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1. Summary  

English 

 Multiple sclerosis is a chronic, inflammatory, neurodegenerative disease that affects 

the central nervous system and has no known cure. The development of the disease is likely 

influenced by a combination of genetic, environmental, and stochastic factors. The pathology 

of the disease is characterized by immune cell infiltration of the central nervous system, and 

B cells seem to play a significant role in this process. Specifically, B cells have been shown 

to form tertiary lymphoid structures in the meninges; they may produce cytokines and 

neurotoxic factors and could act as antigen-presenting cells and activate pathogenic T cells. 

Moreover, B cells are known to differentiate into antibody-secreting cells that produce 

intrathecal IgG, which is a hallmark of MS.  

 The main goal of this thesis was to gain insights into the mechanisms underlying B-

cell responses in both treated and treatment-naïve multiple sclerosis patients. To this end, we 

characterized the B-cell receptor repertoire, clonal relationships, and transcriptional profiles 

of B-lineage cells found in the cerebrospinal fluid of multiple sclerosis patients. Utilizing 

techniques such as flow cytometry index-sorting and single-cell full-length mRNA 

sequencing, we conducted a detailed study of B-lineage cells, dissecting their phenotypes and 

revealing specific patterns of paired heavy- and light-chain gene usage. Next, by combining 

paired heavy- and light-chain variable region data with mass spectrometry analysis of IgG 

from cerebrospinal fluid and serum samples, we found that the intrathecal IgG-producing B 

cells are heterogenous and include highly proliferating cells as well as more differentiated 

cells primarily focused on immunoglobulin production. Finally, we also examined the B cell 

composition and phenotypes in the cerebrospinal fluid of multiple sclerosis treated with 

dimethyl fumarate. Our results support the theory that memory B cells are a potential 

mechanistic target of dimethyl fumarate. 

 This work sheds light on the role of B cells in the context of the intrathecal 

immunoglobulin repertoire in multiple sclerosis.  It also discusses the consequences of our 

results in light of immunomodulatory treatment options for patients suffering from multiple 

sclerosis. 
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Norsk 

 Multipel sklerose er en kronisk, inflammatorisk og nevrodegenerativ sykdom som 

skader sentralnervesystemet. Sykdommen har i dag ingen kur. Man antar at sykdommen 

skyldes en kombinasjon av genetiske, miljømessige og stokastiske faktorer. Patologien 

kjennetegnes av en infiltrasjon av immunceller i sentralnervesystemet, og B-celler ser ut til å 

spille en vesentlig rolle i denne prosessen. Det er vist at B-celler danner tertiære lymfoide 

strukturer i hjernehinnene, de kan produsere cytokiner og nevrotoksiske faktorer og de kan 

fungere som antigenpresenterende celler og aktivere patogene T-celler. Dessuten kan B-celler 

differensiere til antistoffproduserende celler og skille ut IgG i spinalvæsken, som er et 

kjennetegn på multipel sklerose. 

 Formålet med denne studien var å få innsikt i mekanismene som ligger til grunn for 

B–celleresponser hos både behandlede og ubehandlede pasienter med multippel sklerose. Vi 

benyttet oss av metoder som flowcytometri og enkeltcelle fullengde mRNA-sekvensering for 

å utforske ulike fenotyper av B-celler og analysere bruk av spesifikke mønstre av 

sammenkoblet tung- og lettkjede. Deretter kombinerte vi data fra de sammenkoblede tunge 

og lette kjedene med massespektrometri-analyse av IgG fra cerebrospinalvæske og serum. 

Gjennom denne analysen fant vi at de intratekale IgG-produserende B-cellene er noe 

heterogene og spenner fra svært prolifererende celler til mer differensierte celler som 

hovedsakelig fokuserer på produksjon av antistoffer. Til slutt analyserte vi B-

cellesammensetningen og fenotypene i cerebrospinalvæsken hos pasienter med multippel 

sklerose som er behandlet med dimetylfumarat. Resultatene gir støtte til teorien om at 

hukommelses-B-celler er et potensielt terapeutisk mål for dimetylfumarat. 

 Dette arbeidet gir innsikt i B-celle-repertoaret i cerebrospinalvæsken hos pasienter 

med multippel sklerose. Videre drøfter avhandlingen konsekvensene av våre funn i lys av 

nåværende og fremtidige behandlingsmuligheter. 
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5.  Introduction 

5.1. Innate and adaptive immune responses 

The human immune system, traditionally divided into the innate and adaptive immune 

systems, protects the body from a multitude of pathogens and foreign substances. Often 

described as the first line of defense, the innate immune system distinguishes self from non-

self and identifies danger-associated molecular patterns. This identification of danger 

initializes an immediate reaction against a broad spectrum of invading pathogens and other 

threats to an organism’s homeostasis1. In contrast, initial responses in the adaptive immune 

system develop more slowly, although they are far more efficient at targeting specific foreign 

antigens than innate immunity responses2. An antigen is any substance that causes an 

adaptive immune response. In subsequent encounters with the same pathogen, the adaptive 

system responds promptly and more efficiently due to the creation of immunological 

memory1. Thus, adaptive immunity provides long-lasting protection against the pathogen, 

often for the entire lifespan. 

T cells and B cells are the two main cell lineages constituting the adaptive immune 

system. Both cell types express receptors that recognize antigens and allow for a precise 

response against a given threat. The B-lineage cells and B-cell receptors (BCRs) are 

described in greater detail in chapters 5.2 and 5.3. Adaptive responses can be categorized as 

humoral immunity and cell-mediated immunity. In humoral responses, activated B cells 

produce antibodies that bind to foreign antigens. This neutralizes the antigen or signals other 

immune system components to take action. In contrast, cell-mediated immunity destroys cells 

that show signs of foreign antigens by inducing cell death (apoptosis) or secreting compound 

signals (cytokines) that are inflammatory indicators for other immune cells1. Cells from the 

B- and T-cell lineages cooperate and further the defensive capabilities of innate immunity to 

create an efficient and specific system with vast possibilities for protection. However, when 

these systems malfunction, pathogens are not detected, leading to immunodeficiency or to 

autoimmunity, in which the body cannot distinguish between healthy self-antigens and 

foreign tissues1.  
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5.2.  B cells 

The role of B cells is to recognize epitopes (fragments of antigens), produce 

antibodies, and develop and maintain immunological memory1. B cells also possess a 

regulatory function, in which they alter the behaviors of other cells through cytokine 

secretion and the modulation of T-cell survival and differentiation. In addition, they can act 

as antigen-presenting cells (APC), meaning they can process and display on their surface 

foreign antigens to T cells3. B cells acting as APCs are highly specific and can engulf 

recognized pathogens. In this case, they are also several thousand times more efficient at 

presenting to T cells than other APCs4. 

 

5.3.  B-cell receptors and immunoglobulins 

 The B-cell receptor (BCR) is a transmembrane form of an immunoglobulin molecule 

associated with two signaling chains, CD79 α and β. In the following paragraphs, the term 

BCR refers to membrane-bound immunoglobulin.  

The human immunoglobulin heavy-chain (IgH) locus is located on chromosome 14, 

whereas the kappa light-chain (Igκ) locus is located on chromosome 2 and the lambda light-

chain (Igλ) locus is located on chromosome 221. Each heavy- or light-chain locus comprises 

several gene segments; the human IgH locus harbors nine constant (C) gene segments, while 

the light-chain loci consist of either one (Igκ) or four (Igλ) C segments. Additionally, the 

human IgH locus contains at least 51 variable (V) region genes and 25 diversity (D) and 

joining (J) region genes. IgL loci have 30–40 V genes and 4–5 J genes5. Heavy chains 

typically contain only one D segment; however, V(DD)J recombination has been reported6. 

Some Ig genes can cluster on chromosomes other than the primary immunoglobulin loci7. D 

and J genes are commonly duplicated, deleted, or contain polymorphisms. Many V, D, and J 

genes are pseudogenes and, therefore, are non-functional. In addition, the immunoglobulin 

locus is highly repetitive and homologous8. All these factors render whole-genome 

sequencing studies ineffective for accurate and detailed locus mapping. Nonetheless, a 

continuous effort has been made to identify new alleles and haplotypes to understand 

germline variation and its effect on naïve antibody repertoire9. 

Before assembling a functional BCR in bone marrow, the V, D, and J genes must 

rearrange1. RAG1/RAG2 enzymes mediate this rearrangement. First, the heavy chain 



 

13 
 

undergoes recombination by deleting all nucleotides between D and J segments and joining 

segments together (Figure 1a). Next, the following V gene segment is added, thus forming 

the VDJ gene segment. Then, all remaining gene segments between V and D are deleted,  

DNA is transcribed, and the sequences between VDJ and constant gene segments are 

removed.  

 

Figure 1. VDJ recombination of the IgH locus and class-switch recombination (CSR). a) In VDJ, 

recombination DNA is cleaved at sequences flanking the rearranged D, J, and, subsequently, V 

segments. The formation of hairpin structures allows for the ligation of joins between gene segments. 

Before gene segments are joined, semi-random non-germline nucleotides are deleted and inserted. b) 

DNA is cut upstream of the recombining C-region genes in CSR. The 5’ end of the C-region is 

reconnected to the 3’ end of downstream gene segments, thereby replacing the previously expressed C-

segment gene with a new gene (here, µ is replaced with α1). Adapted with permission from Springer 

Nature Customer Service Centre GmbH: Nature Publishing Group, Mechanisms of chromosomal 

translocations in B cell lymphomas. Küppers, R. & Dalla-Favera, R., copyright (2001) 

The same steps occur in rearranging Igκ and Igλ loci; however, the light-chain loci 

lack a D segment. Most commonly, Igλ rearrangement occurs if Igκ rearrangement fails to 

produce a functional light chain. Around one in three sequences makes productive joins. Each 
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B cell can express only one active light chain from either Igκ or Igλ loci (isotypic exclusion). 

Moreover, only one heavy chain and one light chain from two possible alleles for each 

immunoglobulin locus are chosen (allelic exclusion) 1. However, the expression of two 

functional chains (especially Igλ) has been previously reported10. 

 The assembly of a functional heavy chain and one of the light chains produces a 

membrane-bound form of the BCR. A functional BCR is necessary for B-cell survival; if the 

BCR of a B cell does not bind to its ligand, the B cell cannot receive the proper survival 

signal, and its development ceases. This process is referred to as positive selection and 

happens in both immature and mature BCRs11. In contrast, negative selection is a mechanism 

for the elimination of self-reactive B cells. If a B cell binds to its own antigen, it is either 

eliminated by apoptosis (clonal deletion), ceases to respond to its antigen (becomes anergic), 

ignores other signals and continues development, or most commonly, edits the receptor to 

change the specificity and rescue the B cell12. The concept of central tolerance is based on the 

elimination of T and B cells that react to self-peptides. For B cells, this process happens in 

the bone marrow. As mentioned, however, some B cells continue to develop despite being 

self-reactive. Therefore, a secondary mechanism exists (peripheral tolerance) in which 

peripheral B cells require cognate T cells’ help to activate correctly. When self-reactive T 

cells are deleted in the thymus, the autoreactive B-cells do not receive the second signal. This 

results in B-cell tolerance by anergy, deletion, or signaling via inhibitory receptors12. 

In the bone marrow, B cells assemble their BCRs independently of antigen presence. 

When B cells leave the bone marrow, they are still immature and must migrate to secondary 

lymphoid organs to complete maturation13. The spleen and lymph nodes are considered the 

main secondary lymphoid organs. The next developmental step occurs in temporary 

structures called germinal centers (GCs), which are localized within the secondary lymphoid 

organs. Prior to the formation of GCs, during the initial T-cell-B-cell interaction, the process 

of class-switch recombination (CSR) begins with an exchange of the current constant 

segment genes of the heavy chain (µ or δ) with the following downstream exon. This process 

produces specialized isotypes (Figure 1b) 14. CSR occurs between highly repetitive and 

evolutionary-conserved switch sequences. Transcription of µ promoter (resulting in IgM 

expression) is constitutive, whereas transcription of other promoters is inducible by 

extracellular signals (i.e., cytokine, antigen)15. 
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Secondary lymphoid organs process a constant stream of antigens presented to mature 

B cells by follicular dendritic cells (FDC). B cells bind to these antigens via their BCR. Some 

antigens can stimulate both mature and immature B cells and become activated; however, for 

other antigens, primary B-cell activation requires T-cell help16. An activated B cell begins to 

proliferate and undergo somatic hypermutation (SHM), which mainly introduces point 

mutations in the cell’s DNA (primarily in the V-region genes), produces many clones, and 

leads to BCR affinity maturation. One enzyme, activation-induced cytidine deaminase 

(AICDA), single-handedly initiates both CSR and SHM17. SHM begins when AICDA 

converts cytosines to uracils, thereby creating mismatches in the immunoglobulin’s V(D)J 

sequence. These mismatches can either be repaired or produce transition mutations to 

thymine during replication18. Cells expressing BCR with the highest affinity for the antigen 

receive T-cell help in the form of survival signals and are selected to mature further within 

the GC. B cells that develop BCR with lower affinity will become apoptotic. To select the B 

cells with the highest affinity, the processes of proliferation, SHM, T-cell help, and positive 

selection can occur several times. Maturing B cells will eventually receive a signal to leave 

the GC. At this stage, the B cells differentiate into either memory or antibody-secreting cells 

(ASCs) and undergo clonal expansion. The populations of ASCs are traditionally divided into 

plasmablasts (PBs) and plasma cells (PCs). PBs burst with antibodies and are cleared from 

circulation in days. They can either become apoptotic or migrate to the bone marrow and 

become PCs, with a lifespan exceeding decades19. Both PBs and PCs secrete large amounts of 

soluble antibodies with the same specificity as the BCR. 

 

5.3.1.  Immunoglobulin structure  

The term “antibody” is used when the membrane-bound immunoglobulin portion of 

the B-cell receptor complex is produced and secreted in soluble form by ASCs. Antibodies 

are relatively large Y-shaped proteins (150 kDa)1. Each antibody comprises two heavy chains 

and two light chains connected by disulfide bonds, and each chain contains C- and V-regions 

(Figure 2a)20. Additionally, in the C-region of the IgH, three to four separate domains can be 

distinguished (CH1…CH4).  

An antibody consists of an antibody-binding fragment (Fab) and a crystallizable 

fragment (Fc). The Fc contains a structural pattern recognized by cells that express the Fc 

receptor (FcR) that can trigger a downstream response in those cells21. In addition, Fc is used 
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for selective antibody transport and contains conserved glycosylation sites22. The Fab region 

consists of heavy- and light-chain V-regions, the CH1 domain of heavy chains, and the C-

domain of light chains. The V-region is encoded by genes that have undergone affinity 

maturation; therefore, the Fv fragment is highly mutated and is responsible for antigen 

recognition of linear or conformational epitopes. The V-domains comprise three 

complementarity-determining regions (CDRs), which are flanked by four framework regions 

(FR) of beta-sheets that support loops created by the CDRs (Figure 2a and b). CDRs are 

immunoglobulin regions most prone to SHM as they contain several hotspots for introducing 

point mutations, whereas FRs tend to be more conserved23. FRs include hotspots for AICDA 

activity, and if the mutation is found in the region, it might be selected against since it can 

interfere with the structural stability of the V-domain24. In a native state, CDRs are located 

near the surface of the antibody, and three CDRs from each heavy and light chain form an 

antibody-binding site. 

 

 

Figure 2. Antibody structure. a) Two pairs of heavy and light chains form a Y-shaped antibody 

structure, with a series of domains creating variable (V) and constant (C) regions. The structure can 

be divided into a crystallizable fragment (Fc)—an effector part of an antibody, and an antigen-binding 

fragment (Fab). Fab contains a variable fragment (Fv), which is created by combining V domains of 

heavy and light chains. On the tip of the Fv fragment are situated CDR loops, which form most of the 

antigen-binding site. The hinge region connects the FC and Fab. b) A variable fragment of an antibody 

with three CDR regions for each heavy and light chain forming an antigen-biding site. Adapted with 

permission from Springer Nature Customer Service Centre GmbH: Humana Press, New York, NY 

Methods in Molecular Biology by Leem J. & Deane C. M, copyright (2019).  
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The C domain of the heavy chain of an antibody contains one of nine germline-

encoded genes corresponding to the antibody’s isotype and subgroup: μ, δ, γ1, γ2, γ3, γ4, α1, 

α2, and ε. Isotypes determine the structure and function of antibodies. For example, 

antibodies with IgG, IgD, and IgE isotypes maintain a basic molecular Y-shaped structure, 

while other isotypes can be found in multimeric forms (IgM as a pentamer and IgA1 and 

IgA2 as dimers) depending on location and environmental conditions1.  

 

5.3.2.  Immunoglobulin repertoires  

The heterogeneity of immunoglobulin repertoires demonstrates the number and 

distribution of different BCRs throughout the population. In healthy people, this repertoire is 

diverse and polyclonal, whereas in some pathological conditions, such as MS, the response 

tends to become clonally restricted and dominated by a few expanded clones. 

The first mechanism leading to a versatile immunoglobulin gene repertoire is gene 

rearrangements through V(D)J recombination. If one V, one D, and one J gene recombine in 

a semi-stochastic fashion and random nucleotides are inserted and deleted from junctions, 

this can result in 1013 different theoretical variants of BCR25.  

Diversity obtained by V(D)J recombination does not directly translate to an observed 

variety in the naïve B-cell repertoire. In the peripheral blood of healthy adult humans, the 

number of B cells is 5x109, which is only a portion of the total B-cell count. A significant 

portion of the B-cell population is located in the primary and secondary lymphoid organs and 

different tissues, for instance, in the gut (MALT*). The estimated number of B cells is also 

merely a fraction of theoretically possible B cells26. Not all heavy- and light-chain pairings 

are due to structural incompatibilities but are likely mostly random27. Mechanisms protecting 

the body from autoreactive immune cells, such as central tolerance, prevent many cells from 

entering circulation, further decreasing possible BCR diversity. Additionally, some V, D, and 

J-genes and gene families occur more frequently; thus, some V, D, and J combinations are 

more commonly found28. Almost 50% of all IgH repertoire in peripheral blood consists of 

IGHV3 family genes, followed by IGHV1 (20%) and IGHV4 (15%)29.  

 
* MALT - mucosa-associated lymphoid tissue 
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The next step in repertoire diversification occurs when mature naïve B cells respond 

to an antigen. The CSR mechanism allows activated B cells to switch isotypes and subclasses 

of antibodies, thereby changing their structure and effector functions. Further, the SHM 

process causes activated B cells to acquire mutations 106 times faster than a normal cell30. As 

a result, activated B cells produce a vast array of immunoglobulins to achieve higher affinity.  

 

5.3.3.  Antibody-antigen interactions 

Antibodies interact with antigens through spatial complementarity. The region of the 

antibody that directly interacts with the antigen is often referred to as a paratope. Most 

commonly, an antigen contains several different epitopes on its surface. However, not every 

site on the surface of the antigen has the same potential to invoke immunity; therefore, 

epitopes are arranged discontinuously, and the dominant epitope is referred to as the 

determinant31. An antibody binds to an epitope through not only weak and non-specific forces 

(electrostatic and van der Waals forces) but also mainly hydrogen bonds and hydrophobic 

interactions13,32. Binding by weak forces makes the interaction reversible, meaning that 

antibodies can cross-react with many antigens depending on their relative affinities.  

Only 20–33% of the CDR’s amino acid sequences participate in epitope binding33. 

The same amino acid sequence can support various conformations and interact with 

dynamically changing antigens34. In both heavy and light chains, CDR3 regions dominate 

antigen binding33. Nevertheless, antigen recognition and binding do not entirely depend on 

CDRs. Research has demonstrated that residues outside the paratope also play a crucial role 

in that process. For example, some FR residues near CDRs can actively participate in antigen 

binding35. Those residues that are not directly involved with the epitope help assert the 

correct structure and orientation of CDRs24.  

The prevailing understanding is that the V- and C-regions of antibodies fulfill their 

functions independently from each other. However, some reports have suggested that 

glycosylation and sequence variation can cause configurational allostery—that is, 

intramolecular regulation between V and C-region36. In addition, previous studies have 

shown that the binding affinity and specificity differ in some IgG molecules with identical 

antigen-binding sites depending on the subclass of the antibody32,37. Therefore, scholars have 
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hypothesized that the antigen-binding site can undergo conformational changes due to 

changes in the C-region, leading to differences in antibody affinity and specificity. 

 

5.3.4. Antibody functions 

Antibodies’ primary function is to initiate responses that either remove the pathogen 

from the body or hinder the reactivation of latent pathogens (e.g., the herpes virus family). 

Their first mode of action is neutralization, in which an antibody blocks the pathogen or other 

particles, such as toxins, rendering them ineffective. An excellent example of this process is 

binding to viral particles and preventing them from entering the cell or disrupting the 

formation of biofilm38. Multimeric antibodies can also bind many pathogens together, 

causing them to agglutinate and precipitate, which induces a process of phagocytosis or (on 

mucosal surfaces) peristalsis, effectively eliminating the antigen39. Antibodies can also 

facilitate phagocytosis through opsonization. In this process, they act as an aid to overcome 

two negatively charged cell walls that repel each other (macrophage and pathogen), thereby 

enabling the pathogen’s uptake by macrophages and neutrophils40. Antibodies interact with 

macrophages and other immune cells by binding their C regions to FcRs. 

Further, antibodies can activate the classical pathway of the complement system by 

binding to C1q. This results in pathogen lysis and immune cell recruitment to the site. 

Complement can also be activated in a lectin-dependent manner, in which mannose-binding 

lectins are recruited to the opsonized material. However, antibodies can also activate 

complement independent of C1q and lectin41. Pathogen clearance can also be promoted 

through antibody-dependent cell-mediated cytotoxicity (ADCC), in which antibodies act as a 

bridge between infected cells and effector cells, mainly natural killer (NK) cells. NK cells 

destroy target cells either by inducing apoptosis or by lysis21. 

The functions of antibodies differ between isotypes and subclasses. The IgG isotype is 

the most abundant in peripheral blood, constituting up to 80% of all immunoglobulins. IgG 

has four subclasses, of which IgG1 is the most abundant and IgG4 is the least abundant. IgG 

molecules can promote mechanisms like ADCC and opsonization by binding to activating 

FcγRs. They can also bind to different receptor types, such as FcγRII, which has inhibitory 

properties and plays a vital role in immunomodulation42. Each subclass of IgG differs in its 
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properties; therefore, each subclass binds to particular FcγRs, resulting in functional 

specialization42,43.  

 

5.4.  Immunosurveillance of the central nervous system 

The central nervous system (CNS) comprises the brain and spinal cord. The 

homeostasis of the CNS is preserved through the meninges, cerebral-spinal fluid (CSF), 

blood-brain barrier (BBB), blood-leptomeningeal barrier, and blood-CSF barrier (Figure 3). 

The meninges are the outermost barrier that is the most permissive to immune cell 

trafficking. The meninges consist of three layers that surround the brain and the CSF: dura 

mater, arachnoid mater, and pia mater. Møllgård et al. recently identified a fourth layer called 

the subarachnoid lymphatic-like membrane, which divides the subarachnoid space into two 

compartments44. However, its existence still needs to be confirmed.  

Meninges surround the CNS and provide physical protection for brain tissue. They are 

also gaining attention as an active immune system in which circulating lymphocytes conduct 

constant immune surveillance45. Immune surveillance at the borders of the CNS mainly 

involves subsets of T cells and macrophages. However, a plethora of cell types and 

phenotypes have recently been described, including B cells, NK cells, neutrophils, dendritic 

cells (DC), granulocytes, border-associated macrophages, and monocyte-derived cells46–48. 

The meningeal lymphocytes come from circulating blood, although not exclusively. The 

recently described system of vascular channels between skull bones and meninges enables the 

migration of myeloid cells directly from the bone marrow into the CNS. Moreover, in mice 

CNS, multiple studies have identified clusters of immature B cells and have even indicated 

skull bones as a hematopoietic niche for most meningeal B cells, thus challenging the 

hypothesis that meningeal lymphocytes come from blood alone49–51. The meninges are also a 

site where circulatory T cells interact with local APCs and sample CNS antigens, 

accumulating around the dural sinuses and creating a niche. This site promotes a change in 

the phenotypes and effector functions of immune cells within the meninges52. Below the pia 

mater, the basal lamina of brain blood vessels and astrocyte endfeet form the glia limitans 

barrier, which controls T-cell trafficking (Figure 3a). 

Understanding of the brain's lymphatic system has recently evolved53,54. The 

extracellular CNS fluid is drained into the CSF, which then drains lymphatic vessels in the 



 

21 
 

meninges. Next, it drains into deep cervical lymph nodes and, in mouse models, partially into 

superficial cervical lymph nodes53,54. The meningeal lymphatic system transports immune 

cells and antigens between the CNS and the periphery nervous system. Immune cells from 

the blood typically enter the CNS compartment via the BBB, blood-meningeal barrier, or 

choroid plexus45. The BBB and blood-CSF barriers rely on tight junctions but have varying 

levels of permeability and composition (Figures 3b and 3c)55. 

Under homeostatic conditions, the CNS is inspected by a large number of innate 

resident macrophages, called microglia, which are restricted to the brain parenchyma and do 

not interact with T cells. Additionally, a few immune cells can cross the BBB, mainly CD4+ 

T cells and macrophages, which inspect for signs of foreign elements56. Typically, they 

remain within the CSF and perivascular spaces; however, tissue-resident memory T cells 

have recently been discovered in white brain matter and the meninges57.  

 



 

22 
 

 

Figure 3. Protective barriers of the CNS. “a | The meninges (comprising the dura mater, arachnoid 

mater, and pia mater) form the outermost barrier that protects the brain parenchyma. The meningeal 

microvessels in the subarachnoid space are composed of a non-fenestrated endothelium that contains 

tight junctions but is not ensheathed by astroglial endfeet. The pia mater surrounds these blood vessels 

to form the blood–leptomeningeal barrier (BLMB), which is permeable to solutes and immune cells. b 

| The blood–brain barrier controls the transport of solutes and fluids and the extravasation of immune 

cells into the CNS parenchyma. The BBB consists of capillary endothelial cells, astrocyte endfeet and 

pericytes. Sonic hedgehog (SHH), angiopoietin 1 (ANG1), apolipoprotein E (APOE) and retinoic acid 

(RA) are produced by astrocytes and promote BBB integrity. c | The cuboidal epithelial cells of the 

choroid plexus form the blood–cerebrospinal fluid (CSF) barrier (BCSFB). These epithelial cells are 

connected by tight junctions and have a polarized distribution of numerous transporters. The 

endothelium of the choroid plexus does not form a barrier but is permeable to allow the delivery of 

water from the blood to the epithelium, which is necessary for CSF production.” Figure and abbreviated 

text from Spadoni et al.55. Reprinted with permission from Springer Nature Customer Service Centre 

GmbH: Humana Press, New York, NY. Organ-specific protection mediated by cooperation between 

vascular and epithelial barriers. Spadoni, I., Fornasa, G. & Rescigno, M. Nature Reviews Immunology, 

17 761–773, copyright (2017) 
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The discovery of routes by which immune cells to enter and exit the CNS has 

improved the understanding of how immune cells interact with the periphery and maintain an 

optimal environment for nerve cells. All the barriers provide a stable environment for cells 

within the CNS while limiting the access of peripheral blood cells and preventing the 

secretion of CNS-specific molecules into systemic circulation. The presence of immune cells 

within the CNS has far-reaching consequences for the brain’s protection from external and 

internal threats.  

 

5.5. Multiple sclerosis 

 Symptoms compatible with multiple sclerosis were described long ago, but the 

disease was first characterized by Jean-Martin Charcot in 186858. MS is a chronic, 

inflammatory, neurodegenerative disease of the CNS with an unknown etiology and no 

known cure. MS typically onsets in adults between 20–40 years of age, although 1.7–5.6% of 

all MS cases affect children59. Worldwide, the prevalence of MS tends to be higher in high-

income countries, varying between 50 and 300 per 100,000 people60. Around 2–3 million 

people are estimated to suffer from this disease, although this number is likely considerably 

higher given the lack of data from developing countries. Furthermore, the trend in prevalence 

is increasing globally, and females are affected twice as often as males61. 

Thus far, the etiologic agent causing MS has not been identified. However, many 

known risk factors contribute to the disease’s development. A combination of environmental, 

genetic, and stochastic factors (i.e., seemingly bad luck) plays a vital role in the processes and 

pathways that result in the onset of MS. The genetic factors, which play a significant role in 

MS development, will be discussed in Chapter 5.8. Migration studies of different populations 

have demonstrated how important the environmental factors are in the pathogenesis of MS. 

For example, adult migrants from low-risk MS countries who move to a high-risk country are 

at low risk of developing MS. However, their children inherit the risk of the country to which 

they move62. The most recognized environmental causes of MS are inadequate vitamin D, 

ultraviolet B (UVB) radiation, smoking, and the Epstein-Barr virus (EBV). The distribution 

of MS prevalence is strongly correlated with latitude, likely due to differences in exposure to 

sunlight63; low UVB exposure during childhood, decreased outdoor activity, and low vitamin 

D intake and levels have all been implicated in later development of MS64. Another lifestyle 



 

24 
 

risk factor is smoking tobacco, which can increase the risk of developing MS by 50% in 

adults65.  

EBV infections typically occur during childhood or adolescence, are asymptomatic or 

mildly symptomatic, and lead to viral latency in B cells66. The rate of EBV infections is high 

in the general population; however, EBV is present in nearly 100% of adult MS patients and 

a large majority of pediatric MS cases67. Additionally, reports have suggested that being 

genuinely EBV-negative seems to protect against developing MS68, whereas symptomatic 

infections resulting in mononucleosis increase the risk of MS two-fold69. Many other 

environmental and lifestyle factors may play a role in developing MS by dysregulating the 

function of the immune system and facilitating pro-inflammatory reactions70. One example of 

this is adolescent and early adulthood obesity71,72. Dysregulation of the microbiome73, dietary 

factors74, and disruption of circadian rhythm75 have also been suggested as risk components. 

For most patients, the differential diagnosis of MS begins when the patient presents to 

the clinic with the first attack, which can involve various symptoms, depending on whether 

the lesion affects the spinal cord, brain stem, optic nerve, or elsewhere in the CNS. The 

symptoms also depend on the lesion’s size and the disease’s progression. Thus, many 

possible impairments can affect cognitive functions and autonomous, sensory, and motor 

systems. The symptoms resolve over time; some patients will never experience a second 

incident, and those patients are defined as having a clinically isolated syndrome (CIS)76. 

However, the majority of cases presenting to the clinic with CIS symptoms and abnormal 

magnetic resonance imaging (MRI) scans will experience a second attack, which defines 

clinically definite multiple sclerosis76. The wide scope of possible impairments means that 

the differential diagnosis of MS must be based not only on clinical presentation but also on 

the patient’s history, MRI scans showing demyelination patterns, and laboratory data, 

including oligoclonal bands (OCB) in CSF. According to the revised 2017 McDonald 

criteria77, new MRI findings, the occurrence of contrast-enhancing and non-enhancing lesions 

at the same time, or the presence of oligoclonal bands in the CSF will also define clinical 

definite MS77. 

At onset, 90% of MS patients present with relapsing-remitting MS (RRMS), in which 

they experience an acute attack of neurological dysfunction followed by gradual, partial or 

full recovery. At first, recovery often seems complete. However, most relapses leave behind 

irreversible damage. Over time, the progression of the disease accelerates, with periods of 
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improvement between attacks shortening and slowly disappearing (secondary progressive MS 

[SPMS]). SPMS manifests as progressive neurodegeneration and disability. If MS is 

untreated, it usually develops 10–15 years after onset; however, the process can take decades, 

or in some cases, the disease does not advance to the SPMS stage. The onset and rate of 

progression can likely be partially attributed to treatment status and efficacy of the 

treatment76. Around 10–15% of patients at onset present with primary progressive MS 

(PPMS). In PPMS, there are no recovery periods; instead, patients go through a slow 

accumulation of symptoms and loss of function, often involving one major neuronal system.  

 

5.6.  Involvement of B cells in the pathology of multiple sclerosis 

Many theories about what drives MS exist, but most focus on autoimmune 

mechanisms. Furthermore, what propels the condition in chronic diseases like MS can differ 

from what triggers the disease. Many autoantigens have been proposed, although not agreed 

upon, by the scientific community. This lack of consensus is peculiar for an autoimmune 

disease of the CNS; B cell autoantigens have been uncovered for similar disorders, such as 

neuromyelitis optica (anti-AQP4 antibody*), anti-MOG* encephalitis, and antineuronal 

encephalitides (i.e., anti-LGI1*, anti-NMDAR*)78–80.  

As shown above, MS is a complex disease. Historically, it was considered a T-cell-

driven autoimmune disorder. However, the success of B-cell-targeting therapies shifted that 

understanding. In MS, only the CNS is affected, suggesting that immune cells are selectively 

recruited by antigens only found within the compartment. Histopathological studies have 

shown an abundance of CD8+ T cells and B cells and few CD4+ T cells and macrophages 

accumulating in perivascular spaces in the CNS, with the addition of infiltrates from 

meninges on the cortical surface81–83. These accumulations can be detected on MRI scans as 

lesions. B-cell populations within CSF and MS lesions are clonally related and hypermutated, 

and the immunoglobulins they produce can be found in CSF as OCBs84–86. T-B collaboration 

is necessary for B cells to proliferate and create clones producing antibodies; however, what 

initiates these interactions and what drives them afterward are unknown. 

 
* AQP4 - aquaporin 4; MOG - myelin oligodendrocyte glycoprotein; LGI1 - leucine-rich glioma-inactivated 1 

protein; NMDAR - N-methyl-D-aspartate receptor 



 

26 
 

MS lesions are characterized by demyelination and damage to oligodendrocytes 

leading to axonal loss87. In most cases, axonal transections occur in active lesions before 

clinical symptoms and shape the onset of the disease87,88. Demyelination is not exclusive to 

white matter, as myelin is also found in gray brain matter88. As the disease progresses, 

irreversible damage accumulates. During the early stages of the disease, active lesions have 

different immunopathological patterns depending on the patient; these patterns also reflect 

the composition of the CSF89,90. Immune infiltrates have similar content in RRMS and 

progressive forms of MS, with the exception of the proportion of B cells, which is increased 

in progressive stages91. 

Autoreactivity is a normal trait within the lymphocyte population. Therefore, two 

hypotheses exist about how an aberrant autoimmune response is initiated against the CNS76. 

The first hypothesis assumes that events occur inside the CNS. For example, CNS antigens 

are released into circulation by APC presentation in the meninges or lymphatic drainage into 

deep cervical lymph nodes. If the environment favors inflammation, an immune response 

against the antigen is generated, and eventually launches an attack against the CNS. The 

second hypothesis speculates that a strong immune response against, for example, systemic 

infection drives autoimmunity against the CNS outside of the CNS. This might happen due to 

cross-reactivity or general priming of autoimmune reactions in the case of a potent stimulus. 

