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ABSTRACT

B cells are central components of the adaptive immune system. On their
surface, they express a B-cell receptor (BCR), a membrane-bound form of an
antibody. Upon activation, B cells differentiate into either antibody-secreting
plasma cells (PCs) or memory B cells (MBCs), which are integral parts of the
immunological memory. Recently, a heterogeneous subset of MBCs lacking
the complement receptor CD21 (CD217"°") has received much attention due to
its accumulation in chronic inflammatory and autoimmune disease, including
rheumatoid arthritis (RA), primary Sjogren’s disease (SjD), and systemic lupus
erythematosus (SLE). This thesis aimed to investigate CD21"°" B cells in the
context of RA and SjD to determine their functional role in contributing to
disease pathogenesis. To this end, we analyzed peripheral blood MBCs from
untreated RA (uRA) patients using flow cytometry and 5’ single-cell RNA
sequencing (scRNA-seq) and scV(D)J-seq, and B cells from SjD patients using
5” scRNA-seq and scV(D)J-seq.

Paper I assessed how BCR and T-cell receptor genes influence 5° scRNA-seq
analysis of B and T cells. Paper Il combined flow cytometry and scRNA-seq
to analyze CD217"°" B cells in uRA and investigate their role in RA pathology.
Paper III extended our analysis of CD217°" B cells to SjD, comparing their
transcriptional and functional profiles to those in uRA, and to current literature.

In conclusion, we have established an analytical protocol for 5° scRNA-seq
data to generate biologically meaningful clusters of B and T cells. Using this
protocol alongside flow cytometric analyses, cell cultures and statistical
modeling, we propose that CD21""° MBC subsets play a functional role in RA
pathogenesis as antigen-presenting cells, driving Th17 polarization and bone
destruction in synovial joints. This contrasts with CD217°" B cells in SLE,



which are PC precursors. We found that CD217"°" MBC subsets in SjD exhibit
a transcriptional profile mirroring their counterparts in RA, acting as antigen-
presenting cells. Our findings challenge the view that these cells universally
serve as PC precursors, instead suggesting disease-dependent functions.

Keywords: memory B cells, Tbet, autoimmune disease, single-cell RNA-
sequencing, RA, SjD
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SAMMANFATTNING PA SVENSKA

B-celler &r en typ av immuncell som till stor del bidrar till det adaptiva
immunforsvaret. Pa sin yta uttrycker varje B-cell en unik B-cellsreceptor
(BCR). Nir en B-cell moter fraimmande partiklar (antigen) fran till exempel
virus eller bakterier, binder den dessa till sin BCR. B-cellen aktiveras da och
kan utvecklas till plasmaceller, som utsondrar sin BCR i form av antikroppar,
eller minnes-B-celler (MBC), som snabbt kan aktiveras om samma antigen
pétraffas igen. P4 sa vis skapas ett immunologiskt minne som ger ett 1dngvarigt
skydd mot samma patogen. B-celler dr dock &ven inblandade i autoimmuna
sjukdomar, ndr immunforsvaret inte kan skilja pa egen och frimmande vdvnad.
En speciell typ av MBC 0Okar i antal vid flera kroniska inflammationer och
autoimmuna sjukdomar. Dessa celler saknar immunreceptorn CD21 pé sin yta,
som vanligtvis uttrycks av de flesta B-cellerna. Vid ledgangsreumatism
(reumatoid artrit; RA) och primért Sjogrens syndrom (primary Sjogren’s
disease; SjD) ér det dock inte kdnt hur dessa CD21-laga MBC bidrar till
sjukdom.

I denna avhandling har vi analyserat CD21-l4ga celler i blod fran patienter med
RA och SjD. Vi har anvént oss av flodescytometry och singel-cell RNA- och
VDJ-sekvensering, vilket mdjliggor analys av proteiner pa utsidan av och inuti
celler, samt genuttryck i individuella celler.

Vid singel-cell RNA-sekvensering delas celler in i grupper baserat pa likheter
i deras genuttryck. I Artikel I utvecklade vi darfor ett protokoll som forbéttrar
grupperingen av B- och T-celler sa att de béttre speglar biologiskt relevanta
populationer. I Artikel II anvdnde vi detta protokoll i kombination med
flodescytometri och statistisk modellering for att analysera CD21-laga MBC
vid RA. Vara resultat tyder pa att CD21-ldga MBC bidrar till RA genom att
presentera antigen for T-celler, vilket driver utvecklingen av Th17-celler som
1 sin tur bidrar till nedbrytning av ledvdvnad. I Artikel III jamforde wvi
genuttrycket hos CD21-laga MBC vid RA och SjD, och kunde visa att de 1
bada sjukdomarna har en antigenpresenterande roll. Detta skiljer sig fran
tidigare fynd vid sjukdomen systemisk lupus erythematosus, dir CD21-laga
MBC istillet utvecklas till plasmaceller som producerar antikroppar mot
kroppens egna védvnader. Vara resultat pekar séledes pa att CD21-laga MBC
kan ha olika funktioner vid olika sjukdomar.
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INTRODUCTION

The earliest known reference to the concept of immunity in recorded history
was around 430 BCE, before the discovery of cells as anatomical components.
The Greek historian Thucydides, during his documentation of the plague in
Athens, observed that plague survivors could care for the infected without
contracting the infection again. Thucydides wrote “The same man was never

attacked twice — never at least fatally”".

Today, we know that the reason for this was because of immunity and the
immune system, encompassing cells and antibodies ready to respond, should
the same infectious agent come knocking again.

ADAPTIVE IMMUNITY

The immune system protects us from succumbing to infectious disease.
Broadly, the immune system can be categorized into innate and adaptive
immunity. The innate immune system comprises physical barriers (e.g., skin
and mucosa), cellular components (e.g., macrophages and neutrophils), and
humoral factors (e.g., cytokines and complement factors). The innate immune
system responds quickly, and with the same magnitude each time the host is
infected and facilitates a general response that does not generate
immunological memory.

