes viruses in the same patient groups and in healthy controls. 
Infection with a single or multiple of these herpesviruses is common in the general adult 
population. Once infected, individuals establish a lifelong latency with repeated periods 
of viral reactivation and exposure36. Fab glycosylation levels were determined on IgG 
antibodies specific for Human cytomegalovirus (CMV), Epstein-Barr virus (EBV) and 
Varicella-zoster virus (VZV) in autoimmune patients (n = 69) and healthy controls (n = 
15) that tested seropositive for one or multiple of these viruses. The prevalence of CMV/
EBV/VZV infections amongst the included autoimmune patients and healthy controls were 
fairly similar (Figure S5A). Fab glycosylation levels for IgG antibodies against CMV (9% 
[IQR 4-16]) in patients and healthy controls were comparable to total IgG levels (12% [IQR 
10-15], p = 0.18, Figure 3A). Interestingly, Fab glycosylation levels on anti-EBV (3% [IQR 
2-5]) and anti-VZV antibodies (8% [IQR 5-11]) were significantly lower compared to total 
IgG (12%, EBV: p <0.0001, VZV: p = 0.02). Furthermore, Fab glycosylation levels were also 
evaluated for anti-gp120 antibodies in treatment-naive chronic HIV-1-infected individuals. 
Altered Fc glycosylation levels as well as specific Fab glycans on broadly neutralizing 
antibodies were previously reported37,38. However, also in this case, we observed that Fab 
glycosylation levels were lower rather than elevated (0.5% [IQR 0.2-1.1]) compared to 
total IgG (13% [9-17], p = 0.0001; Figure 3B). Fab glycosylation levels for antibodies to 
tetanus toxoid (TT, 12% [IQR 8-18]), a typical vaccine antigen that mainly induces IgG1, 
were similar to those of total IgG (12% [IQR 10-15], p = 0.84) across all autoimmune 
diseases and comparable to those of healthy individuals (13% [IQR 8-23], p = 0.5), and 
to those hyper-immunized with TT (HI-Healthy, 11% [IQR 10-15], p = 0.99, Figure 3C). 
There were no significant differences in Fab glycosylation levels of CMV/EBV/VZV/TT 
antibody responses when separated per disease (Figure S5B). IgG Fab glycosylation levels 
were also studied in individuals that recently underwent an acute primary viral infection. 
Fab glycosylation levels on anti-spike (S, 5% [IQR 5-14]), anti-spike protein receptor-
binding domain (RBD, 4% [IQR 2-5]) and anti-nucleocapsid protein (N, 8% [IQR 4-10]) 
IgG antibodies in SARS-CoV-2 infected individuals were found to be significantly lower 
compared to those of total IgG (13% [IQR 11-14], p <0.0001) (Figure 3D). Taken together, 
antibodies developed during both chronic and acute viral antigen exposure show normal 
to low levels of Fab glycosylation.
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Figure 3. IgG Fab glycosylation levels after chronic and acute viral antigen exposure. (A) Percentage 
of Fab sialylated antibodies for total (T) IgG, anti-CMV, anti-EBV, and anti-VZV in serum of autoimmune 
patients (including RA, PV, AAV, SLE, TTP and GBS, CMV; n = 41, EBV; n = 44, VZV; n = 53) and healthy 
controls (CMV; n = 6, EBV; n = 9, VZV; n = 13). (B) Percentage of Fab sialylated antibodies for total (T) IgG 
and anti-gp120 antibodies in serum of chronic HIV-1-infected individuals (n = 14). (C) Percentage of Fab 
sialylated IgG for anti-tetanus toxoid (TT) in autoimmune patients (including RA, MG, PV, AAV, SLE, TTP 
and GBS, n = 110), healthy controls (n = 10), and TT hyper-immunized (n = 11). (D) Fab sialylated antibodies 
for T IgG, anti-S, anti-RBD and anti-N IgG in healthy individuals previously infected with SARS-CoV-2 (S; n 
= 19, RBD; n = 19, N; n = 18). Box-plots show median and IQR. Statistical differences were determined using 
a paired t-test or Kruskal-Wallis ANOVA and Dunn’s multiple comparison test. * p < 0.05, **** p < 0.0001.

DISCUSSION

In this disease-overarching study, we compared IgG autoantibody Fab glycosylation levels 
between ten different disease-associated IgG autoantibody responses across eight different 
autoimmune diseases. We observed elevated levels of autoantibody Fab glycosylation in 
a number of chronic B cell mediated autoimmune diseases, including, for the first time, 
anti-Dsg3, anti-MuSK, anti-PR3, anti-dsDNA IgG autoantibody responses, but not for 
autoantibody responses found in acute B cell mediated autoimmune diseases. Hence, 
chronic B cell mediated autoimmune diseases may share a common pathophysiological 
mechanism of immune dysregulation hallmarked by elevated Fab glycosylation levels. 
Furthermore, within autoantibody responses we observed subclass-specific increases of Fab 
glycosylation and no enhanced Fab glycosylation levels were found on antibodies directed 
against viral antigens, including antigens from common latent herpes viruses, indicating 
that chronic or repeated antigen exposure in itself does not necessarily lead to increased 
antibody Fab glycan levels and is context-dependent.

In recent years it has become increasingly clear that Fab glycans play a role in antibody 
function but also in immune function. Besides diversification of the antibody repertoire 
several functional attributes have been demtonstrated to involve Fab glycans, including 
impact on antigen binding15,18–20,39, antibody half-life and stability40–44, and engagement 
of (endogenous) lectins23,45, such as SIGLEC CD2246. The level of Fab glycosylation for 
any given IgG autoantibody response is the result of the subclass distribution and their 
individual level of Fab glycosylation. Functional characteristics of the different IgG 
subclasses are major determinants in the differences between IgG1/IgG3-, and IgG4-
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dominant autoimmune diseases in the way they contribute to inflammation and damage47–49. 
The level of Fab glycosylation on anti-MuSK IgG4 antibodies significantly exceeded levels 
of total IgG4 whereas Fab glycosylation on anti-MuSK IgG1 antibodies was low. This 
indicates a subclass-specific increased selection for Fab glycosylation of anti-MuSK, being 
in this case restricted to the IgG4 subclass. In PV, another archetypical IgG4-dominated 
autoimmune disease, Fab glycosylation levels of anti-Dsg3 IgG4 antibodies were high, but 
not significantly elevated compared to total IgG4. In both these diseases, an association 
between high levels of Fab glycans and the presence of pathogenic IgG4 autoantibodies is 
observed. The presence of Fab glycans may create an additional layer that can contribute 
to the pathogenicity of these autoantibodies. Of note, altered N-glycosylation of anti-
PLA2R1 IgG4 in patients with membranous nephropathy has been reported to result in local 
activation of complement via the lectin pathway thereby contributing to pathogenicity50. 
Fab glycosylation of anti-PLA2R IgG4 was not assessed specifically in this study. Different 
from MuSK MG though, the Fab glycosylation levels of anti-Dsg3 IgG1 antibodies in PV 
were significantly increased compared to total IgG1. Hence, high levels of autoantibody Fab 
glycosylation in PV are not exclusive to IgG4 when determined in the same individuals. 
IgG1 Fab glycosylation levels were also elevated for anti-PR3 antibodies in a fraction of 
AAV patients and was previously observed for total IgG1 in patients with IgG4-related 
disease51. Fab glycosylation levels on antigen-specific IgG3 was generally low. However 
for anti-Dsg3 IgG3, we observed several cases with elevated levels of Fab glycosylation, 
whereas anti-PR3 IgG3 antibody Fab glycosylation levels were low. Autoantibody responses 
thus widely differ in the preferred subclass expression and the level of Fab glycosylation on 
these antibodies. Subclass-specific enrichment of Fab glycans may occur under conditions 
where Fab glycans are functionally relevant.

A commonality among several autoantibody responses is a skewing towards the IgG4 
isotype, a subclass that has elevated levels of Fab glycans in general and is elicited upon 
TH2 type responses, associated with chronic antigen exposure and sometimes tolerance 
build-up. Chronic or relapsed viral infections are not associated with an IgG4 skewing. 
Hence, chronic antigen exposure, within specific contexts, could still result in elevated 
Fab glycosylation.

For AAV patients at first onset of disease Fab glycosylation levels were significantly lower 
than those who suffered from a relapse, suggesting that Fab glycans are positively selected 
during the course of the disease. In RA, selection in favor of Fab glycans was also observed 
in a longitudinal study into ACPA response development31,52. Accumulation of Fab glycans 
as a natural byproduct of ongoing B cell responses is unlikely. For ACPA the number of 
variable region mutations did not correlate with the frequency of N-glycosylation sites29. 
Furthermore, both IgG4 and IgE antibodies have elevated levels of Fab glycans despite 
having similar or even fewer variable region mutation levels as other isotypes10,25,53. It 
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remains unclear how selection for Fab glycans takes place. There might be a role for 
the antigen or the context of the antigen to drive Fab glycosylation. However, binding 
of antibodies or BCRs to antigens is not consistently enhanced or decreased by Fab 
glycans18–20,22,39,40. Alternatively, Fab glycans on BCRs may interact with lectins as indicated 
for B cell lymphomas23,24, and thereby acquire a survival advantage compared to non-Fab 
glycosylated BCRs. Further evidence is needed to support this hypothesis.

Autoantibodies in chronic progressive autoimmune diseases all, but anti-AChR, displayed 
elevated levels of Fab glycosylation. Autoantibodies in TTP, anti-GBM glomerulonephritis 
and GBS had normal or even decreased levels of Fab glycosylation. These diseases 
generally run a relapsing-remitting or acute monophasic disease course instead of being 
chronic. Possible discrepancies between monophasic and chronic disease states is a 
prolonged exposure to antigen, ongoing inflammation, evolving B cell responses (see 
above), and epitope spreading. As a proxy for chronic antigen exposure we examined 
antibodies to common latent herpes viruses and HIV. Fab glycosylation levels were not 
elevated, indicating that chronic antigen stimulation as such does not lead to increased Fab 
glycosylation levels. By contrast, antibodies formed against therapeutic proteins, another 
setting with prolonged antigen exposure, were previously found to display elevated Fab 
glycosylation levels15,27. Possibly, antibodies against microbes may evolve in a microbe-
specific context in which Fab glycans are not favorable. As most enveloped viruses have 
an overall negative charge due to the phospholipids on the cell surface54,55, the potentially 
hampered antibody binding due to charge repulsion by antibodies carrying negatively 
charged sialylated Fab glycans12,13 may result in negative selection for the introduction of 
these glycans, even upon repeated exposure. In line with this hypothesis, IgG autoantibodies 
against Rhesus D, present on the negatively charged surface of red blood cells, were also 
characterized by low level of Fab glycans15. The AChR antigen has also been described to 
have a negative surface charge56 different from the MuSK antigen which is largely positively 
charged57, potentially explaining the non-elevated levels of Fab glycans for anti-AChR 
antibodies in MG. Moreover, the majority of GBS, TTP, and anti-GBM glomerulonephritis 
patients report a viral or bacterial infection before disease onset. The immune system 
generates antibodies to fight infection, that coincidently trigger autoimmunity in genetically 
susceptible individuals due to cross-reactivity with self-antigens58–60. The low levels of 
Fab glycans observed on autoantibodies in GBS, TTP and anti-GBM glomerulonephritis 
might stem from these antibodies originating from cross-reactive anti-microbe immune 
responses. In line, recent studies further strengthen the link between EBV infection and 
multiple sclerosis (MS) etiology61. It will be interesting to study if autoantibodies in MS 
originate from cross-reactive EBV antibodies and display low levels of Fab glycans.

Although the included number of patients per disease is limited the strength of the current 
study lies in the determination of autoantibody Fab glycosylation levels on a broad spectrum 
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of autoimmune diseases. To determine the clinical prognostic value of Fab glycans, it will be 
of interest to study longitudinal Fab glycosylation levels and profiles on disease-associated 
autoantibody responses in more individuals and correlate these with clinically relevant 
parameters such as disease severity or remission versus active disease, and treatment 
status. Whether alterations in autoantibody Fab glycosylation levels will affect the course 
of the disease or change upon immunosuppressive treatment needs yet to be determined. 
For RA, Fab glycans are described to predict progression to RA and thereafter stabilizes 
once disease is established31,52.

Thus, considering the importance of the autoantibody subclass and glycosylation status 
for the pathogenic potential of a specific-autoantibody response, it might be helpful to 
include these parameters for diagnostic purposes. Taken together, the variable emerging 
autoantibody Fab glycosylation levels indicates that Fab glycosylation on autoantibodies 
is not a random process but is, rather, subject to context-dependent selection mechanisms 
during autoimmune responses.
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Figure S2. (A) Percentage of Fab sialylated total (T) IgG, anti-Ro52 (n = 7) and anti-Sm (n = 6) antibodies 
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Correlation between total IgG and antigen-specific IgG titers. Spearman rank correlation coefficients (r) are 
represented at the right side of each graph. None of the correlations showed to be significant.
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Figure S5. IgG Fab glycosylation levels after chronic and acute viral antigen exposure. (A) Seropreva-
lence of CMV/EBV/VZV infections amongst the included autoimmune patients (n = 69) and healthy controls 
(n = 15). (B) Percentage of Fab sialylated antigen-specific IgG for TT, CMV, EBV, and VZV shown for healthy 
controls and separately for each autoimmune disease. Box-plots show median and IQR. Statistical differences 
were determined using a Kruskal-Wallis ANOVA and Dunn’s multiple comparison test.
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METHODS

Patients with rheumatoid arthritis (RA)
This study included twelve patients with RA refractory to disease-modifying antirheumatic 
drugs that were also included in a previous study1. All patients had active disease at baseline 
(median at baseline 3.60 DAS [range 2.17–5.23]) and a median disease duration of 14 
years (IQR 3-53). All patients were confirmed ACPA IgG positive. The study protocol was 
approved by the Ethics Committee of the Leiden University Medical Center.

Patients with AChR and MuSK myasthenia gravis (MG)
The patients with AChR MG participated in a single-center, prospective, placebo-controlled 
tetanus toxoid vaccination study at the Leiden University Medical Centre. Inclusion criteria 
were a confirmed diagnosis of MG or LEMS, age between 18 and 65 years and stable 
disease during 3 months before participation. Patients continued their medication during 
the study. A maximum daily dose of 30 mg of prednisolone (+/- 5 mg) was allowed as well 
as the use of other immunosuppressive medication2. Baseline samples, thus pre-treatment, 
were included in this study. The MuSK MG patients participated in a Biobank study and 
donated serum at the moment of consultations for regular care at the Neurology outpatient 
clinic. Both studies were approved by Medical Ethics Committee of the Leiden University 
Medical Centre.

Patients with pemphigus vulgaris (PV)
Patients’ sera were obtained from the diagnostic biobank of the Center for Blistering 
diseases in the University Medical Center of Groningen, a tertiary referral center in the 
Netherlands. Diagnosis of pemphigus vulgaris was made according to the golden standard; 
classical clinical and histological features and deposition of IgG, complement component 
3, or both on the epidermal cell surface3. Sera of nine patients with active disease were 
included. Clinical endpoints were defined according international consensus4. The Medical 
Research Involving Human Subjects Act does not apply to this type of non-interventional 
study with leftover materials for diagnostic purposes.

Patients with PR3-ANCA-associated vasculitis (AAV)
Twenty-two active AAV patients were included (54.5% female, median age 56 year [IQR 
22-77]) and one patient was included twice during two consecutive relapses with 3.4 years 
in between. All patients were confirmed anti-PR3 IgG positive. Six patients were included 
at first onset of disease and 15 patients during a first or second relapse. Median disease 
duration of relapsing patients was 14,6 years [IQR 2.2–24.5]. The study was approved by 
the METc of the University Medical Center Groningen (METc 2012/151).
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Patients with systemic lupus erythematosus (SLE)
Ten active SLE patients (70% female, median age 41 years [IQR 21-53]) were included that 
were previously collected at the UMCG. All patients had active disease at baseline (median 
SLEDAI of 11 [IQR 6–20]) and a median disease duration of 110 months [IQR 0–556]. 
Nine patients had increased anti-dsDNA antibodies, and seven decreased complement. Five 
patients did not use any medication, one patient only hydroxychloroquine, three patients 
the combination of mycofenolate mofetil, prednisolone and hydroxychloroquine and one 
patient used azathioprine, prednisolone and hydroxychloroquine. The Medical Research 
Involving Human Subjects Act does not apply to this type of non-interventional study 
with leftover materials for diagnostic purposes. The study was locally registered (UMCG 
research register 201600591).