Not only the production of antibodies but also other B-cell functions are crucial in MS 

pathology. The additional B-cell roles that may influence the pathogenesis of MS include 

forming tertiary lymphoid structures; producing cytokines, chemokines, and neurotoxic 

factors; acting as APCs to T cells and driving proliferation; and serving as a reservoir for 

EBV92–94. 

 

5.6.1.  Trafficking into the central nervous system 

As described in Chapter 5.4, the lymphatic system enables the drainage of cells and 

antigens from the CNS toward deep and (partially) superficial cervical lymph nodes and then 

to peripheral circulation53,54. Circulating immune cells can also enter the CNS via the BBB, 

subarachnoid spaces, or choroid plexus. During an MS attack, inflammation disrupts the 

BBB, making it easier for peripheral immune cells to penetrate the CNS compartment95. 

These cells gather in perivascular spaces and move toward the brain parenchyma, furthering 
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axonal injury and demyelination. B cells in the CNS of MS patients can be found in the CSF, 

meninges, parenchyma, and lesions, and a portion of these B cells are class-switched, 

clonally expanded, and hypermutated. This knowledge has been utilized to identify related 

cells in different compartments within and outside CNS96,97. Indeed, cells belonging to the 

same clonal lineage have been found in the CNS and peripheral blood. Overall, evidence 

consistently has pointed to a bidirectional exchange between the two compartments. In 

addition, it has implicated lymphoid structures in the periphery as responsible for maintaining 

ongoing immune reactions. 

Adhesion molecules ICAM-1* and VLA-4* have been shown to be crucial players in 

trafficking through BBB endothelial cells; in ex vivo studies, BBB migration was 

successfully inhibited by blocking these proteins98. Another essential factor for 

transmigration is ALCAM*, which is found on brain endothelial cells and promotes the 

recruitment of pro-inflammatory B cells to the BBB and blood-meningeal barrier99. Secretory 

proteins, such as chemokines, can also regulate trafficking toward the CNS. Chemokines can 

act as chemoattractants, causing the locomotion of cells to the site. MS patients have elevated 

chemokines C-X-C Motif Chemokine Ligand 10 (CXCL10), CXCL12, and CXCL13, which 

suggests frequent migration through BBB. Moreover, the level of CXCL13 in MS correlates 

with the number of B cells detected in the CSF100,101. 

 

5.6.2.  Ectopic lymphoid structures 

During a sustained chronic inflammatory process, immune cells gather in the tissues 

and organize into GC-like structures called tertiary lymphoid structures (TLS). The function 

of these structures is similar to that of secondary lymphoid structures: antigen presentation, 

cell maturation, and proliferation with SHM and CSR. TLSs have been observed in different 

autoimmune diseases, cancer, graft rejections, and chronic infections102,103. 

In MS, a pro-inflammatory environment inside the CNS, particularly around lesions, 

stimulates cytokine production, which prompts B-cell activation, homing, and survival104. 

Ectopic lymphoid structures in MS have been observed in the meninges, where T and B cells, 

FDCs, and PBs create compact inflammatory aggregates81. Presence and abundance of TLSs 

 
* ICAM-1 - Intercellular Adhesion Molecule 1 (CD54); VLA-4 – Very Late Antigen-4 (Integrin α4β1); 

ALCAM - Activated Leukocyte Cell Adhesion Molecule (CD166) 
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correlate with earlier disease onset and a poor long-term prognosis81,105. The location of TLSs 

is also associated with the vicinity and size of MS lesions and with the degree of 

neurodegeneration in the cortical region. However, not all neuropathological studies have 

shown the existence of TLS, and whether they are present in the early stages of the disease is 

uncertain. Nevertheless, they are possibly one of the primary sources of cytokines, 

chemokines, and B-cell regulatory factors within the CNS.  

Proliferation markers and the lymphoid-homing chemokine CXCL13 have recently 

gained much interest. CXCL13 controls immune cell localization and activation of the 

microglia; therefore, it is one of the main factors necessary in the formation of TLS106. B cells 

are involved in establishing TLS and maintaining them using cytokine, chemokine, and 

lymphotoxin signaling. In patients with chronic active antibody-mediated rejection after 

kidney transplantation, B cells residing in meningeal TLSs have been shown to survive 

treatment with anti-CD20 therapies despite complete peripheral B-cell depletion107. These 

cells continuously produce antibodies, likely due to local secretion of survival factors and a 

lack of expression of the CD20 molecule. 

 

5.6.3.  Antibodies in multiple sclerosis 

Intrathecal synthesis of IgG is found in 95% of all MS patients. The majority of 

antibodies are IgGs, and by far, the most commonly found is the IgG1 subclass. Part of the 

diagnostic workup for MS is visualizing intrathecal IgG using isoelectric focusing (IEF) on 

an agarose gel. In IEF, antibodies form a pattern of OCBs depending on their electrical 

charge. Despite reports of the exchange of IgG-producing B cells within CSF, the pattern of 

OCBs has been shown to persist for decades108,109. The presence of OCBs is a part of MS 

diagnostic criteria, and it correlates with poor disease outcomes. For CIS patients, the present 

of OCBs is predictive of conversion to MS110,111. However, recent studies have shown that 

this association may be partially attributed to intrathecal IgM, not only to IgG OCBs; the 

presence of IgM within the CSF has been linked with a more aggressive course of the 

disease112.  

OCBs are not unique to MS. Intrathecal antibodies are produced in many chronic 

CNS infections in which they target etiological agents113–115 and in autoimmune diseases 

involving the CNS that lack certain etiology and have unknown antigens. The search for 
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possible antigens in MS has been ongoing for decades, and antibodies against EBV and 

myelin-associated epitopes have been found frequently116–118. However, the need for 

reproducibility has prevented a consensus on intrathecal IgG targets119,120. Within intrathecal 

IgGs, there is a group of well-established polyspecific antibodies that are found in most MS 

patients and are directed against a broad group of neurotropic viruses121. Of these, the most 

frequently found are anti-measles, rubella, and varicella-zoster virus antibodies. The 

phenomenon is referred to as the MRZ reaction. MRZ is an MS marker and, if found, 

significantly increases the likelihood of being diagnosed with MS122.  

The presence of OCB in CSF still remains a mystery. Studies have shown that OCBs 

are produced by intrathecal clonally expanded B cells85,118. CSF B cells have been found to 

match B cells from the brain and periphery123,124, but whether and how they are involved in 

the pathology of MS is unknown. The OCB pattern persists despite successful anti-CD20 

therapies that result in patient clinical improvements. Therefore, OCBs likely do not 

contribute to the direct cause of the symptoms but rather play a different role in MS125. 

Another reason for the observed clinical improvement in treated MS patients despite antibody 

presence could be that the effect of antibodies within the CNS requires an environment that 

involves other immune cells and complement. These co-factors are removed if a patient is 

treated efficiently; therefore, the pathogenic antibodies would not be able to cause harm. 

 

5.6.4.  B cells as APCs in multiple sclerosis 

Previous research has established the role of B cells as APCs in various autoimmune 

and infectious diseases126,127. In MS patients, specific memory B cells can recognize soluble 

and conformational epitopes. Theoretically, B cells could bind their antigens with BCR, then 

internalize, process, and present the antigen on the surface alongside the major 

histocompatibility complex (MHC) to CNS-specific T cells. Based on data from MS patients 

and a mouse model of autoimmune encephalomyelitis (EAE), Th12, Th1, Tfh, and Tfh-like 

cell populations have been implicated as pathogenic. These cells are activated in deep 

cervical lymph nodes, where they cooperate with APC B cells that drive the 

immunopathogenesis of EAE and MS, resulting in disease progression. Recent data have 

shown that Th17, Tfh, and Tfh-like cells produce interleukin 21 (IL-21), which stimulates B 

cells to produce antibodies and drives the aberrant B-cell response within the CNS of MS 
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patients. The outcome of this interaction is increased disease severity and disease 

progression128.  

 B cells in the CNS also express CD40, CD80, and CD86 molecules, which are co-

stimulators that effectively induce activation, expansion, and differentiation of pathogenic T 

cells in MS129. Furthermore, the expression of the co-stimulatory proteins is higher in MS 

patients’ B cells than in those of healthy controls, particularly in active disease (CD80+ B 

cells)130. Memory B cells from MS patients can efficiently present myelin-associated epitopes 

to T cells. Moreover, the memory B-cell population specific for CNS antigens is significantly 

elevated in MS patients131,132. One of the explanations for failed tolerance might be incorrect 

autoantigen processing by peripheral B cells. This could cause autoreactive T cells to migrate 

to the CNS, become activated by APCs, and trigger neuroinflammation. Jelcic et al. found 

that peripheral B cells activate T cells, causing them to migrate into the CNS133. This 

migration of activated T cells could be the starting point of demyelination, and the depletion 

of B cells could mitigate this effect. 

 

5.6.5.  Cytokines and the production of neurotoxic factors 

A crucial component of antigen presentation in B cells to T cells is the CD40-CD40L 

interaction134. In MS, the number of CD4+ T cells expressing the CD40L increases, 

indicating more frequent T-B collaboration. Activation of B cells results in 

neuroinflammation through several mechanisms. First, immune cells are recruited to the CNS 

through upregulation of cell adhesion protein expression. Then, the expression of MHCII is 

elevated, along with co-stimulatory molecules and B-cell proliferation markers. Finally, B 

cells secrete antibodies and cytokines and activate the Nf-κB* pathway through CD40, 

causing further memory B-cell proliferation and increased production of pro-inflammatory 

IL-6134.  

MS lesions contain persistent B cells with upregulated expression of B-cell survival 

factor (BAFF), which stimulates the production of cytokines. BAFF regulation is critical for 

the regulation of pro-inflammatory B-cell activity135. Using anti-CD20 therapies in MS 

patients results in significantly lower pro-inflammatory responses from T cells and myeloid 

 
* Nf-κB - Nuclear factor kappa-light-chain-enhancer of activated B cells;  
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cells136. Conversely, an increase in the production of pro-inflammatory compounds by B cells 

can activate other cells and advance MS progression137.  

In the correct environment, B cells have been shown to produce anti-inflammatory 

molecules with a protective effect on the CNS of MS patients. Among protective cytokines, 

IL-10 gained the most attention. In MS patients, expression of IL-10 by B cells is 

downregulated compared to healthy controls, implying that MS patients are not as capable of 

attenuating immune responses138. Clinical trials have shown that, after B-cell depleting 

therapies, the new population of reconstituting B cells differs from the population in 

untreated patients. In treated patients, the new population presents more anti-inflammatory 

characteristics, such as higher secretion of IL-10136. However, the production of IL-10 by 

activated B cells is impaired in patients with RRMS and SPMS139,140. Anti-inflammatory 

cytokine expression is an attempt to counteract the pro-inflammatory environment. The 

production of pro- and anti-inflammatory factors is less balanced and controlled in more 

severe forms of disability in progressive MS141. 

 

5.7.  Treatment of multiple sclerosis 

Medical care for MS patients includes the treatment of acute relapses, disease-

modifying therapies (DMTs), psychological help, physical therapy, symptom relief, and 

comorbidity management through lifestyle changes. The role of DMTs is to suppress or 

modulate the immune system, thus reducing the recurrence of relapses and delaying disease 

progression. The first DMT used in MS was interferon-β; many new DMTs have been 

approved, and numerous clinical trials are ongoing. DMTs can be personalized depending on 

the mechanism of action, efficacy, and administration routes. The range of DMT mechanisms 

includes depletion of immune cells, a shift in cytokine profile, alteration of Th1/Th2 

proportions, DNA synthesis obstruction in lymphocytes, and isolation of lymphocytes outside 

of CNS/within primary lymphoid organs142. These mechanisms all result in diminished 

neuroinflammation; some also seem to slow neurodegeneration.  

DMTs commonly target B cells and T cells. An emerging group of B-cell-directed 

drugs used in MS is Bruton’s tyrosine kinase (BTK) inhibitors. Several BTK inhibitors are 

currently being studied as a treatment option in MS, and early reports have shown moderate 

efficacy143,144, although not as extensive as achieved by the most prevalent group among B-
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cell targeting therapies—anti-CD20 mAbs (rituximab, ocrelizumab, ofatumumab, and 

ublituximab). Anti-CD20 antibodies cause a rapid and thorough depletion of circulating cells 

and preserve early precursors and PCs; thus, most of the pre-existing humoral immunity is 

conserved. Furthermore, the majority of T cells are also saved. The preservation of immunity 

and T cells might be the reason for the limited side effects and low frequency of infections 

while receiving anti-CD20 therapy. Moreover, in animal models, a population of antigen-

experienced CD20+ cells has been shown to persist within secondary lymphoid organs 

despite total depletion of anti-CD20+ cells in the periphery145. Therefore, another approach to 

MS treatment is small-molecule therapies capable of reaching and targeting the CNS, where 

particles can get across the BBB and modulate inflammation (cladribine, fingolimod, 

dimethyl fumarate [DMF], and teriflunomide).  

 

5.7.1. Mechanism of action of dimethyl fumarate  

The mechanism of action of many DMTs is not fully understood, and DMF is one 

such example. DMF is a first-line drug for RRMS, and when taken daily, it significantly 

reduces relapse rates and improves MRI outcomes146,147. DMF is hydrolyzed in the small 

intestine to monomethyl fumarate (MMF), which is considered to be the main active 

metabolite tied to the therapeutic effect of DMF. In addition, part of DMF intake reacts with 

glutathione, forming a long-lived, biologically active conjugate148.  

 DMF likely exerts an immunomodulatory effect on different immune cell types by 

modulating NF‐κB pathways (stress response, i.e., cytokine production), activating HCAR2* 

(anti-inflammatory signaling, inhibition of NF‐κB ), and upregulating Nrf2* (managing 

oxidative stress)149. As a result, DMF therapy decreases the total count of T cells, although 

various T-cell populations are affected differently. For example, DMF can alter the 

phenotype of T cells, causing a shift from Th1 to Th2. Th1 cells secrete proinflammatory 

modulators, such as IFN-γ and IL17, which play an important role in the pathogenesis of MS. 

Additionally, fumarates can halt the differentiation of naïve T cells into reactive Th1 and Th17 

cells by stopping antigen presentation and maturation of DCs. This results in decreased 

expression of adhesion molecules and inhibits immune cell recruitment150. Furthermore, 

fumarates increase the ratio of CD4/CD8 and naïve/memory T-cells. Tfh cells, which drive 

 
* HCAR2 – Hydroxycarboxylic Acid Receptor 2; Nrf2 - nuclear factor erythroid 2–related factor 2 
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the development of TLS in the CNS of progressive MS, are simultaneously depleted151. 

Effector T cells in MS patients have also been shown to regain sensitivity to Treg inhibitory 

signals, possibly through the downregulation of receptors for IL-6 on T cells152. DMF 

downregulates the expression of different chemokines necessary for T-cell migration and 

blocks T-cell binding to ICAM, preventing the effector cells from crossing the BBB153.  

B cells are also affected by DMF treatment, and induction of apoptosis and 

diminished T cell help are thought to be the primary mechanisms through which DMF 

depletes B cell count and their function154. Similarly to T cells, various populations of B cells 

are affected differently. Memory B cells are considered to be the main target population. 

While this memory population is depleted, the naïve B cell population is enriched in MS 

patients as a result of DMF treatment155. B cells can also be influenced through cytokine and 

immunoglobulin production modulation and costimulation151,156. In DMF-treated MS 

patients, Longbreak et al. detected reduced CD80 expression in circulating memory B cells, 

while in mice studies, DMF has been shown to reduce MHC class II expression on B cells157. 

DMF strikes both adaptive and innate components of the immune system. Depletion 

of DCs was recorded in patients treated with DMF compared to a placebo158. DMF also 

displays a regulatory effect on the maturation of DCs by lowering MHC class II expression 

and promoting an anti-inflammatory cell phenotype149,159. Monocytes, macrophages, and 

neutrophils are also believed to be affected160,161. Another effect of DMF on innate immunity 

is increased cytotoxicity of NK cells162. Additionally, DMF has neuroprotective effects by 

downregulating the production of proinflammatory cytokines in activated astrocytes163, 

balancing iron metabolism in the brain, and shifting microglia toward a more anti-

inflammatory state164. 

 

5.8.  Immunogenetics of multiple sclerosis  

MS is a complex disease; not one environmental or genetic factor solely causes its 

pathology. However, very early epidemiological and genetic studies recognized the heritable 

nature of the disease. The risk of developing MS is about 0.1% in the general population, yet 

the risk rises to 2–4% in families in which close relatives are affected. Genetic contribution is 

even more apparent between monozygotic twins, for whom concordance is 25–30%165.  
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5.8.1. HLA associations 

The first genetic component to be identified as increasing the risk of MS was the 

human leukocyte antigen (HLA) gene cluster on chromosome 6, which encodes variants of 

crucial receptors responsible for distinguishing foreign and self-antigens166. The most 

significant of these genes are HLA-DRB1*15:01 and other genes in strong linkage 

disequilibrium with HLA-DRB1*15:01. Carrying the HLA-DRB1*15:01 allele places the 

odds ratio for heterozygotes at ~ 3 and ~ 6 for homozygotes. Additionally, genome-wide 

association studies (GWAS) have identified more than 200 common genetic variants that 

increase the risk of MS, and many other risks and protective alleles have been found in 

addition to HLA genes167,168. However, the odds ratio for other polymorphisms is 

substantially smaller (1.1–1.2). According to the authors of the largest GWAS, the extended 

MHC region contains at least 32 associations, including MHC class I genes and non-classical 

HLA168.  

Most autoimmune and infectious diseases are associated with the HLA gene 

cluster166. In MS, the HLA locus contributes 20–30% of the genetic susceptibility169. Why 

HLA-DRB1*15:01 plays such a significant role in the development of MS is unknown; 

however, it is hypothesized that the importance lies in antigen presentation166.  

In addition to risk variants, protective alleles have also been identified within HLA 

class I and II clusters. Most notable is the effect of HLA-A*02:01, which was observed 

independently of all class II associations in multiple studies167,170. Similarly, protective 

effects have been observed in the class I cluster for HLA-B*44:02 and HLA-C*05, which 

remain in strong linkage disequilibrium171,172. Within class II alleles, DRB1*14:01 is most 

commonly associated with protection against MS173; however, smaller studies have also 

identified HLA-DRB1*01, DRB1*11174, and DRB1*13 ~ DQB1*06:03 as protective175. 

Furthermore, DNA methylation of the HLA genes has been shown to mediate the risk of 

MS176. 

 

5.8.2. Non-HLA genetic risk variants 

 Most single nucleotide polymorphisms (SNPs) are associated with immune pathway 

genes, furthering the argument that MS is an autoimmune disease originating in dysregulation 
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of the peripheral immune system. Moreover, no association has been found between loci of 

CNS tissues, and the only significant CNS-linked enrichment was identified in microglial 

cells, the resident macrophages of CNS168. Furthermore, Factor et al. used an outside variant 

approach to identify risk variants closely interacting with genes previously connected to MS 

risk and found cell populations in which given variants were used177. According to Factor et 

al., most MS loci acted in T and B cells as expected, but myeloid cells of the innate immune 

system were also condemned. Additionally, they found six loci that they predicted to exert a 

function in the CNS. In addition, a GWAS found a novel susceptibility variant in 

chromosome X, which might be significant in the future since MS is overrepresented in 

females168.  

A GWAS also identified susceptibility variants that explain up to 50% of heritability. 

The GWAS approach has successfully organized the genetic architecture of MS; however, 

these studies are not designed to identify rare variants with an allele frequency lower than 

1%.  

Furthermore, many environmental factors both influence and are influenced by 

genetic contributions. For example, 12 genes related to vitamin D in MS susceptibility have 

been discovered. A Mendelian randomization study also showed that genetically elevated 

body mass is associated with a risk of MS178,179. Furthermore, the gut microbiome has been 

shown to be partially heritable180. As mentioned previously, the microbiome is one of the MS 

risk factors and regulators of the immune system. A microbiome GWAS found multiple 

significant associations between the microbiome and gene variants involved in metabolism 

and immunity180. Recently, the reactivity of 107 EBV peptides has been shown to be 

heritable, and a few have been associated with variants in MHC class II locus181.  

Successful studies have associated genetic risk factors with clinical outcomes. 

Recently, one such study showed genetic differences between RRMS and PPMS not seen in 

previous GWAS studies, and these differences were confirmed by gene transcription 

profiling182. Furthermore, several low-frequency variants have been correlated with a number 

of relapses in treated and treatment-naïve MS patients183–185. These data point toward a shared 

genetic background with individual heterogeneity and could help predict the outcome of the 

disease.  
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One of the essential loci that have not been thoroughly investigated in previous 

GWAS studies is IGH. The IGH locus is highly complex, with abundant polymorphisms, 

repetitive motifs, and copy number variations. Due to technical reasons, accurately 

assembling IGHV in large-scale, high-throughput studies has been impossible. However, 

there has been an effort to characterize the association between immunoglobulin genes and 

MS. 

The IgG index has also been strongly associated with polymorphisms in IGHC 

locus186, as confirmed by Gasperi et al.187. The authors described two regions—the IGHC 

locus and the MHC region—associated with lower levels of intrathecal IgM and IgA as well 

as higher levels of intrathecal IgG in MS or CIS patients. The effect was attributed to a group 

of 10 SNPs. The most robust association was found in a variant in the IGHG3 gene 

(rs12897751). However, for the purpose of this thesis, the most important variant they studied 

was variant rs1071803, which they reported to be in strong linkage disequilibrium with 

rs12897751 and heavily associated with IgG production. The rs1071803 variant determines 

the G1m17 allotype on the CH1 domain of the IgG1 molecule. 

 

5.8.3.  G1m allotypes 

Allotypes are amino acid variations in immunoglobulin’s constant region. 

Traditionally, they have been defined by serology with antibodies directed against structural 

differences in constant regions43. Due to the allelic exclusion process, one B cell in a 

heterozygous person can only express one of two C-region alleles, never both. If a person is 

homozygous, they will only produce antibodies of one kind; however, heterozygotes will 

make antibodies of two different allotypes. Following the rule of allelic exclusion in 

heterozygous individuals, half of all B cells express one heavy chain allele, while the 

remaining half express the other inherited allele.  
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Figure 4. IgG1 allotypes. Schematic representation of the IgG1 heavy chain with the displayed 

positions of known allotype-encoding polymorphisms. Each amino acid’s location corresponds to the 

allotype designated at the same point on the wheel surrounding IgG1. Adapted with permission from 

Springer Nature Customer Service Centre GmbH: Nature Publishing Group. Functional consequences 

of allotypic polymorphisms in human immunoglobulin G subclasses Andrew R. Crowley et al., 

copyright (2023). 

Depending on immunoglobulin isotypes and subtypes, several different allotypes exist 

in heavy and light chains. However, in the context of MS, particular interest lies in the CH 

domain of IgG1. IgG1 has distinctive amino acids in positions 214 of the CH1 domain and 

356, 358, and 431 of the CH3 domain (Figure 4 and Table 1)188. If arginine is in position 214 

(R120)* on CH1, it is classified as a G1m3 allotype, while lysine in the same location (K120) 

defines G1m17. Within the CH3 domain, aspartate at position 356 (D12) and leucine at 358 

(L14) determine G1m1. If glutamate (E12) and methionine (M14) are found at the same 

positions, the determined allotype is G1m-1. G1m-1 can also be denoted as nG1m1 and is an 

isoallotype, meaning the same polymorphism is found on IgGs of other subtypes. Glycine at 

position 431 (G110) defines the G1m2 allotype, and the absence of G1m2 equals the 

presence of alanine (A110) in this position. A110 is found across many alleles in different 

subtypes of IgG. Consequently, only one allele, IGHG1*07p, encodes the G1m2 allotype188. 

Strong linkage disequilibrium in Caucasians exists between allotypes in the CH1 and CH3 

regions of IgG1; therefore, they are inherited together as a haplotype—G1m1 with G1m17 

 
* Positions according to IMGT unique numbering for constant domain 
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and G1m3 with G1m-1. In the Caucasian population, around 43% are heterozygous for 

G1m1/G1m3, 45% are G1m3 homozygous, and 11% are G1m1 homozygous189.  

Table 1. Human G1m allotypes 

Allotypes 
IGHG1 

alleles 

Amino acid positions (IMGT numbering) 

CH1 CH3 

120 12 14 110 

G1m17,1 

G1m17,1,27 

G1m17,1,28 

G1m17,1,27,28 

IGHG1*01, 

IGHG1*02 

IGHG1*04 

IGHG1*05p† 

IGHG1*06p† 

Lys (K120) Asp (D12) Leu (L14) Ala (A110) 

G1m3 

G1m-1 
IGHG1*03 Arg (R120) Glu (E12) Met (M14) Ala (A110) 

G1m17,1,2 IGHG1*07p† Lys (K120) Asp (D12) Leu (L14) Gly (G110) 

G1m3,1 IGHG1*08p† Arg (R120) Asp (D12) Leu (L14) Ala (A110) 

 

The importance of G1m allotypes in MS was first reported in 1981 when G1m1 

antibodies were described as being most abundant in the CSF of MS patients190. A few years 

later, the same group specified how the synthesis of intrathecal IgG depends on variations in 

the Ig constant region and MHC loci191. After decades of GWAS and studies on the IGHC 

locus, researchers fine-tuned an association between variations in IGHC and IgG 

production187,192,193, the age of MS onset, and disease risk193,194. Additionally, recent flow 

cytometry studies from our group have demonstrated that an increased ratio of G1m1/G1m3 

antibodies in the CSF of heterozygous MS patients uncovered in 1981 was caused by a 

changed proportion of intrathecal G1m1/G1m3 antibody-secreting cells (ASC)195. 

Accordingly, nearly all intrathecal ASCs expressed the G1m1 allotype, while the ratio 

remained 50/50 in the blood. 

 
† p – provisional number, alleles are expected but not sequenced at the nucleotide level 
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G1m allotypes have been shown to impact various immunopathologies. In hepatitis C, 

the virus core protein mimics the Fcγ receptor and preferentially binds to the G1m3 allotype. 

Therefore, G1m3 antibodies are mostly scavenged, diminishing the immune system’s ability 

to clear the pathogen196. Cytomegalovirus uses decoy Fcγ receptors to evade the immune 

system that have a higher affinity for G1m1 or G1m3, depending on the type of decoy197. A 

significant association has been found between polymorphisms in the CH1 region of G1m 

and Alzheimer’s disease, where G1m17 leads to increased susceptibility and G1m3 has been 

connected with a protective role198. Furthermore, G1m3 has been reported as a risk factor in 

different types of cancer199. 

The consequences of allotypes on functions of the immune system are poorly 

documented. Some allotypes alter the half-life of IgG3 antibodies and can also influence their 

distribution to particular tissues200. They have also been shown to modify secondary mRNA 

structures and alter the class switching process and the transcription rate43,201. Additionally, 

they correlate with IgG plasma concentrations202. IgG1 allotypes have been shown to 

influence the distribution of antibody subclasses after human immunodeficiency virus (HIV) 

vaccination203,204.  
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6.  Aims  

The main goal of this thesis is to gain insights into the mechanisms underlying B-cell 

responses in both treatment-naïve multiple sclerosis patients and those treated with DMF. 

The aims are as follows: 

• The critical point of the study is to characterize the paired immunoglobulin heavy- 

and light-chain repertoires and phenotypes of B-lineage cells in MS patients. Therefore, 

we aim to phenotype single cells, describe the variable parts of the heavy and light chains, 

and identify disease-relevant B-cell clones. The adjacent objective is to examine 

polymorphisms (allotypes) carried in the IgG constant region in MS (paper I).  

• We aim to determine which B cells in the CSF of MS patients are the major intrathecal 

IgG producers. We investigate whether the most expanded B-cell clones produce the 

dominant IgG fractions in the CSF. Additionally, we set out to identify the B cell population 

to which they belong and what phenotypic profile the contributing cells express (papers I 

and II). 

• The relevance of intrathecal B cells in multiple sclerosis is based on the theory that 

memory B cells reside within the CNS and undergo intrathecal affinity maturation, 

potentially rendering them an ideal target for MS treatment. Recent studies have shown 

that memory B cells in the blood are one of the primary targets for all available treatments 

for multiple sclerosis. Therefore, we aim to uncover whether it holds true for intrathecal 

B-cell populations and how DMTs with a focus on DMF alter the phenotypes of these 

populations (paper III).  
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7.  Summary of papers 

Paper I 

In paper 1, we characterized the intrathecal BCR repertoire, clonal relationships, and 

transcriptional profiles of intrathecal B-lineage cells. To date, it was the most detailed study 

of B-lineage cells in the CSF of MS patients. This investigation was achieved by using flow 

cytometry index-sorting single-cell full-length mRNA-sequencing techniques and various 

bioinformatics tools. The results revealed biased use of the IGHV4 gene family and excessive 

production of the κ-light chain tightly linked to the G1m1 allotype in ASCs, resulting in a 

pattern of preferential pairing of heavy- and light-chain variable gene segments. In patients 

homozygous for G1m3, no such patterns were observed. Additionally, the results showed 

selective enrichment in G1m1 ASCs but not to the same extent in memory cells. We found an 

accumulation of somatic mutations and large clonal expansions, including clonal 

relationships between memory cells and ASCs, and thus corroborated previous studies. 

Moreover, we observed clonally related cells of different isotypes, which indicated an 

intrathecal isotype switch. These results suggested intrathecal maturation of collected B cells 

and an intrathecal B-cell response directed against similar epitopes in patients carrying the 

G1m1 allotype. 

 

Paper II 

 In paper II, we aimed to establish characteristics of B-lineage cells producing 

oligoclonal IgG and map how related cells partake in oligoclonal IgG production. We used 

previously generated paired heavy- and light-chain CDR3 data from a proportion of the 

patients included in paper I. We combined these data with mass spectrometry of IgG from 

matching CSF and serum samples of 10 MS patients. Connecting transcriptomic and 

proteomics data from the CSF of MS patients enabled us to describe true intrathecal IgG-

producing single B cells. We showed that intrathecally produced IgG better matches clonally 

expanded ASCs compared to singletons. The oligoclonal IgG-producing cells represented 

heterogeneous populations of highly proliferating cells clonally related to a more 

differentiated, seemingly non-proliferating cell cluster that appeared to focus on 

immunoglobulin production.  
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Paper III 

Paper III examined differences in blood and CSF B-cell composition in MS patients 

treated with DMF versus those treated with other therapeutics (GA, IFN) or no drugs. In 

accordance with previous studies, we found a depleted memory B-cell population in the 

blood of patients treated with DMF. Furthermore, we also observed that the reduction in 

memory B-cell numbers was correlated with the duration of the treatment. DMF-treated 

patients showed a more substantial decrease in the number of intrathecal plasmablasts than 

any other group, as well as a lower absolute count of intrathecal mononuclear cells. This 

paper was exploratory and confined by the previous choice of included surface markers, but it 

supported the theory of B cells as a potential mechanistic target of DMF. 
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8.  Methodological considerations 

 

8.1.  Study populations 

Subjects were recruited for papers I and II at the Department of Neurology at 

Akershus University Hospital and the Neurology Department at Ulleval Oslo University 

Hospital. In paper I, 24 patients were recruited during diagnostic workups. Three patients 

were excluded during flow cytometry analysis and cell sorting due to the low number of 

possible ASCs. Prior to inclusion, two patients had been treated with methylprednisolone. No 

other participants had received corticosteroids or any immunomodulatory treatment that 

could deplete cell counts and alter the phenotype and composition of B-cell populations in 

CSF. All patients were of Caucasian ethnicity to ensure a similar genetic profile. 

Initially, we discussed whether we should include control patients with other 

neuroinflammatory diseases. We considered Lyme neuroborreliosis patients as they display 

neuroinflammation and intrathecal antibody production. Additionally, Lyme neuroborreliosis 

is caused by a known pathogen and manifests as acute or subacute inflammation, which is 

typically treated immediately with antibiotics. However, since MS takes years to develop 

before the first onset of symptoms205,206, whether diseases presenting with acute 

neuroinflammation are adequate controls is disputable.  

In papers I and II, we used CSF and blood samples from the same patients. For 

proteomic analysis in paper II we chose participants with the highest number of sorted cells. 

Considering the limitations of our approach to acquiring ASCs and B cells, we wanted to 

collect as many BCR sequences as possible to construct a proteomic library. Thus, 10 out of 

24 previously included patients were analyzed in paper II. 

In paper III, we reanalyzed flow cytometry data based on the treatment status of 28 

MS patients recruited at the Departments of Neurology at Akershus University Hospital and 

Oslo University Hospital195. According to the 2010 McDonald criteria, all patients had MS; 

one was classified as SPMS, and all others had developed RRMS at the time of inclusion77.  
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8.2.  Flow cytometry 

In paper I, single-cell index-sorting was performed on a FACS ARIA III cell sorter 

equipped with 408, 488, 561, and 633 nm lasers (BD Biosciences) at the flow cytometry core 

facility at Oslo University Hospital. The staining strategy focused on identifying ASCs and 

other B-cell subsets; therefore, we used the following anti-human antibodies from BD 

Biosciences: CD3, CD14, CD16, CD19, CD27, CD38, IgD, and LIVE/DEAD Fixable Violet. 

Single ASCs and B cells were index-sorted; fluorescence intensity values were recorded for 

each sorted cell, allowing for more accurate phenotyping of sorted B cells in conjunction with 

gene expression data. ASCs were the main population of interest but typically constituted 

only a minor part of the B-cell population. Therefore, other B-cell populations were sorted if 

we had already obtained a sufficient number of ASCs.  

In paper III, a panel of fluorochrome-conjugated antibodies was selected to analyze 

blood and CSF mononuclear cells, again focusing on ASC identification with the addition of 

memory and naïve B cells195. Therefore, anti-CD19, CD27, CD38, CD138, IgG, Ki-67, and 

HLA-DR antibodies were utilized in addition to anti-CD3 and CD14 dump-channel 

antibodies (BD Biosciences). The flow cytometry setup was designed for a different study; 

therefore, fluorochromes were pre-selected and not optimal for our purpose, which caused us 

to omit a few markers of interest. For instance, the data did not contain markers for IgD, 

which would have allowed us to differentiate between class-switched and unswitched 

memory B cells and determine how these populations within the CSF were affected by DMF. 

 

8.3.  Single-cell RNA-sequencing 

 Due to differences in processing requirements, the B cell and ASCs populations in 

paper I could not be sorted together. ASCs’ transcriptome mostly comprises immunoglobulin 

genes, unlike other B cells. Consequently, we adjusted the protocol by increasing B cells’ 

PCR cycles by one. This prioritizing approach maximized intrathecal ASC collection, but 

insufficient CSF remained to sort other B-cell populations in patients with low CSF cell 

count. Sorting populations into separate plates for separate processing leads to artificial 

variation due to batch effect rather than biological differences. However, this systemic 

influence was minimized by normalizing gene expression data207.  
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High-throughput sequencing with sensitive PCR methods enhances the understanding 

of complex transcriptomes. For a long time, the limiting factor of sequencing techniques was 

the input RNA needed for the analysis. However, in the last decade, single-cell transcriptomic 

techniques have emerged to study cell-to-cell variability and population heterogeneity. 