The adaptive immune system has a slower response time, but tailors the
response to the invading pathogen. The adaptive immune system typically
generates immunological memory, which is the foundation of immunity and
the key concept behind vaccines. Once the infection is cleared, most of the
cells that were generated undergo programmed cell death (apoptosis).
However, some cells remain and “remember” the infectious pathogen, and
these “memory cells” can respond much more quickly and more effectively
ward off the invader when the same pathogen is encountered again. The host
is thus immune to the infection.

The key players in adaptive immunity are the lymphocytes; B and T cells
which take part in the adaptive immune response and lay the foundation for
immunological memory. T cells are generated in the bone marrow (BM) and
mature in the thymus. They exert various effector functions, including, but not
limited to, secreting cytokines to induce inflammatory responses, limit the
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spread of infection by inducing apoptosis of infected cells, and regulate the
immune response to avoid uncontrolled responses that may cause tissue
damage. As such, T cells are the main effector cells in cellular immunity. B
cells are generated and mature in the BM and are mainly responsible for
humoral immunity, i.e., the generation of antibodies that bind to foreign
antigens and ward off current and safeguard against repeated infections.

B CELLS

During an infection, B cells with antigen receptors that recognize pathogenic
antigens proliferate extensively and undergo processes that tailor their
specificity for the foreign antigen. B cells can differentiate into plasma cells
(PCs), which produce large quantities of antibodies to combat the invader, or
memory B cells (MBCs), which respond quickly upon repeated infections by
the same pathogen. B cells also exert functions beyond antibody production
and can for instance act as professional antigen-presenting cells, thereby
activating and driving T-cell responses, and can also secrete cytokines.

THE B-CELL RECEPTOR

All mature lymphocytes express on their surface an antigen receptor, referred
to as a T-cell receptor (TCR) in T cells, and a B-cell receptor (BCR) in B cells.
A BCR is a membrane-bound immunoglobulin (Ig). In its secreted form, an Ig
that specifically binds antigen is referred to as an antibody. Each B cell that
emerges from the BM expresses its own unique BCR. The human genome
comprises approximately 20,000 coding genes, whereas as many as 10'® BCRs
may reside in the antigen-inexperienced B-cell repertoire’. Therefore, a single
gene cannot account for the antigen specificity of a BCR. The BCR is
consequently encoded by a combination of gene segments, and somatic
recombination of these segments gives rise to the extensive BCR diversity.

STRUCTURE

The core structure of the BCR consists of two identical heavy (IgH) and two
identical light (IgL) chains, joined by disulfide bonds to form a Y-shaped
molecule (Figure 1). The arms of the Y shape constitute the fragment antigen-
binding (Fab) region, and the stem constitutes the fragment crystallizable (Fc)
region. Each chain has a variable (V) region and a constant (C) region. The V
regions of one IgH and one IgL. form the antigen-binding site. As the name
implies, the amino acid sequences of the V regions are highly variable between
B cells, to confer diverse antigen specificity. In contrast, the C regions are
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conserved and mediate effector functions when the BCR is secreted as an
antibody.

Because the cytoplasmic tail of membrane-bound BCR in B cells is very short,
signal transduction by the BCR is mediated by the signaling molecules Iga
(CD79A) and IgPB (CD79B). These molecules associate with the BCR and
contain immunoreceptor tyrosine-based motifs (ITAMs) that trigger
downstream signaling cascades upon BCR engagement™*,

Antigen-

( binding site

Fab regb/x

Fc region

/"Variable region

; Constant region

@ Heavy chain
() Light chain

Figure 1. Schematic overview of the BCR structure.

V(D)J RECOMBINATION

The BCR forms during B-cell development in the BM and is the result of
somatic recombination of gene segments. The discovery of this process
awarded Susumu Tonegawa the Nobel Prize in Medicine’. Specifically, the V
region of both the IgH and IgL is constructed through a process known as
V(D)J recombination. The variability in the V region is primarily the result of
hypervariable regions that confer the greatest variability in amino acid
sequences between BCRs®. These regions are referred to as complementarity-
determining regions (CDRs) because they most strongly influence the antigen-
binding site. The V region comprises three CDRs (CDR1-3), which are flanked
by four regions of low variability, referred to as framework regions (FWRs).
The V region is encoded by three gene segments: V, diversity (D), and joining
(J) in IgH, and V and J in IgL. The V segment spans most of the V region,
encompassing CDR1-2 as well as FWR1-3. CDR3 is formed by the junction
between the end of the V segment, the entire D segment (in IgH), and the start
of the J segment. CDR3 typically begins with a conserved cysteine residue
(frequently as part of a “CAR” motif in IgH) and extends up to but not
including the highly conserved tryptophan residue, which marks the start of
FWR4 (Figure 2).
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FWR1 FWR2  FWR3 FWR4
NN |
CDR1__ CDR2 'CDR3!
| v, Vol a ]
oA

Figure 2. Schematic overview of the IgH V region structure. The V region is composed
of four framework regions (FWRs) and three complementarity-determining regions
(CDRs). The V region is encoded by V, diversity (D) and junction (J) gene segments.
W, tryptophan.

V(D)J recombination is an ordered process in which IgH rearrangement occurs
first, followed by IgL. recombination. Recombination of the IgH locus starts by
joining D to Ju, followed by the recombination of Vu to DJu (Figure 3).
Transcription of the germline (non-coding) sequences precedes recombination,
leading to the generation of germline (unrearranged, sterile) transcripts. This
opens the chromatin and provides access to the recombination machinery’™'°.

The recombination activating genes (RAG), RAGI and RAG2, cleave the
DNA at recombination signal sequences (RSSs) that flank each gene segment.
RSSs contain spacer regions of either 12 or 23 bp in length. Vi and Ju segments
are flanked by RSSs with 23 bp spacers, and D segments are flanked by RSSs
with 12 bp spacers, and recombination occurs between spacers of different
lengths'"'*>. RAG1 and RAG2 therefore bind one RSS with a spacer of length
12 and one of length 23, generating a double-stranded break in the DNA within
both RSSs'*'%. Terminal deoxynucleotidyl transferase (TdT) can then add or
remove nucleotides from the blunt DNA ends, further increasing BCR
uniqueness by diversifying the junctions between gene segments'’. The ends
are subsequently ligated through non-homologous end-joining'®.