Patients with thrombotic thrombocytopenic purpura (TTP)
Patients’ sera were obtained from the French Reference Center for Thrombotic 
Microangiopathies, CNR-MAT (Paris, France), from nine patients in the acute phase of 
iTTP disease onset (first bout of disease), before treatments. All patients were initially 
clinically diagnosed with a Microangiopathic Hemolytic Anemia without any apparent 
cause, and all had a profound thrombocytopenia (< 30 G/L) and mild renal involvement 
(serum creatinine < 2.25 mg/dL) (French Clinical Score5 = 2). All patients had ADAMTS13 
< 10% (FRETS-VWF73) and detectable autoantibodies against ADAMTS13 in varying 
titers (> 15 IU/ml), confirming the iTTP diagnosis. These patients were described 
previously6. The study was approved by the Ethics Committee of Hôpital Pitié-Salpêtrière 
and Hôpital Saint-Antoine (Assistance Publique-Hôpitaux de Paris, France).

Patients with Guillain-Barré syndrome (GBS)
The GBS patients included in this study participated in the multicenter and randomized- 
controlled Second Immunoglobulin Dose (SID)-GBS trial7. Ten patients were selected 
for the presence of anti-ganglioside antibodies and availability of serum samples before 
treatment with intravenous immunoglobulins (IVIg). These patients had active disease 
(median GBS disability score 4 [IQR 1-4]) and serum samples were taken within two weeks 
after the onset of weakness. After SNA fractionation, two patients had non-detectible anti-
ganglioside levels and were excluded. The study was approved by the IRB of the Erasmus 
MC (MEC-2009-368) and the local participating centers.

Patients with anti-glomerular basement membrane (anti-GBM) 
glomerulonephritis
Eight patients with acute anti-GBM GN were included. Median age was 49 years [IQR 
30-65] and 37.5% was female. This is a monophasic illness, therefore all patients were at 
start of disease. The study was approved by the METc of the University Medical Center 
Groningen (METc 2015/088).
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Individuals infected with HIV
Serum samples were obtained from HIV seropositive individuals who enrolled in the 
Amsterdam Cohort Studies (ACS). Included individuals were infected with HIV for 
>2 years and treatment-naive at the time of serum collection. The Medical Research 
Involving Human Subjects Act does not apply to this type of non-interventional study 
with anonymized leftover materials.

Individuals infected with SARS-CoV-2
Plasma samples were obtained from RT-PCR-positive SARS-CoV-2 recovered adults who 
enrolled in the convalescent plasma (CCP) program at Sanquin Blood Bank (Amsterdam, the 
Netherlands)8. Donors were included if tested positive in a SARS-CoV-2 PCR, which during 
this period was only provided to individuals presenting COVID-19-related symptoms, 
and were symptom-free for at least 2 weeks. These donors were infected with the original 
Wuhan-Hu-1 strain of the SARS-CoV-2 virus and were not previously vaccinated. Approval 
was granted by the Ethics Advisory Council of Sanquin Blood Supply Foundation.

Healthy controls
Healthy donor serum samples were collected as part of a previous study from anonymous, 
healthy volunteers9.

Lectin (SNA) affinity chromatography
SNA affinity chromatography was performed as described previously10. Serum samples 
(~30µl) were diluted 8.6x in Tris-buffered saline (TBS, 10 mM Tris, 140 mM NaCl, pH 7.4) 
and applied over a column containing 1 ml of Sambucus nigra agglutinin (SNA) agarose 
(Vector Laboratories) using the ÄKTAprime plus system (GE Healthcare) at 0.2 ml/min. 
Flow through with unbound proteins (SNA depleted) in TBS and eluted bound protein 
(SNA enriched) in 0.5 M lactose in 0.2 M acetic acid were collected in 0.5 ml fractions at 
0.8 ml/min. SNA- and SNA+ fraction were pooled separately and dialyzed against PBS 
overnight at 4°C. After SNA affinity chromatography serum was diluted ~330x in SNA+ 
fractions (end volume ~10mL) and ~150x in SNA- fractions (end volume ~4.5mL). For some 
antigen-specific assays, described in more detail below, it was necessary to concentrate the 
SNA fractions by ultrafiltration prior to measurements. Immunoassay detection values were 
corrected for the dilution (and concentration) factors. Samples that after concentration had 
values still below the assays detection limit were excluded from the study. The antibody 
recovery after SNA fractionation was on average 75% (Figure S1A). Using this method, we 
found 11% [IQR:10-14%] Fab glycosylation for IgG in healthy donors, which is consistent 
with previously described percentages obtained by using the same10–13 or other methods14.
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Calculation of percentage of Fab sialylation
To determine the level of Fab glycosylation, SNA+ and SNA- fractions were measured in 
total IgG and autoantigen-specific assays, described below. The percentage of Fab sialylated 
antibodies was calculated by dividing the amount of (antigen-specific) IgG detected in the 
SNA+ fraction by the combined amount of (antigen-specific) IgG detected in the SNA+ 
and SNA- fractions (formula depicted in Figure 1A).

Antigen-specific Immunoassays
Disease-associated autoantibodies were measured in previously established quantitative 
antigen-specific assays, each described in more detail below. If necessary, antigen-specific 
immunoassay were optimized to facilitate measurements of SNA fraction. Autoantibodies 
were first measured in the non-fractionated sera to provide insight in the dilution range 
that needed to be tested per patient for both SNA fractions. For all selected samples, 
parallelism to the calibrator was investigated by testing multiple dilutions. No substantial 
non-parallelism was observed and autoantibody levels were calculated relative to a 
calibrator of a reference serum/monoclonal antibody present on every plate.

Detection of CCP2 antibodies
CCP2 IgG was determined by ELISA as described previously15. In short, Microcoat 
streptavidin microplates-high capacity plates were coated with biotinylated CCP-2 citrullin 
peptide (1µg/ml) diluted in PBS supplemented with 0.1% bovine serum albumin (BSA) 
for 1 h at RT. Next, serum samples diluted 50-fold in PBS/1% BSA/0.05% Tween 20 were 
incubated for 1 h at 37°C. CCP2 IgG was detected using rabbit anti-human IgG-HRP 
(diluted 1:5000, P0214; Dako, Glostrup, Denmark). Plates were developed using 2,2’-azino-
bis(3-ethylbenothiazoline-6-sulfonicacid) (ABTS) mixed with 0.05% H2O2. OD values 
were measured using an ELISA reader at 415 nm. CCP2 IgG subclasses were measured as 
described previously16–18, with minor adaptations. Briefly, plates were coated with CCP2-
cittruline or CCP2-arginine (1 μg/ml) for 1 h at RT and serum samples were incubated 
for 1 h at 37 °C. For detection of CCP2 IgG1 mouse-anti-human (MAH)-IgG1-HRP (Life 
Technologies, A10648, Clone HP6069) was used and CCP2 IgG4 was detected using 
MAH-IgG4 (Life Technologies, A10654, Clone HP6025) and CCP2 IgG3 was detected 
using MAH-IgG3 (Nordic MUbio, Clone HP6080) followed by HRP-conjugated GAM-Ig 
(DAKO, P0447) and rabbit-anti-goat (RAG)-Ig (DAKO, P0449). Plate development and 
absorbance measurements were performed similar to CCP2 IgG.

Detection of CarP antibodies
Detection of CarP IgG antibodies was performed as described previously19, with minor 
adaptions. In short, carbamylated fetal calf serum (CaFCS; 10 μg/ml) or non-modified 
FCS was coated on plates overnight at 4 °C. After blocking the plates for 6 hours on ice 
with PBA, serum samples were incubated overnight at 4°C. Serum was diluted in PTB and 
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incubated overnight on ice. CCP2 IgG was detected using rabbit anti-human IgG antibody 
(Dako) diluted in PTB incubated for 3.5 hours on ice. Antibodies were detected with goat 
anti-rabbit IgG-HRP (Dako) after incubation for 3.5 hours on ice. HRP enzyme activity 
was visualized using 2,2’-azino-bis(3-ethylbenothiazoline-6-sulfonicacid) (ABTS) mixed 
with 0.05% H2O2. OD values were measured using an ELISA reader at 415 nm. A pool 
of CarP positive sera were used as a reference and was included in each plate. CarP IgG 
subclasses were measured by ELISA as described previously16,19, with minor adaptations. 
Coating and serum incubation steps were similar as described for CarP IgG. Detection of 
CarP IgG1 and IgG4 was performed using mouse anti-human (MAH)-IgG1-HRP (Life 
Technologies, A10648, Clone HP6069) or MAH-IgG4 (Life Technologies, A10654, Clone 
HP6025), followed by goat-anti-mouse (GAM)-Ig-HRP (DAKO, P0447). CarP IgG3 was 
detected using MAH-IgG3 (Nordic MUbio, Clone HP6080) followed by GAM-Ig-HRP 
(DAKO, P0447) and continued with rabbit-anti-goat (RAG)-Ig (DAKO, P0449). Plate 
development and absorbance measurements were performed similar to CarP IgG.

Detection of MuSK antibodies
MuSK antibodies were quantified using a MuSK ELISA as described previously20 with 
some additional variations. Briefly, MaxiSorp plates (Thermo Fisher) were coated with 
recombinant MuSK (3µg/ml, full length extracellular protein) and MuSK specific IgG1, 
IgG4 or IgG were detected using mouse anti-human IgG1 (PeliClass), mouse anti-human 
IgG4 (Nordic MUbio) or rabbit-a-human IgG/AP (Jackson) respectively and a rabbit anti-
mouse-AP (Dako) as secondary antibody. A standardized positive control was taken along 
for quantification. Plates were developed with pNPP (VWR). Samples were quantified using 
SoftMax pro (version 7.0.3, Molecular Devices).

Detection of AChR autoantibodies
AChR antibodies were measured using the AChRAb RIA kit (RSR limited, UK) according 
to the instructions of the manufacturer at the clinical chemical lab of the LUMC. This assay 
uses radiolabeled (125I-)AChR receptors to capture AChR antibodies.

Detection of Dsg3 autoantibodies
Dsg3 IgG antibodies were measured using the MESACUP™-2 TEST Desmoglein 3 ELISA 
kit (MBL, Tokyo, Japan). Samples were measured diluted 1:100, and adjusted if necessary 
to fall within the linear range for detection. Dsg3 IgG was detected using the anti-IgG 
conjugate provided by the ELISA kit according to manufacturer’s instructions. For anti-
Dsg3 subclass measurements we used HRP-conjugated monoclonal antibodies for IgG1 
(HP6069), IgG3 (HP6050) and IgG4 (HP6025).

7



Chapter 7 | Antibody Fab glycosylation in autoimmunity and infection

216

Detection of anti-PR3 antibodies
Levels of anti-PR3 IgG and subclasses were measured using an in-house ELISA as 
previously described21,22 with minor alterations. Briefly, 96-well plates (Greiner Bio-One) 
were coated with goat anti-mouse IgG-Fc (1.3µg/ml, Jackson ImmunoResearch Laboratories 
Inc., West Grove, PA, USA) in 0.1M carbonate buffer pH 9.6 and incubated for at least 
24 hrs at 4 °C. After washing, mouse anti-human PR3 (0.624µg/ml, Hycult Biotech) was 
added to the plates in 0.1M TRIS/HCL pH 8.0 containing 0.05% Tween-20, 0.3M NaC1, 
2% BSA and 1% normal goat serum (incubation buffer) and incubated for 2hr at RT. After 
washing, plates were incubated overnight at 4 °C with an extract of azurophilic granules 
of normal human neutrophils in incubation buffer. Subsequently, plates were washed and 
serum or SNA fractions were diluted in PBT and incubated for 2hrs at RT. As standard 
a pool of positive patient sera was used. After washing, plates were blocked with 0.5% 
normal mouse serum in incubation buffer and incubated for 30 minutes at RT. Plates were 
washed and conjugates were added, for IgG goat anti-human IgG Fc-AP (1:1000), for IgG1 
mouse anti-human IgG1 Fc-AP (1:1000), for IgG2 mouse anti-human IgG2 Fc-AP (1:500), 
for IgG3 mouse anti-human IgG3 Hinge-AP (1:1000) and for IgG4 mouse anti-human IgG4 
Fc-AP (1:1000) (all from Southern Biotec) were diluted in incubation buffer and incubated 
for 1hr at RT. After washing, bound antibodies were detected with p-nitrophenyl-phosphate 
disodium and the reaction was stopped with 5M NaOH. The optical densities (OD) were 
read at 405 nm.

Detection of anti-dsDNA autoantibodies
Anti-dsDNA antibodies levels were determined in serum and SNA fractions by the 
Phadia200 using EliA dsDNA Well reagents (Thermo Fisher) that uses double-stranded 
plasmid DNA as antigen. Anti-dsDNA antibody levels were measured according to the 
manufactures protocol.

Detection of anti-Ro52 and anti-Sm autoantibodies
Anti-Ro52 and anti-SM antibodies levels were determined in serum and SNA fractions 
using the Milliplex human autoimmune autoantibody panel (Merck) in the Luminex 
platform using Ro52 and Sm antigen coupled beads. Anti-Ro52 and anti-SM antibody 
levels were measured according to the manufactures protocol.

Detection of ADAMTS13 autoantibodies
The ADAMTS13 antigen specific assay was performed as described previously6. Briefly, 
an in-house sandwich ELISA was developed where ADAMTS13 is captured using a mouse 
monoclonal antibody against the metalloprotease domain (antibody 3H923), and the patient 
samples incubated against a recombinant wild-type ADAMTS13 in adequate dilutions. In 
parallel, a dilution curve is included within the plate as an internal control, using the human 
monoclonal antibody II-1 (anti-Spacer24). The signal for the sample is detected by means 
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of a 1:10000 mix of anti-human-IgG1-, 2-, 3- and 4-HRP conjugated antibodies (Sanquin 
Reagents, The Netherlands) followed by incubation with a TMB solution and the reaction 
was stopped using H2SO4 and absorbance was measured at 450 nm and 540 nm.

Detection of ganglioside antibodies
Anti-ganglioside antibodies were determined as previously described25, with minor 
modifications. Half-area 96-well plates (Corning Life Sciences, Amsterdam, The 
Netherlands) were coated with 150 pmol glycolipid in ethanol per well. SNA fractions 
were tested 1:2 diluted in PBS supplemented with 1% BSA. For each sample the ΔOD490 
nm was calculated by subtracting the OD of uncoated (i.e. ethanol only) wells from the 
glycolipid-coated wells. ΔOD490 nm were subsequently normalized to a positive control 
serum.

Detection of anti-GBM autoantibodies
anti-GBM antibody levels were determined by the Phadia ImmunoCAP 250 analyzer using 
EliA GBM Well reagents (Thermo Fisher) that uses the human recombinant α3 chain 
of collagen IV as antigen. Anti-GBM antibody levels were measured according to the 
manufactures protocol.

Tetanus Toxoid antigen binding test
Tetanus Toxoid (TT) antigen binding tests were performed as described previously26. 
In short, samples were diluted and antibodies were captured using protein G Sepharose 
(Thermo Fisher). TT specific antibodies were detected using radiolabeled (125I) TT and 
anti-TT antibody concentration was determined along a titration curve using a reference 
sample.

Detection of CMV, EBV, and VZV antibodies
Immunoglobulin G antibodies against CMV and EBV, and VZV were quantified in plasma 
by a multiplex immunoassay developed in-house27–29. CMV, strain AD 169, (40 µg/ml, 
Meridian Life Science), EBV-VCA (10 µg/ml, Microbix Biosystems), EBV-EBNA-1, (5 
µg/ml, Meridian Life Science) and VZV strain VZ-10 (55 µg/ml, GenWay) were coupled 
to differently labeled carboxylated beads (12.5 × 106/ml; Luminex) that were chosen so 
that they were not directly adjacent to each other. Beads were incubated for 2 h at RT in 
the dark under constant rotation at 25 rpm and subsequently washed 3 times with PBS. 
The reference serum and control sera were prediluted in PBS containing 0.1% (vol/vol) 
Tween 20 and 3% (wt/vol) BSA). The reference, controls, and blanks were included on each 
plate. The reference was 3-fold serially diluted over 10 wells, and samples were measured 
in two dilutions (undiluted and 1/200 and 1/4,000). After the final washing step, beads 
were resuspended in 100 μl PBS and shaken before analysis in a Bio-Plex 200 instrument 
(Bio-Rad Laboratories) using Bio-Plex Manager (version 4.1.1) software (Bio-Rad) with 
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a 5-parameter fit. All data were transformed into international units per milliliter (IU/ml) 
using the international standard for every antigen. Seropositivity thresholds were adapted 
from previous studies27,28,30, CMV >7.5 AU/ml, EBV ≥ 22 RU/ml, and VZV > 0.26 IU/ml.

HIV-1 envelop ELISA
Quantification of gp120 specific IgG responses was described previously and for the current 
study adopted to human serum samples. JRCSF gp120 protein production was performed 
as described previously31–33. In short, 96-well half-area microtiter plates (Greiner) were 
coated overnight with 2µg/ml recombinant JRCSF gp120 protein in PBS. After washing 
two times with 1x Tris-buffered saline (TBS, 20 mM Tris, 150 mM NaCl, pH 7.5) plates 
were blocked with 1% Casein in TBS (Thermo Fischer) and subsequently washed three 
times with TBS. Serum samples and SNA fractions were serially diluted in Casein/20% 
sheep sera and incubated for 2 h at RT. After washing three times with TBS, plates were 
incubated with 3.3µg/ml goat-anti-human-HRP in Casein for 1 h at RT and subsequently 
washed five times with TBS/0.05% Tween-20. Plates were developed using 0,1M NaAc + 
0,1M citric acid + 1% TMB + 0,01% H2O and the reaction was stopped using 0.8M H2SO4 
and absorbance was measured at 450 nm. Signals were quantified using a serially diluted 
calibrator consisting of pooled convalescent plasma (ARP-3957, HIV reagent program) 
that was included on each plate.