Methods like Drop-seq, InDrop-seq, Seq-Well, and STRT-seq require abundant material and 

risk losing cells of interest. These methods only capture the 5' or 3' end of each transcript208. 

The 10x Genomics Chromium platform, which sequences either the 5' or 3' part of the 

transcript, has gained significant interest. The 10X system barcodes and encapsulates single 

cells in gel beads, enabling downstream processing in a single tube209. However, it lacks 

control over the analyzed cell population and can be influenced by selection biases, 

potentially distorting or losing rare cell populations. Moreover, it detects fewer genes per cell 

(500–1,500) compared to Smart-seq2 (~ 4,000–7,000) or MARS-seq (~ 500–3,000)210. 

Aiming to achieve uniform read coverage and quantification of gene expression with 

high accuracy and sensitivity at minimal losses of scarce material, we chose the Smart-

seq2211 approach to sequence single intrathecal B cells from MS patients. Smart-seq2 enabled 

us to obtain transcriptomic profiles and full-length paired heavy- and light-chain BCR 

sequences in papers I and II. The same sequencing depth and a comparable number of 

analyzed B-lineage cells would not have been achievable using the 10X Genomics protocol. 

We implemented the Smart-Seq2 protocol with minor modifications that increased the 

yield of the reverse transcription reaction, decreased the number of primer-dimers after 

purification steps, and increased the amplification output. We used SmartScribe RT in reverse 

transcription instead of Superscript II due to its higher fidelity212. In addition, we introduced a 

modified TSO primer with added 5'-biotin, aiming to produce fewer secondary structures 

during RT213. After RT, the cDNA was amplified, and the final library was prepared using in-

house-made Tn5 transposase and dual indexing with Nextera (XT) N7xx and S5xx primers. 

The final library was sequenced on the Illumina NextSeq500 platform at the Norwegian 

Sequencing Center. Balancing the cost and depth of sequencing, we chose a sequencing run 

of 75 bp paired-end reads in high output mode, which gave approximately 400 million reads, 

effectively producing around 1 million reads per cell. The optimal number of reads depends 

on cell type, transcripts, the number of known genes, and genome size. Current data from 

single-cell RNA-seq studies suggest that reaching 1 million reads is nearing saturation of 
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sequencing depth. Depending on the used protocol and sequencing platform, the vast majority 

of gene transcripts can be detected at half that depth208. 

 

8.4.  Processing of raw sequencing data 

In papers I and II, to quantify the expression of transcripts, we decided to use 

Salmon214. Salmon is a pseudoaligner based on the k-mer model, which uses a lightweight 

alignment algorithm that works as a mapping model, in which the abundance of transcripts is 

estimated from equivalence classes rather than an exact match to an index. We built the 

Salmon index using the human genome GRCh38.94, and the k-mer value of 25 was chosen as 

optimal. The following steps included collapsing gene-level transcripts and correcting for 

transcript length, quality, and normalization. 

The quality of the reads varied from cell to cell and between libraries. Therefore, the 

threshold values for each parameter in the quality control phase were established based on the 

normal distribution observed within libraries. Low-quality reads can be found for several 

reasons, such as insufficient amounts of mRNA within the cell, problems with amplification, 

the cell’s going into distress while being sorted and becoming apoptotic, cross-contamination 

between cells, or errors occurring during sorting resulting in no or multiple cells in one 

well215. To interpret our results correctly, we removed low-quality cells based on the 

following criteria:  

• Mapping rate above 40%—low mapping rate points to an empty well or degraded 

RNA 

• Number of detected genes and reads; exact thresholds depending on library—we 

removed cells with the number falling outside of the range to discard suspected 

duplicates, spill-overs, and empty wells  

• Percent of mitochondrial genes below 8%—this number grows as the cell goes into 

apoptosis, while genomic mRNA is lost 

•  Reconstruction of productive BCR heavy chain 

After quality control, we obtained single-cell RNA-sequencing data of 2,165 cells from 21 

MS patients. 
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8.5.  Transcriptome-based phenotyping and visualization of single-cells 

To characterize intrathecal populations of B cells, we looked at three sets of features 

in paper I: differential gene expression data, flow cytometry surface markers, and properties 

of expressed BCRs. 

To visualize and reduce gene expression data complexity, we used principal 

component analysis (PCA). PCA is a linear dimensionality reduction technique that retains 

significant data variation while reducing dimensionality. We then employed uniform 

manifold approximation and projection (UMAP), a non-linear dimensionality reduction 

method, for two-dimensional data projection and visualization216. For the overall analysis of 

all cells, we utilized the first 25 principal components. However, only seven components 

were necessary for the CD19+ B-cell population. This contrast indicated substantial 

differences in gene expression patterns between ASCs and non-ASC B cells (although fewer 

differences within the CD19+ B-cell population). An alternative gene data analysis and 

visualization approach would involve using t-distributed stochastic neighbor embedding (t-

SNE). Both methods preserve the local structure, but UMAP better preserves the global 

structure and topology of the data, making it easier to judge whether differences between 

cells are important217. 

We adopted a similar approach in paper II, relying on the same data set for gene 

expression analysis. We also focused on gene expression and pathway enrichment analysis218. 

Pathway enrichment analysis maps gene sets with known biological functions and finds 

statistically significant enrichments while considering gene or protein interactions and 

integrating those structures into the analysis. Gene enrichment or gene set enrichment 

analysis produces lists of up- or down-regulated genes without considering either their 

function or the topology of cellular interactions. Therefore, focusing on known pathways 

allowed us to find commonalities in gene expression patterns (phenotypes) among different 

clusters of IgG-producing ASCs.  

 

8.6.  B-cell receptor analysis 

While using the SmartSeq2 protocol, we were not limited by primer location in PCR 

reactions; therefore, we obtained complete heavy-chain gene sequences. BCR sequences were 

reassembled using BraCeR219, which generated the full-length, recombined variable regions 
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of IgH and Igκ/λ. Unfiltered BraCeR output frequently consisted of multiple heavy and light 

chains per cell in which one pair had a far higher transcript per million (TPM) value than 

other chains. The additional chains could have been caused by PCR errors, bar-code 

switching, or cross-contamination from different wells. BraCeR collapsed similar 

reconstructed sequences in each cell and identified the most highly expressed chains, thus 

eliminating errors in sequences introduced in PCR reactions. Eliminating PCR errors is a 

great advantage when performing downstream analysis of mutations, clonal relationships, and 

lineage tracing.  

 

8.6.1.  Mutational load and clonality assessment 

In the previous step, we filtered out additional chains constituting a minor part of the 

cells’ transcriptome. However, cells with a high expression of multiple heavy and light chains 

were retained. We examined each cell individually and manually filtered out suspected 

doublets. We did not want to exclude any cells truly expressing more than one chain per 

locus, but removing possible multiplets was necessary as they can interfere with proper 

clonality assignment. Doublet removal operated on the assumption that cells with two 

productive recombinants for a locus are rare (expected at 2–5% for IgH and 11% for Igκ in 

mice220). Cells were removed if multiple chains from the same locus significantly differed 

from each other and/or cells containing multiple chains connected two clone groups.  

BraCeR created summary files used to identify clonal relationships between cells and 

build lineage trees for reconstructed clone groups. Additionally, the mutational load was 

assessed for the most highly expressed chains. Tracing mutational loads and patterns in the 

paired full-length variable heavy- and light-chain genes allowed us to follow the clonal 

evolution of B cells and reconstruct detailed lineage trees. 

 

8.6.2.  G1m allotype analysis 

Next to the V-, J-, and D-regions, BraCeR reconstructed the CH1 domain for each 

cell. This provided information about the isotype of BCR but was insufficient to determine 

the IGHC alleles, which correspond to allotypes188. Therefore, we also inferred alleles by 

mapping cell sequences to IMGT allele sequences and CH1, CH2, and CH3 regions. In 

patients with few cells of the G1m1 allotype, establishing whether the patient was 
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homozygous for G1m1 or heterozygous for G1m1/G1m3 was impossible, with a strong 

skewing toward the G1m1 allotype within CSF as previously observed by our group195.  

Allotypes can also be determined by phenotyping IgG1 immunoglobulins in the 

blood. Therefore, to confirm our findings on the transcriptomic level and differentiate 

between homozygous G1m1 and heterozygous G1m1/G1m3 patients, we next applied the 

ELISA method to the serum of the included patients as previously described195. 

 

8.7.  Nano liquid chromatograph-mass spectrometry 

The CSF and serum samples from 10 MS patients were matched, and the total IgG 

was isolated and digested using a mix of trypsin and Lys-C. This mixture has been shown to 

have greater reproducibility, detect a higher number of products, and achieve more accurate 

quantification than trypsin alone221. Additionally, trypsin specificity matched our needs as it 

cuts on the C-terminal side of lysine and arginine, which are common in the motifs 

surrounding predicted CDR3 regions. To increase the number of detected sequences, we used 

different proteolytic enzymes with specificities. In addition to trypsin/Lys-C, we tried to 

apply Asp-N protease, which cleaves peptide bonds on the N-terminal side of aspartic and 

glutamic acids, which are common in BCR sequences surrounding CDR3 fragments. 

However, in our experimental conditions, Asp-N repeatedly failed to digest IgG. 

To detect as many peptides as possible, the digested solution was first run through 

liquid chromatography (LC). In LC-mass spectrometry, peptide mix fractions are separated 

on a column prior to detection based on their physical properties. This process significantly 

increases the sensitivity of mass spectrometry and provides more reproducible results222.  

Output files from the mass spectrometer were processed using MaxQuant. The 

personalized search libraries consisted of variable region fragments of the BCR database 

created with the single-cell RNA sequencing from paper I. Peptide hits were filtered based on 

the obtained intensity-based absolute quantification (iBAQ) values to differentiate between 

serum and intrathecal IgG. The iBAQ measurement was chosen because it represented the 

total peak intensity divided by the theoretical peptides identified for one protein; therefore, it 

was normalized.  
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An alternative approach to analyzing CSF proteomics is through IEF of matched CSF 

and serum on IPG strips. This method enables the comparison and selective digestion of 

CSF-specific bands. While it provides the advantage of preselecting intrathecally produced 

IgG, it may result in the loss of less-abundant immunoglobulins that do not appear as bands. 

However, quantifying total IgG using mass spectrometry allows for comparing CSF and 

serum values, enabling the determination of its origin within or outside the CNS. 

Additionally, using total IgG is a faster and more cost-effective alternative to IEF. 

 

8.8.  Ethical considerations 

The sample collection for the studies presented in papers I, II, and III was approved 

by the Committee for Research Ethics at the South-Eastern Norwegian Health Authority 

(2009/23). All participants signed an informed consent form before inclusion. 

Sample collection for papers I and II occurred during diagnostic lumbar punctures for 

all but one patient. Lumbar puncture is a standard procedure before MS diagnosis. It is 

relatively invasive but rarely dangerous. Most commonly, patients can experience spinal 

headaches after a lumbar puncture; the practice rarely results in bleeding or infections. As the 

sample collection was part of a standard diagnostic process, donating additional small 

amounts of CSF and blood did not substantially increase the donors’ risk of side effects.  

The biological material used in paper III had been the subject of a different study. We 

reanalyzed already available data, maximizing the output from patient contributions and 

minimizing the time, labor, and cost associated with patient recruitment and data 

collection223. Samples used in that study were stored in a research biobank at the Department 

of Immunology and Transfusion Medicine, University of Oslo. All samples were stored in 

coded containers administered by senior personnel. The Ethical Committee approved the use 

of this material.  

All patients were given identification codes. Code names were used throughout all 

processing and analysis steps. The identification codes were stored on encrypted and 

password-protected flash drives in a physical safe. In paper I, all raw sequencing data storage 

and processing happened within Services for Sensitive Data servers to protect the patients’ 

data further. Services for Sensitive Data is a platform created by UiO to store, analyze, and 
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collect sensitive data securely. Additionally, we deposited all raw sequencing data output, 

BCR sequences, and metadata obtained in paper I at the European Genome-Phenome Archive 

with restricted access. Finally, intrathecal IgG raw mass spectrometry output files from paper 

II were uploaded to the MassIVE data repository. 

 

8.9.  Statistics 

In paper I, statistical analysis and graphs were prepared using R and ggpubr. All tests 

were two-sided, with a significance level set at 0.005. We adopted the non-parametric test 

(Wilcoxon rank-sum) to compare somatic mutation frequencies between sequences of 

different isotypes. We also used the Wilcoxon rank-sum test to determine whether differences 

in Igκ usage and IGHV4 gene family usage were significant between ASCs expressing G1m1 

and G1m3 allotypes. Except for somatic hypermutation frequency, we also tested the median 

frequency from each patient versus the B-cell population and isotype. This testing was 

conducted using the Wilcoxon signed-rank test. We applied binomial distribution to 

determine whether G1m1/G1m3 cells’ distribution deviates from 50/50 in ASCs and memory 

cells from heterozygous patients. A paired t-test was used to examine differences in G1m 

allotype usage frequencies between different cell populations and between G1m1 and G1m3 

cells in G1m1/G1m3 heterozygotes. 

For the second paper, all graphs except pathway enrichment analysis were completed 

utilizing R packages: ggplot2, ggbreak, and ggpubr. The pathway enrichment analysis was 

visualized using Cytoscape. All statistical analyses were performed in R version and scanpy, 

and all tests were two-tailed with a significance level of 0.005. To diminish the influence of 

clonal expansion on the analysis, all clonally related cells were collapsed into a single unit 

and treated as one. We used the Wilcoxon signed-rank test to compare intrathecal IgG 

matches between different B-cell populations and the proportion of matches between clonally 

expanded cells and singletons. Differential gene expression ranking was constructed based on 

Wilcoxon rank-sum test results. 

In the third paper, because of the non-normal distribution of the data, which had only 

two groups and few samples, we used the two-sample Wilcoxon exact test to compare groups 

of patients treated with different drugs or without any treatment. As before, we set the 

significance level at 5%, and the tests were two-tailed. We did not perform any corrections 
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for multiple tests. Paper III was an exploratory investigation conducted as part of a different 

study with a highly heterogeneous control group. Additionally, our findings reflected what 

has previously been found in the blood. Therefore, a conservative multiple testing correction 

that accounts for dependent variables for multiple testing would be considered too strict209. 
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9.  Discussion 

 

9.1.  Allotypes correlating with immune repertoires 

 Antibody-secreting cells and memory cells are the main subsets of the intrathecal B-

cell population in MS patients93. Many known yet unconfirmed specificities of intrathecal 

immunoglobulins suggest targeting several possible antigens. Previous studies have primarily 

focused on autoantigens associated with oligodendrocytes, neurons, astrocytes, cellular 

debris, adhesion molecules, and viruses118,120,122,224. However, these findings have not been 

confirmed by independent studies117,225. B cells in CNS are somatically hypermutated, 

clonally related, and, along with OCBs, persistent over time109,123. Preferential use of the 

IGHV4 gene family has also been previously reported, along with the acquisition of specific 

mutations226,227. Collectively, characteristics of B cells in the CNS of MS patients are 

hallmarks of an ongoing, antigen-driven immune response. However, the understanding of 

intrathecal immunity in MS is still incomplete. Below, I present our results and those of 

others to fill in knowledge gaps and form new hypotheses that may provide insights into the 

role of B cells in MS. 

 In paper I, we utilized the single-cell RNA-seq technique to obtain paired heavy- and 

light-chain genes of CSF B cells in treatment-naïve MS patients. We confirmed previous 

reports that the isotype is heavily skewed toward the IgG1 subclass among ASCs. Moreover, 

we showed on a transcriptional level that IgG1 ASCs preferentially use the G1m1 allotype in 

heterozygous G1m1/G1m3 patients. In paper I, we also exposed restriction patterns across 

study subjects. First, IGHV4 gene segment bias was found only in patients carrying the G1m1 

allotype. Previous studies have not found IGHV4 bias in all MS cases when the G1m carrier 

status was not defined86,226. We also reanalyzed previously published data from intrathecal B 

cells of MS patients with known G1m carrier status and verified results showing the 

restriction of IGHV gene usage depending on G1m allotype86,109.  

Furthermore, G1m1-expressing ASCs mainly used κ-light chain, whereas in several 

G1m3 homozygous patients, ASCs showed a κ/λ ratio lower than expected from healthy 

individuals228. The shifted κ/λ ratio was also of interest because κ and λ free light chains are 

gaining attention as a valuable diagnostic tool in MS. Based on our results, patients with the 

G1m1 allotype could potentially have higher free κ light chain measurements in CSF 
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depending on the portion of B cells expressing κ light chain due to the link to the G1m 

allotype. Another discovery was an association between the G1m1 allotype in ASCs and the 

preferential pairing of heavy and light variable segments. These repertoire restrictions were 

more pronounced in ASCs than in the memory-cell population. These results suggest that 

some ASCs might be directed against similar epitopes. 

In paper I, we also provided a more detailed description of clonal relationships 

between intrathecal B-lineage cells than previous studies. Clonality assessment was based on 

somatic mutations in both heavy and light chains. The observed high degree of ASC clonality 

was in line with previous studies229,230. However, we also discovered a more focused immune 

response, as the lineage trees were considerably smaller than previously reported, with fewer 

offspring cells and many ASCs containing indistinguishable SHM patterns. This was 

unexpected, as more mutations are anticipated when considering both heavy and light chains. 

The accurate characterization of clonal expansion was possible due to the minimization of 

PCR and sequencing errors inherent to previously used bulk sequencing techniques. PCR 

errors cannot be easily detected, and correcting them requires unique molecular identifiers 

and computational methods, which were unavailable until recently231. Therefore, studies 

using bulk sequencing have heavily overestimated the diversity of BCR sequences.  

 

9.1.1.  Influence of genetic factors 

 The mechanism underlying the preferential usage and pairing of variable heavy- and 

light-chain genes is unknown. The observed light chain preference might result from the 

differences in variable and constant regions of the heavy chain, causing pairing with a more 

compatible light chain. Another possible explanation could be the influence of the G1m 

allotype on the BCRs V-region’s specificity and affinity, similar to previously shown effects 

of the CH region on the V-region32. For example, polymorphisms in the constant region could 

result in conformational changes in the variable region, influencing BCR clustering and 

signaling, as well as modulating the intracellular transport and antigen presentation on HLA 

class II molecules. In Caucasians, the G1m1 and G1m17 allotypes are in nearly perfect 

linkage disequilibrium; therefore, they are inherited together on the same chromosome. Thus, 

linkage disequilibrium between IGHG1 alleles encoding allotypes and particular IGHV gene 

segments is another possibility.  
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The genetic explanation for the connection between variable heavy/light chain 

segments and the constant region of a heavy chain could be so-called super-haplotypes232,233. 

In that case, a critical role would be played by linkage disequilibrium, which is an association 

of alleles of different genes that occur together more commonly than expected from their 

allele frequencies. When found on one chromosome, neighboring alleles of other genes are 

referred to as haplotypes. The most acknowledged example of a super-haplotype is HLA-

ABC, which features a strong linkage disequilibrium between involved HLA-ABC genes.  

Furthermore, the combination of alleles situated in loci on the HLA super-haplotypes has 

been stable throughout the evolution of our species and parts of  MHC block structure are 

highly conserved234,235. Immunoglobulin genes might also form such extended haplotypes. In 

this case, different haplotype groups would have distinct C- and V-regions in linkage 

disequilibrium. 

 The idea of IGH locus influencing immune repertoire formation has been proposed 

previously. For example, polymorphisms with changes in plenty of the regulatory elements in 

the IGH locus have been suggested as driving changes in locus topology and chromatin 

conformation, thereby impacting the selection of V, D, and J gene segments236. In addition, 

genetic differences could potentially impact V(D)J recombination. Germline IGHV genes are 

partly responsible for antibody specificity237 and have been associated with progression and 

clinical phenotypes in various scenarios, including vaccination, infection, and 

inflammation238–240. Moreover, structural variants and SNPs can modify key regulatory 

elements, such as promoters and enhancers, through deletions, loss of function SNPs, or the 

creation of new features. These structural variants could additionally influence the unique 

configuration of key regulatory elements. Such reorganization would lead to changes in 

interactions between promoters, enhancers, and their respective structures, which could 

ultimately change the construction of the locus and influence a selection of V, D, and J genes.  

Further, some variants of CH domains could be in linkage disequilibrium with 

polymorphisms regulating CSR, which could explain the observed variation in IgG subclass 

distribution depending on the carried IGHG1 alleles202. The frequencies of polymorphisms in 

HS2.1 enhancers in Caucasians have been correlated with the frequencies of IGHG1 alleles in 

the same population, indicating linkage diequilibrium241. Comparison of polymorphisms in 

different people has shown that, for functionally distinct allotypes, allotypes exist defined by 
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SNPs that display significant inter-population differentiation, possibly due to selection 

pressure242.  

 

9.1.2.  Functional considerations 

 The importance of allotypes in immunoglobulin functions cannot be overlooked. The 

IgG subclass’s response to tumor antigens and pathogens varies, and one of the determinants 

of this response is the FcγR. FCGR encodes FcγR, and the gene polymorphisms cause 

variable affinities in binding to subclasses of human IgG. Particular FCGR and IGHG alleles 

potentially interact in the form of epistasis and provide a specific effector response through 

IgG. Epistasis provides a functional explanation for many associations discovered between 

FcγR and allotypes in infectious and autoimmune diseases and cancer43. Allotypes in the 

modulation of the immunoglobulin’s ability to interact with and trigger FcγR have been 

investigated for decades, yet the evidence has remained limited. Early studies did not find 

significant differences in the interactions of various FcγRs with IgG allotypes243,244. 

However, the soluble IgG1 has been shown to possess varying affinities for the neonatal Fc 

receptor (FcRn), depending on the allotype245. The FcRn transports IgG and albumin across 

barriers (i.e., placenta, BBB) and protects them from intracellular degradation. An abundance 

of the FcRn is expressed at the BBB, where it is involved in the outflow of IgG from the 

CNS, as well as IgG’s distribution in the brain246,247. Moreover, various interactions with 

other FcγRs could play a role in determining the extent of tissue damage in the CNS through 

FcγR-driven enrichment of G1m1 allotype B cells. Allotypes may also be significant in 

interactions with complement factors. 

 Furthermore, depending on the mAb allotype, FcRn has been shown to influence 

therapeutic mAb kinetics. In a study by Ternant et al., G1m1 homozygous patients had a 

higher drug clearance rate caused by a higher affinity of G1m1 IgG1 to FcRn than G1m3245. 

In G1m3 carriers, infliximab surpassed the patients’ IgG1, thus using more FcRn recycling, 

which resulted in the drug’s longer half-life. These results confirmed that a change far from 

the FcRn binding site can influence IgG binding to FcRn248,249. Therefore, the G1m1 allotype 

(D/E12; L/M14 in the CH3 region), located close to the FcRn binding site, may impact FcRn 

binding. This process could depend on the allotype in the CH1 segment, which through 

changes in charge distribution, would affect the conformational flexibility of the protein249. In 

the CH1 domain, allotypes defining positively charged arginine/lysin are expected to modify 
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the charge of the Fab fragment. This should affect FcRn and plasma membrane interactions 

based on electrostatic force249,250. 

  

9.2.  Speculation about B-cell trafficking and intrathecal maturation 

In paper I, we showed clonal expansion of isotypes other than IgG1. We also found 

clonally expanded IgM, IgA1, IgG2, IgG3, and IgG4, as well as clonal trees containing cells 

of different isotypes. These isotypes were observed between IgG1 and IgG2, IgG1 and IgA1, 

and IgM and IgG1. The simplest explanation of the different detected isotypes is intrathecal 

B-cell maturation. Moreover, we found expanded memory cells; for most patients, memory 

cells were clonally connected to the ASC population.  

B cells in the CNS of MS subjects have been shown to be clonally connected to cells 

in the periphery86,96,230. Recent studies of mice have revealed that meningeal B cells come 

from the skull bone marrow, and the meningeal compartment provides a lymphopoietic niche 

for developing B cells50,51. In pathological conditions like MS, another place for B-cell 

maturation within the CNS could be GC-like B-cell follicles found in the meninges of SPMS 

patients and possibly present at earlier stages of the disease81. The CNS can be a favorable 

microenvironment for GC-like reactions, as shown by the presence of crucial cytokines and 

chemokines in the CSF of MS patients251. Additionally, the BCR mutation patterns specific to 

GC reinforce the idea that the CNS hosts TLSs252. Considering these discoveries, intrathecal 

B cells in MS may originate within the CNS or its proximity. Furthermore, preferential PB 

differentiation and selection of the G1m1 allotype may occur within TLSs, leading to our 

observation of G1m allotype skewing in CSF but not in peripheral blood195. The unaffected 

blood G1m1/G1m3 ratio also suggests that the maturation process in GC does not produce 

enough cells to detect a change among the overwhelming abundance of peripheral blood 

cells. As B cells in MS may be continuously exchanged between the CNS and blood96,109, 

intrathecal trafficking could be skewed toward the CNS and favor the G1m1 allotype over the 

G1m3 allotype via an unknown mechanism at the contact interface. 

When the cell undergoes CSR and SHM, AICDA is crucial for affinity maturation. 

Expression of AICDA has been previously reported in intrathecal B cells253. We confirmed 

its presence in a portion of CSF B cells (paper I). We also found a relatively high mutational 

rate in the IgM ASCs, which confirmed previous observations showing excessive SHM in 
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IgM found in CSF compared to blood253. We also found a similar extensive rate of mutations 

in IgA ASCs, as well as expanded IgA clones, corroborating earlier research254. We did not 

find any distinct phenotypes of IgA B cells. Probstel et al. proposed that such cells could play 

a regulatory role255. The authors showed a population of IgA producers in the CSF that 

recognize gut microbiota and could be systemic mediators in MS and other 

neuroinflammatory diseases. However, in light of clonal connections between IgG1/IgM and 

IgA1-expressing cells, these cells may have a common origin. Another explanation could be 

diversified populations of IgA B cells with different lineages and functions in MS 

pathogenesis. 

 IGHC contains cis-regulatory elements that regulate the isotype switch and CH gene 

expression256. Polymorphism at the 3’ of the IGHC locus in the regulatory region controls CH 

gene transcription257. The same polymorphism is associated with IgA deficiency and with 

IgM concentration258. Moreover, human and murine 3′ regulatory and switch regions have 

been described as including hotspots for estrogen receptor binding. The hotspots in enhancers 

have been shown to influence CSR and the BCR repertoire depending on gender259. The 

authors hypothesized that these findings could explain differences between antibody 

repertoires in males and females, thus contributing to the susceptibility of females to 

particular autoimmune diseases, including MS.  

IGHG polymorphisms have been associated with IgG, IgM, and IgA indexes in the 

CSF of MS patients187,192–194. One of these polymorphisms encodes the IgG1 allotype and has 

been connected with a lower IgG index and poor prognosis110,187. Such a polymorphism may 

affect cis-regulatory elements upstream of IGHC, which would modify its expression, or it 

could interfere with different processes during CSR. The association between IgG production 

and SNPs in the IGHC was found only in MS patients; therefore, chronic low-grade 

inflammation likely produces an environment in which B cells mature with altered signals, 

triggering the observed effects. The specific array of cytokines in the CNS of MS patients 

could be favorable for CSR to the IgG1 isotype, which would explain our observations (as 

well as others’) of the almost absolute dominance of the IgG1 subclass of ASCs in CSF 

(paper I). 
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9.3.  Stereotyped B-cell responses 

 The target antigen of the humoral immunity in MS has not yet been found. Multiple 

studies have discovered a multitude of different epitopes, including CNS-associated antigens, 

cellular debris, and EBV118,120,260,261. However, none of these findings have been replicated in 

independent studies. Nevertheless, in paper I, we observed a preferential pairing pattern in the 

BCR—shared between patients—of IGHV4 with IGKV1. This preferential pairing resembled 

stereotyped B-cell responses, which have been found in other diseases and are directed 

against causal factors. Pathogens can display a diverse range of antigens, consisting of even 

more epitopes, and the antibody repertoire generated as a response can thus be vast. 

Finding similar sequences and antibody pairings between patients is nevertheless not 

rare. For example, reports of a restricted and stereotyped repertoire have been published for 

COVID-19262; influenza infection263; HIV infection264; dengue265; Ebola266; bacterial 

infections, such as Streptococcus pneumoniae267; and even autoimmune disorders, such as 

coeliac disease268. In addition, when exploring immune responses to individual epitopes, 

convergent and stereotyped antibody responses are often discovered269. This universal 

tendency suggests that suitability between antibody and epitope dictates the selection of 

BCRs responding to the antigen. 

After immunization, activated B cells undergo affinity maturation; a process in which 

B cells with the highest affinity for BCR are selected over those with lower affinity. The 

ability of BCR to bind an antigen in the germline configuration is necessary to raise the B-

cell response. Accordingly, genetic germline variation of the BCR sequence strongly 

influences the outcome of the humoral response270. The germline variation could be why we 

observed a pairing pattern only in G1m1-carrying ASCs, not G1m3-carriers. As the 

immunoglobulin genes have proven problematic to address in large-scale genetic studies, the 

occurrence of restricted, convergent antibody responses presents a foundation for genetic 

effects. Biased use of V-gene segments in antigen-specific and disease-specific BCR 

repertoires indicates functional implementation of germline variation271.  

 

9.4.  Origin and significance of intrathecally produced immunoglobulins  

 In paper II, we investigated the cellular source of CSF IgG. Intrathecally synthesized 

immunoglobulins are a hallmark of chronic inflammation in the CNS. In MS, they can be 
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detected early in the disease process, even before a definite onset205,272. Few instances of 

OCB appearance after an MS diagnosis are known273. CIS patients positive for OCBs are two 

times more likely to convert to MS, and the time frame for conversion is significantly 

shorter274,275. Additionally, presence of OCBs in MS has been connected to a more aggressive 

disease course and faster development of disability276. Furthermore, OCBs at the time of MS 

onset are linked to more severe grey-matter pathology, cognitive impairment, and disability 

compared to patients with no OCBs detected111.  

The restricted nature of OCBs suggests that, within the CNS compartment, a limited 

number of ASCs, PCs, and PBs remain in their niches and continuously secrete antibodies 

into the CSF85,123. In the CSF, we found a rich population of ASCs, bursting with 

immunoglobulin gene transcripts (paper I and II) and connecting to intrathecally produced 

antibodies (paper II). In paper II, we showed that the intrathecal IgG matches the 

immunoglobulin transcriptome of both proliferating ASCs and cells with phenotypes of more 

differentiated PCs strictly involved with immunoglobulin production. Moreover, we found 

that cells of both phenotypes are clonally related, which could suggest common ancestry or 

evolution from newly produced PBs to more mature phenotypes. A different source of 

intrathecal antibodies could be TLSs in meninges and subarachnoid spaces81,106. TLSs are full 

of ASCs, and the antibodies can be secreted from TLSs into CSF. A portion of 

immunoglobulins detected in CSF can also be found in the peripheral blood of MS patients, 

similar to the B-cell clones that produced them109,230. 

The OCB pattern is unique for each individual but can persist for decades despite 

efficacious MS therapies. Based on our findings in paper II, MS drugs may need to affect 

both newly generated and more differentiated ASCs to efficiently target the IgG-producing B 

cells. Due to their inability to cross the BBB and their primary focus on CD20 (which some 

PBs and PCs do not express), mAb-based treatments fail to influence OCB status. 

Nevertheless, some MS drugs can reduce OCBs in a proportion of patients, of which well-

documented examples are natalizumab and cladribine277–279. Natalizumab is an antibody that 

blocks the migration of lymphocytes into the CNS. Cladribine, a small-molecule compound 

with good penetration of the BBB, has been shown to stabilize or decrease OCB levels via 

lymphocyte depletion in progressive MS and to eradicate OCBs in RRMS. Autologous 

hematopoietic stem cell transplantation also has been shown to suppress IgM and IgG OCBs 

and reduce intrathecal immunoglobulin indices280.  
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OCBs and an elevated IgG index are among the major characteristics of MS. About 

95% of patients display OCBs, and 70% of these patients have an elevated IgG index281. 

However, the presence of OCBs and an elevated IgG index do not merely reflect the diffusion 

of antibodies from blood to CSF; the patient is only considered OCB-positive if OCBs are 

absent in the serum. Additionally, elevated free light chains in CSF depict intrathecal 

production of immunoglobulins282. Moreover, serum and CSF antibody concentrations are 

strongly correlated for most viruses found in the CSF of MS patients283. The likely 

explanation of this correlation is a continuous influx of ASCs from blood to the CNS that 

synchronously differentiate in the periphery and inside the CNS.  

Furthermore, several studies have argued that only a small proportion of intrathecal B 

cells produce the main fractions of CSF IgG. The stable pattern of OCBs, as contrasted by a 

restricted clonal overlap of intrathecal B cells over time108,109, shows the limitations of CSF 

sampling. A CSF sample only represents a small portion of all intrathecal ASCs. Therefore, 

any sample will miss disease-relevant ASCs and include random B-cell clones (papers I and 

II).  

Antibodies can stimulate immune responses not only by binding a target antigen but 

also by interacting with the Fc receptor; an interaction that does not depend on the variable 

region or specificity. Possibly, these two mechanisms operate jointly, causing CNS damage 

without one specific antigen driving the pathology. This course of action can arise from 

interaction with activated microglia. Microglia express FcRs, and these cells have been 

identified as critical players in CNS destruction processes. Locally produced 

immunoglobulins allow microglia to maintain their activation status and stimulate a secretion 

of neurotoxic factors. For instance, demyelinating lesions are crowded with activated 

microglia and astrocytes284.  

Furthermore, activated microglia and astrocytes express CXCL12, a chemokine ligand 

for C-X-C Motif Chemokine Receptor 4 (CXCR4) found on B cells and PCs. CXCR4 

triggers differentiation into PCs and is crucial for their persistence, creating an ever-

stimulating loop100,285. While CXCL12 can create micro-niches in the parenchyma of PCs, 

supporting their long-term survival, it can also participate in the migration of end-

differentiated PCs to their niche in the bone marrow285. Moreover, MS lesions show high 

CXCL13 expression and strong expression of its receptor (CXCR5) on B cells. The level of 

CXCL13 also strongly correlates with the production of intrathecal immunoglobulins100. 
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Microglia and astrocytes can stimulate B-cell activation and survival of ASCs via the 

secretion of BAFF, a proliferation-inducing ligand (APRIL), and IL15, which promotes 

survival and immunoglobulin production100,286,287. Therefore, a self-perpetuating loop occurs 

in which antibodies stimulate activated pathological cells that, in turn, stimulate B cells to 

produce antibodies. 