If the recombination is unproductive, e.g., due to out-of-frame joining or the
introduction of premature stop codons, the cell will attempt to recombine the
second allele. If this also fails, the cell will die. Productive recombination
results in the surface expression of the IgH, paired with a surrogate light chain,
encoded by VpreBI and IgLLl (A5 in mice)'”?'. Expression of a pre-BCR
triggers the downregulation of the RAG genes, resulting in allelic exclusion,
i.e., inhibits continued recombination’’?°. The non-recombined locus localizes
to pericentromeric heterochromatin to reduce accessibility®’. Studies in mice
have shown that low-level transcription of the unproductively recombined
allele may still occur, however since these transcripts are sterile, they are not
translated into protein®'.
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IgL recombination proceeds in a manner like IgH recombination, except that
the IgL loci lack D segments. Therefore, Vi joins directly to J. (Figure 3). In
addition, there are two IgL isotypes: k and A, encoded by different loci. Hence,
in addition to allelic exclusion, Igl. recombination also involves isotype
exclusion.

V, D J C

OOOC— =0 —
Oo0—— I mEEmEn

o
B3

IgH o, | ———————{ —mmamm

v
AT~

|

Translation

|

A AT paann

IgL

V-, T T— i —

I

—OCO———
VL JL CL

Figure 3. Schematic overview of V(D)J recombination. The IgH locus is recombined
first, starting with D to J, followed by V to DJ. The IgL locus is recombined through V
to J. The resulting transcripts are then translated into a complete immunoglobulin.

ANTIBODY CLASSES

B cells can express BCRs of different classes, or isotypes. These include p
(IgM), o (IgD), vy (IgG), a (IgA), and € (IgE). Each isotype is defined by the
structure of the BCR C region and is associated with specific effector
functions. Naive B cells co-express IgM and IgD on their surface. During an
immune response, activated B cells can switch their isotype to express any of
the three other isotypes to customize the response against specific types of
pathogens or anatomical locations. Since the isotype is defined by the C region,
switching isotype does not affect antigen binding. The size of the different
isotypes varies, owing to different numbers of C exons.
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IgM is the initial antibody produced and is secreted in a pentameric form,
thereby giving it high avidity (collective binding strength) even though the
affinity of each individual molecule is typically low. IgM is effective in the
early response, capable of activating the classical complement pathway and
neutralizing and agglutinating pathogens. IgM is the first secreted antibody in
the primary immune response™.

IgD is co-expressed with IgM on naive B cells, and both antibodies are
generated by alternative splicing of the same precursor transcript. The exact
role of IgD remains unclear, although it is involved in B-cell development and
activation. Secreted IgD is rare in serum, but has been detected in mucosal
tissues, where it may neutralize pathogens and facilitate the release of
antimicrobial peptides from basophils. The effector functions of IgD are less
defined compared to other antibody classes™.

IgG is the dominant antibody class in the circulation and can be divided into
four subclasses (IgG1-1gG4). IgG antibodies are involved in neutralization of
toxins and viruses, opsonization of pathogens for phagocytosis, and
complement activation. IgG antibodies are small monomers, enabling them to
diffuse into tissues, and cross the placenta during pregnancy, with varying
efficiency™.

IgA is the most abundant antibody in mucosal tissues such as the
gastrointestinal, respiratory, and urogenital tracts, can pass into breast milk,
and exists in two subclasses (IgA1, IgA2). Serum IgA is generally monomeric,
whereas the more abundant mucosal IgA is typically dimeric. IgA plays a
major role in the neutralization of pathogens at mucosal barriers, without
inducing inflammation. As such, IgA is less effective in activating the
complement system35.

IgE is rare in serum and is mainly associated with defense against helminths
and is involved in allergic responses. IgE is primarily found bound to Fc
receptors on basophils and mast cells, enabling them to respond quickly upon
re-encountering the same antigen. Cross-linking receptor-bound IgE triggers
degranulation of inflammatory mediators like histamine, the main trigger of
allergic reactions™.
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B-CELL DEVELOPMENT & MATURATION

B cells develop from hematopoietic stem cells. Early B cells undergo several
stages of differentiation (Figure 4) that ultimately leads to immature B cells
exiting the BM and migrating to the spleen to complete their maturation. The
products of B-cell development and maturation are naive B cells that surveil
blood and Iymphatics for their cognate antigen®’.

™ 7 pre-BCR N 7' BCR
@ﬂ ﬂ@ o

Pro-B Large Pre-B Small Pre-B Immature B
IgH recombination C IgL recombination
Proliferation

Figure 4. Schematic overview of B-cell development.

PRO-B CELLS

Progenitor (pro)-B cells are the earliest B-cell committed cells in the BM. They
upregulate CD19, CD10, CD38, and CD34*%°. During this stage,
recombination of the IgH locus initiates with D-Ju recombination followed by
Vu-DJi recombination®. Successful IgH recombination marks progression
into the next developmental stage.

PRE-B CELLS

Cells that have generated a productive IgH are called precursor (pre)-B cells.
Large pre-B cells express the p IgH along with the surrogate light chain
forming the pre-BCR complex'®?!. The pre-BCR is transiently expressed on
the cell surface of large pre-B cells, alongside Iga/Igf. Signaling through the
pre-BCR drives proliferation and enforces IgH allelic exclusion by
downregulation of RAG enzymes®*"*. Following proliferation, large pre-B
cells develop into quiescent small pre-B cells, which downregulate the pre-
BCR and upregulate RAG enzymes, initiating IgL recombination®**,

IMMATURE B CELLS

After successful recombination of both the IgH and IgL loci, when the cell
expresses the BCR complex on its surface, it is defined as an immature B cell*®.
As these cells express a functional BCR, they are screened for self-reactivity.
If the BCR binds self-antigen, it can undergo receptor editing (i.e., further IgL
recombination), clonal deletion, or become unresponsive (anergic)*'***. Only a
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fraction of immature B cells survives this selection process. Persisting
immature B cells exit the BM as transitional B cells.