SARS-CoV-2 S, RBD and N bridging assays
SARS-CoV-2 bridging assays are described elsewhere8,34. In brief, 96-well microtiter plates 
were coated overnight with recombinant S (1µg/ml), RBD (1µg/ml) or N (1µg/ml) in PBS 
at 4°C. Recombinant proteins were produced as described previously35. After washing 
five times with PBS-T, plasma samples were diluted 1200-fold in PBS-T supplemented 
with 0.2% gelatin (PTG) and incubated for 1 h at RT. Following washing, anti-human 
IgG MH16-1-HRP (0.5µg/ml, Sanquin) in PTG was incubated for 30 min at RT. Plates 
were developed using 75% 1-Step Ultra TMB-ELISA substrate (Thermo Fisher) in MilliQ, 
stopped with 0.2 M H2SO4 and absorbance was measured at 450 nm and 540 nm. Signals 
were quantified using a serially diluted calibrator consisting of pooled convalescent plasma 
that was included on each plate. This calibrator was arbitrarily assigned a value of 100 
AU/ml.

Gel filtration chromatography
Gel filtration chromatography was performed on ~50ul serum of PR3 and MuSK seropositive 
AAV and MG patients using fast liquid chromatography (ÄKTA, GE Helthcare) equipped 
with a Superdex 200 10/300 column (GE Healthcare). For each disease three serum samples 
were included with a low, moderate or high SNA binding profile established by SNA 
chromatography and ELISA. Sera were diluted in PBS and filtered using a 0.2uM filter and 
injected onto the FPLC system running at a flow rate of 1.0ml/min. Fractions of 250ul were 
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collected spanning the protein peak, detected by the UV detector at a wavelength of 280 
nm. Chromatography fractions were analyzed by ELISA to determine total IgG (described 
below) and anti-PR3 IgG or anti-MuSK IgG4 levels (described above).

IgG ELISA
Total serum IgG was quantified using enzyme-linked immunosorbent assays as described 
previously10. Briefly, 96-well microtiter plates (MaxiSorp, Nunc, Roskilde) were coated 
overnight with 2μg/ml monoclonal mouse anti-human IgG (MH16-1, Sanquin reagents) 
diluted in PBS. After washing with 0.02% PBS/Tween 20, samples, diluted in HPE buffer 
(Sanquin reagents), were incubated for 1h and washed with PBS-T. IgG was detected using 
1μg/ml HRP-labeled MH16-1 (Sanquin reagents) in HPE buffer. Plates were developed 
using TMB substrate solution (Interchim, Montlucon Cedex) diluted in H2O, stopped with 
0.2M H2SO4. Absorbance was measured at 450 and 540 nm.

IgG1, IgG3 and IgG4 subclass ELISAs
Serum IgG1, IgG3 and IgG4 was quantified using 96-well microtiter plates coated overnight 
with monoclonal mouse anti-human IgG1 (2μg/ml, MH161-1, Sanquin reagents), IgG3 (2 
μg/ml, MH163-1) or IgG4 (3.3μg/ml, MH164-4) diluted in PBS. After washing, serum 
was incubated for 1h and detected using 100μl/well HRP-conjugated polyclonal rabbit 
anti-human IgG (A18903, Novex) diluted 1:20.000 in HPE buffer containing 1% normal 
mouse serum. Subsequent steps of assay development and quantification were performed 
as described above for total IgG.
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ABSTRACT

Rheumatoid arthritis (RA) is characterized by systemic inflammation and the presence of 
anti-citrullinated protein antibodies (ACPAs), which contain remarkably high levels of Fab 
glycosylation. Anti-hinge antibodies (AHAs) recognize IgG hinge neo-epitopes exposed 
following cleavage by inflammation-associated proteases, and are also frequently observed 
in RA, and with higher levels compared to healthy controls (HCs). Here, we investigated 
AHA specificity and levels of Fab glycosylation as potential immunological markers for 
RA. AHA serum levels, specificity and Fab glycosylation were determined for the IgG1/4-
hinge cleaved by matrix metalloproteinase 3, cathepsin G, pepsin, or IdeS using ELISA and 
lectin affinity chromatography in patients with early active RA (n = 69) and HCs (n = 97). 
AHAs reactivity was detected for all hinge neo-epitopes in both RA and HCs. Reactivity 
against CatG-IgG1-F(ab’)2s and pepsin-IgG4-F(ab’)2s was more prevalent in RA. Moreover, 
all AHA responses showed increased Fab glycosylation levels in both RA and HCs. AHA 
responses are characterized by elevated levels of Fab glycosylation and highly specific neo-
epitope recognition, not just in RA but also in HCs. These results suggest that extensive Fab 
glycosylation may develop in response to an inflammatory proteolytic microenvironment, 
but is not restricted to RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disorder marked by joint erosions. 
This state of chronic inflammation generates a plethora of neo-epitopes derived from 
inflammation-associated post-translational protein modifications that can be targeted by an 
assembly of autoantibodies known as the anti-modified protein antibodies (AMPAs). Of these, 
the anti-citrullinated protein antibodies (ACPAs) have been characterized extensively and are 
indicative for disease course, disease activity and treatment strategy1. ACPAs show cross-
reactivity between different citrullinated proteins and peptides and a striking increase in 
Fab glycosylation (>90% versus 15-25% on total IgG)2,3. During inflammation and infection, 
endogenous (e.g. matrix-metalloproteinases (MMPs) and cathepsins) or exogenous proteases 
(e.g. IdeS, produced by infectious microbes) are abundantly expressed and able to cleave 
IgG at protease-specific locations within the hinge region into a F(ab’)2 and a Fc fragment4,5. 
Another AMPA, the anti-hinge antibodies (AHAs) specifically recognize neo-epitopes 
exposed in the hinge of proteolytically cleaved IgG molecules, which are absent in intact 
IgG5,6. AHAs are found more frequently in RA patients compared to HCs7. In particular, 
a predominant, subclass-specific reactivity for the pepsin/MMP7-cleaved IgG4 hinge was 
observed in a subset of RA patients, which was essentially absent in HCs8,9. Increased 
levels of several MMPs and cathepsins have been demonstrated in the synovial fluid of RA 
patients. However, AHA responses against IgG cleaved by RA-associated proteases MMP3 
or cathepsin G have not been studied in RA. Furthermore, whether AHAs, like ACPAs, 
also have aberrant Fab glycosylation levels is unclear. Here, we studied AHA responses that 
may play a role in RA pathology and investigate their potential as immunological markers 
for RA. Therefore, levels and specificity of AHAs directed against inflammation (MMP3, 
Cathepsin G, pepsin) and infection (IdeS) related IgG hinge neo-epitopes and their levels 
of IgG Fab glycosylation were studied in patients with early active RA.

MATERIALS AND METHODS

Patients
In this study we included 69 baseline serum samples from individuals diagnosed with active 
early rheumatoid arthritis (RA) that were included in the “COBRA-light” trial10. These 
patients had not been treated with disease-modifying anti-rheumatic drugs during baseline 
sample collection. RA was diagnosed according to the 1987 criteria of the American 
College for Rheumatism11. To validate the increased reactivity for CatG-IgG1-F(ab’)2 in 
RA (Figure 1C) an additional RA cohort was measured composed of 100 baseline serum 
samples from consecutive RA patients with established disease with a median disease 
duration of 8 years (IQR, 3-16) and a mean disease activity score (DAS28) of 5.212. These 
patients have not been treated with biologics but, in most cases, have been treated with 
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conventional anti-rheumatic drugs, such as methotrexate. Serum samples from 97 randomly 
selected healthy individuals were included in all measurements except for Figure 1C. Here, 
another 100 HCs were measured to validate CatG-IgG1-F(ab’)2 reactivity.

Ethical approval
RA patients gave written informed consent for use of serum samples and clinical data. 
No informed consent was obtained for the samples from the healthy controls, because 
materials used for this study were leftovers from samples taken for routine diagnostic 
purposes. HC materials were used anonymously without any connection to clinical or 
person-specific data.

Antibodies
The anti-biotin IgG1/IgG2/IgG3/IgG4 were generated in-house as described previously13. 
In brief, synthetic VH and VL DNA constructs were separately cloned into pcDNA3.1 
expression vectors containing the corresponding constant domain gene segments, 
and cotransfected in HEK293F cells. After a 5-day incubation at 37°C in humidified 
8% CO2 antibodies were purified from culture supernatant using protein G Sepharose 
(ThermoFisher). For inhibition experiments we made use of therapeutic Abs adalimumab 
(IgG1, Humira, AbbVie) and natalizumab (IgG4, Tysabri, Biogen Idec International).

Generation of proteolytic cleaved F(ab’)2 fragments
IgG1 and IgG4 F(ab’)2 fragments yielded by proteolysis with either pepsin (isolated from 
porcine gastric mucosa, Sigma-Aldrich) or IdeS (Streptococcus pyogenes, FabRICATOR, 
Genovis) were generated as described previously1. Non-digested IgG was removed with 
a HiTrap protein G or A column. Purified F(ab’)2 fragments were dialyzed against PBS.

Generation of recombinant F(ab’)2 fragments
Besides proteolytic cleaved F(ab’)2 fragments also recombinant F(ab’)2 fragments were 
produced. Synthetic VH and VL DNA constructs were separately cloned into pcDNA3.1 
expression vectors containing the corresponding constant CH1 and κ (light chain) domain 
gene segment, and cotransfected in HEK293F cells. After a 5-day incubation at 37°C 
in humidified 8% CO2 F(ab’)2 fragments were purified from culture supernatant using 
α-κ Sepharose (Capture select, ThermoFisher). Fab byproducts were extracted from the 
purified F(ab’)2 fragments by use of size-exclusion chromatography (Figure S1A). Size 
and purity of all proteolytic cleaved and recombinant expressed F(ab’)2s were evaluated by 
gel electrophoresis (SDS-PAGE, Figure S1B) by loading 5 μg F(ab’)2s on precast 4-12% 
Bis-Tris gels (NuPAGE, ThermoFisher) and visualized with Coomassie Blue. When AHA 
reactivity for proteolytically cleaved IgG1-F(ab’)2s versus recombinantly expressed IgG1-
F(ab’)2s of the same protease was compared in a group of 86 HCs reactivity was highly 
similar (Figure S2).
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Synthetic peptides
Synthetic peptide analogs (pep) of the IgG1/4 lower hinge were designed from the 
C-terminal amino acids exposed by the protease (MMP3, CatG, pepsin or IdeS) up to 
14 amino acids upstream. Synthetic peptides were ordered and produced at Genscript 
(Table SI) and dissolved in ultrapure H2O and pH-adjusted to pH 7-8 using 4 M NaOH. 
In inhibition experiments peptides were pre-incubated with the serum samples for 1 hour 
before testing in the AHA ELISA or peptides were used as coating antigen in the AHA 
peptide ELISA.

AHA ELISA
Levels of serum AHAs in RA patients and HCs were measured as described previously9. 
To reduce assay background reactivity PBS/0.02% Tween-20 was replaced for High 
Performance ELISA (HPE) buffer (Sanquin Reagents) in the F(ab’)2, serum, and IgG-
HRP incubation steps. Briefly, 96-well plates were coated with biotinylated human 
serum albumin (HSA-biotin) washed, and opsonized with either proteolytic cleaved or 
recombinant expressed anti-biotin F(ab’)2 fragments. After washing, plates were incubated 
with serum samples (diluted 1:400), washed and AHAs were detected using mouse anti-
human IgG-HRP (MH16-1, Sanquin) and developed using TMB substrate. The reaction 
was stopped by addition of 0.2 M H2SO4 and absorbance was measured at 450 and 540 nm. 
AHA concentrations were calculated relative to a calibration curve of a reference serum 
showing high reactivity for pepsin-IgG1-F(ab’)2s (defined to contain 200 AU/ml8) present on 
every plate. This calibration curve was used for the AHA concentration determination of all 
studied AHA reactivities as we observed that all reactivities diluted equally. As calculated 
values are non-proportional they were expressed in arbitrary units per milliliter (AU/ml). 
For most subjects tested, a serum dilution of 1:400 gave AHA levels within the dynamic 
range of the assays. When necessary, samples were tested at higher dilutions to reach the 
dynamic range. The cut-off for AHA positivity was determined by inhibition experiments 
using a selection of sera including both positive and negative for a specific AHA reactivity 
as described before9. Cut-offs were set at the level where all positive sera were negative 
after inhibition. AHA ELISAs for the different AHAs had similar background reactivities, 
as expected, since F(ab’)2 targets are highly similar and only differ by a few amino acids. 
This resulted in a consistent cut-off value across all F(ab’)2 targets of 4 AU/ml. Individuals 
that showed high reactivity to the HSA-biotin coat were excluded from the data set (HC 
1 sample; RA 4 samples). Reproducibility of the AHA ELISA is shown in Figure S3 as 
example for anti-CatG-IgG1-F(ab’)2 reactivity in RA patients (r = 0.87****).

AHA peptide ELISA
To improve the specificity of the AHA ELISA we exchanged the anti-biotin F(ab’)2 
fragments with biotinylated synthetic peptides (Table SI, Genscript). Streptavidin-coated 
ELISA plates (ThermoFisher) were pre-washed and opsonized with 0.1µg/ml biotinylated 
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synthetic peptide in PBS for 1 hour and washed. Subsequent sample incubation and 
detection are performed identical as described for the AHA ELISA above. For CatG-IgG1 
and pepsin-IgG4 peptide ELISAs shown in Figures 2B and C, samples were diluted 1:400 
in HPE enriched with 25µg/ml pepsin-cleaved adalimumab (IgG1) to prevent detection 
of cross-reactive pepsin-IgG1-AHAs. Detection and quantification were performed as 
described for the AHA ELISA above.

Detection of Fab glycosylation on AHAs
We analyzed the AHA Fab glycosylation levels for individuals that showed a moderate 
to high AHA level. Fab glycosylated AHAs were purified from serum as described 
previously14, using Sambucus nigra agglutinin (SNA) affinity chromatography, which makes 
use of the fact that the SNA lectin enriches for Fab glycans, but not for Fc glycans, through 
their terminal 2,6-linked sialic acid residues. SNA affinity chromatography provides a good 
estimate for the level of Fab glycosylation as more than 90% of Fab glycans carry terminal 
sialic acid residues14-18. In brief, RA patient and HC serum samples were applied over a 
SNA column. The bound fraction of sialic acid containing proteins were eluted with 0.5 
M lactose in 0.2 M acetic acid and dialyzed against PBS. In the AHA ELISA set-up, the 
percentages of Fab glycosylated AHAs were calculated by dividing the amount of AHAs 
in the SNA-enriched fraction by the amount of AHAs in the combined SNA-depleted and 
-enriched fractions. AHA concentrations in both SNA depleted and enriched fractions 
were determined using the calibration curve as described above for the AHA ELISA. As 
reference measurements also the levels of IgG Fab glycosylation for total IgG (pan-IgG) 
and anti-tetanus toxoid (TT), a typical vaccine antigen often detectable in the general 
population, were determined for all samples. To confirm the presence of Fab glycans size-
exclusion chromatography was performed on sera that showed normal, moderate and high 
SNA-binding. Sera were fractionated using a HPLC (Agilent 1260 Infinity II) equipped 
with a Superdex 200 (GE Healthcare), and analyzed by ELISA to detect total IgG and AHAs 
using in-house protocols as described above and previously14.