 Furthermore, in gray matter lesions of PPMS, complement activation has been found 

(classical, lectin, and alternative pathway), indicating antibody-mediated complement 

activation, which suggests that antibodies contribute to the aggravation of pathology and 

underlines the irrevocable progression of MS288. Studies of demyelinating lesions have 

described four patterns that are stable for individual patients. However, only one pattern 

shows antibody-mediated damage89,289.  

The implications of intrathecal immunoglobulins are still under debate. Despite the 

clear role of intrathecal antibodies in MS, no significant differences have been found in the 

number of OCBs and IgG index between relapsing and progressive forms of MS and CIS290. 

CSF immunoglobulins could be pathogenic but might also present an active inflammatory 

process in the CNS. The mechanism of their persistence and the prognostic value of IgG and 

IgM status are controversial. Intrathecal IgM, like IgG, persists, which is a characteristic 

feature of MS108,253. Furthermore, CNS IgM has a high degree of SHM compared to IgM 

found in peripheral blood253. Moreover, IgM in the CSF of MS patients has been found to 

target CNS-associated antigens like myelin lipids291. How and why CNS B cells are triggered 

to start SHM and proliferation, resulting in intrathecal IgG and IgM, are indefinite. However, 

the persistence of the observed antibody production suggests that their production is not 

caused by a primary immune response.  

In summary, identifying the pathological ASC responsible for the production of 

oligoclonal IgG guides the understanding of the mechanism behind B-cell responses in MS. 

In contrast to other studies, we showed that intrathecal immunoglobulins in MS patients are 

produced by heterogenous, but clonally connected populations of ASCs. These cells have 

phenotypes ranging from newly generated, actively dividing to more differentiated ASCs, 

possibly stemming from antigen-experienced common ancestors (paper II). This knowledge 

should reinforce the need for drugs targeting both proliferating and non-proliferating cells 

and also enable the most relevant B-lineage cells to be identified.  
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9.5.  Peripheral and intrathecal effects of B-cell-mediated MS treatments  

The peripheral target of immunomodulatory drugs in MS continues to be disputed. 

The B-cell exchange between the periphery and the CNS causes potentially pathological cells 

to enter the CNS compartment; however, mature antigen-experienced memory B cells more 

frequently enter the CNS or CSF via the BBB when its continuity is not damaged by 

inflammation292. Current immunomodulatory therapies for MS deplete or functionally impair 

such memory cells in the blood. Moreover, memory B cells are also slower at repopulating 

the periphery after depletion therapy293. 

The role of memory B cells in MS pathology is poorly understood. However, the key 

functions are believed to involve antigen presentation and T-cell collaboration. Memory B 

cells have been shown to cause spontaneous proliferation (autoproliferation) of brain-homing 

CD4+ memory T cells in MS patients receiving B-cell-depleting therapies133. This indicates 

severely dysregulated T-B collaboration in memory cells and supports the theory that 

memory cells are an excellent target in MS therapies.  

Small molecular compounds used in MS treatment can move efficiently across the 

BBB. One of them is MMF—the active metabolite of DMF, which we investigated in paper 

III. MMF in CSF reaches 11% of the plasma concentration, showing robust potential for 

direct action against intrathecal B-cell populations294. DMF has been shown to reduce the 

number of peripheral memory B cells151,154,156. We confirmed these results, and we also 

observed a significant decline in the number of mononuclear cells and PBs in CSF. 

Therefore, the effect on the periphery is translated to an outcome inside. 

We have also found that blood memory B cells (CD19+CD27+CD38-) in DMF-

treated MS patients show decreased expression of HLA-DR molecules compared to untreated 

subjects. This finding confirmed the results of an animal study in which DMF was shown to 

reduce MHC class II expression on B cells157. Combined with the reported lower expression 

of co-stimulatory molecules by other researchers, our data suggests that DMF lowers the 

ability of memory B cells to present antigens151.  

Moreover, immune cells have been shown to respond differently to DMF and MMF 

depending on the levels of metabolites present in the environment. Due to variations in tissue 

exposure levels and metabolism rates, plasma levels of MMF exhibit high variability and are 

influenced by food intake. Furthermore, MMF and DMF are hydrolyzed by monocytes and 
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lymphocytes, resulting in a greater reduction of drug concentration in the blood compared to 

serum295,296. Therefore, various tissues and immune cell populations may experience distinct 

activities of fumarates, potentially influencing the drug’s mechanism and therapeutic 

effectiveness. For this reason, determining the extent to which DMF and its metabolites 

differentially impact biochemical pathways is crucial. 

Another approach to immunomodulation in MS is targeting B cells through survival 

factors. However, in clinical trials, atacicept resulted in an increased frequency of relapses 

and unaffected lesions297. In rheumatoid arthritis, atacicept causes an increase in the memory 

B-cell population in blood298. Likewise, another monoclonal antibody, tabalumab, which 

targets BAFF, failed to deplete memory B cells as well as clinical trials in various 

autoimmune diseases299,300. The inability to reduce the memory B-cell population might be 

the reason for the lack of positive clinical outcomes or even the worsening of the disease; 

nevertheless, further studies are necessary. The results of B-cell-depleting therapies suggest 

the central role of memory B cells in the efficacy and clinical outcomes of MS drugs. 

Monitoring the memory B-cell population either in the periphery or CSF could help predict 

clinical response, as is the case in several other autoimmune diseases301. 
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10.  Conclusions and future directions 
 

This thesis is one of the most comprehensive analyses to date of B-cell populations in 

the CSF of MS patients. We demonstrated a distinct connection between the heavy- and light-

chain variable region repertoires and the G1m allotype. Hopefully, the thesis will enable a 

better understanding of immunoglobulin polymorphisms by focusing on allotypes. We expect 

the interplay between allotypes and variable segments to have biological effects on the 

humoral response in MS and beyond. Our results also showed the preferential pairing of 

immunoglobulin’s heavy and light chains in MS patients, suggesting that B cells have 

sustained non-stochastic and unique BCR gene rearrangements typical for antigen-driven 

immune responses. 

The characterization of coupled heavy and light chains provides a basis for further 

research on specificity. Specific antigenic targets can be found by generating recombinant 

IgG monoclonal antibodies based on BCRs reconstructed from single-cell data. Additionally, 

selected sequences should be highly expressed in CSF (based on paper II) and contain 

preferentially used V-gene regions. Such antibodies can be applied to protein matrixes to 

pinpoint the antigenic target. If the specificities are known, this could improve the possibility 

of analyzing antibodies’ binding sites and functional capabilities, creating a better 

understanding of their role in pathological processes within the CNS.  

Furthermore, comparing intrathecal proteome and BCR sequences elucidated the major 

producers of OCBs and their transcriptomic profiles. More comprehensive proteomic 

profiling of B cells in MS and other autoimmune diseases could be informative regarding the 

detailed phenotype of cells, especially cells resisting B-cell-depleting therapies. These 

investigations could be achieved using mass cytometry methods, which allow the detection of 

numerous different markers, both intracellular and extracellular, thus creating an extensive 

proteomic map of single cells. Additionally, in this technique, scarce sample material (CSF or 

rare populations of peripheral blood cells) can be enriched in the cells of interest before 

analysis, and millions of cells can be analyzed simultaneously.  

Another group of cells that requires significantly more detailed characterization is 

G1m3-expressing B cells in G1m1/G1m3 heterozygous patients. However, a detailed 

description of these cells would necessitate a large cohort of treatment-naïve MS patients to 

reach statistical significance. Nonetheless, possible phenotypical differences between G1m1 
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and G1m3 intrathecal B-cell populations could explain the total dominance of the G1m1 

allotype in MS CNS if the studies included differential expression of, for example, survival 

genes, genes necessary for T-B interaction, or cytokine receptors. 

Furthermore, the stereotyped BCR repertoire in G1m1 allotype carriers could be 

consequential for disease risk and clinical presentation. SNPs in the IGHC have been shown 

to correlate with the IgG index, which is of prognostic value in MS110,187,194. Considering the 

high diversity of the IGHG locus between populations, performing disease association studies 

in large cohorts is crucial. These studies could utilize next-generation sequencing techniques 

on the entire genome/exome and Sanger sequencing while relying on available SNP data 

from previous GWAS. Sequencing the complete IGHG1 allele in a sufficiently sized cohort 

of MS patients and controls could provide a new understanding of the observed association 

between IGHG1 polymorphisms and variable gene segments repertoire. It could also inspire 

further efforts to determine the consequences of allotypes in other contexts of immunity and 

autoimmunity. Alternatively, approaches not based on PCR could be implemented to research 

the immunoglobulin locus. These methods would enable analysis of large genomic fragments 

of the locus, for instance, through nanopore sequencing, which can provide accurate data; 

however, it can also be difficult and costly to apply in larger populations. 

Genetic variants of IgG may have implications far beyond our current understanding. 

The extent of variability is still not fully known, including the number of undiscovered 

polymorphisms and how common they are within and between populations. By providing 

more detailed data, this thesis changes the view of known phenomena, reveals new aspects of 

immunogenetics, and underlines the existing knowledge gap in immunoglobulin loci. 

Allotypes can have functional consequences on IgG expression levels, the half-life of 

antibodies, FcγR binding, forming oligomers, and the capability for complement activation. 

This influence translates to a modified immune response and thus holds major consequences 

for autoimmunity and mAb immunotherapies. 
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Clonally related B cells infiltrate the brain, meninges, and cerebrospinal fluid of MS
patients, but the mechanisms driving the B-cell response and shaping the immunoglob-
ulin repertoires remain unclear. Here, we used single-cell full-length RNA-seq and BCR
reconstruction to simultaneously assess the phenotypes, isotypes, constant region poly-
morphisms, and the paired heavy- and light-chain repertoires in intrathecal B cells. We
detected extensive clonal connections between the memory B cell and antibody-secreting
cell (ASC) compartments and observed clonally related cells of different isotypes including
IgM/IgG1, IgG1/IgA1, IgG1/IgG2, and IgM/IgA1. There was a strong dominance of the G1m1
allotype constant region polymorphisms in ASCs, but not inmemory B cells. Tightly linked
to the G1m1 allotype, we found a preferential pairing of the immunoglobulin heavy-chain
variable (IGHV)4 gene family with the κ variable (IGKV)1 gene family. The IGHV4-39 gene
was most used and showed the highest frequency of pairing with IGKV1-5 and IGKV1(D)-
33. These results link IgG constant region polymorphisms to stereotyped B-cell responses
in MS and indicate that the intrathecal B-cell response in these patients could be directed
against structurally similar epitopes.

Keywords: B cells � Cerebrospinal fluid � Immunoglobulins � Multiple sclerosis � Single-cell
RNA sequencing

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

More than half a century ago, Kabat and colleagues discovered
that MS patients have increased levels of IgG in their CSF [1].
Using more sensitive techniques, such as agarose electrophore-
sis and isoelectric focusing, intrathecally synthesized IgG can

Correspondence: Dr. Andreas Lossius
e-mail: andreas.lossius@medisin.uio.no

be detected as oligoclonal bands (OCBs) in more than 90% of
patients [2]. OCBs of other isotypes, such as IgM and IgA, can
also be found to a variable extent and might be of prognostic
value [3, 4]. A proportion of the secreted IgG proteome in the
CSF matches IgG transcripts from B-lineage cells in the brain
parenchyma, meninges, and the CSF of MS patients, suggesting

#Ida Lindeman and Justyna Polak contributed equally to this work.
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Figure 1. Schematics of single B-cell sorting, sequencing library preparation, and data analysis. Fresh CSF samples were stained and analyzed by
flow cytometry. Debris and doublets were excluded (not shown). After excluding CD3+, CD14+, and CD16+ cells in a dump channel, CD38++CD27++

single antibody-secreting cells (ASCs) were sorted into 96-well plates containing lysis buffer. For every other plate, we inverted the latter gate and
collected single CD38−/dim CD27−/dim CD19+ B cells. From the lysed cells, single-cell RNA-sequencing (scRNA-seq) libraries were prepared following
a modified Smart-Seq2 protocol and sequenced on an Illumina NextSeq500 platform. B-cell receptor (BCR) sequences were reconstructed using
BraCeR. Some of the elements in the figure were modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic
License. http://smart.servier.com.

that CSF IgG is secreted by B-lineage cells within these compart-
ments [5,6]. Accordingly, studies have demonstrated an intrathe-
cal enrichment of antibody-secreting cells (ASCs) that are clon-
ally related [7–11], have undergone somatic hypermutation [7,9-
13], and have B-cell receptors (BCRs) displaying a biased usage
of variable heavy-chain (VH) genes toward the IGHV4 family
[9,10,14]. These studies have provided important biological
insights, but they were based on cloning and sequencing of VH

genes from a limited number of single cells or bulk sequencing
that does not permit pairing of VH and variable light-chain (VL)
genes. Analysis of paired VH:VL sequences from a sufficient num-
ber of single B-lineage cells is key to establish the degree of clonal
expansion, determine the mutational load, accurately trace clonal
evolution based on somatic mutations within both immunoglob-
ulin chains, and to detect convergent B-cell responses with VH:VL

pairing preferences.
The constant region of IgG1 comprises the G1m allotypes

that are polymorphic markers encoded by the IGHG1 gene. We
have recently demonstrated that MS patients heterozygous for
the IGHG1 alleles expressing the G1m1 and G1m3 allotypes of
IgG1 display a selective intrathecal enrichment of ASCs express-
ing the G1m1 allotype [15]. This was unexpected, as maturing
B cells in the bone marrow undergo random allelic exclusion of
the immunoglobulin genes. Thus, the immunoglobulin alleles are
expected to be evenly distributed in the B-cell pool of heterozy-
gous carriers, which was the case in the blood of MS patients,
and in the CSF of patients with Lyme neuroborreliosis [15] and
varicella zoster virus encephalitis [16].

To dissect the mechanisms shaping the intrathecal
immunoglobulin repertoires in MS, we performed an in-depth
study of B-lineage cells in MS patients using a full-length single-
cell RNA-sequencing (scRNA-seq) protocol [17]. We combined
this with BraCeR [18], a bioinformatic pipeline that provides
accurate reconstruction of paired BCR sequences, clonality infer-
ence, and lineage tracing of single B cells. This approach has
recently proven useful in the study of autoimmune plasma cells
in celiac disease [19]. In the present study, it allowed us to simul-
taneously assess the detailed phenotypes, isotypes, allotypes, and
for the first time, trace the clonal evolution of CSF B cells based
on somatic mutations within full-length paired immunoglobulin
VH:VL sequences.

Results

Full-length RNA-seq of single B-lineage cells in the
CSF of MS patients

We performed flow cytometry index-sorting and scRNA-seq of B-
lineage cells collected from MS patients during diagnostic lum-
bar puncture (Fig. 1, Table 1 and Supporting information Table
S1). ASCs were sorted first, and other B-cell phenotypes were
included on every other 96-well plate if the number of cells was
sufficient (Supporting information Fig. S1). After quality control,
we analyzed the transcriptomic profiles of 1621 ASCs from 21 MS
patients and another 544 B-lineage cells from ten of the patients

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu
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Table 2. Features used to phenotype B-lineage cells

Marker

B-cell population Phenotype Surface BCR (transcriptome)

Antibody secreting cells (ASCs) CD27++, CD38++ > 10% Ig reads

Naïve CD27−, CD19+ IgD and/or IgM; mutation rate <0.01
a
;

mutations <5
b

Memory Non-switched CD27+ CD27+, CD19+ IgD and/or IgM
Non-switched CD27−/dim CD27−/dim, CD19+ IgD and/or IgM
Switched CD27+ CD27+, CD19+ IgG or IgA
Switched CD27−/dim CD27−/dim, CD19+ IgG or IgA

a
IMGT V-segment mutation number divided by the length of the reconstructed V-segment (average of values for heavy and light chain or only one
chain if not both reconstructed).

b
Calculated as a sum of all mutations in the V-segment of heavy and light chain.

(Supporting information Tables S2 and 3). All B-lineage cells were
phenotyped according to the surface expression of CD19, CD27,
and CD38 assessed by flow cytometry, in addition to isotypes,
the proportion of immunoglobulin transcripts, and the somatic
mutation load (Table 2). Based on this, we defined populations
of ASCs, naïve and memory B cells. Confirming previous studies
[20, 21], we found that CD27+ memory B cells dominated among
sorted CD19+ B cells, while naïve cells constituted only a minor
part (Fig. 2A). We further separated memory B cells into non-
switched CD27−/dim, non-switched CD27+, switched CD27−/dim,
and switched CD27+ memory B cells. The transcriptomes of these
populations were visualized using Uniform Manifold Approxima-
tion and Projection (UMAP), identifying distinct clusters of ASCs,
naïve B cells, and memory B cells (Fig. 2B and Supporting infor-
mation Fig. S2A and B).

Next, we analyzed the expression of genes in the main B-
lineage populations (Fig. 2C and D). As expected, the ASCs
expressed typical plasmablast/plasma cell genes such as XBP1,
IRF4, PRDM1 (BLIMP-1), and a proportion (45%) expressed SDC1
(CD138). MS4A1 (CD20) was highly expressed by almost all
memory and naïve B cells, whereas only a minor proportion
of ASCs expressed this gene. We detected ubiquitous expres-
sion of human leukocyte antigen (HLA) class II genes, although
the ASCs displayed a lower expression of these genes than the
other B-lineage populations (Fig. 2C). All populations expressed
cathepsins, which are required for antigen processing. Further,
we detected expression of the gene encoding the costimula-
tory molecule CD40 in a proportion of all cell populations, and
minor proportions expressed CD80 and CD86. Corroborating and
extending recent findings by others [21], we found that mem-
ory and naïve populations expressed high levels of CXCR4, in
addition to restricted expression of CXCR3, CXCR5, CCR6, CCR7,
and IL10RA among others, while ASCs expressed genes such
as TNFRSF17, IFNAR2, and IL21R and also CXCR3 and CXCR4
(Fig. 2C and D). Expression of the activation-induced cytidine
deaminase gene (AICDA) gene was detected in a small proportion
of cells in all populations.

ASCs in the CSF constitute a continuity from
immature plasmablasts to more differentiated
phenotypes

The phenotype of ASCs in the CSF of MS patients has not been
unequivocally established [15,20,22]. We found that approx-
imately 22% of the ASCs expressed the proliferation marker
MKI67 (Ki-67), suggesting they were plasmablasts rather than
end-differentiated plasma cells (Fig. 2E and Supporting infor-
mation Fig. S2C). Notably, the ASCs clustered based on inferred
cell-cycle phase when visualized by UMAP (Fig. 2E), and MKI67
was as anticipated, expressed in cells assigned to the G2M or
S phases. This held true also when excluding MKI67 from the
list of genes that is used to infer cell-cycle phase (Supporting
information Fig. S2C). When visualized by UMAP, ASCs assigned
to the nonproliferative G1/0 phase (66.9%) displayed a seem-
ingly gradual transition between a major population of ASCs
with high expression of SDC1 (CD138) and a smaller population
expressing MS4A1 (CD20) (Fig. 2D). The percentage of ASCs
in the different cell-cycle phases was, however, not significantly
different from the other B-cell lineages (Fig. 2E, right panel).
Taken together, these data suggest that ASCs in the CSF of MS
patients are proliferating plasmablasts within different stages of
differentiation. However, a proportion of the ASCs in the inferred
G1/0 phase may represent true end-differentiated nondividing
plasma cells.

IgG, IgA, and IgM/IgD B-lineage cells show distinct
transcriptional profiles and mutational load

Full-length recombined BCR sequences, stretching into the con-
stant region, allowed us to define the isotype of sorted B-lineage
cells. As expected from earlier studies [15, 23], IgG1 was by far
the most prevalent isotype among ASCs, while both IgM and IgG1
isotypes were often used in the memory subset (Fig. 2F). We
observed a gradual transition between naïve, nonclass-switched
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Figure 2. Transcriptional and mutational profiling of B-lineage cells from the cerebrospinal fluid of multiple sclerosis patients. (A) Frequencies of
sorted CD19+ B cells being classified as naïve or memory B-cell subsets (Table 2). (B) UMAP projection of all B-lineage cells (upper left; n = 21, 2165
cells), only the CD19+ B cells (upper right; n = 10, 544 cells), and all B-lineage cells colored according to isotype (lower left) and IgG1 (G1m) allotype
(lower right). (C) Heatmap showing expression of genes of particular interest in all B-lineage cells in (B). ASC: antibody-secreting cell, HLA: human
leukocyte antigen. (D) UMAP projections colored by genes of interest or median fluorescence intensity (MFI) of the cell surface markers CD19, CD27,
and CD38 (bottom row) obtained during index sorting. (E) MKI67 expression and inferred cell-cycle phase in each B-lineage population. (F) Isotype
distribution based on reconstructed B-cell receptor (BCR) sequences. Each data point represents a patient with more than one cell for a given cell

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu

 15214141, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202149576 by C

ochrane R
om

ania, W
iley O

nline L
ibrary on [18/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Eur. J. Immunol. 2022. 52: 550–565 HIGHLIGHTS 555

and class-switched memory B cells when visualized by UMAP
(Fig. 2G). Genes that were found to be significantly higher
expressed in memory B cells of the IgM/IgD compared to IgG and
IgA isotypes included DUSP1, CD69, and RGS2 (encoding regula-
tor of G-protein signaling 2). CTSH (encoding cathepsin H) and
CD86 were significantly higher expressed in IgG memory B cells,
suggesting an increased importance of antigen presentation in
these cells. IgG memory B cells also had the highest expression
of CXCR3, which is shown to be important for recruitment of B-
lineage cells in inflamed tissues [24]. In contrast to a recent report
[25], we did not detect a distinct regulatory phenotype of IgA-
expressing B-lineage cells in the CSF, and we did not find evidence
to support that IgA-expressing B-lineage cells express higher levels
of gut-homing markers than their IgM/IgD and IgG counterparts
(Fig. 2G).

Next, we investigated the mutational load of each recon-
structed BCR sequence. The numbers of somatic mutations varied
between populations (Fig. 2H) and isotype (sub)classes (Fig. 2I
and J). In line with previous reports [26, 27], CD27−/dim memory
B cells displayed significantly fewer mutations than their CD27+

counterparts. However, this was not statistically significant on
an individual level when excluding MS2, MS19, and MS20 from
the analysis (Supporting information Table S4). Among ASCs,
we observed the highest number of mutations in class-switched
cells. In the memory B-cell population, IgD-only cells showed the
highest mutational load, followed by class-switched memory cells
(Fig. 2I and J).

B-lineage cells in the CSF of MS patients undergo
intrathecal maturation

Next, we analyzed clonal relationships between B-lineage cells
using BraCeR. BraCeR, for paired heavy and light chains, assigns
clonal relationships between cells, which are then depicted as
clonal networks, and additionally, lineage trees for individual
clones, consisting of cells with different mutational patterns
(Fig. 3). In all 21 patients, clonally related cells were detected,
with a median of 61.6% [39.7–83.1%] of all ASCs belonging to
a clone (Fig. 3A and B, and Supporting information Table S5).
For the first time, we traced the clonal evolution of B-lineage
cells based on somatic mutations in the paired full-length variable
heavy- and light-chain genes. We reconstructed lineage trees in 17
patients (Fig. 3C, Supporting information Fig. S3A and Table S5).

Interestingly, we commonly observed highly mutated clones con-
sisting solely of cells with identical mutational patterns (Sup-
porting information Table S5). The four patients with no recon-
structed lineage trees were in the lower range of sorted ASCs and
displayed clonally expanded ASCs with the exact same mutational
patterns.

Our approach, where both heavy and light chains are involved
in determining clonal relations combined with transcriptomic pro-
filing of cells, made it possible to trace linkage between memory
B cells and ASCs. Strikingly, we observed clonal sharing between
memory B and ASCs in seven out of ten patients from whom
both cell populations were sorted (Fig. 3D and E, and Supporting
information Fig. S3B). The majority of memory cells belonging
to clones containing ASCs shared identical V-regions with at least
one ASC, while we also observed the acquisition of mutations.
In one patient, we found clonally expanded memory B cells with
no detected members of the clones among the ASCs (Fig. 3F).
The lack of connections between memory B cells and ASC in
three patients could possibly be attributed to low cell numbers
(Fig. 3E). We also explored the clonal evolution of the ASCs in
relation to their cell-cycle stage and found extensive clonal con-
nections between cells in different stages (Supporting information
Fig. S4A–D).

The most commonly found expanded sequences other than
IgG1 were of the IgG2 isotype subclass (Table 3, Supporting infor-
mation Fig. S4E). In eight patients, we also found expanded IgA1
and/or IgM ASCs. Additionally, we detected expanded IgG3 ASCs
in two patients and expanded IgG4 ASCs in one patient. Interest-
ingly, we found examples of clones comprising B-lineage cells of
different isotypes, including IgM and IgG1, IgG1 and IgA1, IgG1
and IgG2, and IgM and IgA1 (Fig. 3D and G). This could suggest
that class-switch recombination has taken place intrathecally and
that at least a proportion of the IgG, IgM, and IgA B-lineage cells
share a common origin and target the same antigens.

ASCs show a more biased usage of the G1m1 allotype
than memory B cells

BraCeR infers the CH1 region of the IGHC alleles of reconstructed
heavy chains, allowing for detection of isotypes and distinction
between the G1m1 and G1m3 allotypes on a cellular level. Due
to random allelic exclusion of immunoglobulin genes, there is a
50/50 distribution of the IGHC alleles among B-lineage cells in

�
type. (G) Differentially expressed genes (DEGs) between B-lineage cells of different isotypes. The UMAP of CD19+ B cells (upper left) is identical to
(B), but colors refer to naïve cells and the isotype of memory cells. For gene expression analysis of memory B cells, naïve B cells were removed
from the scaled scRNA-seq expression data for CD19+ B cells, and the cells were grouped according to isotype (198 IgM/IgD, 172 IgG, 86 IgA cells).
Gene expression analysis was performed separately for the ASCs (55 IgM/IgD, 1529 IgG, 34 IgA cells). Statistically significant DEGs for the memory B
cells (Wilcoxon rank-sum test adjusted for multiple testing) with a log fold change greater than 1 are displayed in a violin plot (right). (H) Somatic
hypermutation (SHM) frequency in the heavy- and light-chain variable region of B-lineage cells by phenotype. Left panel shows all BCR sequences
(Wilcoxon rank-sum test); right panel shows median frequency for each patient (Wilcoxon signed-rank test, excluding unpaired data points). Grey
lines connect data points from the same patient for memory B cells and ASCs. (I), (J) SHM frequency in the heavy- and light-chain variable region
of B-lineage cells by phenotype and isotype. Median frequency for each patient (I) or frequency in all BCR sequences (J; Wilcoxon rank-sum test)
are shown. (A-J) Data shown are analyses of ASCs from 21 MS patients and other B-cell phenotypes from ten of the patients. p-values throughout
Figure 2 are given with the following significance levels: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: p > 0.05.
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Figure 3. B-lineage cells in the CSF are clonally related,undergo somatic hypermutation, isotype switching, and intrathecalmaturation. (A) Example
of clonal relationships between antibody secreting cells (ASCs) of patient MS15 inferred by BraCeR. (B) Sizes of clonal groups found for ASCs in each
patient.The colors indicate number of cells belonging to each clone group, size of boxes is proportionate to the size of clones.Only clonally expanded
cells are shown. The grey columns on the top depict the total number of ASCs included in the analysis for each patient. (C) Representative ASC
lineage trees generated by BraCeR for two clones, with inferred germinal sequences at the root. The number of mutations between each node is
shown next to the branch. The size of each node is proportionate to the number of cells containing a given unique BCR sequence. The number
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Table 3. Clonal expansion of other isotypes than IgG1

ID IgA1 IgM IgG2 IgG3 IgG4

MS2 - - 1 (2) - -
MS3 - 1(2) 1 (11) - -
MS4 - 2(3) 1 (4) - -
MS5 - 2(3-5) 1 (2) 1 (6) -

- 2(2) 1 (2) - -
MS6 - - 2 (2–7) - -
MS8 1(2) - - - -
MS9 1(2) - 1 (2) - -
MS10 2 (2) - - - -
MS11 1 (2) 1(3) 2 (2–3) 1(3) -
MS14 - - 2 (7-12) - 1(2)
MS20 1(5

a
) 1(2) 3 (2–22

b
) - -

Numbers of clonotypes for each patient with numbers in brackets indi-
cating sizes of clonal expansion.
All cells are expanded ASCs except the shaded, which are expanded
memory B cells.
a
Clone additionally contains one IgM ASC.

b
Part of a large expanded clone containing 22 IgG2 and 19 IgG1 ASCs.

the blood of heterozygous individuals [15]. We have previously
shown, based on flow cytometry, that G1m1-expressing ASCs
are preferentially enriched in the CSF of MS patients [15]. To
address this on a transcriptomic level, we limited the analysis to
G1m1/G1m3 heterozygous patients and calculated the propor-
tion of G1m1-expressing cells among IgG1 ASCs and memory
B cells (Fig. 4A and B, Supporting information Table S6). In
agreement with our previous study, the results showed a predom-
inance of G1m1 ASCs (Fig. 4A; median 97.8% [66.7–100%]).
On an individual level, a statistically significant skewing toward
the G1m1 allotype in the ASC population was seen in 10 of
11 of the G1m1/G1m3 heterozygous patients (Fig. 4B). The
G1m1 bias was significantly higher in ASCs than memory B cells
(Fig. 4A).

ASCs expressing G1m1 show preferential pairing of
VH and VL genes

Previous studies have shown that the IGHV4 gene segments are
dominating the CNS and CSF heavy-chain repertoires [14,28].
We stratified the heavy-chain repertoires of ASCs according to
G1m allotype and found that a preferential use of IGHV4 gene
segments is associated with the G1m1 allotype, but not with
the G1m3 allotype (Fig. 5A and Supporting information Fig.
S5A and B). In the G1m1-expressing memory B-cell population,
on the other hand, we did not detect a similar bias of IGHV4
gene segments usage (Supporting information Fig. S5B). To

A B

Figure 4. The intrathecal ASC population is skewed toward the G1m1
allotype in G1m1/G1m3 heterozygous MS patients. (A) G1m1 allotype
distribution in IgG1 memory B cells (n = 6) and antibody-secreting cells
(ASCs; n = 11) of G1m1/G1m3 heterozygous patients. Each dot repre-
sents the percentage of IgG1 cells that are of the G1m1 allotype for
each patient and horizontal solid lines depict median for all patients.
Lines connect ASCs and memory B cells from the same patients. The
patient with SP-MS is indicated in green, while the two patients pre-
viously treated with corticosteroids are indicated in blue. Frequencies
of G1m1 cells were compared within each population (one-sided bino-
mial test) and between paired memory and ASCs populations (paired
t-test), where four patients were excluded due to absence of a mem-
ory cell population (no CD38dim/−CD27dim/−CD19+ cells sorted) and one
patient due to only one IgG1 memory B cell being present for this
patient. The horizontal dashed line at 50% represents the expected dis-
tribution of G1m1 cells due to random allelic exclusion. The indicated
p-value significance levels are: *p < 0.05; ***p < 0.001; ns > 0.05. (B)
p-values resulting from two-sided binomial tests for each population
within each patient. Solid horizontal lines indicate median values. The
horizontal dashed line represents statistical significance (p = 0.05). (A–
B) Data shown are analyses of ASCs from 11 G1m1/G1m3 heterozygous
MS patients and memory B cells from six of the patients.

confirm the association between IGHV4 gene segments and G1m1
in a completely independent patient cohort, we reanalyzed IGHV
sequencing data from bulk CSF B-lineage cells of 12 MS patients
previously published by us [10,29]. We used the total IGHV pool,
driving bias toward ASCs-derived sequences (Supporting infor-
mation Fig. S6A) [30], but analyzing unique sequences yielded
similar results (Supporting information Fig. S6B). Next, we inves-
tigated the repertoire of the light chains in single IgG1 ASCs. The
results showed that a strong preference for the κ light chain was
connected to the G1m1 allotype of the paired heavy chain, but not
the G1m3 allotype (Fig. 5B and Supporting information Fig. S7A).
No significant κ light chain bias was seen for G1m1-expressing
memory B cells, but this could possibly be attributed to few data
points and large variation (Supporting information Fig. S7A). We
also investigated the use of light-chain constant region genes and
alleles (Supporting information Fig. S7B and C). In agreement
with the expected high allele frequency of the Km3 allotype in
Caucasians [31], we detected use of the Km3-encoding IGKC*01
allele in all patients with κ-expressing cells. Two patients were

�
inside each node represents number of cells with the unique sequence. (D) Clones comprising both memory B cells and ASCs, visualized as lineage
trees as in (C). (E) Relationship between number of sequenced memory B cells, ASCs, and percent of memory B cells found to be clonally linked to
ASCs. Each dot represents one patient. (F) Lineages trees of the only two expandedmemory B-cell clones that were exclusively limited to the CD19+

B-cell compartment. (G) Examples of multiple isotypes found within B-lineage clones, visualized as lineage trees. (A-G) Data shown are analyses
of ASCs from 21 MS patients and memory B cells from ten of the patients.

© 2022 The Authors. European Journal of Immunology published by
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A

D

B C

Figure 5. The G1m1 allotype is associated with a stereotyped BCR repertoire. Analysis was performed on the VH and VL sequences of IgG1 antibody-
secreting cells (ASCs). G1m1 cells from G1m1 homozygous and G1m1/G1m3 heterozygous patients are considered G1m1, whereas only sequences
from G1m3 homozygous individuals are denoted as G1m3. G1m3 cells from heterozygous patients were excluded from the analysis due to low
cell numbers. Cell numbers for each patient are specified in Supporting information Table S6. A Wilcoxon rank-sum test was used in A and B,
with p-value significance levels *p < 0.05; ***p < 0.001; ns: p > 0.05. (A) Percentage of G1m1 and G1m3 cells using IGHV4 gene segments. Each dot
represents a patient and is shaped according to patient G1m1/G1m3 carrier status; horizontal line representsmedian value. The patient with SP-MS
is indicated in green, while the two patients previously treated with corticosteroids are indicated in blue. (B) κ light chain usage of G1m1 and G1m3
ASCs. Each dot represents a patient; horizontal lines represent median values. (C) Heatmap showing VH:VL gene segment pairing frequencies for
G1m1 and G1m3 ASCs, where clonally expanded cells are treated as one cell. (D) Circos plot visualizing the IGHV4:IGKV1 gene segment pairings for
G1m1 ASCs, where each clone group is treated as one sequence. Pairing is depicted as lines connecting IGHV4 and IGKV1 genes inside the circle,
where thickness corresponds to pairing frequencies. Sequences from all G1m1 carriers (n = 13, in total 151 unique clones) were pooled together.
(A-D) Data shown are analyses of ASCs from 21 MS patients.

heterozygous for IGKC*01 and the Km1,2-encoding IGKC*04 alle-
les, and exhibited no preferential usage of either alleles (Support-
ing information Fig. S7C). No serological allotypes are known for
the λ light chain, which instead exhibits variation through a vari-
able number of different IGLC genes. We observed no strong pref-
erence of any specific IGLC genes in G1m1 and G1m3 cells (Sup-
porting information Fig. S7C).