TRANSITIONAL B CELLS

Transitional B cells represent the final maturation stage prior to differentiation
into mature B cells. In humans, they mature through stages T1, T2, and T3%.
Transitional B cells are distinguished from naive follicular B cells by high
expression of CD10, CD24, and CD38%**7. As cells transition toward a mature
state, they gradually downregulate expression of these molecules, while
upregulating markers expressed by mature B cells, including CD21 and
CD23** Human T3 cells are largely indistinguishable from naive follicular
B cells aside from lacking expression of the ABCBI transporter*”®. A
branching point has been proposed at the T2 stage, whereby IgM"e" T2 B cells
differentiate into marginal zone (MZ) B cells, and IgM™" T2 B cells progress
to T3 and subsequently to a naive follicular B cell fate*®>"-52,

NAIVE B CELLS

Naive follicular B cells (hereafter naive B cells) are mature, antigen-
inexperienced cells that recirculate between PB and secondary lymphoid
organs (SLOs) in pursuit of their cognate antigen. They co-express BCRs of
the IgM and IgD isotype and are commonly defined as
CD19°CD27 1gMIgD™ . In SLOs, naive B cells home to B-cell follicles via
CXCRS5 expression, where they survey antigens displayed by dendritic cells
(DCs). Upon antigen encounter, they migrate toward the T-cell zone to initiate
activation processes>**. Survival of naive B cells is dependent on tonic BCR
signaling™ and BAFF receptor engagement™ to prevent apoptosis in the
absence of antigen.

MARGINAL ZONE B CELLS

Naive MZ B cells arise from transitional B cells and typically reside in the MZ
of the spleen. There, they act as rapid responders against bloodborne
pathogens, mainly independently of T cells, and secrete natural antibodies
(spontaneously produced antibodies with broad specificity) that clear debris
from apoptotic cells and neutralize pathogens®**'*’. While mouse MZ B cells
are classically restricted to the splenic MZ, human MZ B cells are also found
in circulation, lymph nodes (LNs), and mucosal tissues’**. MZ B cells share
features with PB IgM" (unswitched) MBCs, including expression of IgM,
CD27, and CD21°%**" and low frequency of somatic hypermutation
(SHM)* 662 These similarities have sparked a debate whether IgM" MBCs
are true MBCs or circulating MZ B cells.
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B1 B CELLS

B1 B cells are a unique innate-like B-cell population that primarily localize to
pleural and peritoneal cavities in mice. These self-renewing cells rapidly
secrete natural antibodies and originate from fetal liver progenitors®®. B1-
like B cells in humans are less well-defined but have been described as a rare
population in cord blood and adult PB as CD20'CD27'CD43" B cells with
innate-like features, including spontaneous IgM production®.

REGULATORY B CELLS

Regulatory B cells (Bregs) represent a heterogeneous population of
immunomodulatory cells that are functionally analogous to regulatory T cells
(Tregs). Bregs are a minor subset of the total B-cell compartment and suppress
immune responses primarily through production of anti-inflammatory
cytokines, including IL-10, IL-35, and TGF-B, along with cell-contact-
dependent mechanisms®’*’. Despite extensive studies and implications of these
cells in infectious disease, autoimmunity and cancer, neither a definitive
phenotype nor transcriptional regulator for Bregs has been identified®’.

TOLERANCE

Tolerance is an essential mechanism to prevent the immune system from
mounting responses against self, which would result in autoimmunity. During
B-cell development and maturation, self-reactive B cells are eliminated via
clonal deletion, anergy, or receptor editing. The initial evidence of these
processes came from transgenic mouse models expressing autoreactive BCRs.
A seminal study found that mouse B cells expressing high-affinity hen egg
lysozyme (HEL)-specific BCRs were functionally silenced (anergic) in mice
that simultaneously expressed the HEL protein in soluble form**. Another
seminal study showed that mouse B cells expressing a BCR specific for
endogenous major histocompatibility complex (MHC) class I (H-2%)
developed normally in the absence of the H-2* antigen, whereas in its presence
they did not, indicating clonal deletion”. A subsequent study showed that B
cells reactive to soluble HEL persisted in SLOs, whereas those reactive to
membrane-bound HEL did not, suggesting that the nature of the antigen may
determine whether the autoreactive B cells become anergic or are clonally
deleted”'. Using another transgenic BCR model that recognizes DNA, another
group suggested that B cells recognizing single-stranded DNA (ssDNA) were
blocked in their ability to differentiate and secrete antibodies, suggesting
anergy. By contrast, B cells that recognize double-stranded (ds) DNA were not
detected, suggesting clonal deletion”. In later studies, these groups showed
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that B cells expressing an autoreactive BCR, rather than being deleted or
silenced, could alter their BCR. The IgH was retained while allowing further
Igl recombination in an attempt to change the autoreactive BCR to an
innocuous one, demonstrating the concept of receptor editing®**7.

In humans, it has been shown that up to 75% of early immature B cells in the
BM express auto- or polyreactive BCRs. Most of these cells are successively
eliminated, initially at the immature B cell stage in the BM (central tolerance),
and further in the peripheral tissues as transitional B cells mature into naive B
cells (peripheral tolerance)™’". Peripheral tolerance therefore constitutes a
further checkpoint to reduce the number of B cells reactive to self-antigens that
are not present in the BM.

B-CELL ACTIVATION & DIFFERENTIATION

Naive B cells circulate the blood and lymphatic system surveying SLOs like
the spleen and LNs for cognate antigen’®’®. B cells encounter antigen in either
soluble form or presented on the surface of other cells. Large antigens are
captured by subcapsular sinus macrophages or follicular DCs (FDCs) and
presented to the B cell in the B-cell follicle”®'. Smaller antigens are passively
transported to the follicle via conduits®.

B-cell activation can be achieved primarily by two pathways: T cell-dependent
(TD) and T cell-independent (TT) activation. The route of activation a B cell
takes depends on the accessibility of T cells as well as the nature of the antigen;
TD responses primarily target protein antigens, whereas TD responses target
non-protein antigens®>**,

T CELL-DEPENDENT ACTIVATION

TD activation is the primary pathway through which naive B cells respond to
protein antigens. T cells can be broadly divided into CD4" (helper; Th) and
CD8" (cytotoxic) cells. Th cells can be further divided into four main subsets:
Th1, Th2, Th17, T follicular helper (Tfh), and Treg cells, each producing
distinct cytokines® (Table 1). Tfh cells are specifically involved in the
activation of B cells in TD responses.
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Table 1. Overview of the main Th subsets.