Statistical analysis
Differences between groups were analyzed with a Mann-Whitney U test or a Kruskal-Wallis 
test, and (non-parametric) correlations were analyzed with a Spearman rank correlation 
test. A p value < 0.05 was considered significant. The statistical analysis was carried out 
using Graphpad Prism 8.
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RESULTS

Anti-hinge antibodies that target cathepsin G-IgG1-F(ab’)2s are more 
frequent and have higher levels in RA
We evaluated the level of AHA reactivity for a panel of IgG hinge neo-epitopes in baseline 
serum samples from 69 treatment-naïve consecutive RA patients with active disease (< 2 
years)10 and 97 HCs. To obtain a homogeneous fraction of F(ab’)2s with defined C termini, 
F(ab’)2s were recombinantly expressed with truncated hinge regions, representing IgG1 or 
IgG4 proteolytically cleaved by MMP3, CatG, pepsin, or IdeS (Figure 1A; Figure S1A and 
B)5. AHA reactivity for the RA-associated proteases MMP3- and CatG-IgG1-F(ab’)2s could 
be detected in both RA patients and HCs (Figure 1B). AHA reactivity was also observed 
for pepsin- and IdeS-IgG1/4-F(ab’)2s in line with previous results9. Reactivity against CatG-
IgG1-F(ab’)2s was most frequent for both, but more prevalent in RA compared with HCs 
(57% vs 44%, fold diff. 1.3), and with significantly higher levels (p = 0.03). Pepsin-IgG4-
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Figure 1. Presence and levels of anti-hinge reactivity in RA patients and HCs. (A) Schematic representa-
tion of two alternative methods for F(ab’)2 generation. Amino acid sequences of IgG1 and IgG4 lower hinge 
regions with assigned cleavage sites for MMP3 (1), cathepsin G (2), pepsin/MMP-7 (3), and IdeS (4). (B) 
Scatterplots show levels of AHA reactivity against six different F(ab’)2 targets generated by four different 
proteases: MMP3-, CatG-, pepsin-, and IdeS-IgG1-F(ab’)2s and pepsin- and IdeS-IgG4-F(ab’)2s determined 
using the AHA ELISA in early RA patients (n = 69) and HCs (n = 97). (C) Scatter plot shows CatG-IgG1-
F(ab’)2 reactivity in additional validation cohorts of established RA patients (n=100) and HCs (n=100). 
Dashed lines represent cut-off levels at 4 AU/ml for positivity. Differences in AHA levels between RA and HC 
were analyzed with a Mann-Whitney U test. Tables show the frequency of AHA positivity (% pos.) in early RA 
and HCs for the six different F(ab’)2 targets and for the CatG-IgG1 validation cohorts at a cut-off of 4 AU/ml.
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F(ab’)2 reactivity was also more prevalent in RA, as was observed previously. The increased 
AHA level and frequency for CatG-IgG1-F(ab’)2s in RA were validated in an additional 
cohort of established RA patients11 and HCs (Figure 1C; p = 0.0003; fold diff. 2.4).

Anti-hinge antibodies are predominantly ‘protease-restricted’
Next, we evaluated the specificity of AHAs targeting IgG hinge neo-epitopes. Pairwise 
comparisons of all AHA reactivities revealed that single positivity was found more 
frequently than double positivity (Figure S4).

Inhibition experiments were performed to more extensively evaluate the specificity of AHA 
responses in RA and HCs. With few exceptions, little to no inhibition of AHA binding was 
observed using either excess amounts of F(ab’)2s or single-chain hinge peptides with a non-
identical C-terminus (Figure 2A, Figure S5, Table SI). By contrast, identity inhibitor(s) 
invariably showed strong inhibition. In some cases, cross-reactivity was observed between 
AHAs recognizing MMP3- and CatG-IgG1-F(ab’)2s, as well as between pepsin- and CatG-
IgG1-F(ab’)2s. Also, some cross-reactivity was observed for the AHA response against 
pepsin-IgG1-F(ab’)2s versus pepsin-IgG4-F(ab’)2s in HCs.

As both CatG-IgG1 and pepsin-IgG4 reactivities are more prevalent in RA, we examined if a 
more RA-specific subset of these reactivities may be detected by performing the AHA ELISAs 
for both targets while including a pepsin-IgG1-F(ab’)2 inhibitor in a larger panel of subjects. For 
CatG-IgG1-F(ab’)2 reactivity (Figure 2B) we found little evidence for cross-reactivity in both HC 
and RA. On the other hand, for pepsin-IgG4-F(ab’)2s, we observed cross-reactivity in most HCs 
(5 out of 9) versus fewer in RA (5 out of 24; Figure 2C). We also compared neo-epitope reactivity 
to single-chain peptide versus double-chain F(ab’)2. We observed a moderate correlation for AHA 
binding to the peptide versus the F(ab’)2 in RA (CatG-IgG1: r = 0.67, p < 0.0001; pepsin-IgG4: 
r =0.61, p < 0.0001; Figure 2D and E), and for HCs, correlation was weaker (CatG-IgG1: r = 
0.49, p < 0.0001) or absent (pepsin-IgG4: r = 0.17, p = 0.086), indicating a qualitative difference 
in pepsin-IgG4 AHAs between HC and RA in addition to a quantitative difference.

Elevated levels of Fab glycosylation on anti-hinge antibodies
To estimate IgG Fab glycosylation levels on AHAs we fractionated sera from RA patients 
and HCs using Sambucus nigra agglutinin (SNA) affinity chromatography, making use of 
the fact that SNA enriches for Fab glycans, but not for Fc glycans, through their terminal 2,6-
linked sialic acid residues found in >90% of Fab glycans14-18, and determined the AHA IgG 
SNA-bound fraction by ELISA. A significant increase in IgG sialylation was observed across 
all AHA responses compared to reference total IgG (pan-IgG, RA 14%, HC 11%) and anti-
tetanus toxoid (TT, RA 16%, HC 14%) with high inter-patient variability for most IgG hinge 
neo-epitopes (Figure 3). No significant difference was observed when AHA responses were 
compared between RA patients and HCs and AHA levels and IgG sialylation levels did not 
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correlate (Figure S6). The presence of Fab glycans on AHAs was confirmed by size-exclusion 
chromatography and subsequent ELISA (Figure S7). Thus, elevated IgG Fab glycosylation is 
a hallmark of AHAs in both RA and HCs and was found to be increased for infection (IdeS) 
as well as for inflammation (MMP3, CatG, and pepsin) associated AHA responses.
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Figure 2. Specificity of anti-hinge antibody responses in RA and HCs. (A) Specificity is determined for 
each reactivity (indicated above each panel) in 5 early RA patients (upper graph) and 5 HCs (bottom graph) 
with established positivity for the tested F(ab’)2 target. Serum is pre-incubated with excess amounts of syn-
thetic peptides (pep, Table SI) or F(ab’)2s (generated by cleaving therapeutic antibodies [adalimumab, IgG1; 
natalizumab, IgG4] with pepsin or IdeS) and tested in the AHA ELISA. Obtained OD values were normalized 
to the situation without inhibitor. Bars indicate means of five samples. Inhibitors are generated from the IgG1 
sequence unless stated otherwise in the legend. (B) Inhibition of AHA reactivity against CatG-IgG1-F(ab’)2 
using pepsin-cleaved adalimumab (IgG1) in early RA patients (n = 69) and HCs (n = 97). (C) As in (B) but for 
pepsin-IgG4-F(ab’)2s reactivity. (D) AHA reactivity for CatG-IgG1-F(ab’)2s versus CatG-IgG1-pep in early 
RA patients (n = 69) and HCs (n = 97). (E) As in (D) but for anti-pepsin-IgG4 reactivity. Similarity for F(ab’)2 
versus peptide reactivity was determined using the Spearman rank correlation coefficient (r); **** p < 0.0001.
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DISCUSSION

Here we explored the molecular characteristics of AHAs from RA patients compared with 
HCs. We found that both RA patients and HCs showed reactivity against all evaluated IgG-
F(ab’)2s with rather restricted specificity and limited cross-reactivity with F(ab’)2s generated 
by different proteases. Reactivity against CatG-IgG1-F(ab’)2s and pepsin-IgG4-F(ab’)2s was 
found more frequently and with higher levels in RA. Strikingly, all AHA responses were 
characterized by elevated Fab glycosylation, not only in RA but also in HCs.

The higher frequency of CatG-IgG1-F(ab’)2s reactivity in RA might be explained by 
increased levels and activity of cathepsin G in the synovial fluid of these patients resulting 
in high levels of immunogenic CatG-cleaved IgG19. However, this was not observed for 
MMP3 of which levels and activity are also increased in RA. Differential AHA levels 
might be caused by a difference in immunogenicity towards the exposed hinge neo-epitope 
or the context in which these autoantibodies develop (e.g. severity of inflammation). To 
study the relation between AHA levels and disease activity (DAS28), associations with 
other autoantibodies or inflammation (CRP levels) and to differentiate patient subgroups 
a larger group of subjects will be necessary.

Besides higher frequencies and levels for both CatG-IgG1-F(ab’)2s and pepsin-IgG4-
F(ab’)2s in RA, AHAs in RA also recognized these neo-epitopes with higher specificity 
as they showed less cross-reactivity with pepsin-IgG1-F(ab’)2s and were more efficient 
in recognizing the single-chain peptide, compared to AHAs in HCs. This suggests that 
AHAs in HCs do not solely recognize the neo-epitope and/or that the double-chain 
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Figure 3. Levels of Fab glycosylation on anti-hinge antibodies in RA and HCs. Graphs show the percent-
age of IgG Fab glycosylated antibodies for total IgG (pan-IgG), anti-tetanus toxoid (TT), and AHAs directed 
against the six different IgG1/4-F(ab’)2 targets for a total of 24 early RA patients and 27 HCs that tested 
seropositive for the respective F(ab’)2 target. SNA (lectin) affinity chromatography of serum results in a sialic 
acid positive fraction (enriched for Fab glycosylated IgG) and a sialic acid negative fraction (almost devoid 
of Fab glycosylated IgG)14. Specific and total IgG is measured in both fractions by AHA ELISA (Materials 
and Methods), TT antigen binding test, and IgG ELISA (as described previously14). For each reactivity >5 
subjects were included and bars indicate medians. A Kruskal-Wallis test was performed for pan-IgG or TT 
versus all AHA reactivities.
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conformation of the antibody C-terminus is crucial for epitope recognition. Thus, the AHAs 
produced by RA patients and HCs differ both quantitatively and qualitatively. Importantly, 
specific recognition of pepsin-IgG4-F(ab’)2s is rare in HCs which implies its potential as 
immunological marker for RA.

All AHA responses show elevated Fab glycosylation levels, albeit with high inter-patients 
variability and less elevated on average (55%) than observed for ACPAs, a prevalent 
autoantibody in RA with high levels of Fab glycans (>90%)3. For another prevalent 
autoantibody in RA, the rheumatoid factors (RFs), Fab glycosylation levels have not been 
determined. However, analysis of rheumatoid factor variable region sequences20 revealed 
that most non-isotype switched sequences displayed few N-glycosylation sites and, although 
in limited number of sequences, also the switched sequences did not show aberrant levels of 
N-glycosylation sites (unpublished data). Importantly, elevation of AHA Fab glycosylation 
levels was not exclusively found in RA but to a similar degree in HCs. This suggests 
that selection for Fab glycosylated AHAs can occur in (chronic) inflammatory states 
independent of it being induced by infection or autoimmunity. As antibody responses 
can persist over time, elevated AHA Fab glycosylation can be a sign of active but also of 
previous inflammation, which would explain the observed elevation in HCs. The reason 
for certain (auto)antibody responses to acquire (elevated) Fab glycosylation remains 
incompletely understood. A proposed mechanism for selection of Fab glycan-expressing 
B cells involves the engagement of Fab glycosylated B cell receptors with glycan binding 
molecules, e.g. CD22 on the B cell surface which may modify the activation threshold of 
these B cells, leading to a selection advantage21.

For most studied parameters we did not observe large differences between RA patients 
and HCs. Presumably, AHAs develop in response to IgG cleaved by proteases, which may 
be of bacterial or endogenous origin. In particular, (chronic) inflammation may induce a 
proteolytic microenvironment and one might speculate elevated Fab glycosylation to be a 
characteristic thereof, rather than an autoantibody-specific feature.

In conclusion, we have expanded the molecular characterization of the AHA repertoires in 
RA patients and HCs. Both Cathepsin G-cleaved IgG1 and pepsin-cleaved IgG4 anti-hinge 
responses were found more frequently and with higher levels in RA and since pepsin-
cleaved IgG4 recognition was also more specific in RA, this response has the potential for 
being a immunological marker for disease. Furthermore, elevated IgG Fab glycosylation is a 
hallmark of anti-hinge antibodies in both RA patients and healthy controls. Future research 
should provide more insights in the contribution of the serological AHA status, combined 
with the presence of other AMPAs and disease activity, to provide the best information 
regarding diagnosis, prognosis and therapy efficacy in RA.
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SNA-binding previously, eluted simultaneously with other IgG molecules.
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Table SI. Synthetic peptide analogs of the IgG lower hinge

Name Amino acid sequence 
IgG 

subclass
Length First a.a. position** Final a.a. position N-terminal tag

MMP3-pep

Cathepsin G-pep

Pepsin-pep

IdeS-pep

IdeS biotin-pep

Cathepsin G biotin-pep

Pepsin IgG4 biotin-pep

IgG1

IgG4

12

13

14

11

DKTHTCPPCPAP

DKTHTCPPCPAPE

DKTHTCPPCPAPEL

CPPCPAPELLG

CPPCPAPELLG

DKTHTCPPCPAPE

KYGPPCPSCPAPEF

11

13

14

221

226

232

233

234

237

237

233

234

Biotin

Biotin

Biotin

*pep = synthetic peptide, a.a. = amino acid

**EU numbering of a.a. positions

IgG1

IgG1

IgG1

IgG1

IgG1

221

221

226

221

221

8
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Adaptive immune responses have high specificity for pathogens and depend on the 
activation of B and T cells. These responses provide long-lasting protection with rapid and 
specific response to re-call infection of the same pathogen, or their variants. A fundamental 
feature of the adaptive immune system is the ability to distinguish self from non-self. 
Occasionally, the immune system fails to make this distinction which can lead to self-
damaging immune responses and the generation of autoimmune diseases. Upon initiation of 
the humoral immune responses, initial T cell-dependent B cell activation leads to generation 
of a germinal center (GC) reaction, which is preceded by a short period of extrafollicular 
B cell activation in which naive B cells differentiate into plasma blasts (PBs) and early 
memory B cells (MBCs)1,2. During a GC reaction, GC B cells may be positively selected 
to continue GC-cycling. After initial fate decision, differentiation may proceed and cells 
exit the GC reaction as plasma cell (PCs), PBs or MBCs3–5. Both extrafollicular and GC 
responses result in the formation of pathogen-specific antibodies of which different isotypes 
exist. IgG is the most abundant antibody isotype in human peripheral blood followed by 
IgM, IgA, IgD and IgE.

Glycans can be found attached to proteins and abundantly found on cellular surfaces. 
Common glycan structures include O- and N-linked glycans that are attached to specific 
amino acid motifs. Glycans are important for proper protein folding, cell-cell interaction, 
lymphocyte migration, antibody effector functions and may play a role in discrimination 
between self and non-self structures6, the latter may be relevant in the pathophysiology 
of autoimmune diseases7,8. Many unanswered questions remain with regards to the role of 
glycans in immunity.

In this thesis, the contribution of glycans to B cell subset classification during B cell 
differentiation and antibody repertoire diversification by Fab glycans during health 
and autoimmune diseases was studied. To this end, we performed comprehensive 
B cell phenotyping and studied patterns and biases of the acquisition of antibody Fab 
glycosylation during health and disease, specifically in B cell-mediated autoimmune 
diseases. Understanding the role of glycans in B cell and antibody biology may provide 
insights in the phenotypic and functional progression of differentiating B cell subsets. 
Furthermore, Fab glycans on autoantibodies may contribute to pathogenesis and aid in 
diagnostics.

Human B cell subset classification
The human B cell population is a heterogenous immune compartment composed of many 
different B cell subsets, which play distinct roles in protective and pathogenic immune 
responses. The monitoring of B cell subsets in health and disease may have potential utility 
as disease biomarkers and therapeutic targets. Technical advances have allowed deep-
phenotyping of new and previously identified B cell subsets9. Unfortunately, a harmonized 
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approach for defining different B cell phenotypes and subsets is lacking. Due to the lack 
of consistent classifications, most studies use imprecisely defined B cell subsets by the 
use of limited or inconsistent phenotypic markers and lack functional characterization, 
making comparison of separate studies difficult. Hence, harmonizing B cell classification 
approaches is of importance. In this thesis, we aimed to improve phenotypic and functional 
classification of several human B cell subsets. In Chapter 2, we evaluated and optimized 
naive B cell cell-sorting strategies from human peripheral blood to acquire a population 
of non-mutated, non-expanded and phenotypical non-antigen experienced B cells. CD27 
expression is used in general to separate naive from antigen-experienced B cells as its 
expression correlates with detectible levels of somatic hypermutation in the V region, 
regardless of cells being Ig isotype switched or not10,11. Here, we show that isolation of naive 
B cells using absence of CD27 expression (CD27-) was insufficient illustrated by a high 
mean mutation level and low percentage of non-mutated BCRs. This is most likely due to 
the presence of contaminating CD27- cells that carry highly mutated BCRs, such as CD27-

IgG+/IgA+ cells or CD27-IgD-IgM+ cells12,13. Another commonly used strategy to isolate 
naive B cells, i.e., CD27-IgD+, showed low levels of mutated BCRs and a high percentage 
of non-mutated BCRs. However, it must be noted that there is a large fraction (~30%) of 
anergic B cells (CD27-IgD+IgMlow B cells) present when using this isolation strategy14–16, 
highlighting the importance to include functional studies for precise classification of B cell 
subsets. From Chapter 2 we concluded that current naive B cell isolation strategies using 
CD27-IgD+ are adequate, but can be improved considerably by including markers for IgM 
and CD45RB glycosylation.