The analysis of single B-lineage cells allowed us to gain insight
into the VH:VL pairings, which is key to understanding antigen-
driven B-cell responses and may sometimes show specific sig-
natory combinations [32,33]. To exclude the influence of clonal
expansion on the pairing frequencies, only one sequence per
clonotype was considered. In ASCs expressing G1m1, we observed
a preferential pairing of IGHV4 with IGKV1, and to a lesser degree,

© 2022 The Authors. European Journal of Immunology published by
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IGKV3 gene segments (Fig. 5C). The same pairing preference was
not observed for G1m3-expressing ASCs. This pattern was also
evident when taking clonal expansion into account (Supporting
information Fig. S8A), but it was not clear in the memory B-
cell population (Supporting information Fig. S8B). Finally, we
explored the pairing frequencies of genes within the IGHV4 and
IGKV1 gene families in G1m1-expressing ASCs. The IGHV4-39
gene was mostly used and showed the highest frequency of pair-
ing with IGKV1-5 (frequency of 9.9%) and IGKV1(D)-33 (8.4%)
(Fig. 5D).

Discussion

In the present study, we analyzed the paired full-length rear-
ranged immunoglobulin heavy- and light-chain gene usage and
transcriptome of intrathecal B-lineage cells in MS. We achieved
this by combining full-length transcriptomic profiling of single
cells along with analysis using BraCeR. The results reveal a com-
mon pattern across patients with a preferential VH:VL pairing
tightly linked to the G1m1 allotype in ASCs. Confirming our previ-
ous findings on a transcriptional level [15], the G1m1-expressing
ASCs were enriched in the CSF of G1m1/G1m3 heterozygous
patients. Our approach further allowed us to demonstrate (i) clon-
ally expanded IgG1, IgG2, IgG3, IgG4, IgA1, and IgM B-lineage
cells and clonal connections between them, (ii) accurate lineage
trees based on mutations in both heavy- and light-chain genes of
clonally expanded ASCs, and (iii) the presence of expanded mem-
ory B cells and extensive clonal connections between the memory
B-cell and ASC compartments.

Previous studies have demonstrated that immunoglobulin
heavy-chain sequences from the brain, CSF, and cervical lymph
nodes of MS patients are clonally expanded and have under-
gone somatic hypermutation, which is indicative of an antigen-
driven immune response [7,9,10,12, 14,21,34-36]. IGHV4 gene
segments have been portrayed as dominant in the CSF and brain
of patients with MS and clinically isolated syndrome [14,28,37],
and have also been shown to acquire specific mutations and dis-
playing increased specificity toward neuroantigens [38,39]. At a
closer look, however, it seems that a IGHV4 bias is only present in
a proportion of patients, although this has not been made a matter
of contention by previous studies [9,10]. The present results offer
a potential explanation, which is possible to verify in previously
published data if the G1m1 carrier status of the patients is deter-
mined. Indeed, reanalyzing data from our own group that were
generated using bulk sequencing of CSF B cells and a multiplex
PCR technique confirmed the association between the G1m1 car-
rier status and a biased usage of IGHV4 gene segments [10,29].
Curiously, the present data also show a connection between G1m1
expression and κ light-chain usage. While κ light-chain usage was
highly dominant among ASCs of G1m1-carriers, several G1m3
homozygous patients showed a predominance of λ light chains
in the ASC population. Thus, the G1m1 carrier status could have
implications for the diagnostic sensitivity of free light-chain levels
in the CSF, which is increasingly being recognized as a valuable

diagnostic test in MS [40] and might correlate with the frequency
of ASCs expressing the light chain [41].

Preferential pairing of IGHV4 and IGKV1 in the BCR of
ASCs expressing G1m1 bears a resemblance to stereotyped B-
cell responses observed in other diseases, including celiac disease
[42], HIV infection [43], and influenza infection [44], that are
driven by particular antigenic epitopes [45]. The target antigens
of the intrathecal humoral immune response in MS, however, have
not been unequivocally defined. Some early studies reported reac-
tivity against myelin-associated antigens [46,47] and EBV [48],
but none of these findings have been reproduced in independent
studies [8,49]. More recent studies have shown that some anti-
bodies expressed by CSF B cells recognize neuronal nuclei and/or
astrocytes [50] and lead to demyelination in spinal cord explant
cultures [51]. Finally, a study reported that a proportion of CSF
IgG might target cellular debris [52]. Nevertheless, independent
of the nature of the antigen, the stereotyped B-cell response with
a preferential VH:VL pairing demonstrated here argues that these
B-lineage cells target a set of epitopes that may be shared between
patients.

We have previously demonstrated that the G1m1 allo-
type dominates the intrathecal humoral immune response in
G1m1/G1m3 heterozygous MS patients, but not in controls with
neuroborreliosis [15]. The present study confirms the observa-
tion in MS patients using gene expression analysis of single CSF
ASCs and extends the findings demonstrating that the G1m1 bias
is not present to the same degree in intrathecal memory B cells.
The mechanisms driving such a biased maturation are currently
not known, but one important clue comes from the findings of
a connection between the G1m1 allotype and particular VH and
VL gene segments, suggesting that the ASCs target certain anti-
genic epitopes. Linkage disequilibrium between constant region
alleles expressing G1m1 and certain IGHV alleles on chromosome
14 and/or conformational changes in the variable antigen-binding
region induced by the G1m allotypes in the constant region are
potential explanations to how an antigen-driven B-cell response
could show such a preference. In support of the latter idea, it
has been shown that the constant region of immunoglobulins may
affect the affinity and specificity of the variable region [53]. The
biased usage of IGKV gene segments located on chromosome 2,
on the other hand, could be the result of interactions with the
expressed heavy chain and the antigen. It is conceivable that the
distinct BCR repertoire we observe in patients carrying the G1m1
allotype may have consequences for disease risk and phenotype.
Accordingly, it is known that genetic markers in linkage disequilib-
rium with the G1m1-encoding alleles are associated with higher
IgG index [54] and lower IgM index [55], and possibly with MS
risk [55]. The current study is underpowered to address these
questions, and further studies investigating the association with
the disease risk and phenotype are warranted.

Previous studies have detected clonal connections between B-
lineage cells in the periphery and the CNS in MS [9-11,25,34].
Interestingly, a recent study demonstrates that meningeal B-cells
in mice derive locally from the calvaria bone marrow, and that
the meningeal compartments provide a developmental niche for
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CNS B cells [56]. Although this has not been investigated dur-
ing neuroinflammation in humans, it introduces the possibility
that intrathecal B cells in MS could originate within or immedi-
ately adjacent to the CNS. In line with this idea, B-cell follicles
have been demonstrated in the meninges of patients with long-
standing disease [57] and could also be present already at an
earlier stage [58]. Expression of the activation-induced cytidine
deaminase gene (AICDA), which encodes the DNA-editing deam-
inase involved in somatic hypermutation and class-switch recom-
bination, has previously been detected in intrathecal B-lineage
cells [13]. In the present study, we were able to confirm this
observation in a small proportion of the single cells investigated.
More importantly, we observed extensive connections between
the intrathecal memory and ASC compartments and found evi-
dence of isotype switching from IgM to IgG1, from IgG1 to IgA1,
and from IgG1 to IgG2.

Our observations of a relatively high mutational rate in IgM
ASCs in the CSF of MS patients are in line with a previous study
that demonstrated a very high level of somatic mutations in IgM
chains in CSF compared to blood [13]. We also detected expanded
and extensively mutated IgA ASCs, which confirms early stud-
ies detecting IgA-producing cells in the CSF [59,60]. A recent
study found that a proportion of IgA-producing cells in the CSF
recognize gut microbiota, and the authors proposed that such
cells could represent a population of regulatory cells [25]. In the
present study, however, we did not detect any distinct regulatory
phenotype of IgA-expressing B-lineage cells in the CSF. We also
observed a few instances of clonal connections between IgA1 and
IgG1/IgM isotypes, arguing against disparate origins. However, it
is possible that different populations of IgA plasma cells in MS
may play divergent roles in the disease process.

This is the first study to provide a detailed clonal evolution
of B-lineage cells in the CSF of MS patients based on somatic
mutations in paired heavy- and light-chain sequences. In con-
trast to previous studies utilizing different variants of bulk ampli-
fication and sequencing of heavy-chain transcripts [9–11], we
found evidence of a more focused humoral immune response
characterized by smaller lineage trees with fewer offspring per
ancestor node. This may seem surprising, as one might have
expected larger lineage trees due to the fact that we were able
to detect mutations also within the light chains. A likely expla-
nation is that high-throughput bulk sequencing introduces PCR
and sequencing errors, which are inherently impossible to dis-
cern from somatic mutations [61]. Accordingly, studies using bulk
sequencing of heavy-chain transcripts are losing important infor-
mation of somatic mutations in the light-chain genes, while at the
same time, inevitably interpreting PCR and sequencing errors as
somatic mutations in heavy-chain genes.

There are limitations to our study that need to be recognized.
The number of B-lineage cells in the CSF of MS patients is gen-
erally scarce, and it is important to keep in mind that the num-
ber of cells in a collected sample only represents a small part
of a larger population of B-lineage cells with a plethora of dif-
ferent phenotypes within the CNS. Underscoring this fact, we
recently demonstrated that the clonal overlap of CSF B cells at two

different time points is much lower than the overlap of the
secreted CSF IgG proteome [29]. Moreover, the lack of a control
group of patients with other inflammatory neurological diseases
does not allow us to conclude that the transcriptomic profile of
CSF B cells is unique for MS. The strong dominance of the G1m1
allotype constant region polymorphisms in ASCs, on the other
hand, recapitulates our previous findings on a protein level [15].
In this previous study, the G1m1 allotype bias was not present in
the CSF of patients with Lyme neuroborreliosis, indicating that it
is not a general consequence of neuroinflammation.

Our study represents one of the most detailed investigations of
B-lineage cells in the CSF of MS patients to date. For the first time,
we demonstrate a strong connection between a G1m allotype and
the heavy- and light-chain variable gene repertoires. We antici-
pate that such interactions can point to biological effects of the
G1m allotypes that might be of importance in humoral immune
responses in MS.

Materials and methods

Patients and sample collection

Twenty-four subjects with symptoms and brain MRI scans strongly
suggestive of MS were recruited during diagnostic work-up at the
Departments of Neurology at Akershus University Hospital and
Oslo University Hospital. All the patients were of Caucasian eth-
nicity. Three patients were excluded due to too low frequency
of ASCs and/or absence of OCBs (Supporting information Table
S1). Based on MRI scans, clinical symptoms, and CSF findings,
20 included patients met the criteria of relapsing-remitting MS
according to the 2017 McDonald revisions [62], and one patient
had developed a secondary-progressive disease (Table 1). MS19
and MS20 had been previously treated with intravenous infusions
of methylprednisolone at 1 gram per day for 3 days within 2
weeks of inclusion. None of the other patients had received cor-
ticosteroids or any other type of immunomodulatory treatment.
The study was approved by the Committee for Research Ethics
at the South-Eastern Norwegian Health Authority (2009/23, S-
04143a). All patients signed a written informed consent.

CSF and serum were collected during diagnostic lumbar punc-
ture. The first 7 mL of CSF was collected for diagnostic purposes,
and 2 × 9 mL CSF was subsequently collected in 15 mL Falcon
tubes. Collected CSF was centrifuged (1600 rpm, 10 min, room
temperature [RT]) and cell pellets were resuspended in approxi-
mately 100 μL of supernatant. Cell count and the presence of red
blood cells was checked in a Bürker counting chamber, and none
of the CSF samples contained enough cells to indicate contamina-
tion of lymphocytes from blood. Serum was left at RT for at least
30 min after collection, centrifuged (2800 rpm, 10 min, RT) and
stored at −80°C. It was subsequently thawed and used to deter-
mine the expression of the G1m allotypes of each subject by ELISA
according to a previously published protocol [15].

© 2022 The Authors. European Journal of Immunology published by
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Single-cell sorting by flow cytometry

For flow cytometry cell sorting, we adhered to the guidelines
for the use of flow cytometry and cell sorting in immunolog-
ical studies [63]. The CSF cell suspension was transferred to
a V-bottom plate, centrifuged (1600 rpm, 4 min, 4°C) and the
supernatant was removed. Cells were resuspended in 40 μL of
Live/Dead Fixable Violet (Molecular Probes L34963) according to
the manufacturer’s instructions and incubated at RT for 15 min
in the dark. A total of 10 μL of 30% BSA was added, followed
by a mixture of the following anti-human antibodies from BD
Biosciences: CD3-BV510 (HIT3a), CD14-BV510 (MϕP9), CD16-
BV510 (3G8), CD19-AF488 (HIB19), CD27-PE-CF594 (M-T271),
CD38-APC (HIT2), IgD-APC-H7 (IA6-2). Cell suspensions were
incubated for 30 min on ice, centrifuged (1600 rpm, 4 min, 4°C),
and washed once with flow buffer (PBS, 0.5% BSA, 2 mM EDTA).
Cells were resuspended in 200 μL of flow buffer and taken for
single-cell index sorting on a FACS ARIA III cell sorter equipped
with 408, 488, 561, and 633 nm lasers (BD Biosciences) at the
flow cytometry core facility at the Oslo University Hospital. Sin-
gle ASCs and B cells were sorted from the same tube into separate
plates (Fig. 1). The ASCs were sorted first, and other B-cell pheno-
types were included on every other 96-well plate, if the number
of cells was sufficient. We performed index sorting into 96-well
plates (BioRad) containing 2 μL lysis buffer per well (1:20 RNase
inhibitor [Clontech] in 0.2% v/v Triton X-100 [Sigma]).

Generation of scRNA-seq libraries

Plates containing sorted single cells were spun down (2500 rpm,
5 min, 4°C) and stored at −80°C or immediately pro-
cessed for cDNA synthesis. cDNA synthesis was done fol-
lowing the Smart-Seq2 protocol [17] with minor modifica-
tions as described below. For reverse transcription, SmartScribe
RT (Clontech) and corresponding buffer was used. Further, a
modified TSO primer with biotinylation was introduced: Bio-
AAGCAGTGGTATCAACGCAGAGTACrGrG+G. In the cDNA ampli-
fication step, ASCs underwent 21 cycles of amplification and
CD19+ B cells were amplified with 22 cycles. Amplified cDNA
was purified with 20 μL Ampure XP (Agencourt) beads per well.
Tagmentation was done using in-house made Tn5 transposase
[64] dually indexed with Nextera (XT) N7xx and S5xx index
primers (125 nM). Purified libraries, consisting of up to 384 cells
each, were sequenced on the Illumina NextSeq500 platform at
the Norwegian Sequencing Centre using 75 bp paired-end read
high-output sequencing runs, resulting in approximately 1 million
reads per cell.

Processing of raw sequencing data

Low-quality sequences and adapter sequences were trimmed off
the raw scRNA-seq reads with Cutadapt version 1.18 [65] and
Trim Galore version 0.6.1 in paired-end mode. We then quantified

transcript expression using Salmon version 0.11.3 [66], building
the salmon index using cDNA sequences from GRCh38.94 and
a k-mer length of 25. Quantified transcripts were subsequently
collapsed to gene level, and corrected for transcript length using
tximport version 1.8.0 [67]. Quality control was performed in R
version 3.5.3 using the scater package [68], and was based on the
following measures: Number of detected genes and reads, per-
cent mitochondrial genes, reads mapping to the reference, per-
cent immunoglobulin genes, and successful reconstruction of at
least one productively rearranged heavy-chain BCR sequence by
BraCeR [18]. Library-specific threshold values are given in Sup-
porting information Table S2.

B-cell receptor analysis

Raw reads were provided as input to BraCeR [18] in assem-
ble mode to reconstruct full-length paired heavy- and light-BCR
chains for each cell. We ran BraCeR assembly with--threshold 5000
for ASCs and--threshold 500 for B cells to filter out reconstructed
BCRs likely arising from well-to-well contamination or PCR errors
in indices. BraCeR yielded the full-length recombined V-region of
heavy and light chains in most cells, and additionally sufficient
coverage of the constant region to determine isotypes and G1m1
or G1m3 allotypes based on perfect, full-length alignment to the
CH1 region of the IGHG1 alleles.

BraCeR was subsequently used in summarise mode to iden-
tify clonal relationships between cells and construct lineage trees
based on paired heavy and light chains. We identified clonally
related B-lineage cells separately for each patient with the fol-
lowing parameters: --include_multiplets --infer_lineage. Likely cell
multiplets were then manually removed as previously described
[69]. All heavy- and light-chain rearrangements used in the sub-
sequent analyses were productive.

Information regarding variable (V), diversity (D), and joining
(J) gene segment usage, light chain, isotype, clonality, etc. was
extracted from the summary files generated by BraCeR and used
for more extensive BCR repertoire analysis using Change-O and
Alakazam version 0.3.0 [70]. The number of V-segment somatic
mutations was identified for the most highly expressed heavy and
light chain in each cell using IMGT/HighV-QUEST [71] and nor-
malized by the length of the V-segment of each reconstructed
sequence. To remove ambiguous gene assignment of duplicated
V genes, those gene segments were collapsed into newly created
subgroups, for example, IGKV1-33 and IGKV1D-33 were collapsed
into IGKV1(D)-33. A Circos plot, visualizing the IGHV4:IGKV1
gene pairing frequencies, was generated using the Circos Table
Viewer [72].

IGHG1 allele inference

While the G1m allotypes expressed by each patient were deter-
mined serologically, we also computationally inferred the specific
IGHG1 alleles carried by each individual using Salmon [66] and

© 2022 The Authors. European Journal of Immunology published by
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a custom script. In short, reads from IgG1 cells were mapped to
all IGHG1 reference allele sequences obtained from IMGT, and the
IGHG1 allele with highest mapping rate to the CH1, CH2, and CH3
parts of IGHG1 was determined as the IGHG1 allele for each cell.
Allele assignments for each cell for each patient were manually
inspected, and patient-specific alleles were determined based on
the most frequent allele assignments.

Gene expression analysis and phenotyping of
B-lineage cells

Subsets of B-lineage cells were initially determined accord-
ing to the surface expression of CD27 and CD38 measured
by flow cytometry, isotype inferred by BraCeR, and somatic
mutation load (Table 2). Immunoglobulin genes are frequently
expressed in B-lineage cells and were discarded from the gene
expression analysis before normalization to avoid masking of
non-immunoglobulin-related transcriptional differences. Genes
with more than three reads detected in more than five cells
were retained. The gene expression matrix was subset accord-
ing to cells of interest, and subsequently normalized by total
reads and logarithmized as X = ln(X + 1) with scanpy version
1.4.4 [73]. We then identified highly variable genes using the
highly_variable_genes function of scanpy (min_mean = 0.1,
max_mean = 10, min_disp = 0.25). To remove batch effects
and reduce patient-to-patient variation, we regressed out number
of detected genes and reads, percent mitochondrial genes, and
patient-specific variation, while retaining variation explained by
cell type, using NaiveDE (https://github.com/Teichlab/NaiveDE)
and the highly variable genes. Last, the expression matrix was
scaled using sklearn (scikit-learn v0.21.3) [74]. We then used
scanpy to run Principal Component Analysis of the scaled expres-
sion matrices, and visualized the populations using UMAP for
dimension reduction [75]. The first 25 principal components were
used for visualization of all the cells together, while only the first
seven principal components were used for visualization of only
the CD19+ B cells. Cell cycle phase of each cell was inferred using
the score_genes_cell_cycle function of scanpy using the provided
regev_lab_cell_cycle_genes.txt file for specifying genes associated
with the S and G2M phases.

Statistics

Statistical analysis and plots were made using R version 3.5.3 and
ggpubr version 0.2.4. Somatic mutation frequencies were com-
pared between all sequences of different isotypes or B-lineage
populations using a Wilcoxon rank-sum test, while median
somatic mutation frequencies for each patient were compared
across B-lineage populations with a Wilcoxon signed-rank test.
Frequencies of G1m1 cells were compared within ASCs and mem-
ory B cells using a binomial test. Paired t-test was used to analyze
differences in G1m1 usage between ASCs and memory B cells and
between G1m1 and G1m3 cells in G1m1/G1m3 heterozygous

patients. Wilcoxon rank-sum test was used to test differences in
Igκ usage for IgG1 ASCs expressing G1m1 or G1m3 and propor-
tion of cells using IGHV family genes depending on the expressed
G1m allotype. All tests were two-sided with a significance level
of 0.05 unless otherwise stated in the figure legends. To ensure
that the patient with SP-MS (MS2) and the two patients who had
been previously treated with corticosteroids (MS19 and MS20)
did not introduce any bias, all statistical analyses were performed
with and without these three patients (Supporting information
Table S4).
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Stereotyped B-cell responses are linked to IgG constant region polymorphisms in 
multiple sclerosis (Lindeman et al.) 
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Supplementary Figure 1. Analysis of intrathecal B-lineage cells and related parameters. (A) Representative flow 
cytometry gating strategy for one patient showing sorting and analysis gates. (B) Representative flow cytometry gating 
strategy for one patient showing gating of index-sorted CD19+ B cells into CD27+ and CD27-/dim populations. (C) Percent 
of ASCs being CD19 negative according to flow cytometry analysis. Data for all patients with a substantial number of 
recorded events are summarized (n=17). The patient with SP-MS is indicated in green, while the two patients previously 
treated with corticosteroids are indicated in blue. Differences between patient groups were tested using an unpaired t-test. 
(D) Percent ASCs and CD19+ B cells according to flow cytometry analysis for all patients with a substantial number of 
recorded events (n=17). CSF cell count is displayed in gray. (E), (F), (G) IgG index (E), CSF cell count (F) and albumin 
ratio (G) for included patients, stratified by patient allotype. Differences between G1m1/G1m3 heterozygotes and G1m3 
homozygotes were tested using unpaired t-tests. Ns = p>0.05. 
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Supplementary Figure 2. The transcriptional profile of B-lineage cells from the CSF of 21 MS patients were visualized 
using UMAP as in Figure 2B. (A) UMAP projection of all B-lineage cells (2165 cells) from all 21 patients, colored by 
patient, patient status and B-cell population. (B) UMAP projection of all CD19+ B-lineage cells (544 cells) from all 10 
patients for which this cell population was sorted, colored by patient and patient status. (C) UMAP projections as in (A), 
colored by MKI67 expression (left) and inferred cell cycle (right) without using MKI67 in the list of proliferation-associated 
genes. Dot plots show expression of MKI67 in ASCs and CD19+ B cells according to the cell cycle phases shown in the 
UMAP plot. 
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ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Germline EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAXXXXXXXXXXXXXXXXXXXXMDVWGQGTTVTVS DIQMTQSPSTLSASVGDRVTITCRASQSISSWLAWYQQKPGKAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYNSXXWTFGQGTKV

scLib1 245 EGQLLESGGGLVQPGGSLRLSCAASGFAFSNYAMTWVRQAPGKGLEWVSSISGSGGGTYYADSVKGRLTISRDNSGNTLFLQMSSLRAEDTAVYYCATSRENYDIWRHPAPRKHYSAMDVWGQGTTVIVS DIQMTQSPSTLSASVGDRVTITCRASHTVSSRLAWYQQRPGKAPNLLISETSTLESGVSSRFSGSGSGTEFTLTISSLQPDDLATYYCQQYNNFPWTFGQGTKV

scLib1 254 EGQLLESGGGLVQPGGSLRLSCAASGFAFSNYAMTWVRQAPGKGLEWVSSISGSGGGTYYADSVKGRLTISRDNSGNTLFLQMSSLRAEDTAVYYCATSRENYDIWRHPAPRKHYSAMDVWGQGTTVIVS DIQMTQSPSTLSASVGDRVTITCRASHTVSSRLAWYQQRPGKAPNLLISETSTLESGVSSRFSGSGSGTEFTLTISSLQPDDLATYYCQQYNNFPWTFGQGTKV

scLib1 16 EGQLLESGGGLVQPGGSLRLSCAASGFAFSNYAMTWVRQAPGKGLEWVSSISGSGGGTYYADSVKGRLTISRDNSGNTLFLQMSSLRAEDTAVYYCATSRENYDIWRHPAPRKHYSAMDVWGQGTTVIVS DIQMTQSPSTLSASVGDRVTITCRASHTVSSRLAWYQQRPGKAPNLLISETSTLESGVSSRFSGSGSGTEFTLTISSLQPDDLATYYCQQYNNFPWTFGQGTKV

scLib1 61 EGQLLESGGGLVQPGGSLRLSCAASGFAFSNYAMTWVRQAPGKGLEWVSSISGSGGGTYYADSVKGRLTISRDNSGNTLFLQMSSLRAEDTAVYYCATSRENYDIWRHPAPRKHYSAMDVWGQGTTVIVS DIQMTQSPSTLSASVGDRVTITCRASHTVSSRLAWYQQRPGKAPNLLISETSTLESGVSSRFSGSGSGTEFTLTISSLQPDDLATYYCQQYNNFPWTFGQGTKV

scLib1 78 EGQLLESGGGLVQPGGSLRLSCAASGFAFSNYAMTWVRQAPGKGLEWVSSISGSGGGTYYADSVKGRLTISRDNSGNTLFLQMSSLRAEDTAVYYCATSRENYDIWRHPAPRKHYSAMDVWGQGTTVIVS DIQMTQSPSTLSASVGDRVTITCRASHTVSSRLAWYQQRPGKAPNLLISETSTLESGVSSRFSGSGSGTEFTLTISSLQPDDLATYYCQQYNNFPWTFGQGTKV

scLib1 82 EGQLLESGGGLVQPGGSLRLSCAASGFAFSNYAMTWVRQAPGKGLEWVSSISGSGGGTYYADSVKGRLTISRDNSGNTLFLQMSSLRAEDTAVYYCATSRENYDIWRHPAPRKHYSAMDVWGQGTTVIVS DIQMTQSPSTLSASVGDRVTITCRASHTVSSRLAWYQQRPGKAPNLLISETSTLESGVSSRFSGSGSGTEFTLTISSLQPDDLATYYCQQYNNFPWTFGQGTKV

–

–

–

–

–

–

–

Mem B, IgG1

Mem B, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Germline QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXXXXXXXXXFDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYDNLPLTFGGGTKVEIK

scLib1 283 QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSNNQFSLKLSSVTAADTAVYYCARLTSITIFGVVTFVKQNFFDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYDDFPLTFGGGTKVEIK

scLib1 25 QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSNNQFSLKLSSVTAADTAVYYCARLTSITIFGVVTFVKQNFFDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYDDFPLTFGGGTKVEIK

scLib1 39 QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSNNQFSLKLSSVTAADTAVYYCARLTSITIFGVVTFVKQNFFDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYDDFPLTFGGGTKVEIK

Mem B, IgG1

ASC, IgG1

ASC, IgG1

Germline QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSKNHFSLKLSSVTAADTAVYYCAXXXXXXXXXXXFDPWGQGTLVTVSS–DIQMTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQKPGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQANSFPPTFGQGTKVEIK

scLib7 216 QLQLQESGPGLVKPSATLSLACTVSGASINSSDYYWGWIRQPPGKGLEWIGSIYSSGTTYYSPSLKSRVSISVGTAKNHFSLRLQSVTAADTAVYYCVKQDYGGSLGDRFDPWGQGTLVTVSS–DIQMTQFPSSVSASVGDSVTITCRASQGIVNWLSWYQQKPGKAPKLLIYRASTLQNGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQANSFPPTFGQGTRVEIK

scLib7 58 QLQLQESGPGLVKPSATLSLACTVSGASINSSDYYWGWIRQPPGKGLEWIGSIYSSGTTYYSPSLKSRVSISVGTAKNHFSLRLQSVTAADTAVYYCVKQDYGGSLGDRFDPWGQGTLVTVSS–DIQMTQFPSSVSASVGDSVTITCRASQGIVNWLSWYQQKPGKAPKLLIYRASTLQNGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQANSFPPTFGQGTRVEIK

scLib7 67 QLQLQESGPGLVKPSATLSLACTVSGASINSSDYYWGWIRQPPGKGLEWIGSIYSSGTTYYSPSLKSRVSISVGTAKNHFSLRLQSVTAADTAVYYCVKQDYGGSLGDRFDPWGQGTLVTVSS–DIQMTQFPSSVSASVGDSVTITCRASQGIVNWLSWYQQKPGKAPKLLIYRASTLQNGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQANSFPPTFGQGTRVEIK

Mem B, IgG1

ASC, IgG1

ASC, IgG1

MS13

MS2

Germline QVQLQESGPGLVKPSGTLSLTCAVSGGSISSSNWWSWVRQPPGKGLEWIGEIYHSGSTNYNPSLKSRVTISVDKSKNQFSLKLSSVTAADTAVYYCAXXXXXXXXXXXXXXXXWGQGTLVTVSS DIVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWYLQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQALQTPXTFGGGTKVEIK

scLib6 173 QVQLHESGPGLVKPSGTLSLTCLVSDGSIRASYWWGWVRQTPEKGLEWIGELADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLRSVTAADTATYYCAGNPPMPLYGDYSGPPTWGQGILVTVSS DIVMTQSPLSLPVTPGDPADISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQGLQTPRTFGGGTKVEIK

scLib6 288 QVQLHESGPGLVKPSGTLSLTCLVSDGSIRASYWWGWVRQTPEKGLEWIGELADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLRSVTAADTATYYCAGNPPMPLYGDYSGPPTWGQGILVTVSS DIVMTQSPLSLPVTPGDPADISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQGLQTPRTFGGGTKVEIK

scLib6 164 QVQLHESGPGLVKPSGTLSLTCLVSDGSIRASYWWGWVRQTPEKGLEWIGELADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLRSVTAADTATYYCAGNPPMPLYGDYSGPPTWGQGILVTVSS DIVMTQSPLSLPVTPGDPADISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQGLQTPRTFGGGTKVEIK

scLib6 120 QVQLHESGPGLVKPSGTLSLTCLVSDGSIRASYWWGWVRQTPEKGLEWIGELADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLRSVTAADTATYYCAGNPPMPLYGDYSGPPTWGQGILVTVSS DIVMTQSPLSLPVTPGDPADISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQGLQTPRTFGGGTKVEIK

scLib6 117 QVQLHESGPGLVKPSGTLSLTCLVSDGSIRASYWWGWVRQTPEKGLEWIGELADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLRSVTAADTATYYCAGNPPMPLYGDYSGPPTWGQGILVTVSS DIVMTQSPLSLPVTPGDPADISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQGLQTPRTFGGGTKVEIK

scLib6 275 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 301 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 108 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 269 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 273 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 344 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 116 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 110 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 154 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 100 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 312 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPDKGLEWIGEIADTGTTNYNPSLKSRVTMAIDMSKSQFSLNLKSVTAADTATYYCAANPPMPLYGDYSGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 147 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPGKGLEWIGEIAHTGTTNYNPSLKSRVTMSIDMSKSQFSLNLKSVTAADTATYYCARNPPMPLYGDYAGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 266 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPGKGLEWIGEIAHTGTTNYNPSLKSRVTMSIDMSKSQFSLNLKSVTAADTATYYCARNPPMPLYGDYAGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 106 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPGKGLEWIGEIAHTGTTNYNPSLKSRVTMSIDMSKSQFSLNLKSVTAADTATYYCARNPPMPLYGDYAGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 155 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPGKGLEWIGEIAHTGTTNYNPSLKSRVTMSIDMSKSQFSLNLKSVTAADTATYYCARNPPMPLYGDYAGPPSWGQGILVTVSS DIVMTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 101 QVQLHESGPGLVKPSGTLSLTCIVSDGSIRSSYWWSWVRQTPGKGLEWIGEIAHTGTTNYNPSLKSRVTMSIDMSKSQFSLNLKSVTAADTATYYCARNPPMPLYGDYAGPPSWGQGILVTVSS DIVLTQSPLSLPVTPGDPASISCRSSQSLLHSNGYTYLDWYLQKPGQSPQLLIYLASYRASGVPDRFTGSGSGTDFTLKISRVEAEDVGIYYCMQALQTPRTFGGGTKVEIK

scLib6 103 QVQLLESGPGLVKPSGTLSLTCAVSGGSIRSSNWWAWVRQPPGKGLEWIGEISHTGTTNYNPPLKSRVTMSVDKSKNQFSLNLNSVTAADTAMYYCARHSPMPDYGDYAGNPTWGQGTLVTVSS DIVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWYLQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGIYYCMQGLQNPRTFGGGTKVEIK

scLib6 220 QVQLHESGPGLVKPSGTLSLTCAVAGGSIRSNDWWGWVRQPPGNGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLHSLGYNYLDWYLQKPGQSPHLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 89 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 378 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 239 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 158 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 274 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 145 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 109 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 276 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 171 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 98 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 168 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLQSLGKNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 143 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLHSLGYNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 121 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLHSLGYNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 135 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLHSLGYNYLDWYLQKPGQSPQLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

scLib6 124 QVQLHESGPGLVKPSGTLSLNCAVAGGSIRSNDWWGWVRQPPGKGLEWIGEISHTGTTNYNPSLKSRVTMSVDMSENQFSLRLNSVTAADTAVYYCARNSPMPHYGDYAGTPTWGQGTLVTVSS DIVMTQSPVSLPVTPGEPASISCRSSQSLLHSLGYNYLDWYLQKPGQSPHLLIYLGSYRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGLQTPRTFGGGTRVEIK

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Mem B, IgG2

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

MS10

A

B

MS8

MS10

Heavy chain Light chain
CDR3 CDR3

MS4
Germline QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGWVTMTRDTSISTAYMELSRLRSDDTAVYYCAXXXXXXXXXXXXXXXXYYYYGMDVWGQGTTVTVSS SYELTQPPSVSVSPGQTASITCSGDKLGDKYACWYQQKPGQSPVLVIYQDSKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSSXWVFGGGTKLTVL

scLib2 75 QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYLHWVRRAPGQGLEWMGWINPNSGATNYAQKFQGWVLMTRDTSISTVYMELSRLRSDDTAVYYCATSRYYYDSGAYDEPIDYYYYGMDVWGQGTTVTVSA XXXXXXXXXXXXXXXXXXXITCSGDKLGDKYACWYQQKPGQSPVLVIDQDNKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSSLWVFGGGTKLTVL

scLib2 200 QVQLVQSGAEVQKSGASVKVSCKASGNTFIGYYMHWVRQAPGQGLEWMGWINPNSGGANYAQKFQGWVTMTRDTSISTVYMELSRLRSDDTAVYYCATSTYYYDSSGYDEPIEYYHYGMDVWGQGTTVTVSS SYELTQPPSVSVSPGQTASITCSGDKLGDRYACWYQQKPGQSPVLVINQDSKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDNSLWVFGGGTKLTVL

scLib2 260 QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYLHWVRRAPGQGLEWMGWINPNSGATNYAQKFQGWVLMTRDTSISTVYMELSRLRSDDTAVYYCATSRYYYDSGAYDEPIDYYYYGMDVWGQGTTVTVSA SYELTQPPSVSVSPGQTASITCSGDKLGDKYACWYQQKPGQSPVLVIDQDNKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSSLWVFGGGTKLTVL

scLib2 81 QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYLHWVRRAPGQGLEWMGWINPNSGATNYAQKFQGWVLMTRDTSISTVYMELSRLRSDDTAVYYCATSRYYYDSGAYDEPIDYYYYGMDVWGQGTTVTVSA SYELTQPPSVSVSPGQTASITCSGDKLGDKYACWYQQKPGQSPVLVIDQDNKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSSLWVFGGGTKLTVL

scLib2 153 QVHLVQSGAEVKKPGASLKVSCKASGYTFTGYYLHWVRQAPGQGLEWMGWINPNSGDTNYAQKFQGWVTMTRDTSISTAYMELSRLRSDDTAVYYCATSTYYYDSSGYDEPIEYYKYAMDVWGQGTTVTVSS SYELTQPPSVSVSPGQTASITCSGDKLGNKYACWYQQKPGQSPVLVINQDNKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDTSLWVFGGGTKLTVL

scLib2 262 QVHLVQSGAEVKKPGASLKVSCKASGYTFTGYYLHWVRQAPGQGLEWMGWINPNSGDTNYAQKFQGWVTMTRDTSISTAYMELSRLRSDDTAVYYCATSTYYYDSSGYDEPIEYYKYAMDVWGQGTTVTVSS SYELTQPPSVSVSPGQTASITCSGDKLGNKYACWYQQKPGQSPVLVINQDNKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDTSLWVFGGGTKLTVL

scLib2 202 XXXXXQSGAEVKKPGASLKVSCKASGYTFTGYYLHWVRQAPGQGLEWMGWINPNSGDTNYAQKFQGWVTMTRDTSISTAYMELSRLRSDDTAVYYCATSTYYYDSSGYDEPIEYYKYAMDVWGQGTTVTVSS SYELTQPPSVSVSPGQTASITCSGDKLGNKYACWYQQKPGQSPVLVINQDNKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDTSLWVFGGGTKLTVL

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Mem B, IgG1

ASC, IgG1

ASC, IgG1

MS11

–

–

–

–

–

–

–

–

Germline EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKXXXXXXXXXDYWGQGTLVTVSS–QLVLTQSPSASASLGASVKLTCTLSSGHSSYAIAWHQQQPEKGPRYLMKLNSDGSHSKGDGIPDRFSGSSSGAERYLTISSLQSEDEADYYCQTWGTGIXWVFGGGTKLTVL

scLib5 316 EVQLLESGGDLVQPGGSLRLSCTASGFIFGSYAMNWARQAPVKGLEWVAVITGSGDRQYYADSVKGRFTISRDNSKNTLYLQMNSLRVEDTAFYFCAKDVSDYGDYADYWGQGTLVTVSS–QVVLTQSPSASASLGASVKLTCTLASGHSTYAIAWLQKQPGKGPRYLMKVKSDGSHTLGDGIPHRFSGSSSGTERYLTISRLQSEDEADYYCQTWATGIDWVFGGGTKLTVL

scLib5 340 EVQLLESGGDLVQPGGSLRLSCTASGFIFGSYAMNWARQAPVKGLEWVAVITGSGDRQYYADSVKGRFTISRDNSKNTLYLQMNSLRVEDTAFYFCAKDVSDYGDYADYWGQGTLVTVSS–QVVLTQSPSASASLGASVKLTCTLASGHSTYAIAWLQKQPGKGPRYLMKVKSDGSHTLGDGIPHRFSGSSSGTERYLTISRLQSEDEADYYCQTWATGIDWVFGGGTKLTVL

scLib5 227 EVQLLESGGDLVQPGGSLRLSCTASGFIFGSYAMNWARQAPVKGLEWVAVITGSGDRQYYADSVKGRFTISRDNSKNTLYLQMNSLRVEDTAFYFCAKDVSDYGDYADYWGQGTLVTVSS–QVVLTQSPSASASLGASVKLTCTLASGHSTYAIAWLQKQPGKGPRYLMKVKSDGSHTLGDGIPHRFSGSSSGTERYLTISRLQSEDEADYYCQTWATGIDWVFGGGTKLTVL

scLib5 240 EVQLLESGGDLVQPGGSLRLSCTASGFIFGSYAMNWARQAPVKGLEWVAVITGSGDRQYYADSVKGRFTISRDNSKNTLYLQMNSLRVEDTAFYFCAKDVSDYGDYADYWGQGTLVTVSS–QVVLTQSPSASASLGASVKLTCTLASGHSTYAIAWLQKQPGKGPRYLMKVKSDGSHTLGDGIPHRFSGSSSGTERYLTISRLQSEDEADYYCQTWATGIDWVFGGGTKLTVL

scLib5 269 EVQLLESGGDLVQPGGSLRLSCTASGFIFGSYAMNWARQAPVKGLEWVAVITGSGDRQYYADSVKGRFTISRDNSKNTLYLQMNSLRVEDTAFYFCAKDVSDYGDYADYWGQGTLVTVSS–QVVLTQSPSASASLGASVKLTCTLASGHSTYAIAWLQKQPGKGPRYLMKVKSDGSHTLGDGIPHRFSGSSSGTERYLTISRLQSEDEADYYCQTWATGIDWVFGGGTKLTVL

scLib5 7 EVQLLESGGDLVQPGGSLRLSCTASGFIFGSYAMNWARQAPVKGLEWVAVITGSGDRQYYADSVKGRFTISRDNSKNTLYLQMNSLRVEDTAFYFCAKDVSDYGDYADYWGQGTLVTVSS–QVVLTQSPSASASLGASVKLTCTLASGHSTYAIAWLQKQPGKGPRYLMKVKSDGSHTLGDGIPHRFSGSSSGTERYLTISRLQSEDEADYYCQTWATGIDWVFGGGTKLTVL

Mem B, IgG1

Mem B, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Germline EVQLVQSGAEVKKPGESLKISCKGSGYSFTSYWIGWVRQMPGKGLEWMGIIYPGDSDTRYSPSFQGQVTISADKSISTAYLQWSSLKASDTAMYYCARXXXXXXXXXXXXXXXXXXXFDYWGQGTLVTVSS–QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQLPGTAPKLLIYDNNKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAXXFGGGTKLTVL

scLib5 356 EVQLVQSGAEVKKPGESLKISCKGSGYSFPTYWIGWVRQMPGKGLEWMGIIYPADSDTRYSPSFQGQVTISDDKSINTAYLQLSSLKASDTAIYYCARLGGGLGHCTSSTCYGSRFHFDNWGQGTLLTVSS–QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQVPGTAPKLLIYDSDKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAGVFGGGTKLTVX

scLib5 57 EVQLVQSGAEVKKPGESLKISCKGSGYSFPTYWIGWVRQMPGKGLEWMGIIYPADSDTRYSPSFQGQVTISDDKSINTAYLQLSSLKASDTAIYYCARLGGGLGHCTSSTCYGSRFHFDNWGQGTLLTVSS–QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQVPGTAPKLLIYDSDKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAGVFGGGTKLTVX

scLib5 80 EVQLVQSGAEVKKPGESLKISCKGSGYSFPTYWIGWVRQMPGKGLEWMGIIYPADSDTRYSPSFQGQVTISDDKSINTAYLQLSSLKASDTAIYYCARLGGGLGHCTSSTCYGSRFHFDNWGQGTLLTVSS–QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQVPGTAPKLLIYDSDKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAGVFGGGTKLTVX

Mem B, IgG1

ASC, IgG1

ASC, IgG1

MS5

Germline QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXWFDPWGQGTLVTVSS–DIQMTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQKPGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQANSFPWTFGQGTKVEIK

scLib3 310 QVQLQESVPGPVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYTGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARDLSSGGYWFDPWGQGTLVTVSS–DIQMTQSPSSVSAFVGDRVTITCRASQDIGSWLAWYQQKPGKAPNLLIYAASSLQSGVPSRFTGSGSGTDFTLTISSLQPEDFATYYCQQANSFPWTFGQGTKAEIK

scLib3 205 QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYTGSTNYNPFLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARDLSSGGYWFDPWGQGTLVTVSS–DIQMTQSPSSVSASVGDRVTITCRASPDIGSWLAWYQQKPGKAPNLLIYAASSLQSGVPSRFTGSGSGTDFTLTISSLQPEDFATYYCQQANSFPWTFGQGTKVEIK

Mem B, IgM

ASC, IgM

Germline QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCAXXXXXXXXXXXXXXNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTASLTISGLQAEDEADYYCSSYTSSSTLXXXGGGTKLTVL

scLib3 93 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–XXXXXXXXXXXXXXXXXXXXXXXXXXXXXGGYKYVSWYQQHTGNAPKLIFYEVSNRPSGVSYRFSGSKSGNTASLTISRLRAEDEADYSFSSYTSTRTLVPFGGGTKXXXX

scLib3 81 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCARSEIALRTGIYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVGNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTSTLVAFGGGTKLTVL

scLib3 290 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 339 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 19 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 198 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 211 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 218 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 224 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 228 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 267 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 43 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 44 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 49 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 6 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 62 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 78 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCAKSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTRTLVAFGGGTKLTVL

scLib3 368 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCARSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTSTLVAFGGGTKLTVL

scLib3 52 QVQLQESGPGLVKPSETLSLTCTVAGDSISSSGYYWGWLRQPPGKGLEWIGSIFYDGSPHYNPSLKSRVTTSLDTSNNQFSLKLTSVTAADAAVYYCARSEIALRTGSYYWYNWFDPWGQGTLVTVSS–QSALTQPASVSGSPGQSITISCTGTSSDIGGYNYVSWYQQHPGNAPKLIIYEVSNRPSGVSDRFSGSKSGNTASLTISRLRAEDEADYSCSSYTSTSTLVAFGGGTKLTVL

ASC, IgG1

ASC, IgG1

Mem B, IgG1

Mem B, IgA1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Mem B, IgG1

ASC, IgG1

Germline QVQLQESGPGLVKPSGTLSLTCAVSGGSISSSNWWSWVRQPPGKGLEWIGEIYHSGSTNYNPSLKSRVTISVDKSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXYFDLWGRGTLVTVS–QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIYGNSNRPSGVPDRFSGSKSGTSASLAITGLQAEDEADYYCQSYDSSLSGSWVFGGGTKLTVL

scLib3 353 QVQLQESGPGLVKPSGTLSLTCAVSGASITTSDWWSWVRQPPGKGLEWIGEISHSGSTFYNPSLMSRVTISVDESKNQFSLKLSSVTAADTALYYCARLLTTVTTAAYFDLWGRGTLVTVS–QSVLTQPPSVSGAPGQRVTIPCTGSSSNIGADYDVHWYQQLPGAAPKLLIYGNNNRPSGVPDRFSGSKSGTSASLAITGLQAEDEADYYCQSYDSSLSGSWVFGGGTKLTVL

scLib3 30 QVQLQESGPGLVKPSGTLSLTCAVSGASITTSDWWSWVRQPPGKGLEWIGEISHSGSTFYNPSLMSRVTISVDESKNQFSLKLSSVTAADTALYYCARLLTTVTTAAYFDLWGRGTLVTVS–QSVLTQPPSVSGAPGQRVTIPCTGSSSNIGADYDVHWYQQLPGAAPKLLIYGNNNRPSGVPDRFSGSKSGTSASLAITGLQAEDEADYYCQSYDSSLSGSWVFGGGTKLTVL

Mem B, IgG1

ASC, IgG1

Germline EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAXXXXXXXXWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQGIRNDLGWYQQKPGKAPKRLIYAASSLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCLQHNSYPLTFGGGTKVEIK

scLib3 299 EVQLLESGGGFIQPGGSLRISCAASGFTFNNYAMSWVRQAPGKGLEWVSKISGSGGTTYYADSVKGRFTISRDNSKNTLYLEMNSLRAEDTAVYYCAKHWYGLDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQGIRDELGWYQQKPGEAPKRLIYIGSSLQTGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCLQHNSYPLTFGGGTKVEIK

scLib3 8 EVQLLESGGGFIQPGGSLRISCAASGFTFNNYAMSWVRQAPGKGLEWVSKISGSGGTTYYADSVKGRFTISRDNSKNTLYLEMNSLRAEDTAVYYCAKHWYGLDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQGIRDELGWYQQKPGEAPKRLIYIGSSLQTGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCLQHNSYPLTFGGGTKVEIK

scLib3 352 EVQLLESGGGFIQPGGSLRISCAASGFTFNNYAMSWVRQAPGKGLEWVSKISGSGGTTYYADSVKGRFTISRDNSKNTLYLEMNSLRAEDTAVYYCAKHWYGLDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRATQGIRDELGWYQQKPGEAPKRLIYIGSSLQTGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCLQHNSYPLTFGGGTKVEIK

Mem B, IgG2

ASC, IgG2

Mem B, IgG2

Germline EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKXXXXXXXXXXXXXXDYWGQGTLVTVSS–QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTVNWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSKSGTSASLAISGLQSEDEADYYCAAWDDSLNGXVFGTGTKVTV

scLib3 325 EVQLVESGGGLVQPGGSLRLSCAASGFTFSRFAMSWVRQAPGKGLEWVSSISNRDDRTYYADSVKGRFTISRDNSKDTLDLQMNSLRAEDTAVYYCAKERWYCSSISCYKYSDYWGQGTLVTVSS–QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTINWYQQLPGTAPKLLIFTNSQRPSGVPDRFSGSKSGTSGSLAISGLQSEDEGDYYCSAWDDSLNGHVFGTGTKVAV

scLib3 231 EVQLVESGGGLVQPGGSLRLSCAASGFTFSRFAMSWVRQAPGKGLEWVSSISNRDDRTYYADSVKGRFTISRDNSKDTLDLQMNSLRAEDTAVYYCAKERWYCSSISCYKYSDYWGQGTLVTVSS–QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTINWYQQLPGTAPKLLIFTNSQRPSGVPDRFSGSKSGTSGSLAISGLQSEDEGDYYCSAWDDSLNGHVFGTGTKVAV

scLib3 248 EVQLVESGGGLVQPGGSLRLSCAASGFTFSRFAMSWVRQAPGKGLEWVSSISNRDDRTYYADSVKGRFTISRDNSKDTLDLQMNSLRAEDTAVYYCAKERWYCSSISCYKYSDYWGQGTLVTVSS–QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTINWYQQLPGTAPKLLIFTNSQRPSGVPDRFSGSKSGTSGSLAISGLQSEDEGDYYCSAWDDSLNGHVFGTGTKVAV

scLib3 29 EVQLVESGGGLVQPGGSLRLSCAASGFTFSRFAMSWVRQAPGKGLEWVSSISNRDDRTYYADSVKGRFTISRDNSKDTLDLQMNSLRAEDTAVYYCAKERWYCSSISCYKYSDYWGQGTLVTVSS–QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTINWYQQLPGTAPKLLIFTNSQRPSGVPDRFSGSKSGTSGSLAISGLQSEDEGDYYCSAWDDSLNGHVFGTGTKVAV

scLib3 7 EVQLVESGGGLVQPGGSLRLSCAASGFTFSRFAMSWVRQAPGKGLEWVSSISNRDDRTYYADSVKGRFTISRDNSKDTLDLQMNSLRAEDTAVYYCAKERWYCSSISCYKYSDYWGQGTLVTVSS–QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTINWYQQLPGTAPKLLIFTNSQRPSGVPDRFSGSKSGTSGSLAISGLQSEDEGDYYCSAWDDSLNGHVFGTGTKVAV

Mem B, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Germline QVTLKESGPALVKPTQTLTLTCTFSGFSLSTSGMRVSWIRQPPGKALEWLARIDWDDDKFYSTSLKTRLTISKDTSKNQVVLTMTNMDPVDTATYYCAXXXXXXXXXXXXFDYWGQGTLVTVSS–DIQMTQSPSTLSASVGDRVTITCRASQSISSWLAWYQQKPGKAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYNSYXYTFGQGTKLEIK

scLib3 27 QVTLRESGPALVKPTQTLTLTCTFSGFSLSTSGMRLSWIRQPPGKALEWLARIDWDDDKFYTVSLRARLTISKDTSRNQVVLTMTNLDPEDTATYYCARSGPSVRLADYYFDHWGQGALVTVSS–DIQMTQSPSTLSASVGDRVTIICRASESINRWLAWYQQKPGRAPTLLMYRASTLQSGVPSRFSGSGSGTEFTLTIGSLQPDDFATYYCQQYSSNPYTFGQGTKVEIK

scLib3 36 QVTLKESGPALVKPTQTLTLTCTYSGFSLITDGTRVSWIRQPPGKALEWLARIDWDDDKFYSPSLKTRLTISKDTSKNQVVLTVTNMDPADTATYYCVRSRPSLRLADYYFDSWGQGTLVTVSS–DIQMTQSPSTLSASVGDRVTIACRASESLSSWLAWYQQKPGQAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTIGSLQPDDFATYYCQQYRSNPYTFGQGTKLEIK

scLib3 51 QVTLKESGPALVKPTQTLTLTCTFSGFSLSTSGMRMTWIRQPPGKALEWLARIDWDDDKFYTPSLQTRLTISKDTSKDQVVLRMTNVDPVDTATYYCARSRPSIRLADYYFDYWGQGILVTVSS–DIQMTQSPSTLSASMGDRVTITCRASQSVRSWLAWYQQKPGKAPNLLIYKASTLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYGSNPYTFGQGTKLXXX

scLib3 360 QVTLKESGPALVKPTQTLTLTCTFSGFSLSTSGMRVTWIRQTPGKALEWLARIDWDDDKFYSPSLKTRLTVSKDTSKNQVVLTMTNVHPVDTATYYCARSRPSFRLADYYFDFWGQGILVTVSS–DIQMTQSPSTLSASVGDRVTITCRASESIRSWLAWYQQKPGKAPKLLMYKASTLEGEVPSRFSGSGSGTEFTLTIGSLQPDDFATYYCQQYGSNPYTFGQGTKLEVK

scLib3 221 QVTLKESGPALVKPTQTLTLTCTFSGFSLSTSGMRVTWIRQTPGKALEWLARIDWDDDKFYSPSLKTRLTVSKDTSKNQVVLTMTNVDPVDTGTYYCARSRPSFRLADYYFDFWGQGILVTVSS–DIQMTQSPSTLSASVGDRVTITCRASESIRSWLAWYQQKPGKAPKLLIYKASTLEGEVPSRFSGSGSGTEFTLTIGSLQPDDFATYYCQQYGSNPYTFGQGTKLEVK

ASC, IgG1

ASC, IgG1

ASC, IgG1

Mem B, IgG1

ASC, IgG1

Germline EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKXXXXXXXXXXXXXXFDYWGQGTLVTVSS–QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIYGNSNRPSGVPDRFSGSKSGTSASLAITGLQAEDEADYYCQSYDSSLSXWVFGGGTKLTVL

scLib3 242 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXAESAKGRFSIYRDNSRNTLFLEMNSLRAEDTAVYYCAKSGSRNMYKYDSRRPFDDWGQGTLVTVSS–QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQVPGTAPKLLIFDNNNRPSGVPDRFSGSKSGTSASLAITGLQTEDEADYYCQSYDSSLSGRVFGGGTKLTVL

scLib3 370 EVQLLESGGDLVQPGGSLRLSCAASGFTLSSYAMSWVRQAPGKGLEWVSSLSGRGGNTYDAESAKGRFSIYRDNSRNTLFLEMNSLRAEDTAVYYCAKSGSRNMYKYDSRRPFDDWGQGTLVTVSS–QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIFDNNNRPSGVPDRFSGSKSGTSASLAITGLQTEDEADYYCQSYDSSLSGRVFGGGTKLTVL

scLib3 241 EVQLLESGGDLVQPGGSLRLSCAASGFTLSSYAMSWVRQAPGKGLEWVSSLSGRGGNTYHAESAKGRFSIYRDNSRNTLFLEMNSLRAEDTAVYYCAKSGSRNMYKYDSRRPFDDWGQGTLVTVSS–QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIFDNNNRPSGVPDRFSGSKSGTSASLAITGLQTEDEADYYCQSYDSSLSGRVFGGGTKLTVL

ASC, IgG1

Mem B, IgG1

ASC, IgG1

Germline QVQLVQSGAEVKKPGASVKVSCKASGYTFTSYYMHWVRQAPGQGLEWMGIINPSGGSTSYAQKFQGRVTMTRDTSTSTVYMELSSLRSEDTAVYYCARXXXXXXXXWFDPWGQGTLVTVSS–QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIYGNSNRPSGVPDRFSGSKSGTSASLAITGLQAEDEADYYCQSYDSSLSXWVFGGGTKLTVL

scLib3 364 QVQLVQSGAEVKKPGASVKVSCKASGYIFTNYFIQWVRQAPGQGLEWIGIFNPSDGSTNFAQKFQGRVSMTRDTFTNTVYMELSSLRSEDMATYYCARYRGADGIDWFDHWGQGTLVAVSS–QSVLAQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLVIYGNNNRPSGVPDRFSGSQSGASASLAVTGLQAEDEADYSCQSYDNSLGAWVFGGGTKLTVL

scLib3 39 QVQLVQSGAEVKKPGASVKVSCKASGYIFTNYFIQWVRQAPGQGLEWIGIFNPSDGSTNFAQKFQGRVSMTRDTFTNTVYMELSSLRSEDMATYYCARYRGADGIDWFDHWGQGTLVAVSS–QSVLAQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLVIYGNNNRPSGVPDRFSGSQSGASASLAVTGLQAEDEADYSCQSYDNSLGAWVFGGGTKLTVL

scLib3 47 QVQLVQSGAEVKKPGASVKVSCKASGYIFTNYFIQWVRQAPGQGLEWIGIFNPSDGSTNFAQKFQGRVSMTRDTFTNTVYMELSSLRSEDMATYYCARYRGADGIDWFDHWGQGTLVAVSS–QSVLAQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLVIYGNNNRPSGVPDRFSGSQSGASASLAVTGLQAEDEADYSCQSYDNSLGAWVFGGGTKLTVL

scLib3 86 QVQLVQSGAEVKKPGASVKVSCKASGYIFTNYFIQWVRQAPGQGLEWIGIFNPSDGSTNFAQKFQGRVSMTRDTFTNTVYMELSSLRSEDMATYYCARYRGADGIDWFDHWGQGTLVAVSS–QSVLAQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLVIYGNNNRPSGV

Mem B, IgG1

ASC, IgG1

ASC, IgG1
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Supplementary Figure 3. Alignment of paired heavy- and light-chain amino acid sequences depicted as lineage trees in 
the main Figure 3C and D. The amino acid sequences were deduced from nucleotide sequences obtained from Smart-Seq2 
and analysis with BraCeR. Germline-encoded amino acids are shown in black letters. Amino acids that were introduced by 
somatic mutations or comprise the NDN nucleotides (added nucleotides flanking the D gene segment) of the CDR3 are 
shown in red letters. (A) Alignment of paired heavy- and light-chains of the representative lineage trees in Figure 3C. (B) 
Alignment of paired heavy- and light-chains of clones comprising both memory B cells and antibody-secreting cells (ASCs) 
depicted as lineage trees in Figure 3D. 
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B cont.
MS8

Germline QVQLQESGPGLVKPSQTLSLTCTVSGGSISSGDYYWSWIRQPPGKGLEWIGYIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXDYWGQGTLVTVSS–DIVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWYLQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQALQTPXTFGQGTKLEIK

scLib4 166 QVQLQESGPGLVKPSQPLSLTCTVSGASINTGDYYWSWIRQPPGKGLEWIGYIYYNGRTYYNPSLKSRLSISLDTSKNEFSLNLTSVTAADTAVYYCVKGPRRGSSSLDYWGQGALVTVSS–DIVMTQSPLSLPVTPGEPASISCRSSQTLLHTNGYNYLDWYLQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQALQIPLTFGQGTKLEIK

scLib4 277 QVQLQESGPGLVKPSQPLSLTCTVSGASINTGDYYWSWIRQPPGKGLEWIGYIYYNGRTYYNPSLKSRLSISLDTSKNEFSLNLTSVTAADTAVYYCVKGPRRGSSSLDYWGQGALVTVSS–DIVMTQSPLSLPVTPGEPASISCRSSQTLLHTNGYNYLDWYLQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQALQIPLTFGQGTKLEIK

Mem B, IgG1

ASC, IgG1

Germline QLQLQESGPGLVKPSETLSLTCTVSGGSISSSSYYWGWIRQPPGKGLEWIGSIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXDAFDIWGQGTMVTVSS–DIQMTQSPSTLSASVGDRVTITCRASQSISSWLAWYQQKPGKAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYNSYXXFGGGTKVEIK

scLib4 381 QLQLQESGPGLVKPSETLSLTCSVSGASISDSSYYWGWIRQPPGKGLEWIGNIFYDGSTYYTPSLKSRVTISVDTSKNQFSLNLNSVSAADTAVYYCARRRRDAYNLYDAFDIWSRGTMVTVSS–DIQMTQSPSTLSASVGDRVTITCRASESISSWLAWYQQKPGKAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYNSYSSFGGGTKVEIK

scLib3 121 QLQLQESGPGLVKPSETLSLTCSVSGASISDSSYYWGWIRQPPGKGLEWIGNIFYDGSTYYTPSLKSRVTISVDTSKNQFSLNLNSVSAADTAVYYCARRRRDAYNLYDAFDIWSRGTMVTVSS–DIQMTQSPSTLSASVGDRVTITCRASESISSWLAWYQQKPGKAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYNSYSSFGGGTKVEIK

Mem B, IgG1

ASC, IgG1

Germline EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYWMSWVRQAPGKGLEWVANIKQDGSEKYYVDSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCARXXXXXXXXXXXXXXXDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYSTPWTFGQGTKVEIK

scLib4 133 EVQLVESGGGLVQPGGSLRLSCVASGLSSSSYWMSWVRQAPGKGLEWVANIKQDGSETYYVDSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCARVDIVLMVYASTHKSLDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQSISTYLNWYQQKPGEAPNLLIYAASRLQSGVPSRFSGSGSGTDFSLTISSLQPADSAIYYCQQSDSLPWTFGQGTKVEIK

scLib4 81 EVQLVESGGGLVQPGGSLRLSCVASGLSSSSYWMSWVRQAPGKGLEWVANIKQDGSETYYVDSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCARVDIVLMVYASTHKSLDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQSISTYLNWYQQKPGEAPNLLIYAASRLQSGVPSRFSGSGSGTDFSLTISSLQPADSAIYYCQQSDSLPWTFGQGTKVEIK

Mem B, IgG1

ASC, IgG1

Germline QVTLKESGPVLVKPTETLTLTCTVSGFSLSNARMGVSWIRQPPGKALEWLAHIFSNDEKSYSTSLKSRLTISKDTSKSQVVLTMTNMDPVDTATYYCARIXXXXXXXXXXXDYWGQGTLVTVSS–DIQLTQSPSFLSASVGDRVTITCRASQGISSYLAWYQQKPGKAPKLLIYAASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQLNSYPLTFGGGTKVEIK

scLib4 138 QVTLKESGPVLVKPTETLTLTCTVSGFSLSNARMSVSWIRQPPGKALEWLAHIFSNDEKFYSTSLKSRLTISKDNSKSQVVLTMTNMDPVDTATYYCARIFGYYDSSGPYTDYWGQGTLVTVSX–DIQLTQSPSFLSASVGDRVTITCRASQGIRTYLAWYQQKPGKAPKLLIYSASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQFNTYPLTFGGGTKVEIK

scLib4 254 QVTLKESGPVLVKPTETLTLTCTVSGFSLSNARMSVSWIRQPPGKALEWLAHIFSNDEKFYSTSLKSRLTISKDNSKSQVVLTMTNMDPVDTATYYCARIFGYYDSSGPYTDYWGQGTLVTVSS–DIQLTQSPSFLSASVGDRVTITCRASQGISTYLAWYQQKPGKAPKLLIYSASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQFNTYPLTFGGGTKVEIK

scLib4 263 QVTLKESGPVLVKPTETLTLTCTVSGFSLSNARMSVSWIRQPPGKALEWLAHIFSNDEKFYSTSLKSRLTISKDNSKSQVVLTMTNMDPVDTATYYCARIFGYYDSSGPYTDYWGQGTLVTVSS–DIQLTQSPSFLSASVGDRVTITCRASQGISTYLAWYQQKPGKAPKLLIYSASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQFNTYPLTFGGGTKVEIK

scLib4 72 QVTLKESGPVLVKPTETLTLTCTVSGFSLSNARMSVSWIRQPPGKALEWLAHIFSNDEKFYSTSLKSRLTISKDNSKSQVVLTMTNMDPVDTATYYCARIFGYYDSSGPYTDYWGQGTLVTVSS–DIQLTQSPSFLSASVGDRVTITCRASQGISTYLAWYQQKPGKAPKLLIYSASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQFNTYPLTFGGGTKVEIK

scLib4 86 QVTLKESGPVLVKPTETLTLTCTVSGFSLSNARMSVSWIRQPPGKALEWLAHIFSNDEKFYSTSLKSRLTISKDNSKSQVVLTMTNMDPVDTATYYCARIFGYYDSSGPYTDYWGQGTLVTVSS–DIQLTQSPSFLSASVGDRVTITCRASQGISTYLAWYQQKPGKAPKLLIYSASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQFNTYPLTFGGGTKVEIK

Mem B, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

Germline EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYWMSWVRQAPGKGLEWVANIKQDGSEKYYVDSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCAXXXXXXXXXXXXXYYGMDVWGQGTTVTVSS DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYDNLPXTFGGGTKVEIK

scLib4 329 EVQLVESGGGLVQPGGSLRVSCAASGFTLSTYWMTWVRQAPGKGLEWVATINQDGREEYYVGSVKGRFTISRDNAKKSLFLQMSNLTAEDTAVYYCARGGWPIFRGPLEGYYGMDVWGQGTTVAVSS DIQMTQSPSSLSASVGDRVTITCQASHDISKFLNWFQHRPGKAPKLLIYGSSNLETGVPSRFSGSGSGTDFSFTISSLQPEDIATYYCQHYDSLPFTFGGGTKVEIK

scLib3 102 EVQLVESGGGLVQPGGSLRLSCAASGFTLSTYWMTWVRQAPGKGLEWVATINQDGSEEYYVGSVKGRFTISRDNAKKSLFLQMNNLTAEDTAVYYCARGGWPIFRGPLEGYYGMDVWGQGTTVTVSS DIQMTQSPSSLSASVGDRVTITCQASHDISKYLNWFQHRPGKAPKLLIYGSSNLETGVPSRFSGSGSGTDFSLTISSLQPEDIATYYCQHYDSLPFTFGGGTKVEIK

–

–

–

Mem B, IgG1

ASC, IgG1

Germline QVQLQESGPGLVKPSQTLSLTCTVSGGSISSGDYYWSWIRQPPGKGLEWIGYIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXYFDYWGQGTLVTVSS–EIVLTQSPDFQSVTPKEKVTITCRASQSIGSSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTDFTLTINSLEAEDAATYYCHQSSSLXXTFGQGTKLEIK

scLib3 110 QVQLQESGPGLVKPSQTLSLTCSVSGGSISTGDYYWSWIRQPPGKGLEWIGFIYYSGSTYYNPSLKSRVSISRDTSKNQFSLRLSSVTAADTALFYCARAVSSGWNDYYFDSWGPGSLVTVSS–XXXXXXXXXXQSVTPKEKVTITCRASQNIGNSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTEFTLTINMLETEDAATYYCHQSRSLPGTFGQGTKLEIK

scLib4 200 QVQLQESGPGLVKPSQTLSLTCSVSGGSISTGDYYWSWIRQPPGKGLEWIGFIYYSGSTYYNPSLKSRVSISRDTSKNQFSLRLSSVTAADTALFYCARAVSSGWNDYYFDSWGPGSLVTVSS–XXXXXXXXXXQSVTPKEKVTITCRASQNIGNSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTEFTLTINMLETEDAATYYCHQSRSLPGTFGQGTKLEIK

scLib4 355 QVQLQESGPGLVKPSQTLSLTCSVSGGSISTGDYYWSWIRQPPGKGLEWIGFIYYSGSTYYNPSLKSRLSISRDTSKNQFSLRLSSVTAADTALFYCARAVSSGWNDYYFDSWGPGSLVTVSS–EIVLTQSPDFQSVTPKEKVTITCRASQNIGNSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTEFTLTINMLETEDAATYYCHQSRSLPGTFGQGTKLEIK

scLib4 62 QVQLQESGPGLVKPSQTLSLTCSVSGGSISTGDYYWSWIRQPPGKGLEWIGFIYYSGSTYYNPSLKSRVSISRDTSKNQFSLRLSSVTAADTALFYCARAVSSGWNDYYFDSWGPGSLVTVSS–EIVLTQSPDFQSVTPKEKVTITCRASQNIGNSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTEFTLTINMLETEDAATYYCHQSRSLPGTFGQGTKLEIK

ASC, IgG1

ASC, IgG1

Mem B, IgG1

ASC, IgG1

Germline QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXXXXXXXXXDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRASQGISNYLAWYQQKPGKVPKLLIYAASTLQSGVPSRFSGSGSGTDFTLTISSLQPEDVATYYCQKYNSAPLTFGGGTKVEIK

scLib4 326 QVQLQESGPGLLKPSETLSLNCTVSGGSISPYYWSWIRQPPGKGLEWIAYIYYSGSTNYNPSLKSRVTISVDTSTNQFSLNLTSVTVADTAVYYCARHPPYYDHLWGIERPASIDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRTSQGIGSYLAWYQQKPGKVPNLLIYVASTLQSGVPSRFSGSGSGTVFTLTISSLQPEDVATYYCQKYNSAPLTFGGGTKVEIK

scLib3 144 QVQLQESGPGLLKPSETLSLNCTVSGGSISPYYWSWIRQPPGKGLEWIAYIYYSGSTNYNPSLKSRVTISVDTSTNQFSLNLTSVTVADTAVYYCARHPPYYDHLWGIERPASIDYWGQGTLVTVSS–DIQMTQSPSSLSASVGDRVTITCRTSQGIGSYLAWYQQKPGKVPNLLIYVASTLQSGVPSRFSGSGSGTVFTLTISSLQPEDVATYYCQKYNSAPLTFGGGTKVEIK