Main function Key cytokines
Thi Cellular immunity to intracellular IFN-y, TNF-a
pathogens
Th2 Immgmty to parasites such as IL-4, IL-5, IL-13
helminths
Th17 | Immunity to extracellular pathogens IL-17, IL-22
Tfh B-cell help in SLOs IL-4, IL-21
Treg Immune regulation IL-10, TGF-B

B cell activation in TD responses usually takes place in SLOs and requires the
integration of multiple signals. When an antigen is encountered in the B-cell
follicle, the naive B cell binds to it via the BCR. BCR signaling results in
several transcriptional changes, including the upregulation of adhesion
molecules like ICAM1, co-stimulatory molecules like CD80/CD86, migration
receptors such as CCR7, as well as survival and cell-cycle-related molecules®.
Additionally, BCR signaling induces antigen internalization, primarily through
clathrin-mediated endocytosis®”**. Briefly, the antigen-BCR complex is
internalized and transported through endosomal compartments, where the
antigen is processed into peptides. Antigenic peptides are subsequently loaded
onto MHC class II molecules. The peptide-MHC II complexes are then
transported to the plasma membrane via exocytic vesicles and presented on the
cell surface®.

Upregulation of CCR7 and EBI2 facilitates migration of the B cell toward the
border of the B-cell follicle and the T-cell zone (B-T border). Antigenic
peptides presented on MHC 11 are recognized by TCRs on the Tth cell, forming
an immunological synapse®®*. Co-stimulatory molecules CD80/CD86 on the
B cell engage with CD28 on Tth cells amplifying TCR signaling, inducing
cytokine secretion, and CD40L expression®. CD40L on the Tth cell engages
CD40 on the B cell, providing crucial signaling that promotes B-cell survival,
proliferation, and differentiation’’; studies have shown that ablation of
CDA40-CD40L interaction between B and Tth cells blocks B-cell differentiation
into plasmablasts in mice’. CD40 signaling is also required for the formation
of germinal centers (GCs) and isotype switching®'. In addition, cytokines such
as IL-4 and IL-21 further promote B-cell survival, proliferation,
differentiation, and isotype switching”®. As a result, the activated B cell

11
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proliferates and either mounts an extrafollicular (EF) response or seeds the GC
reaction in the B-cell follicle.

Two required signals were originally described for the TD activation of naive
B cells: BCR engagement and T-cell help (via CD40L and cytokines). A
subsequent study showed that human naive B cells in vitro require a third
signal provided by Toll-like receptor (TLR) signaling®”. TLRs are innate
pattern-recognition receptors that recognize either structures broadly
expressed in pathogens, referred to as pathogen-associated molecular patterns,
or damage-associated molecular patterns derived from endogenous
components'®!°!, For instance, endosomal TLR7 and TLRS recognize single-
stranded RNA, e.g., from influenza A and SARS-CoV-2 viruses'%*!% whereas
TLRO recognizes DNA, e.g., from bacteria and viruses'**'®,

Human naive B cells typically express low or no detectable levels of TLRs, but
BCR triggering induces upregulation of TLR9 and TLR10'®. While TLR
signaling is a crucial component of TI B-cell activation, it can also amplify TD
responses. In TD responses, TLR signaling may act as a context-dependent
third signal, amplifying B-cell survival, proliferation, and differentiation when
combined with BCR signaling and T-cell help'*’'"°.

T-CELL-INDEPENDENT ACTIVATION

TI B-cell activation refers to the stimulation of B cells in the absence of cognate
T-cell help. TI responses are important in mounting rapid responses against
non-protein antigens, including bacterial polysaccharides and viral nucleic
acids®**!'!'. The primary B-cell types involved in TI responses are innate-like
populations like MZ B cells®.

TI antigens are generally divided into two categories. Type I antigens, like
lipopolysaccharides and CpG DNA, can act polyclonally (i.e., independent of
BCR antigen specificity) and stimulate B cells by dual engagement of the BCR
and pattern recognition receptors, like TLRs''"''2, Type II antigens, such as
bacterial capsular polysaccharides, comprise highly repetitive epitopes,
enabling them to extensively crosslink BCRs, thereby amplifying the
activation signal®''?, TI-activated B cells generally do not seed GCs, although
some reports have suggested transient formation of GC-like structures in
experimental models''*'">,
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CLASS-SWITCH RECOMBINATION

Once activated, the B cell can switch its BCR isotype from IgM and IgD to one
of IgG, IgA, or IgE isotypes. The process of isotype switching in B cells is
referred to as class-switch recombination (CSR), which, like V(D)J
recombination, involves the somatic rearrangement of Ig genes. Recent
evidence has suggested that CSR is initiated prior to GC entry''®, and as such,
isotype-switched cells are part of both the EF and GC responses.

Upstream of each Cu gene (except CO) there are repetitive DNA elements
termed switch (S) regions, which during CSR are the targets for the enzyme
activation-induced cytidine deaminase (AID)"'"''® (Figure 5). Promoters
upstream of the target Cy gene are selectively activated (e.g., by cytokines) as
CSR is initiated, leading to the generation of non-coding germline transcripts.
These germline (or sterile) transcripts span the intervening exon through the S
region and end after the corresponding Cu gene. Germline transcription is
required for CSR to occur, as this makes the S region accessible to AID'"""'?2,

AID targets the donor (Cy gene to be switched from) and acceptor (Cy gene to
be switched to) S regions, deaminating cytosine residues to uracil residues'®.
Uracil bases are removed by DNA uridine glycosylases while endonucleases
create single-stranded breaks at multiple sites, which are converted to double-
stranded breaks by mismatch repair enzymes. The broken ends of the two S
regions are joined, primarily by non-homologous end-joining, while the
excised intervening DNA is looped and deleted''”-'**,

A Germline Germline
transcription transcription

.V DJ C < c3 cA |T' C,2 C4 Ce
ilﬁﬁﬂg [ (T[]