Technical advances have allowed deep-phenotyping of B cell subsets. Novel phenotypic 
characterizations of B cell subsets occasionally omit to include Ig isotype-specific markers. 
It is, however, of importance to always include Ig isotype markers. For example, in Chapter 
3 we observed that B cell subsets defined by several known and novel phenotypic markers 
needed further segregation by Ig isotype as their functionality depended on the Ig isotype 
they expressed.

Glycan remodeling during B cell differentiation
The number of studies investigating changes in glycosylation of surface proteins for B 
cell subset classification is sparse. A well-known glycan-dependent marker used for GC 
B cell classification is reactivity for lectin peanut agglutinin (PNA), which binds O-linked 
glycans containing the asialylated disaccharide Gal-β1,3-GalNAc-Ser/Thr9,17. Regulation 
of glycan remodeling enzymes, including ST3Gal1 and GCNT1, can alter global cellular 
glycosylation profiles during B cell differentiation. On GC B cells PNA-reactive O-linked 
glycans were mainly found on BCR co-receptor CD45, which changed compositions 
during differentiation18. In line, a glycan-dependent epitope on CD45RB has recently been 
identified to mark antigen-experienced B cells, independent of their CD27 expression19–21. 
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Hence, identifying different glycan profiles does not only generate insight in phenotypic 
differences, but may also provide insight into functional differences. In Chapter 3 we 
have used a combination of markers including CD45RB glycosylation, CD27 and IgM/IgD 
isotype expression to segregate human peripheral blood B cell subsets and investigated their 
IGHV repertoire and in vitro functionality. We confirmed that glycosylation of CD45RB is 
indicative for antigen-primed CD27- B cells, which are functionally distinct depending on 
the Ig isotype,. Even though using the glycosylation epitope on CD45RB helps to identify 
antigen-primed B cells among CD27- cell, there is, however, a population of CD27+ cells, 
presumably memory B cells, that do not have this distinct glycosylation of CD45RB, 
meaning that glycosylation of CD45RB does not mark all antigen primed B cells. Further 
research should provide insight in the maturation stage and functionality of these CD27+ 
B cells not expressing CD45RB glycosylation. This work provides novel insights in the 
phenotypic and functional progression from naive B cells via CD45RB glycosylated CD27- 
cells to memory B cells in human peripheral blood and how changing glycan profiles can 
contribute to B cell subset classification. It is not well understood what the physiological 
significance of these distinct glycan profiles may be. For one, it may intrinsically tune 
receptor signaling. For example, in T cells CD45 sialylation and O-glycosylation were 
found to inhibit CD45-homodimerization resulting in less suppression of T cell receptor 
signaling22. Moreover, depending on the types of glycans present on the B cell surface, 
interaction in cis or trans with endogenous lectins such as galectins and SIGLECs may 
occur23–25.

Antibody Fab glycosylation
Antibodies are glycoproteins that can contain N-linked glycans within their variable 
(V) regions, so-called Fab glycans, in addition to conserved N-linked glycans within the 
constant domain. Although the role of N-linked glycans in the constant domains has been 
extensively studied, the function of N-linked glycans present in antibody V regions is only 
just being appreciated. Fab glycans are the result of co-translational covalent addition of 
carbohydrate groups to specific N-glycosylation sites, which consist of an asparagine (N), 
followed by any amino acid but proline, followed by serine (S) or threonine (T) (N-X-
S/T; X-P). Because ∼15% of serum IgG has V regions that carry N-linked glycans, and 
only few germline alleles carry N-glycosylation sites, the majority of Fab glycosylation 
is therefore the result of somatic hypermutation (SHM)26–28. N-linked glycans found on 
plasma IgG are predominantly of the complex biantennary type. In comparison with Fc 
glycans, Fab glycans on IgG contain low percentages of fucose and high percentages of 
sialic acids (>90%), bisecting GlcNAc and galactoses29,30, with some differences observed 
during pregnancy and ageing31. Importantly, the presence of a glycosylation site within the 
antibody V region does not guarantee the presence of a glycan and is highly dependent 
on the location of the site within the native antibody structure and a proper functioning 
glycosylation machinery32,33.
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The mechanisms and functions of Fab glycosylation are less well-understood as compared 
to Fc glycosylation for which the immune-related impact and immune modulatory effects 
are well defined34,35. Furthermore, it is unclear under which circumstances Fab glycans 
accumulate and what their relevance is in normal physiology as well as in pathologies. 
Nevertheless, it is highly conceivable that Fab glycosylation can also have an impact on 
immune function, since they exhibit distinct patterns in pathophysiological conditions.

The function of Fab glycosylated antibodies and B cell receptors
In recent years it has become increasingly clear that Fab glycans play a role in antibody 
function as well as in immune function. Besides diversification of the antibody repertoire, 
several functional attributes have been demonstrated to involve Fab glycans.

For several monoclonal antibodies (mAbs) the presence of Fab glycans increases antigen-
binding affinity, presumably due to additional hydrophilic interactions between Fab glycans 
and glycans on antigens32,36–39. Differently acquired Fab glycans may enhance antibody 
selectivity by diminishing off-target binding rather than enhancing on-target binding, which 
was shown in a model system of anti-idiotype antibodies40. Impaired binding to antigen in 
the presence of Fab glycans has also been described32,36,40,41. This was explained by either 
steric hinderance of the bulky glycan, conformational changes in the absence of the Fab 
glycan or charge repulsion between the negatively charged terminal sialic acid residues 
present in most Fab glycans and a negatively charged antigen or antigen-context28,42,43. 
Although several studies show that Fab glycans can influence antigen-binding affinity, in 
the majority of cases Fab glycans will presumably leave antigen-binding affinity essentially 
unaffected.

The high frequency of Fab glycans exhibiting terminal sialic acid residues is likely attributed 
to the fast clearance of glycoproteins with unnatural high-mannose glycans or glycans 
exhibiting terminal galactose and N-acetylgalactosamine residues44,45 or by more complete 
glycan processing due to the high accessibility of Fab glycans to glycan-editing enzymes. 
Hence, Fab glycan sialylation can enhance the antibody serum half-life, as was shown for 
Cetuximab and PankoMab46. Furthermore, depending on their position, Fab glycans could 
enhance or decrease antibody half-life in vivo and in vitro32,47. Fab glycans have also been 
described to affect antibody aggregation propensity48,49 and modulation of immune complex 
formation50. Since Fab glycans have been implicated to affect antigen binding, it has been 
postulated that Fab glycans may reduce autoimmunity by masking autoantigen binding 
sites of autoantibodies41,51. Likewise, Fab glycans present on autoreactive B cell receptors 
(BCRs) have been shown to enhance BCR-signaling and prolong the expression of the 
BCR on the cell-surface after antigenic triggering52. An increasing number of studies hint 
at involvement of (endogenous or exogenous) lectins that can interact with these glycans, 
thereby potentially exerting immunomodulatory effects. In certain B cell lymphomas, such 
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as follicular- or diffuse large B cell lymphoma, the introduction of Fab glycans on the BCR 
via somatic hypermutation allow interaction with lectins in the germinal center and thereby 
provide survival signals to sustain tumor growth53–56. Furthermore, Fab glycans are also 
associated with the anti-inflammatory activity of IVIg57 an intravenous IgG compound that 
successfully ameliorates symptoms of a number of autoimmune diseases.

Biases in Fab glycan repertoires
The question remains whether Fab glycans and thus introduction of V region N-glycosylation 
sites, is a mere bystander effect of the process of somatic hypermutation or whether Fab 
glycans accumulate under specific conditions, i.e. in an antigen-dependent manner or 
during inflammation. Recent studies by us and others observed inherent biases in Fab 
glycan repertoires which opposes Fab glycans as a bystander effect.

Bulky glycan structures in suboptimal positions may interfere with antibody folding and 
function. Therefore, one might expect that the introduction of N-glycosylation sites is 
restricted. In Chapter 6 we observed that N-glycosylation sites clustered specifically 
around the CDRs and DE loop in both light and heavy chain sequences among the 
different isotypes28,40,58. In other words, it appears that the germline repertoire contains 
a predefined set of locations where N-glycosylation sites may be easily introduced upon 
somatic hypermutation. N-glycosylation sites were mostly situated in or near the paratope 
such that an attached glycan may have the potential to influence the binding properties 
of the antibody. However, for one region in particular, the CDR3 of the heavy chain, we 
observed that relatively few sequences acquired N-glycosylation sites, irrespective of the 
accumulation of mutations28. Interestingly, of all CDRs, this CDR3 is most important for 
antigen recognition59. Hence, introduction of a glycan here is likely a highly unfavorable 
event, which can explain the local negative selection for N-glycosylation sites.

The majority of N-glycosylation sites within memory rearranged sequences correspond 
to “progenitor sites”, i.e. a tripeptide in the germline sequence that can become an 
N-glycosylation site with a single nucleotide mutation28,40. In Chapter 6, we systematically 
introduced N-glycosylation sites at predicted ‘pre-disposed’ locations in a model antibody 
(adalimumab) and found that over 95% of tested N-glycosylation site in the heavy chain and 
60% in the light chain become fully occupied28,40. Hence, the majority of N-glycosylation 
sites introduced at progenitor sites by somatic hypermutation are in fact glycosylated, 
which suggests that progenitor sites in general are located at positions that allow facile 
glycosylation.

Most studies on Fab glycans have focused only on IgG, while the level of Fab glycans on 
other Ig isotypes was largely unexplored. In Chapter 6, we showed that frequencies of 
variable region N-glycosylation sites are Ig isotype- and subclass-dependent, lowest for 
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naive, followed by IgM memory and κ and λ light chains, and highest for switched memory 
B cells28. Both IgE and IgG4 were shown to contain significantly more variable domain 
N- glycosylation sites than other isotypes28,40,60,61, despite the fact that they carried fewer or 
similar mutation levels as other antibody subclasses. Also for ACPAs, which are highly Fab 
glycosylated autoantibodies in rheumatoid arthritis, no correlation was observed between 
the number of mutations and the frequency of N-glycosylation sites62. These findings 
suggest that the introduction of N-glycosylation sites is not the mere consequence of a 
high mutation rate. Rather, the mutation rate is likely a consequence of continuous (re-)
activation of (autoreactive) B cells, while the Fab glycans provide additional signals that 
grant a selective advantage to these cells62,63.

Besides differences in Fab glycosylation levels between different Ig isotypes and subclasses, 
Fab glycosylation levels can also greatly vary for specific antibody responses (Chapter 
7). Fab glycosylation levels on anti-RhD, anti-EBV, anti-Spike were significantly lower 
compared to total IgG. Anti-tetanus and anti-CMV had Fab glycan levels similar to total 
IgG. Not surprisingly, for IgG4-mediated responses, such as anti-PLA2, anti-ADL and 
anti-IFX, increased levels of Fab glycosylation were observed compared to total IgG, 
some even significantly higher than levels of total IgG440. In addition, several autoantibody 
responses, such as anti-CCP2, anti-MuSK and anti-Dsg3, displayed elevated levels of Fab 
glycosylation. Interestingly, within the anti-MuSK response, elevated Fab glycosylation 
was restricted to the IgG4 subclass, in contrast to patients with pemphigus vulgaris that 
showed elevated levels for both anti-Dsg3 IgG4 and IgG1. Moreover, anti-PR3 IgG1 Fab 
glycosylation levels, but not IgG3 nor IgG4, were elevated in a fraction of AAV patients. 
Antibody responses thus widely differ in the level of Fab glycosylation and subclass-
specific enrichment of Fab glycans may occur under conditions where Fab glycans are 
functionally relevant.

Selection and regulation of Fab glycans during B cell responses
Both positive and negative selection for Fab glycans during antigen-specific responses 
is becoming increasingly evident. Above, we opposed the idea that Fab glycans are a 
mere side effect of the process of somatic hypermutation, for example by the observation 
of different levels of Fab glycosylation for different antigen-specific antibody responses. 
Besides antigen-associated selection, Fab glycosylation is likely subject to additional 
forms of selection and regulation. However, the question remains how antibodies with 
or without Fab glycans are selected. This selection likely occurs via several mechanism 
(Figure 1). First, Fab glycans on B cell receptors (BCRs) that result in impaired antigen 
binding probably get outcompeted by B cells that bind with higher affinity to the antigen 
(antigen-associated selection). In contrast, if Fab glycans improve antigen binding they 
may get positively selected. Second, BCRs with Fab glycans may alter their signaling, 
resulting in an altered threshold for activation (activation-threshold selection). Indeed, 
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citrullinated-antigen directed B cells demonstrated enhanced BCR-signaling when the BCR 
had Fab glycans52. Alternatively, Fab glycans on BCRs may interact with lectins present 
in the micro-environment and thereby acquire a survival advantage compared to non-Fab 
glycosylated BCRs (survival advantage selection), as suggested for B cell lymphomas and 
primary Sjogren’s syndrome54,64.

For antigen-associated selection of Fab glycans, the charge of the antigen or the context 
of the antigen seem to be of importance. Structural analysis of patient derived anti-MuSK 
antibodies revealed that somatic mutations, which led to the introduction of Fab glycans 
and a large increase in binding affinity, also resulted in an increasingly negatively charged 
antigen-binding surface. Due to the largely positively charged surface on the MuSK antigen, 
it is tempting to speculate that the negative charge of sialylated Fab glycans contributed to 
the increased binding affinity and thereby promoted the selection of these B cell clones65,66. 
In line, anti-RhD antibodies and antibodies against herpes viruses (CMV, EBV, VZV) and 
SARS-CoV-2 showed decreased levels of Fab glycosylation compared to total IgG. Here, 
the negatively charged cell membrane or viral envelope may potentially hamper antibody 
binding due to charge repulsion by antibodies carrying negatively charged sialylated Fab 
glycans and may result in negative selection for antibodies with Fab glycans.

Figure 1. Proposed selection mechanisms for Fab glycosylated BCRs and antibodies. (A) Bulky glycan 
structures in suboptimal positions may interfere with antibody folding and function. (B) BCRs with Fab 
glycans may alter their signaling, resulting in an altered threshold for activation. (C) Fab glycans on BCRs 
may interact in cis and trans with lectins present in the micro-environment and thereby acquire a survival 
advantage compared to non-Fab glycosylated BCRs. (D) Hydrophobicity and/or charge interactions between 
Fab glycans and antigens or antigen-context. (E) T cell help can skew class switch recombination (CSR) 
towards Ig isotypes IgG4 and IgE with enriched Fab glycosylation levels.
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Fab glycosylation may in part be regulated by the mode of B cell activation. The introduction 
of mutations resulting in N-glycosylation sites is a determining event for the accumulation 
of Fab glycans. Since SHM as well as class switch recombination depend on activation-
induced deaminase (AID) expression, which is mainly under control of T cell help, it is 
plausible that different T cell helper profiles may result in different Fab glycosylation levels. 
For example, IgG4 and IgE antibodies, that are associated with Tfh responses that require in 
addition to IL-21 expression of IL-4 and/or IL-13, accumulate more Fab glycans than other 
Ig isotypes and subclasses. That different types of T cell help generate different N-glycan 
profiles has previously been shown for Fc glycans67. Whether T cell help can influence the 
structure of Fab glycans has not been studied so far. Future research should investigate the 
role of different cytokines in the regulation of Fab glycosylation.

Fab glycans on IgG4 and IgE antibodies
Fundamental differences were observed in the level of Fab glycosylation between isotypes 
and subclasses in healthy donors (Chapter 6). Both IgG4 and IgE antibodies have elevated 
levels of Fab glycans despite having similar or even fewer variable region mutations as 
other isotypes, nor did they display a biased V gene usage28,60,61. Tfh responses that require 
in addition to IL-21 expression of IL-4 and/or IL-13 (TFH2 type response) promote class 
switching to both IgG4 and IgE68,69. The question arises why these responses have elevated 
Fab glycan levels in general and whether this has functional consequences for IgG4/IgE 
BCRs and antibodies.

IgG4 antibodies often develop after prolonged antigen exposure and are associated with 
immune tolerance, as they are poor activators of effector functions because of weak 
C1q/FcγR binding and their inability to form large immune complexes because of Fab-
arm exchange70–72. IgE antibodies play a pivotal role in response to allergens69,73 and 
are capable of triggering anaphylaxis, one of the most rapid and severe immunological 
reactions. Although Fab glycans can positively contribute to antigen binding, it is unlikely 
that antigens provoking a TFH2 type response would generally be better recognized by 
antibodies carrying Fab glycans. Alternatively, Fab glycans may be selected to dampen 
antigen binding contributing to the tolerogenic phenotype of IgG4 antibodies and for IgE 
antibodies to create a lower-affinity repertoire, which could protect against exacerbated 
allergic reaction60. For both IgG4 and IgE responses, there are indications for impaired 
germinal center responses68,74, which tentatively might provide the environment that 
positively selects for enhanced levels of Fab glycosylation. IgE+ B cells are rare due to 
low GC participation, high rates of short-lived antibody secreting cell formation and 
absence from long-lived compartments74–79. The tight regulation of IgE responses, critical 
for constraining allergic responses, is amongst others, driven by intrinsic signals from 
the ectopic IgE BCR in activated B cells which drives ASC differentiation in an antigen-
independent manner4,78. The autonomous signaling observed for IgE+ B cells might originate 

9



Chapter 9 | Discussion

254

from in cis interactions of Fab glycans with surface lectins, i.e. inhibitory co-receptor 
SIGLEC CD22, which consequently drives the tendency towards apoptosis in IgE+ B cells, 
similar to what was observed for IgM BCRs and Galectin-975,80–82. On the other hand, 
introduction of Fab glycans improves antibody stability, therefore the elevated levels of 
Fab glycans observed for IgE may function to contribute to stabilization of the highly 
flexible IgE BCR83,84.