Mem B, IgG2

ASC, IgG1

Germline QVQLQESGPGLVKPSQTLSLTCTVSGGSISSGGYYWSWIRQHPGKGLEWIGYIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCXXXXXXXXYWGQGTLVTVSS–EIVMTQSPPTLSLSPGERVTLSCRASQSVSSSYLTWYQQKPGQAPRLLIYGASTRATSIPARFSGSGSGTDFTLTISSLQPEDFAVYYCQQDYNLWTFGQGTKVEIK

scLib4 2 QVQLQESGPGLVKPSQTLSLTCTVSGGSIGSGGYSWSWIRQHPGKGLEWIGFIYYSGTTYYNPSLKSRVNISADTTKKQFSLTVNSVTAADTAVYYCAGGDSTFDFWGQGTLVTVSS–XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXPRLLIYGASTRATSIPARFSGSGSGTEFTLTISSLQPEDFAVYYCQQDYNSWTFGQGTKVEIK

scLib4 304 QVQLQESGPGLVKPSQTLSLTCTVSGGSIGGGGYSWSWIRQHPGKGLEWIGFIYYTGSTYYNPSLKSRVTISADTSKKQFSLKLSSVTAADTAVYYCAGGDNTFDFWGQGTLVTVSS–XXXXXXXXXXXXXXPGERVTLSCRASQSVSSSYLTWYQQKPGQAPRLLIYGASTRATSIPARFSGSGSGTEFTLTISSLQPEDFAVYYCQQDYNSWTFGQGTKVEIK

scLib4 346 QVQLQESGPGLVKPSQTLSLTCTVSGGSIGGGGYSWSWIRQHPGKGLEWIGFIYYTGSTYYNPSLKSRVTISADTSKKQFSLKLSSVTAADTAVYYCAGGDNTFDFWGQGTLVTVSS–XXXXXXXXXXXXXXPGERVTLSCRASQSVSSSYLTWYQQKPGQAPRLLIYGASTRATSIPARFSGSGSGTEFTLTISSLQPEDFAVYYCQQDYNSWTFGQGTKVEIK

scLib4 48 QVQLQESGPGLVKPSQTLSLTCTVSGGSISSGGYSWSWIRQHPGKGLEWIGFLYYSGSTYYNPSLKSRVTISVDTSKNQFSLRLSSVTAADTAVYYCAGGDSTFDFWGQGTLVTVSS–XXXXXXXXXXXXXXPGERVTLSCRASQSVSSSYLTWYQQKPGQAPRLLMYGASTRATSIPARFSGSGSGTEFTLTISSLQSEDFAVYYCQQDYNLWTFGQGTKVEIK

ASC, IgG1

Mem B, IgG1

Mem B, IgG1

ASC, IgG1

Germline QVQLQESGPGLVKPSQTLSLTCTVSGGSISSGDYYWSWIRQPPGKGLEWIGYIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXFDYWGQGTLVTVSS–DIVMTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAWYQQKPGQPPKLLIYWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAVYYCQQYYSTPWTFGQGTKVEIK

scLib4 115 QGQLQESGPGLVKPSQTLSLTCSVPGGSIRYGDYHWSWIRQPPGKGLEWIGSIDNTGSNYNNPSLKSRVIMSVDTSKNQFSLNLSSVTAADTAVYYCARSEWLLPFDNWGQGTLVSVSS–DIVMTQSPASLSVSLGARATINCKSSQSVLYSSNNKNYLAWYQQKPGQPPKLLISWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAIYYCQQCYSPPWTFGQGTKVEIK

scLib4 201 QGQLQESGPGLVKPSQTLSLTCSVPGGSIRYGDYHWSWIRQPPGKGLEWIGSIDNTGSNYNNPSLKSRVIMSVDTSKNQFSLNLSSVTAADTAVYYCARSEWLLPFDNWGQGTLVSVSS–DIVMTQSPASLSVSLGARATINCKSSQSVLYSSNNKNYLAWYQQKPGQPPKLLISWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAIYYCQQCYSPPWTFGQGTKVEIK

scLib4 275 QGQLQESGPGLVKPSQTLSLTCSVPGGSIRYGDYHWSWIRQPPGKGLEWIGSIDNTGSNYNNPSLKSRVIMSVDTSKNQFSLNLSSVTAADTAVYYCARSEWLLPFDNWGQGTLVSVSS–DIVMTQSPASLSVSLGARATINCKSSQSVLYSSNNKNYLAWYQQKPGQPPKLLISWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAIYYCQQCYSPPWTFGQGTKVEIK

Mem B, IgG1

ASC, IgG1

ASC, IgG1

Germline QVQLQESGPGLVKPSQTLSLTCTVSGGSISSGGYYWSWIRQHPGKGLEWIGYIYYSGSTYYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARXXXXXXXXXXXXXXXXDYWGQGTLVTVS–DVVMTQSPLSLPVTLGQPASISCRSSQSLVHSDGNTYLNWFQQRPGQSPRRLIYKVSNRDSGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQGTHWPPYTFGQGTKLEIK

scLib4 300 QVQLQESGPGLVKPSQTLSLTCTVSGVSISNSGYYWSWIRQLPGKGLEWIGYIYDSGSTYYNPSLKSRVTISVDTSKNYFSMNLTSVTAADTAVYYCARERRSYDISGYPLHTGPDYWGQGTLVTVS–DVVMTQSPLSLPVTLGQPASISCRSSQSLVHNDGNTYLNWFQQRPGQSPRRLIYKVSNRDSGVPDRFSGSGSGTDFTLKISRVEAEDVGLYYCMQATHWPPYTFGQGTKLEIK

scLib3 145 QVQLQESGPGLVKPSQTLSLTCTVSGVSISNSGYYWSWIRQLPGKGLEWIGYIYDSGSTYYNPSLKSRVTISVDTSKNYFSMNLTSVTAADTAVYYCARERRSYDISGYPLHTGPDYWGQGTLVTVS–DVVMTQSPLSLPVTLGQPASISCRSSQSLVHNDGNTYLNWFQQRPGQSPRRLIYKVSNRDSGVPDRFSGSGSGTDFTLKISRVEAEDVGLYYCMQATHWPPYTFGQGTKLEIK

scLib3 97 QVQLQESGPGLVKPSQTLSLTCTVSGVSISNSGYYWSWIRQLPGKGLEWIGYIYDSGSTYYNPSLKSRVTISVDTSKNYFSMNLTSVTAADTAVYYCARERRSYDISGYPLHTGPDYWGQGTLVTVS–DVVMTQSPLSLPVTLGQPASISCRSSQSLVHNDGNTYLNWFQQRPGQSPRRLIYKVSNRDSGVPDRFSGSGSGTDFTLKISRVEAEDVGLYYCMQATHWPPYTFGQGTKLEIK

scLib4 281 QVQLQESGPGLVKPSQTLSLTCTVSGVSISNSGYYWSWIRQLPGKGLEWIGYIYDSGSTYYNPSLKSRVTISVDTSKNYFSMNLTSVTAADTAVYYCARERRSYDISGYPLHTGPDYWGQGTLVTVS–DVVMTQSPLSLPVTLGQPASISCRSSQSLVHNDGNTYLNWFQQRPGQSPRRLIYKVSNRDSGVPDRFSGSGSGTDFTLKISRVEAEDVGLYYCMQATHWPPYTFGQGTKLEIK

scLib4 285 QVQLQESGPGLVKPSQTLSLTCTVSGVSISNSGYYWSWIRQLPGKGLEWIGYIYDSGSTYYNPSLKSRVTISVDTSKNYFSMNLTSVTAADTAVYYCARERRSYDISGYPLHTGPDYWGQGTLVTVS–DVVMTQSPLSLPVTLGQPASISCRSSQSLVHNDGNTYLNWFQQRPGQSPRRLIYKVSNRDSGVPDRFSGSGSGTDFTLKISRVEAEDVGLYYCMQATHWPPYTFGQGTKLEIK

Mem B, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

ASC, IgG1

CDR1 CDR2 CDR1 CDR2



  

 
 
Supplementary Figure 4. Clonal connections across cell cycle stages and isotypes. (A) Lineage trees consisting of ASCs 
and memory B cells with annotated cell cycle stage and CD38 and CD27 cell surface expression. (B) Lineage trees 
restricted to memory B cells with annotated cell cycle stage and surface expression of CD38 and CD27. (C) Cell cycle 
stage of largest expanded clone groups. (D) Lineage trees for largest expanded clone groups. (E) Isotype of clone groups 
determined by BraCeR.  
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Supplementary Figure 5. IGHV gene usage in B-lineage cells from the cerebrospinal fluid. (A) IGHV gene family usage 
in ASCs in each patient, grouped by G1m1 carrier status. (B) IGHV4 gene family usage in ASCs for G1m1 cells coming 
from homozygous or heterozygous patients and G1m3 cells from homozygous or heterozygous patients (upper left) and 
for memory B cells (upper right). Lower panel shows IGHV1 and IGHV3 gene family usage in G1m1 and G1m3 ASCs 
and memory B cells. Each dot represents a patient; horizontal line is median for all patients in the given group. Lines 
connect G1m1 and G1m3 ASCs from the same patient. Two of the heterozygous patients had no ASCs expressing G1m3. 
The patient with SP-MS is indicated in green, while the two patients previously treated with corticosteroids are indicated 
in blue. Statistical differences were tested using paired t-test (G1m1 versus G1m3 cells from heterozygotes) and Wilcoxon 
rank-sum test for unpaired data (G1m1 cells from heterozygous patients versus G1m3 cells from homozygous) with p-
value significance levels *: p<0.05; **: p<0.01; ***: p<0.001; ns: p>0.05. 
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Supplementary Figure 6. A reanalysis of previously published bulk RNA-seq data of IGHV genes from unsorted IgG B 
cells [1, 2] according to the presence (n=7) or absence (n=5) of the G1m1 allotype determined by serotyping. The sequences 
were analyzed using the total IGHV transcript pool (A) and unique IGHV transcripts (B). The differences between the 
groups were compared using Wilcoxon rank-sum test with p-value significance levels *: p<0.05. 
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Supplementary Figure 7. Light chain constant gene usage in B-lineage cells from the cerebrospinal fluid. (A) Frequency 
of ASCs and memory B cells using κ light chain for each patient, grouped by patient allotype. Each dot represents a patient; 
cell populations from the same patients are connected by a line. The patient with SP-MS is indicated in green, while the 
two patients previously treated with corticosteroids are indicated in blue. Statistical differences between G1m1 and G1m3 
cells from heterozygotes were tested using a paired t-test. Differences between G1m1 cells from heterozygous patients and 
G1m3 cells from homozygous patients were compared by Wilcoxon rank-sum test. The indicated p-value significance 
levels are: **: p<0.01; ns>0.05. Data points based on fewer than two cells were excluded from the analysis. (B) Observed 
usage (presence or absence in at least one B-lineage cell) of specific Ig light chain constant region genes and alleles in each 
patient. Constant region reconstructed by BraCeR was compared to germline reference sequences to determine perfect, 
full-length matches to each allele. (C) Frequency of usage of specific Ig light chain constant region genes and alleles in 
each patient, stratified by allotype, isotype and cell population. 
  

IGLC7*01
IGLC3*04
IGLC3*03
IGLC2*02
IGLC1*02
IGKC1*04
IGKC1*01

M
S

1
M

S
16

M
S

2
M

S
6

M
S

7
M

S
8

M
S

10
M

S
13

M
S

14
M

S
17

M
S

19
M

S
20

M
S

21
M

S
3

M
S

4
M

S
5

M
S

9
M

S
11

M
S

12
M

S
15

M
S

18

0

25

50

75

100
% of cells

G1m1 ASCs G1m3 ASCs

CD19 B cells

IGLC7*01
IGLC3*04
IGLC3*03
IGLC2*02
IGLC1*02
IGKC1*04
IGKC1*01

M
S

1
M

S
16

M
S

2
M

S
6

M
S

7
M

S
8

M
S

10
M

S
13

M
S

14
M

S
17

M
S

19
M

S
20

M
S

21
M

S
3

M
S

4
M

S
5

M
S

9
M

S
11

M
S

12
M

S
15

M
S

18

0

25

50

75

100

IGLC7*01
IGLC3*04
IGLC3*03
IGLC2*02
IGLC1*02
IGKC1*04
IGKC1*01

M
S

1
M

S
16

M
S

2
M

S
6

M
S

7
M

S
8

M
S

10
M

S
13

M
S

14
M

S
17

M
S

19
M

S
20

M
S

21
M

S
3

M
S

4
M

S
5

M
S

9
M

S
11

M
S

12
M

S
15

M
S

18

0

25

50

75

100

IGLC7*01
IGLC3*04
IGLC3*03
IGLC2*02
IGLC1*02
IGKC1*04
IGKC1*01

M
S

1
M

S
16

M
S

2
M

S
6

M
S

7
M

S
8

M
S

10
M

S
13

M
S

14
M

S
17

M
S

19
M

S
20

M
S

21
M

S
3

M
S

4
M

S
5

M
S

9
M

S
11

M
S

12
M

S
15

M
S

18

0

20

40

60

G1m1 G1m1/G1m3     G1m3

% of cells % of cells

% of cells

G1m1 G1m1/G1m3     G1m3

G1m1 G1m1/G1m3     G1m3

G1m1 G1m1/G1m3     G1m3

Non-IgG1 ASCs

IGLC7*01
IGLC3*04
IGLC3*03
IGLC2*02
IGLC1*02
IGKC1*04
IGKC1*01

M
S1

M
S1

6
M

S2
M

S6
M

S7
M

S8
M

S1
0

M
S1

3
M

S1
4

M
S1

7
M

S1
9

M
S2

0
M

S2
1

M
S3

M
S4

M
S5

M
S9

M
S1

1
M

S1
2

M
S1

5
M

S1
8

A

**
ns ns

ns
ns

ASCs Memory

G1m1
 hom

G1m1
   het

G1m3 
  het

G1m3
 hom

0

25

50

75

100

Pe
rc

en
t I

gK
 (o

f I
gG

1 
ce

lls
)

Patient
allotype G1m1 G1m1/G1m3 G1m3

G1m1
 hom

G1m1
   het

G1m3 
  het

G1m3
 hom

Observed usage of light chain C genes

Observed Not observed

B

C

Observed with 1-2 mismatches only

G1m1 G1m1/G1m3     G1m3

Data not available

ns



  

 
 
Supplementary Figure 8. The VH:VL pairing in expanded ASCs and memory B cells. (A) Heatmap showing VH:VL gene 
segment pairing frequencies for clonally expanded G1m1 and G1m3 ASCs only. The numbers within each square 
indicate the number of clone groups using each gene combination, while the color represents frequency of total number 
of clonally expanded ASCs. (B) Heatmap showing VH:VL gene segment pairing frequencies for G1m1 and G1m3 
memory B cells. Cells belonging to a clone group are treated as one cell. 
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Supplementary Table 1. Excluded patients. 

 
F-female; M-male; RR-MS – relapsing-remitting multiple sclerosis; ND – not determined. 
Amononuclear cells count per microliter of CSF 
Bpositive (+) or negative (-) for more than 2 CSF restricted oligoclonal bands on isoelectric focusing 
Cdetermined in serum 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID Sex Age Diagnosis 
Disease 

duration 
(months) 

Rela
pses 

Months 
since 
last 

relapse 

CSF 
cell 

countA 

OCB
B 

Album
in 

ratio 

IgG 
index AllotypeC Reason for 

exclusion 

MS22 F 42 RR-MS 12 1 12 4 + 6.6 0.64 G1m3 Few sorted cells 
(8 ASCs) 

MS23 M 27 RR-MS 2 1 2 4 - 9.0 0.53 G1m1/G1
m3 

No OCBs; few 
sorted cells (2 

ASCs) 

MS24 F 38 
Clinically 
isolated 

syndrome 
168 1 168 4 - 6.6 0.58 G1m1 

No OCBs; few 
sorted cells (2 

ASCs) 



  

Supplementary Table 2. Library-specific threshold values for quality control (QC) of scRNA-seq data. 

Library Subjects Cell 
type 

Min. 
reads 

Max. 
reads 

Min. 
genes 

Max. 
genes 

% mapped 
reads 

% Ig 
reads 

% mt 
reads 

BCR Total 
cells 

QC 
pass 

scLib1 MS1 ASC 1x105 2.5x106 1000 5800 >40 >10 <8 Productive 
IgH 

29 17 
MS2 
 

B <10 93 71 
ASC >10 96 89 

MS3 ASC >10 96 84 
scLib2 MS4 B 1x105 1.2x106 1200 5100 >40 <10 <8 Productive 

IgH 
96 17 

ASC >10 192 154 
MS7 ASC 77 61 
MS9 ASC 19 16 

scLib3 MS5 B 1x105 1.8x106 1000 6100 >40 <10 <8 Productive 
IgH 

90 81 
ASC >10 167 139 

MS6 ASC 22 19 
MS8 ASC 96 79 

scLib4 MS8 B 1.5x105 1.9x106 1000 6200 >40 <10 <8 Productive 
IgH 
 

192 159 
ASC >10 192 171 

scLib5 MS11 B 1.5x105 1.1x106 1000 6000 >40 <10 <8 Productive 
IgH 

80 45 
ASC >10 192 162 

scLib6 MS10 B 1.5x105 2x106 1000 5800 >40 <10 <8 Productive 
IgH 

70 12 
ASC >10 208 161 

scLib7 MS12 ASC 1.5x105 2.7x106 1000 6000 >40 >10 <8 Productive 
IgH 

14 9 
MS13 B <10 96 47 

ASC >10 103 73 
MS14 B <10 44 22 

ASC >10 96 76 
scLib8 MS16 ASC 1.5x105 2.7x106 800 6000 >40 >10 <8 Productive 

IgH 
34 24 

MS20 ASC >10 96 86 
B <10 96 16 

scLib9 MS15 ASC 1.5x105 2.7x106 1000 6000 >40 >10 <8 Productive 
IgH 

31 27 
MS17 ASC 18 13 
MS18 ASC 8 8 
MS19 ASC 96 93 

B <10 112 74 
MS21 ASC >10 88 60 

Total           3052 2165 
 
IgH = immunoglobulin heavy chain, mt = mitochondrial. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

Supplementary Table 3. Number of analyzed cells from CSF B-cell populations.  

 B-cell subsets 

   Memory 

Subject ID 
Antibody 
secreting 

cells 
Naïve 

Non-
switched 
CD27-/dim 

Non-
switched 
CD27+ 

Switched 
CD27-/dim 

Switched 
CD27+ Unclassified 

MS1 17 - - - - - - 
MS2 89 3 3 24 3 38 - 
MS3 84 - - - - - - 
MS4 154 4 1 5 0 7 - 
MS5 139 4 2 33 1 41 - 
MS6 19 - - - - - - 
MS7 61 - - - - - - 
MS8 250 55 6 49 7 40 2 
MS9 16 - - - - - - 
MS10 161 2 - 3 1 6 - 
MS11 162 2 - 14 2 27 - 
MS12 9 - - - - - - 
MS13 73 1 2 18 2 24 - 
MS14 76 5 2 5 - 9 1 
MS15 27 - - - - - - 
MS16 24 - - - - - - 
MS17 13 - - - - - - 
MS18 8 - - - - - - 
MS19 93 8 3 17 3 43 - 
MS20 86 1 2 9 0 4  
MS21 60 - - - - - - 
Total 1621 85 21 177 19 239 3 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



  

Supplementary Table 4. Results from statistical tests performed with and without MS2, MS19 and MS20. 

Figure Subpanel Populations p-value all 
patients 

p-value 
without 
MS2, MS19 
and MS20 

Statistical test 

2A 
 

Naive vs CD27+ mem 0.000011 0.00058 Unpaired wilcoxon 
2A 

 
Naive vs CD27- mem 0.71 0.41 Unpaired wilcoxon 

2A 
 

CD27+ mem vs CD27- mem 0.000011 0.00058 Unpaired wilcoxon 
2A 

 
Sw vs un-sw CD27+ 0.13 0.039 Paired t-test 

2A 
 

Sw CD27+ vs sw CD27- 0.0000012 0.000028 Paired t-test 
2A 

 
Sw CD27+ vs un-sw CD27- 0.0000042 0.00011 Paired t-test 

2A 
 

Sw CD27- vs un-sw CD27- 0.43 0.78 Paired t-test 
2F ASCs IgM vs IgG1 1.1E-14 3.7E-13 Paired t-test 
2F ASCs IgG1 vs IgG2 9.6E-10 5.6E-09 Paired t-test 
2F ASCs IgA1 vs IgA2 0.077 0.13 Paired t-test 
2F Memory IgM vs IgG1 0.39 0.67 Paired t-test 
2F Memory IgG1 vs IgG2 0.0037 0.014 Paired t-test 
2F Memory IgA1 vs IgA2 0.10 0.40 Paired t-test 
2H Top CD27- mem vs CD27+ mem 0.0000088 0.0011 Unpaired wilcoxon 
2H Top CD27+ mem vs ASCs 0.0000068 0.00000030 Unpaired wilcoxon 
2H Top CD27- mem vs ASCs 2.4E-12 0.000000037 Unpaired wilcoxon 
2H Bottom CD27- mem vs CD27+ mem 0.0078 0.062 Paired wilcoxon 
2H Bottom CD27+ mem vs ASCs 0.084 0.22 Paired wilcoxon 
2H Bottom CD27- mem vs ASCs 0.016 0.13 Paired wilcoxon 
2I ASCs IgM vs IgG1 0.11 0.021 Unpaired wilcoxon 
2I ASCs IgG1 vs IgG2 0.24 0.23 Unpaired wilcoxon 
2I ASCs IgG1 vs IgA1 1 0.54 Unpaired wilcoxon 
2I CD27+ IgM vs IgG1 0.00058 0.0087 Unpaired wilcoxon 
2I CD27+ IgG1 vs IgG2 0.75 0.76 Unpaired wilcoxon 
2I CD27+ IgG1 vs IgA1 0.75 0.35 Unpaired wilcoxon 
2I CD27+ IgA1 vs IgA2 0.91 0.53 Unpaired wilcoxon 
2I CD27- IgM vs IgG1 0.14 0.20 Unpaired wilcoxon 
2J ASCs IgM vs IgG1 9.0E-07 1.2E-07 Unpaired wilcoxon 
2J ASCs IgG1 vs IgG2 0.0046 0.11 Unpaired wilcoxon 
2J ASCs IgG1 vs IgA1 0.031 0.0012 Unpaired wilcoxon 
2J CD27+ IgM vs IgG1 4.6E-16 9.4E-14 Unpaired wilcoxon 
2J CD27+ IgG1 vs IgG2 0.69 0.91 Unpaired wilcoxon 
2J CD27+ IgG1 vs IgA1 0.86 0.49 Unpaired wilcoxon 
2J CD27+ IgA1 vs IgA2 0.99 0.68 Unpaired wilcoxon 
4A 

 
Mem B 0.11 0.25 One-sided binomial 

4A 
 

ASCs 0.00050 0.0040 One-sided binomial 
4A 

 
Mem B vs ASCs 0.011 0.0093 Paired t-test 

5A 
 

G1m1 vs G1m3 0.00021 0.00016 Unpaired wilcoxon 
5B 

 
G1m1 vs G1m3 0.00054 0.00042 Unpaired wilcoxon 

S1C 
 

G1m1/het vs G1m3 0.35 0.45 Unpaired t-test 
S1E 

 
G1m1/G1m3 vs G1m3 0.072 0.18 Unpaired t-test 

S1F 
 

G1m1/G1m3 vs G1m3 0.52 0.85 Unpaired t-test 
S1G 

 
G1m1/G1m3 vs G1m3 0.36 0.52 Unpaired t-test 

S5B Upper left G1m1 het vs G1m3 het 0.038 0.0028 Paired t-test 
S5B Upper left G1m3 het vs G1m3 hom 0.081 0.017 Unpaired wilcoxon 
S5B Upper left G1m1 het vs G1m3 hom 0.00032 0.0019 Unpaired wilcoxon 
S5B Upper right G1m1 vs G1m3 0.53 0.67 Unpaired wilcoxon 
S5B Lower left ASCs (G1m1 vs G1m3) 0.0093 0.0062 Unpaired wilcoxon 
S5B Lower left Memory (G1m1 vs G1m3) 0.53 0.67 Unpaired wilcoxon 
S5B Lower right ASCs (G1m1 vs G1m3) 0.022 0.036 Unpaired wilcoxon 
S5B Lower right Memory (G1m1 vs G1m3) 1 1 Unpaired wilcoxon 
S7A ASCs G1m1 het vs G1m3 het 0.20 0.077 Paired t-test 
S7A ASCs G1m3 het vs G1m3 hom 0.18 0.46 Unpaired wilcoxon 
S7A ASCs G1m1 het vs G1m3 hom 0.0032 0.0027 Unpaired wilcoxon 
S7A Memory G1m1 het vs G1m3 het 0.60 0.60 Paired t-test 
S7A Memory G1m3 het vs G1m3 hom 0.5 1 Unpaired wilcoxon 
S7A Memory G1m1 het vs G1m3 hom 0.46 1 Unpaired wilcoxon 



  

Supplementary Table 5. Clonal expansion of antibody-secreting cells 

   Lineage tracing 

Patient 
ID 

% clonal 
cells 

Size of 
clonotypes 

Expanded 
clonotypes 

Lineage 
trees 

Unique 
sequences 

per tree 

Clonot
ype 
size 

SHM 
(range) 

within tree 

Isotype 

MS1 58.8 5 2 0 - - - - 
MS2 42.5 2-7 12 1 2 5 44-50 IgG1 

MS3 75.0 2-11 14 5 

3 9 35-49 IgG1 
2 3 27-31 IgG1 
3 5 23-25 IgG1 
2 11 47-50 IgG2 
2 4 19-22 IgG1 

MS4 83.1 2-15 23 3 
3 6 14-17 IgG1 
2 2 23-26 IgG1 
2 13 31-35 IgG1 

MS5 59.7 2-16 20 7 

4 16 44-51 IgG1 
3 5 12-22 IgM 
3 3 47-58 IgG1 
4 4 24-37 IgG1 
3 6 56-59 IgG1 
2 2 39-41 IgG1 
4 6 42-46 IgG3 

MS6 68.4 2-7 4 2 2 2 50-53 IgG1 
2 2 36-41 IgG2 

MS7 65.6 2-12 10 4 

2 2 32-33 IgG1 
2 3 68-75 IgG1 
3 5 29-33 IgG1 
2 5 36-40 IgG1 

MS8 61.6 2-6 61 28 

2 2 32-34 IgG1 
2 2 21-32 IgG1 
2 2 25-45 IgG1 
2 3 22-23 IgG1 
2 2 31-32 IgG1 
3 4 4-15 IgG1 
2 1 27-34 IgG1 
2 2 26-31 IgG1 
2 2 29-30 IgG1 
2 2 23-24 IgG1 
2 2 18 IgG1 
2 3 20-24 IgG1 
2 2 17-18 IgG1 
2 2 24-27 IgG1 
2 2 29-32 IgG1 
2 2 36-37 IgG1 
2 2 18-22 IgG1,IgM 
3 3 34-41 IgG1 
2 2 26-28 IgG1 
2 2 27-28 IgG1 
2 2 15-21 IgG1 
2 2 39-42 IgG1 
2 2 14-20 IgG1 
2 3 28-29 IgG1 
2 2 11-19 IgG1 
2 4 22-27 IgG1 
2 2 16-20 IgG1 
2 2 19 IgG1 

MS9 75.0 2 6 2 2 2 52 IgA1 



  

2 2 21-29 IgG1 

MS10 78.3 2-37 26 16 

8 37 20-67 IgG1 
3 4 19-28 IgG1 
3 4 26-38 IgG1 
2 2 33-65 IgA1 
5 5 15-21 IgG1 
2 2 20-27 IgG1 
2 2 74-94 IgA1 
5 8 33-39 IgG1 
2 2 14-15 IgG1 
3 3 19-21 IgG1 
2 2 23-28 IgG1 
2 8 26-29 IgG1 
2 10 33-34 IgG1 
2 3 19-21 IgG1 
2 2 26-31 IgG1 
2 2 40-46 IgG1 

MS11 74.1 2-17 31 11 

2 2 28-32 IgG1 
4 16 32-79 IgG1 
2 4 38-45 IgG1 
2 2 46-49 IgG1 
2 2 27-28 IgG1 
2 2 32 IgG1 
2 3 22-32 IgG1 
2 3 22-27 IgG1 
2 17 35-39 IgG1 
2 2 59-60 IgA1 
2 2 18-19 IgG1 

MS12 77.8 7 1 0 - - - - 

MS13 39.7 2-5 11 3 
2 5 11-27 IgG1 
2 4 23-24 IgG1 
2 3 42-46 IgG1 

MS14 56.6 2-12 13 3 
2 2 36-44 IgG1 
2 2 41-51 IgG1 
2 12 19-24 IgG2 

MS15 55.6 4-7 3 2 2 4 30-31 IgG1 
4 7 25-30 IgG1 

MS16 50.0 2-4 5 0 - - - - 
MS17 53.8 2-3 3 1 2 2 18 IgG1 
MS18 50.0 2 2 0 - - - - 

MS19 71.0 2-25 12 5 

2 5 21-25 IgG1 
2 25 29-33 IgG1 
3 4 39-48 IgG1 
2 6 29-32 IgG1 
2 4 33 IgG1 

MS20 82.6 2-41 9 3 
6 41 27-45 IgG1,IgG2 
3 6 16-19 IgA1,IgM 
2 4 27-33 IgG1 

MS21 46.7 2-19 5 2 2 2 31-35 IgG1 
2 19 27-30 IgG1 

 
Percent clonal cells refers to the ASCs population. Number of cells detected in the smallest and largest expanded clone 
groups are specified as size of clonotypes. Lineage trees were created for clones comprising cells with different mutation 
patterns. SHM was calculated as number of mutations in heavy and light chain compared to inferred IMGT germline 
sequences. 
 
 
 
 



  

Supplementary Table 6. Number of analyzed G1m1 and G1m3 cells for each patient.  

 Antibody-secreting 
cells Memory B cells Patient allotype 

Subject 
ID G1m1 G1m3 G1m1 G1m3  

MS1 17 0 - - G1m1 
MS2 69 13 14 2 G1m1/G1m3 
MS3 0 60 - - G1m3 
MS4 0 137 0 4 G1m3 
MS5 0 106 0 17 G1m3 
MS6 6 3 - - G1m1/G1m3 
MS7 53 5 - - G1m1/G1m3 
MS8 225 5 16 8 G1m1/G1m3 
MS9 0 11 - - G1m3 
MS10 145 0 2 1 G1m1/G1m3 
MS11 0 140 0 21 G1m3 
MS12 0 9 - - G1m3 
MS13 70 0 9 7 G1m1/G1m3 
MS14 34 9 1 5 G1m1/G1m3 
MS15 0 23 - - G1m3 
MS16 24 0 - - G1m1 
MS17 11 0 - - G1m1/G1m3 
MS18 0 8 - - G1m3 
MS19 92 0 9 7 G1m1/G1m3 
MS20 38 5 0 1 G1m1/G1m3 
MS21 58 0 - - G1m1/G1m3 
Total 842 534 51 73  
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The phenotypes of B lineage cells that produce oligoclonal IgG in multiple

sclerosis have not been unequivocally determined. Here, we utilized single-

cell RNA-seq data of intrathecal B lineage cells in combination with mass

spectrometry of intrathecally synthesized IgG to identify its cellular source. We

found that the intrathecally produced IgG matched a larger fraction of clonally

expanded antibody-secreting cells compared to singletons. The IgG was traced

back to two clonally related clusters of antibody-secreting cells, one comprising

highly proliferating cells, and the other consisting of more differentiated cells

expressing genes associated with immunoglobulin synthesis. These findings

suggest some degree of heterogeneity among cells that produce oligoclonal IgG

in multiple sclerosis.

KEYWORDS

multiple sclerosis, B cells, plasmablasts, oligoclonal bands (OCB), IgG, cerebrospinal fluid

1. Introduction

Multiple sclerosis (MS) is characterized by a persistent synthesis of IgG within the central
nervous system (CNS). Accordingly, deposition of IgG and complement activation products
are generally found in all active demyelinating lesions (Breij et al., 2008). In the cerebrospinal
fluid (CSF), this locally produced IgG can be detected in more than 90% of the patients as
oligoclonal IgG bands (Stangel et al., 2013), which is a diagnostic criterion for the disease
(Thompson et al., 2018).

Although the role of oligoclonal IgG in MS is a subject of debate, increasing evidence
supports the idea that it may contribute to the disease pathogenesis. Accordingly, the
presence of oligoclonal IgG has been linked to higher levels of disease activity and disability,
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the conversion from a clinically isolated syndrome to definite MS,
greater brain atrophy, and increased disease activity (Caroscio
et al., 1986; Avasarala et al., 2001; Joseph et al., 2009; Ferreira
et al., 2014; Heussinger et al., 2015; Farina et al., 2017; Seraji-
Bozorgzad et al., 2017). Furthermore, a subset of recombinant
antibodies constructed from clonally expanded antibody-secreting
cells (ASCs) in MS CSF can cause complement-dependent
cytotoxicity and demyelination in spinal cord explants and
organotypic cerebellar slices (Blauth et al., 2015; Liu et al., 2017).
Studies investigating the specificity of intrathecal ASCs have,
however, revealed inconsistent results. Some studies have suggested
reactivity against myelin-associated antigens (O’Connor et al.,
2005; Kanter et al., 2006) and Epstein-Barr virus (Cepok et al., 2005;
Lanz et al., 2022), but these findings are not consistent with those of
independent studies (Owens et al., 2009; Sargsyan et al., 2010; Otto
et al., 2011). Furthermore, one study suggested that some CSF IgG
might be directed against intracellular autoantigens released during
tissue destruction (Brändle et al., 2016).

The phenotypes of the B lineage cells that constitute the
source of the oligoclonal IgG have not been settled, and to what
extent these cells are susceptible to current immunomodulating
strategies is controversial. Although a proportion of patients
have been reported to lose detectable oligoclonal IgG after
treatment with cladribine and natalizumab, most patients do
seem to have a perpetuating intrathecal IgG synthesis despite
highly effective immunomodulatory treatment (Cross et al.,
2006; Harrer et al., 2013; Rejdak et al., 2019). This could
indicate that the intrathecal IgG in these patients is synthesized
by more differentiated long-lived ASCs within CNS survival
niches (Eggers et al., 2017). Along the same line, it has been
suggested that the development of secondary progressive disease
in actively treated patients could be caused by therapy-resistant
B lineage cells within such niches and that the presence of
oligoclonal IgG might represent a useful endpoint for clinical trials
(von Büdingen et al., 2017).

We previously used single-cell full-length RNA-seq and B-cell
receptor reconstruction to analyze intrathecal B cells in MS
(Lindeman et al., 2022). Here, we revisit the phenotype of the
IgG-producing ASCs. To this end, we reanalyze the single-cell
RNA-seq data from ten MS patients and combine this with mass
spectrometry of intrathecally produced IgG.