____________________________________

_____________________________________________________

c3

Figure 5. Schematic overview of class-switch recombination (CSR). A. AID targets S
regions upstream of the isotype gene currently expressed and the one to be switched
to. B. Following excision of intervening DNA, the B cell will express the isotype
directly downstream of the VDJ sequence (here, IgA1). C. Intervening DNA is looped
and deleted.
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SOMATIC HYPERMUTATION

Activated B cells may undergo further diversification of their BCRs by a
process known as SHM. During this process, point mutations are introduced in
the V region of the Ig genes to increase the B cell’s affinity for antigens. SHM
primarily occurs in the GCs of SLOs, however some EF-derived cells can
undergo limited SHM, indicating that this process is not strictly exclusive to
the GC'*'%,

As in CSR, SHM is mediated by the AID enzyme. In SHM, AID preferentially
targets the V(D)J regions, while the C regions are largely protected from
SHM"*!3! Transcription of the V region generates transient ssDNA, allowing
AID to access and deaminate cytosine residues to uracil residues within the V
region'"’. This triggers several DNA repair mechanisms, which contribute to
the introduction of point mutations (Figure 6).

In the base excision repair pathway, uracil-DNA glycosylase removes uracil
bases, which are processed by error-prone DNA polymerases, introducing
mutations'*?. The mismatch repair system recognizes U:G mismatches,
resulting in endonucleases removing DNA sequences surrounding the
mismatch. The resulting gap is closed by low-fidelity polymerases, generating
multiple mutations''”. Unrepaired uracil bases might also be misread as
thymine by polymerases during replication, resulting in the original C:G pair
mutating into T:A"**. These error-prone processes result in a high frequency of
point mutations, mainly concentrated in CDRs'"” (Figure 6). These can be
silent mutations that do not change the amino acid sequence, or replacement
mutations, which do. Generally, a high replacement to silent mutation ratio in
CDRs reflects selection for higher affinity BCRs.

14



Kristoffer Nilsson Grimstad

C
T S TIIT
U
TIIT S TIIT
Base excision Mismatch repair Replication

T IT 1T IMIAIT

lﬂ]I:IDI TT Nonn L

CDR1 CDR2 CDR3

N

FWR1 FWR2 FWR3 FWR4

Figure 6. Schematic overview of somatic hypermutation (SHM) processes. AID-
mediated deamination of cytosine to uracil triggers DNA repair mechanisms. Base
excision repair: the uracil is removed by uracil DNA glycosylases (UDG) followed by
repair by error-prone polymerase (Pol). Mismatch repair: surrounding bases are
excised by endonucleases (Endo), followed by repair by error-prone Pol. Replication
over the sequence by Pol may mistake uracil for thymine. These pathways result in
point mutations within the variable region, primarily in the CDRs. Point mutations
indicated in red. AID, activation-induced cytidine deaminase.

Due to its random nature, SHM can also result in reduced antigen affinity. Such
B cells typically fail to compete for antigen during positive selection of high-
affinity B cells, resulting in their deletion'**'*. Additionally, SHM can
generate autoreactive BCRs, evidenced by studies in both mouse and
human'?*"¥7"° " This is generally countered by negative selection, and
subsequent deletion, of B cells with autoreactive BCRs'*""'*?, Off-target AID-
mediated mutations have also been implicated in certain B-cell
malignancies'*'*,

IMMUNOLOGICAL MEMORY

Immunological memory refers to the immune system’s ability to respond
quickly to previously encountered pathogens. These responses are usually
faster and stronger than the primary response, and they are one of the defining
features of adaptive immunity. Immunological memory comprises memory T
cells, MBCs, and long-lived PCs. MBCs are rapidly activated upon repeat
infection, whereas PCs provide serological memory in the form of antibodies.
After interacting with T cells at the B-T border, activated B cells can mount an
EF response, or seed GC reactions in the B-cell follicle'”® (Figure 7). Both
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pathways can generate MBCs and PCs. The mechanistic details of how the GC
and EF responses are regulated, initiated, and maintained mainly derive from
mouse models, due to the difficulty of studying these processes in
humans'*>'4,

Extrafollicular Response Germinal Center Reaction

GC-independent PC)GC-independent MBC|

'(_('( (GC-dependent MBC)
<

’Mj‘, . 'l':
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i Light zone

(GC-dependent PC)
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k \

C \,/\
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Figure 7. Overview of the extrafollicular (EF) response and the germinal center (GC)
reaction.

THE EXTRAFOLLICULAR RESPONSE

Activated B cells that do not seed GC reactions following T-cell interaction
instead migrate away from the follicle and into extrafollicular sites such as the
red pulp in the spleen and the medullary cords in LNs. There, they proliferate
and mount an EF response. This response is faster than the GC reaction and is
essential for generating the first wave of antibodies in a primary immune
response to control infection.

In the EF response, activated B cells primarily differentiate into proliferating
plasmablasts and short-lived PCs that rapidly secrete antibodies'>!27:128:146-148,
SHM can also occur outside of the GC'**"'* although the antibodies secreted
by EF PCs generally have fewer mutations and are of lower affinity compared
to GC-derived PCs. While most are of the IgM isotype, antibodies of switched
isotypes may also be produced during this response''®. Long-lived PCs
typically originate from the GC; however, some studies have shown that TI-
activated B cells, which are generally GC-independent, can generate long-lived
antibody responses''>!'*'>!. Some MBCs can also be produced during the EF
response, especially in highly inflammatory settings. Like EF PCs, these
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MBCs typically have lower affinity and fewer mutations than GC-derived
MBCS125’]52_]56.