Fab glycans are thus contributing to antibody diversification and are found with elevated 
levels on IgG4 antibodies in both infectious and non-infectious settings. In Chapter 7 we 
found that IgG4 autoantibodies associated with MuSK myasthenia gravis and pemphigus 
vulgaris were enriched in Fab glycans and antibodies against therapeutic proteins were 
previously found to display elevated Fab glycosylation levels40. The role for IgG4 antibodies 
in disease is highly diverse and both pathogenic and protective roles have been described. 
IgG4 antibodies confer mostly ‘blocking’ effector functions by not engaging with the 
complement system or FcγRs. IgG4-mediated pathologies generally involve blocking of 
protein or receptor functions. The role, if any, of elevated Fab glycans in IgG4-mediated 
pathology has not been established (Figure 2). As previously suggested, Fab glycans may 
improve the functional monovalency of Fab-arm exchanged IgG4 antibodies by enhancing 
antigen binding or inversely hamper binding or provide a survival advantage for IgG4+ B 
cells with Fab glycosylated BCRs via lectin interaction.

B cell-mediated autoimmune diseases
Enrichment of autoantibody Fab glycans has recently been associated as a novel feature 
of some autoimmune diseases (RA, AAV). Chapter 7 therefore addresses the important 
question whether this may be a general characteristic acquired by autoantibodies that 
develop in the context of autoimmunity. By comparing Fab glycosylation levels on 
autoantibodies across a broad range of autoimmune diseases we could demonstrate Fab 
glycosylation indeed is a regular feature in multiple autoimmune diseases, but is restricted 
to chronic B cell-mediated autoimmune diseases. Importantly, the disease-overarching 
nature of this study, points towards a common pathophysiological mechanism of immune 
dysregulation.

Antibodies against latent herpes viruses, vaccine antigen tetanus toxoid and HIV did not 
show elevated levels of Fab glycans, suggesting that chronic antigen-stimulation as such 
does not necessarily lead to increased Fab glycosylation levels and may be more specific for 
chronic inflammation/autoimmune settings. In line, ACPA-IgG exhibits remarkably high 
levels of Fab glycosylation. Moreover, a rise in ACPA Fab glycosylation levels precedes 
onset of clinical symptoms, increased ACPA levels and affinity maturation. This implies 
that affinity maturation does not drive the selection of ACPA-expressing B cells but 
rather their propensity to introduce V region glycosylation sites that potentially support 
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their expansion and/or survival. Moreover, anti-hinge antibody responses against hinge 
neoepitopes generated by endogenous (MMPs) but also exogenous proteases (bacterial 
derived cathepsins) demonstrated elevated levels of Fab glycosylation in RA patients but 
also in healthy controls (Chapter 8), suggesting that extensive Fab glycosylation may also 
develop in response to an inflammatory proteolytic microenvironment not restricted to 
autoimmunity.

Autoantibody responses in patients with acute autoimmune diseases, such as GBS, TTP 
and anti-GBM were characterized by low levels of Fab glycans (Chapter 7). The majority 
of GBS, TTP and anti-GBM glomerulonephritis patients report a viral or bacterial infection 
before disease onset. The immune system generates antibodies to fight infection, that 
coincidently trigger autoimmunity in genetically susceptible individuals due to cross-
reactivity with self-antigens85,86. The low levels of Fab glycans observed on autoantibodies in 
GBS, TTP and anti-GBM glomerulonephritis might stem from these antibodies originating 
from cross-reactive anti-microbe immune responses that have evolved in a microbe-specific 
context in which Fab glycans are not favorable, for example due to charge repulsion as 
described above.

In addition to Fab glycan levels, glycan composition may also be altered upon chronic 
inflammation/autoimmune settings, as was previously observed during ageing and 
pregnancy31. Several studies investigated the Fab glycan composition of IgG autoantibodies 
or BCRs in patients with different autoimmune diseases (RA, AAV and IgG4-RD) and 
revealed an enrichment of highly sialylated Fab glycans compared to polyclonal serum 
IgG in healthy controls26,30,87. Glycosylation can be influenced by a variety of factors, e.g. 
type of cell, its activation state and presence of inflammatory mediators such as cytokines 

Figure 2. Association between IgG4 antibodies, Fab glycosylation levels and autoimmune diseases.
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and chemokines. Autoimmune diseases display specific (local) cytokine signatures88 
that are able to modulate expression of glycosidases, sialidases and glycosyltransferases, 
which impact glycan structure6 and may explain enrichment of sialylated Fab glycans in 
several autoimmune diseases. Thereby, Fab glycosylated autoantibodies may locally shape 
immunological microenvironments at inflamed sites, in line with the observation that 
synovial fluid-derived ACPA exhibited higher Fab glycan prevalence than ACPA obtained 
from peripheral blood26.

The abundant presence of highly sialylated Fab glycans in autoimmune diseases might 
potentially support their expansion and/or survival or impart an immune-modulatory 
function26,89,90 for which mechanisms are not fully understood. This could be cell intrinsic 
as sialylation can have modest contributions to enhanced antigen-affinity40,42, but could 
also rely on the local interaction with sialic acid-binding immunoglobulin-type lectins 
(SIGLECs). A recent study observed that Fab glycans expressed by autoreactive BCRs 
result in enhanced BCR-signaling and prolonged expression of the BCR on the cell-
surface after antigenic-triggering, which was independent of the SIGLEC CD2252. The 
prolonged surface expression might modulate BCR signaling strength and duration91 or 
alternatively, differences in molecular organization of surface BCR clusters with or without 
Fab glycans alter B cell activation thresholds52,92. It cannot be ruled out that interactions 
with other SIGLECs or (soluble-secreted) lectins may be involved in altered signaling, 
similar to the role of Galectin-9 described in IgM BCR signaling82. In primary Sjogren’s 
syndrome, antigen-independent B cell proliferation within parotoid glands is suggested to 
arise from interaction of Fab glycans with microenvironmental lectins64. Moreover, high 
sialic acid levels may convey a survival advantage similar to what was observed for CD4+ 
T helper 2 cells resistant to Galectin-1 mediated apoptosis. CD4+ T helper 2 cells exhibit 
high α2,6-linked sialic acid surface expression, opposed to activated naive T cells that 
have significantly lower α2,6-linked sialic acid levels, resulting in galectin-1 mediated 
apoptosis6,93. Whether highly sialylated Fab glycans aid in escape from apoptosis needs to 
be investigated.

B cell lymphoma
High levels of Fab glycans have not only been observed in autoimmune diseases, but also 
in certain lymphomas, e.g. Follicular lymphoma (FL) and diffuse large B cell lymphoma 
(DCBCL). FL BCRs feature a unique enrichment of rare oligomannoses, even though the 
Fc glycans feature complex-type glycans94–96. The high-mannose type glycans are rare in 
healthy individuals, estimated to represent only 4% of IgG Fab glycans36. Moreover, SHM-
induced N-linked glycosylation sites within FL BCRs were observed on specific hotspots 
at positions 38 (CDR1), 55 (FR2), 107 (CDR3), and 125 (FR4)58, suggesting that not only 
the presence of an N-linked glycan but also its exact position seems important to drive 
lymphomagenesis. Presumably, these high mannose Fab glycans interact with endogenous 



257

lectins, or alternatively with lectins from opportunistic bacteria. This interaction would 
result in antigen-independent BCR activation via precisely positioned high-mannose Fab 
glycans and in doing so provide additional growth and survival signals to the lymphoma 
cell54–56,97. Indeed, experimental models confirmed an interaction between lectins, such as 
DC-SIGN but also lectins on opportunistic bacteria, and FL high-mannose Fab glycans, 
thereby stimulating the lymphoma B cells54,97. As mentioned, in healthy donors high-
mannose structures are normally absent on the cell surface, sparking the hypothesis 
that in FL the Fab glycans do not fully mature inside the Golgi complex due to enzyme 
inaccessibility94,95. For instance, increased serum concentration of IL-6 in patients with 
non-Hodgkin’s lymphoma98,99, of which 40% represents FL, can enhance the expression of 
oligosaccharyltransferase, which catalyzes attachment of the N-linked glycan precursor to 
the polypeptide chain in the lumen of the endoplasmic reticulum, resulting in increased IgG 
Fab glycosylation with a proportional increase in high-mannose structures up to 30%100–102. 
Also the precise positioning of the N-glycosylation site can direct glycan composition as 
introduction of N-glycosylation sites in the CDR2 of otherwise identical antibodies resulted 
in complex-type biantennary glycans at Asp54 and Asp58 but in high-mannose structures 
at Asp6033.

Challenges in antibody Fab glycosylation research
Besides IgG, all other immunoglobulin (Ig) isotypes also have V region N-glycosylation 
sites, likely resulting in the presence of Fab glycans. While Fab glycosylation of IgG 
has been more extensively studied, less is known about the Fab glycosylation patterns of 
other Igs. This is due -in part- to the fact that the other Ig isotypes are more glycosylated 
compared to IgG that has only a single conserved N-glycosylation site (see Figure 4, 
General introduction), hampering their analysis using well-established methods. For 
example, IgM which typically exists as a pentamer, has 10 N-glycosylation sites on 
each monomer103. We and others use Sambucus nigra agglutinin (SNA) lectin-affinity 
chromatography to fractionate serum antibodies. For IgG, this technique allows for 
enrichment of Fab sialylated antibodies, but not for Fc glycans because these are shielded 
within the 3D-conformation27,29,104. Due to a large number of additional sialylated CH glycans 
present on other isotypes, the majority of antibodies will end up in the SNA enriched 
fraction. Several glycans are found in the CH1-domain or hinge-region thus using proteases 
to generate F(ab’)2s prior to fractionation is not a solution. Another limitation of SNA 
affinity chromatography is that it captures only sialylated glycans. Since a large proportion 
(>90%) of polyclonal serum IgG contains Fab glycans with at least one terminal sialic 
acid residue104 this method provides a good estimation for the level of Fab glycosylation. 
However, antibodies with non-sialylated Fab glycans end up in the SNA depleted fraction, 
potentially resulting in a slight underestimation of antibody Fab glycan levels. Thus, using 
this method the frequency and glycan composition of antibodies with non-sialylated Fab 
glycans remains unclear. It may be feasible that under certain conditions levels of non-
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sialylated Fab glycans increase and that a fraction of Fab glycosylated antibodies is missed 
that could be functionally relevant, e.g. high-mannose glycans found in B cell malignancies.

Antigen-independent B cell in vitro models provide a great opportunity to systematically 
investigate the relationship between antigen and the introduction of V region N-glycosylation 
sites. The majority of N-glycosylation sites are the result of somatic hypermutation. 
Therefore, the use of naive B cells that carry unmutated Ig genes is beneficial to determine 
in vitro acquired N-glycosylation sites. In Chapter 2 and 3, we have shown that current 
isolation strategies for naive B cells (CD27-IgD+) harbor contamination from mutated non-
naive B cells, and use of CD27-IgD+ is adequate but can be improved by including markers 
for CD45RB glycosylation and IgM to obtain a population of non-clonally expanded and 
non-mutated naive B cells.

Somatic hypermutation as well as class switch recombination depend on the activity of 
AID. In Chapter 5 and unpublished data, we have observed that in vitro AID activity 
is sufficient for CSR but not for SHM. Studies that are able to induce SHM in primary 
B cell cultures at physiological relevant rates have not been published. Lack of SHM in 
cultured primary B cells may stem from several reasons. First, AID expression levels may 
be limiting, suggesting that relevant signals to induce AID levels necessary for SHM are 
lacking in vitro. Future studies on antibodies produced in B cell in vitro cultures stimulated 
with T cell dependent and independent cytokines stimulation such as IL-4, IL-13, IL-10, 
IFN-γ, IL-21, BAFF/APRIL, as well as CD40L should be performed to learn more about 
the T cell-mediated potential to regulate antibody Fab glycosylation. Second, AID may 
be able to introduce uracils within the V region, but those are repaired by high-fidelity 
repair mechanism resulting in an absence of alterations to the DNA. DNA polymerases are 
important players within DNA repair pathways105,106. Physiological relevant oxygen levels 
influence expression profiles of different repair proteins and DNA polymerases, resulting 
in higher levels of low-fidelity DNA polymerases, such as POLη, under hypoxia (0.5-1% 
pO2)

107,108. Human B cell in vitro studies have so far largely neglected the role of oxygen 
levels in human B cell studies. Hence, performing in vitro experiments at physiological 
relevant oxygen levels, rather than atmospheric oxygen levels, may be pivotal for the 
introduction of detectible somatic mutations. For germinal centers, the region within 
follicles where B cells undergo somatic hypermutation, tissue oxygen levels ranging from 
normoxic (3-6% pO2) to hypoxic (0.5-1% pO2) have been described. In Chapter 5, by using 
optimized in vitro cultures mimicking T cell-dependent B cell activation together with 
in-depth flow cytometric assessment of B cell phenotype, metabolic status and signaling 
pathways, we show that oxygen is a critical regulator of human naive B cell differentiation 
and class switch recombination. In addition to local oxygen pressure, other factors such as 
availability of nutrients, migratory and physical signals such as shear stress are also likely 
to contribute to B cell fate decision during both extrafollicular and GC B cell responses. 
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Taken together, we suggest future research that aims to recapitulate the human germinal 
center response in vitro should be performed at physiological relevant oxygen pressures 
(0.5-6% pO2).

Fab glycans as an unconventional strategy for antibody diversification: 
future opportunities, applications and perspectives
The gradual progression of chronic autoimmune diseases often results in serious tissue 
damage before the disease is diagnosed clinically. Therefore, early diagnosis of autoimmune 
diseases is desired. Measurement of autoantibodies is a major diagnostic tool in many 
autoimmune diseases. Besides autoantibody levels and Fc glycosylation, Fab glycosylation 
might function as another pathogenic determinant in autoimmune diseases. For RA, Fab 
glycans on autoantibodies are described to predict progression to RA109. However, in a large 
cross-sectional study where Fab glycosylation levels were assessed on pre-symptomatic, 
early and established RA patients after specific treatment decisions, Fab glycans were less 
informative after disease onset110. The value of Fab glycans as clinical biomarkers may 
depend on the disease stage, type of treatment and the location of the B cell compartment 
that produces the autoantibodies. It will be of interest to study the relative abundance of 
different Ig class and subclasses and integrating this with site-specific N-glycosylation 
profiles in order to generate disease-specific glycan signatures.

The generation of recombinant monoclonal antibodies tremendously revolutionized the 
landscape of treatment options for different diseases including many cancers, autoimmune, 
metabolic and infectious diseases. The first monoclonal antibody was approved by the 
United Stated Food and Drug administration in 1986. Currently 79 therapeutic mAbs 
have made it onto the market. Since then, antibody engineering has dramatically evolved 
and mAbs have become a prominent class of new drugs due to their high specificity and 
limited side-effects.

For therapeutic antibodies glycan modifications are often considered critical quality 
attributes and can be engineered for therapeutic efficacy and safety improvements. The 
N-linked glycan at position N297 in the Fc of IgG molecules plays an essential role in 
Fc effector functions including antibody-dependent cellular cytotoxicity (ADCC) and 
complement-dependent cytotoxicity (CDC) which are among the mechanisms of action 
of therapeutic antibodies. Hence, engineering Fc glycans on mAbs is a rational strategy 
to improve safety and adjust efficacy. Nowadays, therapeutic mAbs are generated that 
are for example non-fucosylated (mogamulizumab, benralizumab, obinutuzumab) or 
overall non-glycosylated. In addition, introducing Fab glycans onto strategic positions 
within the variable region of a monoclonal antibody can substantially enhance its activity 
(ibalizumab)111.
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Above, we described several mechanisms of how Fab glycans can influence antigen binding, 
including the bulk size of N-linked glycans to fill out the space between epitope and 
paratope, charge–charge interaction and through steric hinderance. A major drawback 
from mAbs therapy is their immunogenicity. Frequently, individuals that are treated with 
mAbs develop antibodies against the mAb (anti-drug antibodies) which results in rapid 
clearance of the drug by which the effectiveness of therapy reduces greatly. In a pilot 
study, we immunized mice with adalimumab (ADL) wild-type (without Fab glycans) or 
several ADL variants with Fab glycans. After several weeks and multiple ADL boosters, 
mice that received ADL with Fab glycans showed significant lower anti-drug antibody 
levels than mice injected with the non-Fab glycosylated ADL (non-published data). 
These findings are in line with the beneficial use of the SNA enriched fraction of IVIg 
(enriched for Fab glycosylated IgG) used to treat patients with autoimmune diseases and 
B cell malignancies112,113. One potential mechanism of action relies on the fact that Fab 
glycans are very motile and therefore make the epitope, that is often recognized by anti-
drug antibodies, more variable and thus less well recognized by anti-drug antibodies. 
These preliminary results suggest that the addition of Fab glycans may aid to lower 
immunogenicity of antibodies used for therapeutic purposes. Moreover, introduction of 
Fab glycans at predisposed locations was able to improve IgG antibody stability47 and Fab 
glycans with high sialic acid content could extend antibody half-life46. Taken together, Fab 
glycan engineering serves as a potential new avenue to be explored for new or existing 
therapeutic antibodies. Of note, the precise positioning of these Fab glycans on locations 
that do not interfere with antigen binding is important. Furthermore, Fab glycan structures 
should mimic in vivo glycans to avoid immunogenicity against aberrant glycan structures. 
Current in vitro systems have been optimized to generate antibodies with in vivo-like Fab 
glycans114 (Figure 3).