2. Method

2.1. Patient inclusion and sample
collection

The ten patients included in the study (Table 1) are part of
a previously published cohort recruited at the Departments of
Neurology at Akershus University Hospital and Oslo University
Hospital, and details of sample acquisition and preparation
are provided elsewhere (Lindeman et al., 2022). From this
cohort, we chose patients who had a higher number of sorted
and processed cells. MS9 and MS10 had previously been
treated for 3 days with methylprednisolone; none of the other
patients had received any type of immunomodulatory treatment
at inclusion.

2.2. Sample preparation and mass
spectrometry

From each patient, we purified IgG from 1 ml of CSF and an
equivalent amount of IgG from serum using Protein G Dynabeads
(Thermo Fisher Scientific, Waltham, MA, USA). After elution in
20 mM hydrogen chloride, the buffer was exchanged to 50 mM
ammonium bicarbonate. After reduction and alkylation (Høglund
et al., 2019), 10 µg IgG in 12.5 µl buffer from each sample was
transferred to new microcentrifuge tubes and 40 ng of trypsin
(Promega, Madison, WI, USA) was added. After 45 min at
57◦C in an orbital shaker, another 100 ng of trypsin was added,
and the samples were further incubated for 90 min. The liquid
chromatography mass-spectrometry analyses were performed in
duplicates on a Q Exactive Orbitrap mass spectrometer equipped
with an Easy nLC-1000 system (all from Thermo Fisher Scientific,
Waltham, MA, USA) as previously described (Høglund et al., 2019).

2.3. Single-cell RNA-sequencing and
processing of raw sequence data

The generation of the single-cell RNA-sequencing data set
has been described before (Lindeman et al., 2022). In brief, we
performed flow cytometry index sorting of CSF B lineage cells
into 96-well plates (Bio-Rad, Hercules, CA, USA). Sequencing
libraries were generated using an in-house modified Smart-Seq2
protocol and sequenced on an Illumina NextSeq500 platform
(Picelli et al., 2014). After demultiplexing, the sequences were
trimmed and filtered, and gene expression was quantified with
Salmon version 0.11.3 (Patro et al., 2017). Quality control was
done in R (R Core Team, 2022)/RStudio (Posit Team, 2022)
with the scater package (McCarthy et al., 2017). BraCeR was
used to reconstruct the full-length paired heavy- and light-
immunoglobulin chains for each cell (Lindeman et al., 2018). Once
the paired immunoglobulin sequences have been assigned to each
cell, BraCeR groups productive immunoglobulin sequences for
each locus in the cell population into clonal clusters using the
“bygroup” subcommand of the Change-O toolkit’s “DefineClones”
function (Gupta et al., 2015). Clonal grouping is based on the
identification of common V- and J-gene sets among the sequences,
equivalent CDR3 length, and CDR3 nucleotide distances < 0.2 as
calculated using a human 5-mer targeting model (Yaari et al., 2013).

2.4. Analysis of mass spectrometry data

Mass spectrometry data was processed using MaxQuant v.
2.1.4.0 with the Andromeda search engine (Cox et al., 2014).
Parameters of the search included label-free quantification and
iBAQ values. The protein false discovery rate remained at 0.01, and
methionine oxidation and acetylation of N-terminal amino acids
were set as variable modifications. While running, multiplicates
of the same sample match between runs feature was used, with
minimum unique peptides set to 1. The library of sequences
was constructed separately for each patient based on the amino
acid translations of single cell RNA-seq full-length recombined
V region of heavy- and light-chain immunoglobulin transcripts
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with an extension of 24 nucleotides into the constant region. The
MaxQuant output was filtered for intrathecally produced IgG based
on heavy/light-chain pairs with iBAQCSF-iBAQserum > 50 k and
iBAQCSF/iBAQserum > 1.2, and single heavy chains meeting the
same criteria with an additional requirement of at least three unique
peptides identified.

2.5. Gene expression analyses and
statistics

As outlined in our previous publication (Lindeman et al., 2022),
we excluded immunoglobulin genes from the gene expression
analysis prior to normalization. To minimize patient-to-patient
variability and eliminate batch effects, we regressed out the number
of detected genes and reads, percentage of mitochondrial genes, and
patient-specific variation, while preserving the variability attributed
to cell type. The gene expression analyses were performed in
scanpy v.1.9.1 (Wolf et al., 2018), with the aid of scikit-learn v.1.0.2
for scaling the expression matrix (Pedregosa et al., 2011). For
visualization, we used UMAP for dimension reduction (McInnes
et al., 2018). The pathway enrichment analyses were performed
in R/Rstudio using gprofiler2 v.0.2.1 (Kolberg et al., 2020), and
visualized in Cytoscape v.3.9.1 (Shannon et al., 2003) using
EnrichmentMap v.3.3 (Merico et al., 2010), ClusterMaker2 v.2.3.4
(Morris et al., 2011), and AutoAnnotate v.1.4 (Kucera et al.,
2016). Additional figures were made in R/Rstudio with ggplot2 v.2
(Wickham, 2016), ggbreak v.0.1.1 (Xu et al., 2021), and ggpubr v.0.5
(Kassambara, 2023). We used two-sided non-parametric statistical
tests with a significance level of 0.05.

3. Result

We analyzed IgG from CSF and serum from ten treatment-
naive MS patients (Table 1) using mass spectrometry and combined
this with single-cell RNA-seq data of sorted B lineage cells from
the CSF (Lindeman et al., 2022). To determine the intrathecally
synthesized IgG fraction and its cellular source, we performed

label-free quantification of IgG in normalized CSF and serum
samples matched to paired immunoglobulin heavy- and light-
chain transcripts (Cox et al., 2014). We found that a median of
13.5% (range 3.6–32%) of all CSF B lineage cells (collapsed on
a clonal level) matched intrathecally produced IgG. Reassuringly,
we found that almost all these matches were found among ASCs
(Figure 1A), whereas the number of hits were low among memory
B cells and negligible in the naive B cell pool. The hits within the
memory B cell population may be explained by the high degree
of clonal relatedness between this population and the ASCs, as
we have previously shown (Lindeman et al., 2022). The single-cell
analysis data of B lineage cells allowed us to identify clonally
expanded populations. A clonally expanded B lineage cell is here
defined as a cell that has at least one other B lineage cell from
the same patient with identical or related immunoglobulin heavy-
chain sequences and identical or related light-chain sequences.
The criteria for clonal grouping are outlined in the materials and
methods. A singleton, on the other hand, is a cell that is not related
in this way to any other sorted B lineage cell. Intrathecally produced
IgG matched such clonally expanded populations more frequently
than singletons (Figure 1B). Taken together, these results show that
a proportion of clonally expanded ASCs sampled from the CSF
faithfully represent ASCs that are producing oligoclonal IgG.

The ASCs in the RNA-seq dataset are defined based on
high surface expression of CD27 and CD38, and a proportion
of immunoglobulin reads above 10% of the total transcriptome
(Lindeman et al., 2022). We visualized the transcriptomes of
the ASCs from the ten patients using UMAP and identified
two distinct clusters (Figure 2A; Supplementary Figure 1).
We identified the most differentially expressed genes between
the clusters (Figure 2B) and performed a gene ontology (GO)
enrichment analysis (Figure 2C). Whereas ASCs in the first cluster
upregulated pathways involved in mitotic division and cytoskeleton
organization, the ASCs in the other cluster upregulated pathways
concerned with immunoglobulin synthesis and protein production
(Figure 2C). Accordingly, the proliferation-associated gene MKI67
was expressed by most cells in cluster 1, but to a much lesser
extent in cluster 2 (Figure 2D). Further, the proportion of
immunoglobulin transcripts per cell was larger in cluster 2

TABLE 1 Patient characteristics.

ID Sex Age Diagnosis CSF cell counta OCBb Albumin ratio IgG index

MS1 M 36 SP-MS 36 + 12 1.7

MS2 F 26 RR-MS 4 + 3.8 1.1

MS3 M 20 RR-MS 19 + 6.2 0.81

MS4 F 46 RR-MS 19 + 3.1 0.72

MS5 F 31 RR-MS 33 + 3.2 2.1

MS6 M 52 RR-MS 6 + 5.0 1.1

MS7 F 44 RR-MS 18 + 6.4 1.1

MS8 M 21 RR-MS 21 + 6.4 0.95

MS9 F 48 RR-MS 17 + 4.3 1.3

MS10 M 35 RR-MS 5 + 3.3 0.75

aNumber of mononuclear cells per microliter of CSF.
bMore than two CSF-restricted oligoclonal bands on isoelectric focusing.
M, male; F, female; SP-MS, secondary progressive multiple sclerosis; RR-MS, relapsing-remitting multiple sclerosis.
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FIGURE 1

Intrathecally produced IgG matches clonally expanded
antibody-secreting cells (ASCs) from the cerebrospinal fluid of MS
patients. (A) The fraction of matches to intrathecal IgG for ASCs
(642 cells), memory B cells (150 cells) and naive B cells (84 cells)
was calculated for each patient, and each symbol indicates a
patient. Clonally related cells were collapsed and treated as a single
unit. Naïve and memory B cell populations were present in 9/10
patients. The outlier marked in red represents MS10, in whom we
only analyzed a single sorted naïve B cell that also matched
intrathecally produced IgG (excluded from statistical analysis). The
horizontal lines depict the median values. Two-tailed Wilcoxon
signed-rank test, **p < 0.01. (B) The proportion of clonally
expanded ASCs vs. singletons matching intrathecally produced IgG.
Each symbol indicates a patient (n = 10). Clonally related cells were
collapsed and treated as a single unit. Two-tailed Wilcoxon
signed-rank test, *p = 0.0371.

(Figure 2D), in which the cells also expressed somewhat higher
levels of some plasma cell/plasmablast-related genes, including
XBP1 and CD27 (Figure 2E). We observed strong clonal
relatedness between the two clusters (Figure 2F; Supplementary

Figure 2), which indicates a common origin and/or that they are in
different stages of a maturation pathway. Oligoclonal IgG matched
a comparable proportion of ASCs in each cluster (Figure 2G),
and the majority of the IgG matched to ASCs that were clonally
expanded across the clusters (Figure 2G, lower Venn diagram).
Taken together, these data provide evidence of transcriptional
heterogeneity of clonally related ASCs producing oligoclonal IgG
in MS.

4. Discussion

In the present study, we used single-cell RNA-seq data and
combined it with mass spectrometry to trace the oligoclonal IgG-
producing cells. The results show that oligoclonal IgG matches with
the transcriptome of both heavily proliferating ASCs and more
differentiated ASCs that are mainly occupied with immunoglobulin
production. The clonal relatedness between these populations with
slightly different transcriptional profiles indicates a shared ancestry
and/or that they are part of a developmental progression from
newly generated plasmablasts to more differentiated phenotypes.

In a previous study, it was demonstrated that intrathecally
produced IgG match B cell transcripts from the CSF, suggesting
that oligoclonal IgG is secreted by ASCs that are present in the
CSF (Obermeier et al., 2008). Nonetheless, several observations
indicate that only a proportion of intrathecal ASCs are involved in
the production of the main fractions of oligoclonal IgG. First, as
demonstrated previously by us and others (Colombo et al., 2003;
Greenfield et al., 2019; Tomescu-Baciu et al., 2019), there is a
limited clonal overlap in CSF cell samples collected at different
time points whereas the pattern of oligoclonal IgG is remarkably
stable over time (Walsh and Tourtellotte, 1986; Axelsson et al.,
2013; Tomescu-Baciu et al., 2019). This underscores that a finite
sample of CSF cells only represents a small proportion of all
ASCs in the CNS, and that any random sample will miss relevant
oligoclonal IgG-secreting cells and include irrelevant B cell clones.
Second, it is well-known that patients with MS have an intrathecal
synthesis of IgG against disease-irrelevant pathogens, including
measles, rubella and varicella zoster virus, which are not part of
the major fractions of oligoclonal IgG (Vartdal et al., 1980; Feki
et al., 2018). Therefore, pinpointing the disease-relevant ASCs that
are responsible for the production of oligoclonal IgG might be key
to dissect the mechanisms driving the intrathecal B cell response
in MS.

Our study has several limitations. In order to accurately match
oligoclonal IgG to specific subpopulations of B cells and perform
a precise characterization and comparison of them, we selected
patients from our previously published cohort who had a higher
number of sorted and processed B lineage cells. Although this
approach provided us with a larger amount of data for analysis, it is
important to acknowledge that it might have introduced a selection
bias, as it may have preferentially included patients with higher
CSF cell numbers and potentially greater disease activity. Therefore,
our findings may not be applicable to patients with less active
disease. Furthermore, although we observed a lower expression of
the proliferation marker MKI67 in cluster 2, we cannot definitively
determine whether these cells are more differentiated plasma cells
or if they represent plasmablasts in the G1 phase of the cell cycle –
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FIGURE 2

Antibody-secreting cells (ASCs) in the cerebrospinal fluid of MS patients cluster in two distinct yet clonally related groups, and intrathecally
produced IgG matches cells from both groups. (A) UMAP projection and unsupervised clustering of intrathecal ASCs [n = 10 patients (1,283 cells)].
(B) Highly differentially expressed genes in each cluster compared to the other cluster. The genes are ranked according to the Mann–Whitney U test.
(C) Enrichment map depicting Gene Ontology (GO) pathway enrichment analysis of highly differentially expressed genes in each cluster. Each node
represents a GO biological process term. Related terms are clustered and labeled using the AutoAnnotate Cytoscape application following published
protocols (Reimand et al., 2019). The lines (edges) between the nodes signify that genes are shared between the GO terms. (D) The expression of
MKI67 and the proportion of immunoglobulin (Ig) transcripts superimposed on the UMAP projection of ASCs. (E) Violin plots showing the expression
of genes of particular interest for ASCs in the two clusters. The genes in each cluster were compared in Scanpy using Wilcoxon rank-sum test, and
the given p-values are adjusted for multiple testing using Bonferroni correction. ns: not significant. (F) Venn diagrams depicting the clonal overlap
between ASCs in the two UMAP clusters. Given are the numbers of collapsed clonotypes and the number of singletons in brackets. The Venn
diagrams are scaled according to the sum of collapsed clonotypes and singletons. Clonal relatedness was based on the identification of common
V-and J-gene sets among the sequences, equivalent CDR3 length, and CDR3 nucleotide distances < 0.2 as calculated using a human 5-mer
targeting model (Yaari et al., 2013). (G) UMAP projection of ASCs colored according to matches with intrathecally produced IgG. The pie charts show
the proportion of ASCs matching intrathecally produced IgG in each UMAP cluster, and the Venn diagram shows the clonal overlap of these
IgG-matching ASCs in each cluster (clonotypes collapsed and singletons in brackets).

transiently downregulating MKI67. Finally, the selected patients
had different ages, and one of them had developed secondary
progressive disease, indicating a longer disease duration. This
heterogeneity may have introduced variability in our study.

Matching mass spectrometry data of IgG to immunoglobulin
transcripts can be challenging due to the high degree of sequence
homology between the transcripts (Snapkov et al., 2022). Here, we
addressed this issue by setting strict criteria for what is considered a
hit, requiring peptide hits for both the heavy and light chains of
a given IgG molecule, or at least three hits for the heavy chain.
However, these strict criteria may lead to a loss of sensitivity, and
therefore our study might underestimate the true overlap between
the immunoglobulin proteome and transcriptome in the CSF of
MS patients. Another potential source of bias in our study is the
intrathecal fraction of IgG that originates from serum, as less than

50% of intrathecal IgG in MS represents intrathecally produced
oligoclonal IgG (Reiber et al., 1998). To account for this, we utilized
label-free quantification of heavy and light chains in serum and CSF,
measured by MaxQuant’s intensity-based absolute quantification
(iBAQ) values, a measure of protein abundance (Schwanhäusser
et al., 2011). Of note, all included mass spectrometry hits had
an estimated abundance in the CSF of at least twice that in
serum.

In conclusion, our study sheds light on the cellular origins
of oligoclonal IgG in MS by combining single-cell RNA-
seq data with mass spectrometry. Our findings suggest that
oligoclonal IgG is produced by both heavily proliferating
ASCs and more differentiated ASCs mainly focused on
immunoglobulin production, which likely share a common
ancestry or developmental progression. Overall, our study
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contributes to understanding the intrathecal B cell response in
MS and highlights the need for further investigation to pinpoint
the disease-relevant ASCs responsible for the production of
oligoclonal IgG.
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Supplementary Figure 1. UMAP projections of 1283 intrathecal antibody-secreting cells as in 
Figure 2A, D, and G according to individual patients. 
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Supplementary Figure 2. Clonal connections across UMAP cluster 1 and 2 as shown in Figure 2A. 
Representative lineage trees of antibody-secreting cells with clonal members in both UMAP clusters 

with inferred germinal sequences at the root are shown. The size of the nodes and the number(s) 
inside the nodes reflects the number of cells with a unique B cell receptor sequence. The number of 

mutations between the nodes are shown next to each branch. 
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A B S T R A C T

Background: B cells may contribute to the immunopathogenesis of multiple sclerosis (MS). Dimethyl fumarate
(DMF) has recently been shown to reduce the frequency of memory B cells in blood, but it is not known whether
the drug influences the cellular composition in the cerebrospinal fluid (CSF).
Methods: A cross-sectional study examining the cellular composition in blood and cerebrospinal fluid (CSF) from
10 patients treated with DMF and 18 patients receiving other disease modifying drugs or no treatment.
Results: Patients treated with DMF had reduced proportions of memory B cells in blood compared to other MS
patients (p= 0.0007), and the reduction correlated with treatment duration (rs=−0.75, p= 0.021). In the
CSF, the absolute number of mononuclear cells were significantly lower in DMF-treated patients compared to the
other patients (p=0.023), and there was a disproportionate decrease of plasmablasts (p= 0.031).
Conclusion: The results of this exploratory study support a B-cell mediated mechanism of action for DMF in both
blood and CSF.

1. Introduction

B cells have an important role in multiple sclerosis (MS), as is evi-
dent from several successful clinical trials of B-cell depletion (Hauser
et al., 2017; Kappos et al., 2011; Bar-Or et al., 2008). Several potential
mechanisms have been proposed, including antigen presentation, cy-
tokine secretion, and antibody production (Lehmann-Horn et al., 2017).
In MS, the proportion of immunoglobulin class-switched CD27+ B cells
is increased in the cerebrospinal fluid (CSF) compared to the peripheral
blood (Eggers et al., 2017), and in particular the frequency of plasma-
blasts expressing CD38 and CD138 have been shown to be elevated
(Cepok et al., 2005; Kowarik et al., 2014). Studies have demonstrated
that immunoglobulin class-switched B cells in the CSF are related to B
cells in the brain parenchyma (Obermeier et al., 2011), cervical lymph
nodes (Stern et al., 2014), and peripheral blood (von Budingen et al.,
2012; Johansen et al., 2015), indicating a dynamic exchange between
these compartments.

Dimethyl fumarate (DMF) is an oral disease-modifying treatment
(DMT) approved for treating relapsing-remitting MS (RRMS). The me-
chanism of action is not fully clarified (Deeks, 2016), but includes a

reduction of peripheral blood CD19+CD27+ memory B cells (Smith
et al., 2017; Longbrake et al., 2017; Li et al., 2017; Lundy et al., 2016).
Upon intake, DMF is rapidly metabolized to monomethyl fumarate
(MMF), which crosses the blood-brain barrier in animal models and in
humans, however only at 15% of plasma concentration (Edwards et al.,
2016; Penner et al., 2016).

The penetration of MMF into the CSF, and the exchange of B cells
between the periphery, CSF and the central nervous system (CNS),
suggest the possibility that DMF may exert a direct or indirect effect on
intrathecal B cells. To address this, we examined blood and CSF B-cell
subsets from MS patients treated with DMF and patients receiving other
or no immunomodulatory treatment. We found that while DMF treat-
ment is associated with a decrease of CD19+CD27+ memory B cells in
the periphery, it is associated with a significant reduction of
CD19+CD27+CD38+ plasmablasts in CSF.
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2. Materials and methods

2.1. Patients

MS patients (n=28) were recruited at the Departments of
Neurology at Akershus University Hospital and Oslo University
Hospital; other data based on the same cohort have been previously
published (Lossius et al., 2017). All patients met the 2010 McDonalds
criteria for MS (Polman et al., 2011); 1 patient was classified as sec-
ondary progressive MS and the remaining as RRMS. All patients had
intrathecal synthesis of immunoglobulin G (IgG) at the time of diag-
nosis, detected as oligoclonal IgG bands by isoelectric focusing. Lumbar
puncture was performed either as a part or outside of diagnostic in-
vestigations, reflected by the variation in disease duration (Table 1).
The study was approved by the Regional Ethical Committee South East
(2009/23 S-04143a). All patients gave written informed consent before
inclusion.

2.2. Cell subset analysis

For each individual included in this study, blood, serum and CSF
samples were collected once, during the same consultation. Blood and
CSF mononuclear cells were isolated as described previously, counted
using a Neubauer improved hemocytometer, and immediately pro-
cessed for flow cytometry, which was performed within two hours after
sample collection (Johansen et al., 2015; Lossius et al., 2017). For B-cell
subset identification we used fluorochrome-conjugated antibodies as
described (Lossius et al., 2017), including anti-human CD19, CD27,
CD38, CD138, IgG, Ki-67, and HLA-DR, and additionally CD3 and CD14
for dump-channel purposes (BD Biosciences). Paired cell samples from
CSF and blood were stained for surface antigens, and after fixation and
permeabilization following the manufacturer's instructions (Fixation/
Permeabilization Solution Kit, BD Biosciences), the cells were stained
for Ki-67. The flow cytometry dataset was reanalyzed for the present
study using FlowJo Version 10.2 (FlowJo, LLC). Of note, flow cyto-
metry data from one DMF-treated and one untreated patient were ex-
cluded due to technical reasons.

2.3. Quantification of IgG and albumin

For each patient, blood and CSF were collected simultaneously.

After centrifugation and removal of cells for immediate flow cytometry
analysis, the serum and CSF supernatants were frozen at −80 °C. The
supernatants were thawed and analyzed as a single batch within 36
months after the collection and freezing of the first patient sample. The
collection and freezing procedures followed the published consensus
protocol for the standardization of cerebrospinal fluid collection and
biobanking (Teunissen et al., 2009). IgG and albumin in CSF were
quantified by nephelometry (BN ProSpec Systems, Siemens). IgG and
albumin in serum were determined by turbidimetry and colorimetry,
respectively (Vitros 5.1 FS, Ortho Clinical Diagnostics).

2.4. Statistics

Statistical analyses were performed in JMP® pro 12.1 (StataCorp,
LLC). Due to non-normality of data, non-parametric 2-sample Wilcoxon
exact tests were used to compare groups unless otherwise specified. The
significance level was set at 5%, and the tests were two-sided. No
correction for multiple testing was performed. Results are presented as
median [range]. Figures were made in FlowJo and JMP pro 12.1.

3. Results

3.1. Patients

Ten patients received treatment with DMF at inclusion, whereas 18
received other DMTs or no treatment (7 patients received glatiramer
acetate, 4 received teriflunomide, and 7 received no treatment).
Clinical and demographic data at the time of CSF and blood (including
serum) collection are shown in Table 1. With the exception of treatment
durations, which was shorter for the patients treated with DMF than
other DMTs, there were no significant differences in clinical char-
acteristics between DMF-treated patients and the other patients . All
DMF-treated patients had normal total lymphocyte count before treat-
ment start, with a median value of 1.7× 109/L [1.2–2.6], and 2 pa-
tients developed lymphopenia during DMF treatment (< 0.9×109/L).

3.2. DMF-treatment is associated with lower numbers of mononuclear cells
in the CSF

DMF-treated patients had lower total CSF mononuclear cell counts
compared to the other patients (560/mL [80–3000] vs 680/mL
[264–6736], p=0.023). Similar results were obtained when comparing
DMF-treated patients to those not receiving any treatment (Fig. S1 A).
The CSF mononuclear cell count in DMF-treated patients tended to
correlate inversely with the treatment duration, but this was not sta-
tistically significant (Spearman rs −0.6, p= 0.07).

3.3. DMF reduces the frequency of memory B cells in blood and
plasmablasts in the CSF

Previous studies have shown that DMF reduces the number of
memory B cells in blood (Smith et al., 2017; Longbrake et al., 2017; Li
et al., 2017; Lundy et al., 2016), typically identified as CD19+CD27+

cells. To identify these cells in blood and CSF, a gating strategy based on
available data was devised (Fig. 1). Confirming previous studies, we
found that DMF-treatment was associated with a relative reduction in
CD19+CD27+CD38− memory B cells in blood (12.8% [2.2–25.2] in
DMF-treated vs 26.6% [6.9–46.6] in the other MS patients, p= 0.0007,
Fig. 2A). Moreover, the reduction correlated strongly with treatment
duration (rs=−0.75, p= 0.021, Fig. 2B). There were no significant
differences between the two groups in the proportions of
CD19+CD27+CD38+plasmablasts in blood (Fig. 2A). In the CSF, in
contrast, there was a selective depletion of CD19+CD27+CD38+ plas-
mablasts among DMF-treated patients (0% [0–13.6] vs 5.4% [0–69.8],
p= 0.031, Fig. 2A), whereas the relative proportion of
CD19+CD27+CD38− memory B cells was similar in both groups

Table 1
Demographic and clinical characteristics of patients.

Treatment DMF Other Statistical test

Participants 10 18 –
Age (years) 41 (27–58) 47.5 (25–57) p=0.75a

Sex (M/F) 4/6 5/13 p=0.68b

Disease duration (months) 47.5 (10–153) 102 (2–283) p=0.10a

Treatment duration
(months)

8 (2–13) All: 35 (3–152)c p=0.0012a

GA: 79 (18–152)
TFM: 12.5
(3–27)

EDSS score 1.25 (1–3.5) 1.25 (0–5.5) p=0.78a

Number of relapses 1.5 (1–5) 3 (1–6) p=0.11a

Time since last relapse
(months)

18.5 (2–118) 5 (1–164) p=0.60a

Albumin ratiod 4.4 (3.6–9.24) 4.6 (2.3–6.9) p=0.67a

IgG indexd 0.7 (0.5–2.1) 1.2 (0.5–1.9) p=0.74a

Numbers given as median (range). DMF: dimethyl fumarate. EDSS: expanded
disability status scale. GA: glatiramer acetate. MRI: magnetic resonance ima-
ging. TFM: teriflunomide.

a Wilcoxon 2-sample exact test.
b Fishers exact test.
c untreated patients excluded.
d compared between DMF treated and no-treated.
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Fig. 1. Gating strategy. We devised a gating strategy to identify single lymphocytes expressing CD19, CD27, CD38, CD138, HLA-DR, IgG and/or Ki-67. Cells
expressing CD3 or CD14 were excluded in a dump channel.

Fig. 2. DMF preferentially reduces the frequency of memory B cells in blood and plasmablasts in the CSF. (A) Proportion of CD19+CD27+CD38− memory B cells and
CD19+CD27+CD38+ plasmablasts of CD19+ B cells, and proportion of CD19+ B cells of lymphocytes in blood and CSF. Each symbol represents the cell frequencies
in a given individual, and the bars depict the median. (B) Proportion of memory B cells in DMF treated patients, in linear fit with treatment duration (boundaries
depict 95% confidence interval). DMF, dimethyl fumarate; GA, glatiramer acetate; TFM, teriflunomide.
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(68.9% [0–100] in DMF-treated vs 66.7% [17.4–80] in other MS-pa-
tients, p= 0.534, Fig. 2A). There were no differences between the two
groups in the proportion of total CD19+ B cells in blood or CSF
(Fig. 2A). Including only DMF-treated and untreated patients in the
analyses yielded similar results (Fig. S1 B).

3.4. DMF reduces HLA-DR expression among memory B cells in blood

To further characterize the B-cell subsets, we examined antigen-
presenting potential (HLA-DR), IgG expression, proliferation status (Ki-
67), and the expression of the differentiation marker CD138. In patients
treated with DMF, we found that blood CD19+CD27+CD38− memory
B cells express lower levels of the HLA class II molecule HLA-DR
(median fluorescence intensity (MFI) 2025 [1702–2410] vs 2279
[1360–3649], p= 0.04, Fig. 3). The majority of blood plasmablasts
expressed Ki-67 and IgG, and there were no significant differences be-
tween the patient groups (Fig. 3). We found overall low levels of CD138
expression among blood plasmablasts.

In the CSF, the HLA-DR expression among CD19+CD27+CD38−

memory B cells was similar in both groups (MFI 1634 [1337–2391] vs
1570 [666–2414], p= 0.68). Virtually all intrathecal
CD19+CD27+CD38+ plasmablasts in both patient groups expressed Ki-
67 and the majority expressed IgG (100% [83.3–100] vs 100%
[50–100], Fig. 3). In most patients in both groups we found that CSF
plasmablasts expressed moderate to high levels of CD138 (MFI 1223
[−392–2998] vs MFI 5437 [−142–20,911]). There were no significant

differences for these variables between the patient groups (Fig. 3).

3.5. DMF treatment did not influence intrathecal IgG production

Since DMF-treated patients exhibited preferential reductions of
CD19+CD27+CD38+antibody-secreting cells in CSF, we compared the
intrathecal IgG production among DMF-treated patients (n=10) with
that among untreated patients (n=7). There were no differences in IgG
or albumin levels or indices of these, also indicating a similar blood–-
brain barrier integrity (Table 1).

4. Discussion

This cross-sectional study demonstrates that while DMF-treatment
causes a time-dependent reduction in CD19+CD27+CD38− memory B
cells in blood, it leads to a depletion of
CD19+CD27+CD38+plasmablasts in the CSF. Our findings in blood are
in agreement with recent publications (Smith et al., 2017; Longbrake
et al., 2017; Li et al., 2017; Lundy et al., 2016), and the present work
demonstrates how the peripheral effects of DMF translate into the CSF.
These data point to a possible B-cell mediated mechanism of action for
DMF, in addition to the previously discussed pluripotent im-
munomodulatory effects (Deeks, 2016).

The almost immediate effect of anti-CD20 treatment in MS is
thought to be mediated by a reduction of B cells participating in antigen
presentation and/or cytokine production (Funaro et al., 2016; Kinzel

Fig. 3. DMF reduces HLA-DR expression among memory B cells in blood. MFI of HLA-DR for CD19+CD27+CD38− memory B cells, proportion of
CD19+CD27+CD38+ plasmablasts expressing Ki-67 and IgG, and MFI of CD138 for plasmablasts. Each symbol represents the cell frequencies or MFI in a given
individual, and the bars depict the median. DMF, dimethyl fumarate; GA, glatiramer acetate; TFM, teriflunomide.
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and Weber, 2016). Accordingly, the intrathecal IgG production does not
seem to be affected by the treatment in the short run (Hauser et al.,
2017; Cross et al., 2006). Memory B cells express HLA class II molecules
and are potent antigen-presenting cells (Kurosaki et al., 2015). Inter-
estingly, we found that blood CD19+CD27+CD38−memory B cells
express lower levels of HLA-DR in DMF-treated than in untreated MS
patients, suggesting that memory B cells in these patients are less effi-
cient in presenting antigens. One could speculate that a reduced
amount of memory B cells, with additionally reduced expression of HLA
class II molecules, may result in less maturation and development of
CD19+CD27+CD38+antibody-secreting cells in the CSF. This possibi-
lity is supported by the dynamic exchange of B cells between the CSF
and periphery (Obermeier et al., 2011; Stern et al., 2014; von Budingen
et al., 2012; Johansen et al., 2015). However, a not mutually exclusive
possibility is that the observed alterations in the composition of CSF B
cells could be due to a local intrathecal effect of MMF.

Despite depletion of CD19+CD27+CD38+ plasmablasts in the CSF
of DMF-treated patients, we did not observe a reduced intrathecal IgG
production. This could be due to persistent secretion from end-differ-
entiated plasma cells protected within tertiary lymphoid tissue in the
meninges of MS patients (Pikor et al., 2016). In line with this thought,
we found that all antibody-secreting cells in the CSF express high levels
of Ki-67, compatible with recently derived proliferating plasmablast.
Interestingly, a similar persistence of intrathecal IgG synthesis has been
observed in patients receiving anti-CD20 therapies (Hauser, 2015). In
accordance with the present findings, no difference in circulating IgG,
IgA, or IgM in blood of DMF treated patients has been observed, in-
dicating that end differentiated plasma cells could be protected from
the effects of the drug also in the periphery in a short-term perspective
(Longbrake et al., 2017).

The strength of this study is the comparison of CSF B cell subsets
between two groups of MS patients similar in clinical and demographic
characteristics. This was made possible by slight different treatment
strategies between the two clinical departments contributing to the
study. Samples from both hospitals were transported directly to the
same external laboratory and processed identically, and the findings are
not influenced by differences in inflammatory activity. Although we
cannot exclude that differences in treatment durations could have in-
fluenced the results, treatment durations were long enough to allow full
immunological effect in the majority of patients receiving DMF and
other DMTs.

This study has several limitations. First, the number of patients is
small. Given the risk of lumbar puncture headache, as well as rare but
more serious risks such as infection, bleeding and herniation, we cannot
perform lumbar puncture solely for the purpose of studying drug ef-
fects. While properly understanding the mechanism of action of DMF in
MS patients is important, such studies must due to the above reasons be
part of studies on disease mechanisms, which was the primary aim of
this study (Lossius et al., 2017). This is therefore an exploratory study,
the p-values were not corrected for multiple testing, and the results
need to be reproduced in an independent study. Second, the control
group is heterogeneous from a treatment standpoint, which potentially
could confound our results. Nevertheless, as the sub-analysis with un-
treated controls (n=7) demonstrated similar results, and lymphocyte
depletion and reduced memory B cell population in blood are analogue
to previous reports (Smith et al., 2017; Longbrake et al., 2017; Li et al.,
2017; Lundy et al., 2016), we believe our findings have merit. While
reduction in blood plasmablasts similar to what we observed in CSF
have not been extensively described, a recent interim analysis of the
PROCLAIM study demonstrated a decline in blood plasmablasts that
had a delayed onset compared to memory B cell depletion (von Hehn
et al., 2017). This delay, in addition to the relatively low proportions of
circulating plasmablasts in blood compared to CSF of MS patients can
potentially have hidden this phenomenon in studies with shorter time-
frames. Lastly, as our data did not contain markers for IgD, we were
unable to differentiate between class-switched and unswitched memory

B cells. A recent publication limited to blood found that both popula-
tions are affected similarly, with a corresponding increase in
CD27−IgD+ naïve B cells (Nakhaei-Nejad et al., 2018). New studies as
to how these subpopulations are distributed in the CSF could also en-
lighten whether the effects of DMF are mainly peripheral or intrathecal.

5. Conclusion

This is the first study on the effects of DMF treatment on B cells in
CSF, suggesting that while memory B cells are reduced in blood, plas-
mablasts are preferentially depleted in CSF. These findings, which need
to be verified in an independent study, support the hypothesis that DMF
mediates positive effects through B-cell modulation.
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