THE GERMINAL CENTER REACTION

Activated B cells that do not participate in the EF response upregulate CCR6,
facilitating their migration back into the follicle where they seed GCs>*!*>1%2,
The GC can be structurally divided into a dark zone and a light zone, with GC
B cells cycling between the two. The dark zone contains rapidly proliferating
GC B cells (centroblasts), which undergo clonal expansion and repeated cycles
of SHM. The light zone contains non-dividing GC B cells (centrocytes) that
compete for antigen supplied by FDCs, and stimulatory signals from Tth
cells'*>!'*2, Centrocytes with high-affinity BCRs bind stronger to and capture
more antigens and are positively selected, while those with low-affinity BCRs
fail to capture antigen or receive Tth-cell help and undergo apoptosis.
Positively selected cells can migrate back into the dark zone for additional

proliferation and mutation or differentiate into MBCs or PCs that exit the
Gcl34-136,142,157

Since SHM can result in B cells expressing autoreactive BCRs'?®!37140]

negative selection mechanisms are likely at play to remove such cells. One
such mechanism is deletion through activation-induced cell death'**'’,
provided that the self-antigen is abundant in the GC'®. A more recently
proposed mechanism is by clonal redemption, whereby self-reactive B cells

are rescued by SHM, mutating the BCR away from autoreactivity'**'¢!-162,

MBCs produced from the GC reaction are generally of higher affinity
compared to those arising from the EF response and are often isotype switched.
Both short-lived plasmablasts and PCs are produced from the GC. GC-derived
PCs can also migrate to and take up residency in the BM or mucosal tissues,
where they may become long-lived and continuously secrete high-affinity

antibodies, sustaining serological memory'®.

EF VS. GC DIFFERENTIATION

The decision between EF and GC responses is mediated by several elements
(Table 2). For instance, high BCR antigen affinity'®, and strong and sustained
T-cell help (especially via CD40 signaling)'®® favor the EF response. By
contrast, low or intermediate BCR antigen affinity'®* and weak/transient T-cell
help'® favor GC differentiation. The cytokine milieu also influences the fate
of pre-GC B cells; pro-inflammatory cytokines like IL-2'%, IL-12'*, IFN-y,
and TNF-o'®® can indirectly promote EF responses by inhibiting the
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differentiation of Tfh cells, which are required for the GC reaction.
Conversely, IL-6 promotes GC responses, in part by inducing Tth
differentiation'*'®, Some studies have also suggested that TLRs influence
fate decision in pre-GC B cells. For instance, TLR7 signaling reportedly
promotes GC responses and can induce spontaneous GC formation in cases of
autoimmunity, whereas TLR9 signaling has the opposite effect'>>'7°,

Table 2. Factors influencing the fate decision of pre-GC B cells.

Factor EF Response GC Response
BCR affinity High Low/intermediate
Antigen density High Low/intermediate
T-cell help Strong, sustained Moderate, transient
Cytokines ”1:1{\1-_2\;, I_II.‘&IFz_ ” IL-6
TLRs TLR9 TLR7

PC VS. MBC DIFFERENTIATION

Whether a B cell differentiates into a PC or MBC is incompletely understood,
although several fate models have been proposed'’'. The transcription factor
(TF) IRF4 is upregulated in response to BCR signaling and T-cell help'®>'7"
' and functions in a dose-dependent manner. Low-level expression of IRF4
induces BCL6, the master regulator of the GC program and suppressor of the
PC program'™, whereas high and sustained IRF4 expression induces the TF
BLIMPI, the master regulator of the PC program'®'"*'"* High antigen
affinity and sustained T-cell engagement therefore result in high IRF4
expression and subsequent PC differentiation. By contrast, B cells with low-
affinity BCRs fail to upregulate IRF4 sufficiently to induce BLIMP1, leading
instead to sustained BCL6 expression and either retention in the GC or
differentiation into MBCs'”'. Transient or weak CD40 signaling upregulates
the TF BACH2 which, in concert with BCL6, suppresses BLIMP1 and
promotes MBC differentiation' """

PLASMA CELLS & PLASMABLASTS

Plasmablasts and PCs are antibody-producing cells arising from B-cell
differentiation in EF and GC responses. Both contribute to humoral immunity
through antibody production. While the terms are sometimes used

18



Kristoffer Nilsson Grimstad

synonymously, they differ in maturation status, phenotype, longevity, and
tissue localization (Table 3).

Table 3. Distinguishing features in plasmablasts and PCs.

Feature Plasmablasts PCs
Terminally
differentiated e Nes
Proliferating Yes (Ki-67") No
Surface markers CD19* CD20°v CD27*ieh [CD19*~ CD20- CD27"ieh
CD38"¢" CD138- CD38"¢" CD138*
Surface BCR, MCH 11,
. Present Lost
co-stimulatory markers
Antibody secretion ngh’ O afﬁmty, ngh, high é.ifﬁmty’
mainly unswitched mainly switched
Longevity Short-lived Short- or long-lived
Tissue localization Circulation, SLOs BM, mucosal tissues

PLASMABLASTS

Plasmablasts are short-lived, proliferating cells. They are not terminally
differentiated and are often considered an intermediate stage between activated
B cells and PCs. As such, plasmablasts can retain certain features of activated
B cells, including expression of surface Ig, MHC 1I and co-stimulatory
molecules. Like PCs, they often express high levels of CD27 and CD38, but
low or no levels of CD20 and the adhesion molecule CD138. Plasmablasts
secrete high amounts of antibodies, but generally of lower affinity and mainly
of the IgM class, compared to PCs*'®. While the distinction between
plasmablasts and PCs vary, plasmablasts are positively identified by their
proliferative status’'””. This is typically indicated by Ki-67 expression,
although a recent report showed that only 11-13% of in vitro Ki-67"

plasmablasts from newly vaccinated adults were actively dividing'*’.

PLASMA CELLS

PCs are terminally differentiated, non-dividing cells that secrete high-affinity
antibodies, often of the IgG or IgA isotype. Mature PCs typically lose
expression of surface Ig, MHC II, and co-stimulatory molecules. They
generally express high levels of CD27, CD38, and CD138, but downregulate
CD20 and, in some cases, CD19%1*1”° Long-lived PCs migrate to the BM
and mucosal tissues. There, they can persist for months or years while
continuously secreting antibodies and provide serological immunity

19



Memory B Cells in Autoimmune Diseases

independent of antigen. Their survival is mediated by factors produced by
stromal cells through contact-dependent interactions'®. The retention of PCs
in these locations appears dependent on the chemokine CXCL12, produced by
stromal cells, attracting CXCR4-expressing PCs'®'. In addition, studies in mice
have indicated that eosinophils are required for the retention and survival of
PCs in BM'® and the gut mucosa'®.