In this thesis, we describe how glycans can contribute to repertoire diversification and 
classification on both B cell subsets and antibodies. The results presented in this thesis 
support that glycans can be considered an undistinguishable part of the immunological 
repertoire through diversity generation and subset classification. We found that glycan 
profiles can give insight in the phenotypic and functional progression from differentiating 
B cell subsets and we describe novel patterns and biases of the acquisition of antibody 
Fab glycosylation during health and disease. The majority of Fab glycans is introduced 
by somatic hypermutation at predictable locations surrounding the antigen-binding site 
of antibodies and are introduced to various degrees during antibody responses depending 
on the antigen, antigen-context as well as Ig isotype/subclass. These findings increase our 
understanding of the role for Fab glycans in immunity, specifically in the context of B 
cell-mediated autoimmune diseases. Our findings suggest that future research on mapping 
cellular and antibody glycan profiles could be very useful, for example to improve B 
cell subset classification and to determine whether monitoring of Fab glycans can aid in 
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diagnostics and disease progression and their contribution to pathogenesis. Moreover, the 
introduction of Fab glycans is a potential new avenue to be explored for improving new or 
existing therapeutic antibodies.

Figure 3. Fab glycans as an unconventional strategy for antibody diversification: future opportunities, 
applications and perspectives.
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ENGLISH SUMMARY

B cell and antibody differentiation 
the contribution of glycans to repertoire diversification and classification

Our immune system has two lines of defense, innate and adaptive immunity, that work 
together to enable rapid and specific elimination of pathogens. Adaptive immunity depends 
on the activation of B and T cells for specific and long-lasting protection. The response of 
B cells to infection or immunization can be broadly divided into T cell-dependent B cell 
responses that feature a germinal center and T cell-independent B cell responses that lack 
GCs and feature B cell proliferation and differentiation at extrafollicular sites. B cells that 
receive help from T cells can differentiate into memory B cells, plasmablasts or plasma 
cells, of which the latter two produce antibodies.

An antibody, also called immunoglobulin, consists of two domains; a constant domain 
and a variable domain. The constant domain determines the (sub)class of the antibody; 
the possibilities are IgD, IgM, IgG1-4, IgA1-2 or IgE. The different classes exert different 
effector functions such as Fc-receptor binding and complement activation. The variable 
domain is important for the recognition and opsonization of pathogens. Each B cell has a 
unique specificity. In order to protect our body against a plethora of potential pathogens, 
the same number of antibody specificities must therefore be generated at minimum. Two 
processes underlying the broad diversity of the antibody repertoire are V(D)J recombination 
and somatic hypermutation.

During somatic hypermutation, mutations are introduced in the variable domain which 
can result in increased affinity of the antibody for the pathogen. In addition, it may also 
lead to the formation of a glycosylation site consisting of the amino acid sequence Asn -X 
-Ser/Thr (where X is any amino acid except proline), which may result in the generation 
of Fab-glycosylated antibodies. The obtained Fab glycosylation is an additional extension 
of the antibody repertoire diversity. The absence or presence of specific glycans may also 
contribute to the classification and diversification of the B cell repertoire. Different stages 
of B cell development and differentiation are characterized by the presence of specific 
glycans on proteins on the B cell surface, such as PNA-reactive O-glycans found on B cells 
within germinal centers. The contribution of glycans to both B cell and antibody repertoire 
diversification and classification is the subject of this thesis.

Antibody Fab glycosylation in itself and the location of glycosylation sites in the variable 
domain may be controlled by antigen-specific properties. B cell culture systems are well 
suited to systematically investigate the relationship between antigen and the introduction 
of glycosylation sites in the variable domain. To this end, it is essential that studies are 
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performed using true naive B cells with still unmutated antibody (Ig) genes to identify 
the culture-induced somatic hypermutation and potentially acquired glycosylation sites. 
Common strategies for the isolation of naive B cells utilize CD27 surface expression to 
differentiate antigen-experienced from inexperienced B cells, as CD27 expression correlates 
with having mutated Ig genes. However, a significant proportion of class-switched and non-
class-switched B cells that do not express CD27 still carry mutated BCRs. In Chapter 2, 
we improved current isolation strategies for naive B cells (CD27-IgD+) by using markers for 
specific glycosylation on CD45RB and IgM. Using this optimized strategy, we obtained a 
population of virtually non-clonally expanded and non-mutated naive B cells.

As mentioned before, surface expression of CD27 is often used as a marker for antigen-
experienced B cells, but also a fraction of CD27- B cells show mutated and class-switched 
Ig genes, characteristic of antigen-priming. In Chapter 2, we observed that specific 
O-glycosylation on CD45RB marks antigen-experienced B cells, independent of their 
CD27 expression. In Chapter 3, we therefore investigated human peripheral blood B cell 
subsets separated by CD45RB glycosylation, CD27 and IgM/IgD isotype expression and 
studied their Ig repertoire and in vitro functionality. We observed distinct maturation 
stages for CD27- B cells with glycosylated CD45RB, defined by differential expression 
of IgM and IgD. From this we concluded that glycosylation of CD45RB is indicative for 
antigen-primed B cells, which are, depending on the Ig isotype, functionally distinct. These 
findings provide new insights into the phenotypic and functional progression of naive B 
cells into memory B cells.

Since most glycosylation sites are the result of somatic hypermutation, it is essential 
to be able to induce this process during culture experiments. To date, studies able to 
induce somatic hypermutation in primary human B cell cultures at physiological relevant 
rates have not been published. Thus, optimization of B cell culture systems is needed. 
In Chapter 4 we have compared and improved previously published human naive B cell 
cultures in order to gain more insight into the role of different T cell-dependent (TD) and 
-independent (TI) stimulations on B cell differentiation, antibody production and somatic 
hypermutation. We used optimized TD and TI stimulation protocols for in-depth analysis 
of B cell differentiation and antibody production in primary B cell and PBMC cultures. 
We found that the level of CD40L co-stimulation, cytokines IL-21 and IL-4 and the initial 
starting number of B cells had the greatest effects on B cell differentiation, class switch 
and antibody production. These insights resulted in the development of efficient B cell 
differentiation culture protocols that use small amounts of B cells, making these assays 
ideally suited for future clinical research studies with valuable patient material.

An important factor that is often overlooked during B cell culture experiments is the 
possible effects of oxygen pressure on B cell differentiation. In Chapter 5 we therefore 
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investigated how partial oxygen pressure (pO2) found in human lymphoid tissues (pO2 
~1-3%) regulates naive B cell differentiation and class switching and how this compares to 
atmospheric oxygen pressure (pO2 21%) generally used in culture experiments. Culturing 
naive B cells at 3% pO2 promoted differentiation into antibody-secreting cells while 
culturing at 1% pO2 generated a unique CD27++ B cell population. During germinal center 
reactions, B cells cycle between regions with different oxygen pressures. Therefore, we 
also investigated the effect of time-dependent switching of cultures between 1% and 3% 
pO2. We found that time-dependent pO2 switching during culture have major effects on 
the ability of naive B cells to differentiate and can promote class switching and secretion 
of IgG antibodies. Together, we have shown that oxygen plays a crucial role during B cell 
differentiation and class switch to IgG and the relevance of applying physiological oxygen 
pressure in future research.

Diversification of the antibody repertoire may occur through the emergence of glycosylation 
sites in the variable domain that result in the generation of Fab-glycosylated antibodies. 
Insights into antibody Fab glycosylation patterns during different stages of B cell 
development are scarce and most studies have focused only on IgG, while the level of 
Fab glycans on other antibody isotypes and subclasses remains largely unknown. In 
Chapter 6, we established patterns of glycosylation sites in variable domains of naive and 
memory B cell repertoires. We found that for all isotypes the glycosylation sites clustered 
specifically around antigen binding regions (CDR1-3, DE loop). We found no evidence of 
site-specific selection against acquisition of a glycosylation site, except for antigen-binding 
region CDR3. In addition, we found increased frequencies of glycosylation sites for IgE 
and IgG4 antibodies compared to IgG1-3 or IgA. Together, these results point toward a 
differential selection pressure of glycosylation site acquisition during affinity maturation of 
B cells, which depends on the location within the variable domain and is isotype/subclass 
dependent.

Several autoantibody responses have been characterized with increased Fab glycosylation 
levels. However, it is unknown whether this is a common feature for antibodies that develop 
in the context of autoimmunity. In Chapter 7 have we performed a disease-overarching 
study and determined the Fab glycosylation levels for ten different autoantibodies 
associated with B cell-mediated autoimmune diseases. We found that Fab glycosylation is 
a common feature of autoantibodies, but restricted to chronic autoimmune diseases. The 
importance of this finding resides, among other things, in the disease-overarching nature 
of this study, which points to a possible common pathophysiological mechanism of immune 
dysregulation in chronic autoimmune diseases.

Elevated levels of Fab glycans are thus regularly observed on antibodies that develop in 
the context of autoimmunity. It is unclear whether elevated Fab glycosylation levels also 
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occur on antibodies generated during alternative inflammatory states. Anti-hinge antibodies 
recognize neo-epitopes within the hinge of IgG. These neo-epitopes become exposed 
after proteolytic cleavage of the IgG molecule by inflammation or infection-associated 
endogenous or exogenous proteases. In Chapter 8, the levels of Fab glycosylation on anti-
hinge antibodies are compared between rheumatoid arthritis (RA) patients and healthy 
individuals. Anti-hinge antibodies specific for neo-epitopes generated by both endogenous 
and exogenous proteases showed increased levels of Fab glycans in both RA patients and 
healthy individuals. These results suggest that elevated Fab glycosylation levels may also 
develop in response to an inflammatory proteolytic microenvironment, not restricted to 
autoimmunity.

Finally, the results presented in this thesis are summarized and put in perspective 
in Chapter 9. In this thesis we describe how glycans can contribute to repertoire 
diversification and classification for both B cells and antibodies. We found that glycan 
profiles provide insight into phenotypic and functional progression of differentiating B 
cell subpopulations. Moreover, we found novel patterns and biases of the acquisition of 
antibody Fab glycosylation during health and disease and increased our understanding 
of the role for Fab glycans in immunity. Our findings suggest that in-depth mapping of 
glycan profiles for antibodies and B cells during differentiation may be very useful, for 
example to improve the classification of B cell subpopulations or to monitor Fab glycans 
for diagnostic purposes.
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NEDERLANDSE SAMENVATTING

B cel en antistof differentiatie  
de bijdrage van glycanen aan repertoire diversificatie en classificatie

Ons immuunsysteem heeft twee verdedigingslinies, de aangeboren en verworven 
immuniteit, die samenwerken om een snelle en specifieke eliminatie van ziekteverwekkers 
mogelijk te maken. Verworven immuniteit is afhankelijk van de activering van B en T 
cellen voor specifieke en langdurige bescherming. De response van B cellen op infectie of 
immunisatie kan grofweg worden onderverdeeld in T cel afhankelijke B cel reacties waarbij 
kiemcentra worden gevormd en T cel onafhankelijke B cel reacties zonder kiemcentra 
waarbij B cel proliferatie en differentiatie in extrafolliculaire regio’s plaatsvindt. B cellen 
die hulp krijgen van T cellen kunnen differentiëren tot geheugen B cellen, plasmablasten 
of plasmacellen waarvan de laatste twee antistoffen produceren.

Een antistof, ook wel immuunglobuline genoemd, bestaat uit twee verschillende domeinen; 
een constant domein en een variabel domein. Het constante domein bepaald de (sub)
klassen van de antistof; de mogelijkheden zijn IgD, IgM, IgG1-4, IgA1-2 of IgE. De 
verschillende klassen voeren verschillende effectorfuncties uit zoals Fc-receptorbinding 
en complementactivering. Het variabele domein is van belang voor de herkenning en 
opsonisatie van ziekteverwekkers. Elke B cel heeft een unieke specificiteit. Om ons 
lichaam tegen grote hoeveelheden potentiële ziekteverwekkers te beschermen moeten er 
dus minstens evenveel antistofspecifiteiten worden gegenereerd. Twee processen die ten 
grondslag liggen aan de grote diversiteit van het antistof repertoire zijn V(D)J recombinatie 
en somatische hypermutatie.

Tijdens somatische hypermutatie worden er mutaties geïntroduceerd in het variabele 
domein wat kan resulteren in verhoogde affiniteit van de antistof voor de ziekteverwekker. 
Daarnaast kan het ook leiden tot het ontstaan van een glycosyleringsplaats wat kan resulteren 
in de productie van Fab-geglycosyleerde antistoffen. De verkregen Fab glycosylatie is een 
additionele uitbereiding van de diversiteit van het antistofrepertoire. De af- of aanwezigheid 
van specifieke glycanen kan tevens bijdragen aan de classificatie en diversificatie van het 
B cel repertoire. Verschillende stadia van B cel ontwikkeling en differentiatie worden 
gekenmerkt door de aanwezigheid van specifieke glycanen op eiwitten op het membraan 
van de B cel. Een voorbeeld hiervan zijn PNA-reactieve O-glycanen die op B cellen in de 
kiemcentra worden aangetroffen. De bijdrage van glycanen aan zowel B cel als antistof 
repertoire diversificatie en classificatie is het onderwerp van dit proefschrift.

Antistof Fab glycosylering an sich en de locatie van glycosyleringplaatsen in het 
variabele domein worden mogelijk gestuurd door antigeenspecifieke eigenschappen. B 
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cel kweeksystemen zijn zeer geschikt om systematisch de relatie tussen antigeen en de 
introductie van glycosyleringsplaatsen in het variabele domein te onderzoeken. Hiervoor is 
het essentieel dat studies worden uitgevoerd met behulp van echte naïeve B cellen met nog 
ongemuteerde antistof (Ig)-genen om de in kweek geïnduceerde somatische hypermutatie 
en mogelijk verworven glycosylatieplaatsen te identificeren. Veel gebruikte strategieën voor 
de isolatie van naïeve B cellen maken gebruik van CD27 membraanexpressie om antigeen-
ervaren en onervaren B cellen te onderscheiden, aangezien CD27-expressie correleert met 
het hebben van gemuteerde Ig-genen. Echter, een aanzienlijk deel van de klasse geswitchte 
en niet-klasse geswitchte B cellen die geen CD27 tot expressie brengen, dragen toch 
gemuteerde BCR’s. In Hoofdstuk 2 hebben we de huidige isolatiestrategieën voor naïeve 
B cellen (CD27-IgD+) verbeterd door gebruik te maken van markers voor een specifieke 
glycosylering op CD45RB en IgM. Gebruikmakende van deze geoptimaliseerde strategie 
hebben we een populatie van vrijwel niet-klonaal geëxpandeerde en niet-gemuteerde naïeve 
B cellen verkregen.

Membraanexpressie van CD27 wordt zoals eerder genoemd vaak gebruikt als een marker 
voor antigeen-ervaren B cellen, maar ook een fractie van CD27- B cellen vertoont 
gemuteerde en klasse geswitchte Ig-genen, kenmerkend voor antigeen-ervaring. In 
Hoofdstuk 2 hebben we waargenomen dat specifieke O-glycosylering op CD45RB 
antigeen-ervaren B cellen markeert, onafhankelijk van hun CD27 expressie. In Hoofdstuk 3 
bestudeerde we daarom humane B cel subsets uit perifeer bloed gescheiden door CD45RB-
glycosylatie, CD27 en IgM/IgD expressie en bestudeerden we hun Ig-repertoire en in 
vitro functionaliteit. We hebben verschillende ontwikkelingsstadia waargenomen voor 
CD27- B cellen met geglycosyleerd CD45RB, gedefinieerd door differentiële expressie van 
IgM en IgD. Hieruit concludeerden we dat glycosylering van CD45RB indicatief is voor 
antigeen-ervaren B cellen die afhankelijk van hun klassen functioneel verschillend zijn. 
Deze bevindingen bieden nieuwe inzichten in de fenotypische en functionele progressie 
van naïeve B cellen naar geheugen B cellen.

Aangezien de meeste glycosyleringsplaatsen het resultaat zijn van somatische hypermutatie, 
is het essentieel om dit proces te kunnen induceren tijdens kweekproeven. Tot op heden zijn 
er geen studies gepubliceerd waarin somatische hypermutatie met fysiologisch relevante 
mutatielevels werd geïnduceerd in primaire humane B cellen. Dus optimalisatie van B 
cel kweeksystemen is nodig. In Hoofdstuk 4 hebben we eerder gepubliceerde humane 
naïeve B celkweken vergeleken en verbeterd met als doel om meer inzicht te krijgen in 
de rol van de verschillende T cel afhankelijke (TA) en onafhankelijke (TO) stimulaties 
op B cel differentiatie, antistof productie en somatische hypermutatie. We hebben 
geoptimaliseerde TA- en TO-stimulatieprotocollen gebruikt voor een diepgaande analyse 
van B cel differentiatie en antistof productie in primaire B cel en PBMC kweken. We 
ondervonden dat de mate van CD40L co-stimulatie, cytokines IL-21 en IL-4 en het initiële 
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beginaantal B cellen de grootste effecten hadden op B cel differentiatie, klasse switch en 
antistof productie. De verkregen inzichten resulteerde in de ontwikkeling van efficiënte B 
cel differentiatie kweekprotocollen die gebruik maken van kleine hoeveelheden B cellen 
wat deze tests bij uitstek geschikt maakt voor toekomstige klinische onderzoekstudies met 
kostbaar patiëntmateriaal.

Een belangrijke factor die vaak over het hoofd wordt gezien tijdens B cel kweekproeven 
zijn de mogelijke effecten van zuurstofdruk op B cel differentiatie. In Hoofdstuk 5 hebben 
we daarom onderzocht hoe partiële zuurstofdruk (pO2) gevonden in humaan lymfoïde 
weefsel (pO2 ~1-3%) naïeve B cel differentiatie en klasse switch reguleert en hoe dit zich 
verhoud tot atmosferische zuurstofdruk (pO2 21%) die over het algemeen wordt toegepast 
bij kweekproeven. Het kweken van naieve B cellen bij 3% pO2 bevorderde differentiatie 
tot antistof-secreterende cellen terwijl bij 1% een unieke CD27++ B cel populatie werd 
gegenereerd. Tijdens kiemcentra reacties migreren B cellen tussen regio’s met verschillende 
pO2. Daarom onderzochten we ook het effect van tijdsafhankelijke wisselingen tussen 
1% en 3 % pO2. Hier ondervonden we dat pO2 wisselingen grote effecten hebben op de 
mogelijkheid van naïeve B cellen om te differentiëren en de klasse switch en de secretie van 
IgG antistoffen kan bevorderen. Hiermee hebben we laten zien dat zuurstof een cruciale 
rol speelt tijdens B cel differentiatie en klasse switch naar IgG en de relevantie van het 
toepassen van fysiologische zuurstofdruk in toekomstig onderzoek.

Diversificatie van het antistof repertoire kan plaatsvinden door het ontstaan van 
glycosyleringsplaatsen in het variabele domein die kunnen resulteren in de generatie van 
Fab-geglycosyleerde antistoffen. Inzicht in antistof Fab glycosylerings patronen tijdens 
verschillende stadia van B cel ontwikkeling zijn schaars en de meeste onderzoeken 
hebben zich alleen gericht op IgG, terwijl het niveau van Fab glycanen op andere antistof 
(sub)klassen nog grotendeels onbekend is. Daarom hebben we in Hoofdstuk 6 patronen 
van glycosyleringsplaatsen in kaart gebracht van de variabele domeinen van antistoffen 
behorende bij naïeve en geheugen B cellen. Hierbij vonden we dat voor alle klassen de 
glycosyleringsplaatsen zich specifiek clusterden rondom antigeenbindingregio’s (CDR1-
3, DE lus). We vonden geen bewijs dat er locatie-specifieke selectie plaats vond tegen 
het verkrijgen van een glycosyleringsplaats, behalve voor de antigeenbindingsregio 
CDR3. Daarnaast vonden we voor IgE en IgG4 antistoffen verhoogde frequenties van 
glycosyleringsplaatsen ten opzichte van IgG1-3 of IgA. Samen wijzen deze resultaten 
op een differentiële selectiedruk voor het verkrijgen van glycosyleringsplaatsen tijdens 
affiniteitsrijping van B cellen, die afhangt van de locatie binnen het variabele domein en 
van de (sub)klassen van de antistof.

Meerdere auto-antistof responsen zijn gekarakteriseerd met verhoogde Fab glycosylerings 
niveaus. Het is echter niet bekend of dit een algemeen kenmerk is voor antistoffen die zich 
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ontwikkelen in de context van auto-immuniteit. In Hoofdstuk 7 hebben we een ziekte-
overstijgend onderzoek uitgevoerd en de Fab glycosylerings niveaus bepaald voor tien 
verschillende auto-antistoffen geassocieerd met B cel gemedieerde auto-immuunziekten. 
We ontdekten dat Fab glycosylatie een veelvoorkomend kenmerk is van auto-antistoffen 
geassocieerd met auto-immuunziekten, maar zich beperkte tot chronische auto-
immuunziekten. Het belang van deze bevinding ligt onder andere in de ziekte-overstijgende 
aard van deze studie, die wijst op een mogelijk gemeenschappelijk pathofysiologisch 
mechanisme van immuun ontregeling bij chronische auto-immuunziekten.

Verhoogde niveaus van Fab glycanen worden dus regelmatig geobserveerd op antistoffen 
die zich ontwikkelen in de context van auto-immuniteit. Het is onduidelijk of verhoogde 
Fab glycosylerings niveaus ook voorkomen op antistoffen die ontstaan tijdens andere 
inflammatoire toestanden. Anti-hinge antistoffen herkennen neo-epitopen in de hinge van 
IgG. Deze neo-epitopen zijn blootgesteld nadat het IgG molecuul door midden is geknipt 
door ontsteking of infectie-geassocieerde endogene of exogene proteasen. In Hoofdstuk 8 
worden de niveaus van Fab glycanen op anti-hinge antistoffen vergeleken tussen patiënten 
met reuma en gezonde individuen. Anti-hinge antistoffen die binden aan neo-epitopen 
gegenereerd door zowel endogene als exogene proteasen vertoonden verhoogde niveaus van 
Fab glycanen bij zowel reuma patiënten als gezonde individuen. Deze resultaten suggereren 
dat verhoogde Fab glycosylering niveaus zich ook kunnen ontwikkelen in een inflammatoir 
proteolytisch micro-milieu, en dus niet beperkt is tot auto-immuniteit.

Ten slotte worden de in dit proefschrift gepresenteerde resultaten samengevat en in 
perspectief geplaatst in Hoofdstuk 9. In dit proefschrift beschrijven we hoe glycanen 
kunnen bijdragen aan repertoirediversificatie en classificatie voor zowel B cellen als 
voor antistoffen. Zo ontdekten we dat glycaanprofielen inzicht geven in fenotypische en 
functionele progressie van differentiërende B cel subpopulaties. Bovendien vonden we 
nieuwe en afwijkende Fab glycosylerings patronen op antistofresponsen tijdens gezondheid 
en ziekte en vergrootten we ons begrip van de rol van Fab glycanen in immuniteit. Onze 
bevindingen suggereren dat toekomstig onderzoek om glycaanprofielen op antistoffen en 
op B cellen tijdens differentiatie in kaart te brengen zeer nuttig kan zijn, bijvoorbeeld om 
de classificatie van B cel subpopulaties te verbeteren of om Fab glycanen te monitoren voor 
diagnostische doeleinden.
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Dit proefschrift is het resultaat van vijf jaar onderzoek. Ik wil graag iedereen bedanken 
die heeft bijgedragen aan het tot stand komen van dit proefschrift, waarbij een aantal van 
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Theo, mijn co-promotor en wetenschappelijke allesweter. Al tijdens mijn stage op Sanquin 
kwam ik er achter dat ik wilde gaan promoveren maar op één voorwaarde dat dat onder jouw 
begeleiding zou gaan gebeuren. En zo geschiedde het. Natuurlijk wil ik je bedanken voor 
je input, kritische blik en wetenschappelijke discussies, maar bovenal wil ik je bedanken 
voor de autonomie die je me hebt gegeven de afgelopen vijf jaar. Het vertrouwen dat je 
me gaf dat ik mijn eigen projecten kon en mocht runnen heeft mijn persoonlijke groei een 
enorme boost gegeven. Theo bedankt, wat waren we een super team! 

Marieke, mijn promoter en de ‘mammie’ van deze geweldige afdeling. De coronapandemie 
was een uitdaging van de bovenste plank met name om de afdeling bij elkaar te houden 
en verbinding te blijven zoeken ondanks fysieke afwezigheid. Ik bewonder hoe je dat hebt 
getackeld met bijvoorbeeld jouw persoonlijke mailtjes om ons op te vrolijken en ons te 
overtuigen de moed erin te houden. Bedankt voor af en toe dat duwtje in de rug en een 
goed gesprek. De B cel werkbesprekingen waren mijn absolute favoriet, fijn dat ik hier 
welkom was. 

Naast mijn promotor en co-promotor wil ik natuurlijk ook de andere leden van mijn OIO-
begeleidingscommissie bedanken. Gestur en Martijn bedankt voor de nuttige en leuke 
discussies en het waarborgen van mijn PhD planning.

Mijn paranimfen: Ninotska en Simon, wat een eer dat jullie mijn paranimfen willen zijn 
en wat hebben jullie dit verdiend! Ik kan me geen betere voorstelling maken dan dat ik 
jullie aan mijn zij heb tijdens de verdediging van mijn proefschrift. Ninotska, mijn steun 
en toeverlaat. Proeven doen met jou was altijd gezellig. Team Ninja, Kip en eekhoorn of 
toch jut en jul. Ik kan genieten van je neurotische trekjes op het lab en ik ben dankbaar 
voor je altijd betrouwbare proeven. Naast dat je onmisbaar bent geweest op het gebied van 
wetenschappelijke input kon ik ook altijd bij je terecht voor een goed gesprek, advies een 
lach en een traan, dankjewel dat je er altijd voor me was. Hopelijk blijven we onze traditie 
van theekransjes met taart voortzetten. Simon, mijn held! Wat heb jij een onmisbare input 
gegeven aan de cellulaire projecten in dit proefschrift. Bedankt voor al je geduld en uitleg 
over het FACSen en sorten van mijn B celletjes. Ik heb goede herinneringen aan onze 
memorabele sort-sessies tot diep in de nacht met Netflix, een vette hap van McDonalds 
en tussen de samples door een tukje op de groene bankjes. Bedankt dat je altijd weer in 
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was voor een nieuwe proef die nog gekker, nog langer, nog meer gates of nog meer platen 
nodig had.  

Graag wil ik ook de andere PI’s van de afdeling bedanken. Anja, bedankt voor je kritische 
en pragmatische aanpak die vaker dan eens mijn projecten een goede impuls vooruit hebben 
gegeven. Ilse, ontzettend bedankt voor je ondersteuning om een baan te veroveren bij 
Genmab. Wat gezellig dat we nu weer collega’s zijn. Ook Robbert, Diana, Gert-jan, en 
Sascha erg bedankt voor jullie nuttige feedback en input de afgelopen jaren.

Lieve oud AIOs, ik ben bevoorrecht dat ik samen met jullie heb mogen promoveren. 
Bedankt voor jullie warme welkom en fijn dat ik altijd met mijn vragen bij jullie terecht 
kon, en nog steeds kan. Maar bovenal wil ik jullie bedanken voor alle gekkigheid en 
gezelligheid die we samen hebben meegemaakt op borrels, feestjes, kerstdiners, OIO+ 
diners en weekendjes weg.

Willem, mijn avontuur op Sanquin begon onder jouw vleugel, een fijne plek. Jij hebt mij het 
vertrouwen gegeven dat ik ‘slim’ genoeg zou zijn om een PhD te gaan doen en daar ben ik 
je heel dankbaar voor. Ook bedankt voor al je goede adviezen en gezelligheid door de jaren 
heen. B cell boys Casper, Niels en Peter-Paul bedankt dat jullie mij alles leerden over B 
cellen. Ik koester nog goede herinneringen aan onze kweeklabsessies waar we pipetteerden 
en twerkten onder het genot van de SlamFM mix marathon. De B cell Keystone symposia 
in Keystone en Hannover met Casper, Niels, Erik, Nieke en Dorit waren een absoluut 
hoogtepunt tijdens mijn PhD. Sanne, Anna van Beek, Anna Kroeze en Marlieke bedankt 
voor alle gezellige weekendjes weg, high-tea en shop sessies. Hopelijk volgen er nog veel 
meer. Laura (culo, Guapi, dushi) mijn fantastische danspartner en tequila zusje. Ik heb 
genoten van onze avonturen! Lea, bedankt dat je zo’n gezellige buurvrouw was. Juulke, 
bedankt voor je aanstekelijke lach en gezelligheid. Ik heb goede herinneringen aan onze 
hypoxia thuiswerk sessies vergezeld door Betty en Worias. Ook bedankt aan Inge, Karin, 
Richard, Anouk, Twan, Astrid, Anno, Saskia, Jorn en Judith. 

Aan alle huidige PhDs: Nieke, Esther, Tamara, Yasmin, Nienke, Myrddin, Christine, 
Milou, Lisan, Bert en Laura Kummer, bedankt voor de gezelligheid. 

Bella Sabrina, het was leuk om met jou samen te werken. Bedankt voor je onmisbare 
bijdrage aan dit proefschrift en je vrolijke en doortastende spirit. 

Jolanda en Irma, wat heb ik genoten van het les geven op het Science park zowel tijdens 
mijn master als later tijdens mijn PhD. Jolanda, zonder jou was dit avontuur nooit begonnen 
jij bent de drijfveer geweest van mijn carrière op Sanquin. Uit de grond van mijn hart wil 
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ik je bedanken voor je vertrouwen en geloof in mijn kunnen, iets wat jij al veel eerder zag 
dan ik zelf.

Ook bedankt aan alle andere IP-ers die bijdragen of hebben bijgedragen aan deze 
fantastische afdeling: Pleuni, Gerard, Angela, Dorina, Dorien, Mieke, Ingrid, Ellen, 
Lisanne, Simone, Annelies, Kim, Iris, Gijs, Tineke, Miranda, Jorn, Floris, Christina, 
Sophie, Henk, John, Rocco, Daniela, George, Ina, Jerry, Brenda, Bruno, Virginia, 
Amelie, Mariel, Suzanne, Marij, Rob, Jolinde, Olvie, Sofie, Jim, Arend, Maurice, 
Julian, Sinead, Veronique, Domenique en Nadine.

Fatima, als er toch iemand de koningin van het regelen is ben jij het! Ontzettend bedankt 
voor al je hulp en steun in het bijzonder tijdens de laatste fase van mijn promotieonderzoek. 
Jij bent, samen met Kaoutar, onmisbaar voor deze afdeling!

Tijdens mijn promotie heb ik met veel plezier studenten mogen begeleiden en ook hen wil 
ik graag bedanken. Ikram, jij was de eerste student die ik mocht begeleiden. Ik vond het 
leuk te zien hoe enthousiast en doortastend je was ondanks het lastig project. Thiemo, I 
have admired your motivation and perseverance even though you had to switch supervisors 
and was held back due to restrictions of the pandemic.

De Sardinië 2018 crew: Casper, Laura, Loreto, Judith, Ammarina, Max en Twan. Het 
was een legendarische week van tequila party’s, volvreten, wijn drinken, Doerak spelen en 
af en toe ook een beetje science. Bedankt dat jullie deze trip zo memorabel hebben gemaakt 
en is zonder twijfel een van de hoogtepunten van mijn PhD.

De leukste en baddest boys in town: de leden van G-unit Arthur, Steven, Max, Zoltan, 
Robin, Erik, Mads, Thijs en Timon. Arthur, het is altijd gezellig met jou door dik en dun. 
Je kww filosofie gaf regelmatig een relativerend steuntje in de rug. Ik heb genoten van onze 
gymsessies, cheat days en borrels. Steven, HOEEE bedankt voor alle gezelligheid maar 
ook voor je bijdrage aan dit proefschrift met AHA en PLWH. Max, heerlijk hoe jij science 
kan bedrijven…mic drop. Timon, I loved dancing with you on the floor.

Alex, thank you for all the fun, delicious food and helping me design my thesis.

Bedankt ook aan alle andere party people die de vele borrels fantastisch hebben gemaakt: 
Rivelino (wanneer gaan we weer Pisang drinken?), Mark, Carlijn, Felix, Anna Oja, 
Florencia, Roos, Milena, Franscesca, Bram, Bogac en Natasja. 

Graag wil ik ook de mensen van Cryobiologie bedanken. Fijn dat jullie altijd zo goed 
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