Whether the longevity of certain PCs is dependent on their origin, the antigen
they respond to, or reaching survival niches before perishing is unclear'”*'#1%5,
Additionally, if PCs persist for the lifetime of the individual, then the number
of PCs would increase with the individual’s age, which has not been shown.
Rather, newly generated PCs have been suggested to displace old PCs in the
BM following booster immunization'®. It has been suggested that polyclonal
activation of unrelated MBCs results in low-grade replenishing of the PC pool,
without significantly spiking serum antibody titers'®"'%%,

MEMORY B CELLS

MBCs are quiescent, antigen-experienced B cells that remain following a
primary immune response and provide long-term protection. They can arise
from both EF and GC responses, and can persist for extended periods,
sometimes the lifetime of the individual'®. They enable rapid and robust
responses when re-exposed to the same antigen. MBCs make up approximately
40-60% of the total B-cell compartment in PB of healthy individuals'®”.

REACTIVATION

MBCs are distributed throughout several anatomical compartments, providing
multiple lines of defense against reinfection. IgA" MBCs are found in
mucocutaneous locations, such as the tonsillar mucosa''. IgG" MBCs are
found in draining LNs, where they filter lymph for pathogens breaching the
skin barrier'®?. IgM" MBCs are located in the BM and the splenic MZ, where
they surveil for bloodborne pathogens'**'>. Hence, some MBCs are tissue-
resident and remain in these locations, while others recirculate via PB and
SLOs, exhibiting migratory patterns like those of naive B cells'**'%.

In contrast to naive B cells, which require three initial signals for activation,
human MBCs can typically be reactivated by two signals. These two signals
can be any combination of the following: 1) cognate antigen binding to the
BCR; 2) polyclonal activation via TLRs (which are constitutively expressed
on MBCs)”'%!¥7 or 3) via bystander T cells (i.e., T cells activated by a third-
party antigen) through CD40 signaling®'***. Human reactivated MBCs
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generally proliferate and/or differentiate much faster than naive B
cells'®202203 " Reactivated MBCs either differentiate into PCs to provide
immediate response via antibody production or re-enter the GC for further
rounds of CSR and SHM, thereby replenishing the PC and MBC pools.

IDENTIFYING MARKERS & CHARACTERISTICS

MBC:s are distinct from naive B cells in several ways. They typically express
BCRs of higher antigen affinity and proliferate and/or differentiate faster in
response to stimulation'®*”, In addition, MBCs can persist for several
decades, evidenced by the detection of vaccinia virus-specific MBCs >50 years

after vaccination against smallpox'®’.

Human MBCs were historically defined by expression of switched BCRs
harboring somatically mutated V genes’***. However, identification of
somatically mutated IgM" B cells suggested unswitched (IgM/IgD") MBCs
exist as well**'2%2% In the 1990’s, it was shown that expression of the TNF
superfamily receptor CD27 defined different subsets of tonsillar and PB B
cells*'®?!"'. Notably, adult PB B cells comprised both CD27" and CD27 cells,
whereas cord blood B cells were primarily CD27. CD27" B cells were
generally larger in size, had more abundant cytoplasm, and produced higher
amounts of Ig in response to in vitro stimulation, compared to CD27" B
cells®'®?!"" It was subsequently shown that expression of CD27 defined B cells
harboring somatically mutated V genes, comprising both switched and
unswitched cells'”. CD27 was hence proposed as a universal human MBC
marker. However, several studies described rare subsets of isotype-switched
CD27 B cells in PB and tonsils that were phenotypically similar to CD27"
switched MBCs, and harbored somatically mutated V regions®*'*2!4,
Therefore, while CD27" B cells are generally considered to be MBCs, not all
MBCs are CD27".

Commonly, surface expression of CD27 and IgD is used to classify PB B cells
into transitional/naive cells (CD27 IgD"), unswitched MBCs (CD27'IgD"),
switched MBCs (CD27 IgD"), double-negative (DN) MBCs (CD27 IgD"), and
plasmablasts (CD27"€"gD)*213216 In addition, IgD combined with CD38 is
used in the BmI-BmS5 classification, primarily for distinguishing B-cell
populations in human tonsils*”’. This scheme separates B cells into naive cells
(IgD'CD387; Bml), activated naive cells (IgD'CD38"; Bm2), pre-GC cells
(IgD'CD38™"; Bm2’), GC centroblasts and centrocytes (IgD CD38";
Bm3/Bm4), and MBCs (IgD CD38""; BmS5). It should be noted that in this
classification system, transitional B cells end up in the Bm2’ gate, whereas
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unswitched MBCs are divided across the Bm1 and Bm2 gates*'. Surface
staining for CD38 and CD24 can also be used for separating B cells into
transitional cells (CD387°CD24""), naive cells (CD38'CD24"), MBCs
(CD387CD24™), and PCs (CD387CD24)**'>2!6_ Additionally, ABCBI, a
transmembrane protein that exports compounds out of the cell, is expressed by
naive B cells but not by transitional B cells or MBCs*’, whereas CD10
expression is restricted to transitional B cells*’.

MBC SUBSETS

As already mentioned, MBCs can be subdivided into three main subsets based
on surface expression of CD27 and IgD (Figure 8); unswitched MBCs
(IgD'CD27"), switched MBCs (IgD CD27"), and DN MBCs (IgD CD27).
However, additional heterogeneity has been observed in the MBC
compartment, and subsets exist within and across the conventional separation
into unswitched/switched/DN, as discussed later.

Switched Unswitched

Non-MBCs

DN Naive, transitional

CD27

R
IgD

Figure 8. Schematic overview of MBC subsets defined by CD27 and IgD expression.

Unswitched MBCs, sometimes referred to as [gM MBCs, express surface IgM,
with or without IgD. These cells are often less somatically mutated compared
to switched MBCs, but more so than naive B cells®>!%298209217 Ungwitched
MBCs can be divided into IgM IgD" MBCs and IgM IgD™ (IgM-only) MBCs,
with the latter often displaying slightly higher SHM frequencies®'***'®. Given
their phenotypic similarity to MZ B cells, there is an ongoing debate of whether
unswitched, in particular IgMIgD" MBCs, are true MBCs or represent
circulating MZ B cells’>*®", It has been suggested that IgM-only and
IgM'IgD* MBCs are separate populations, wherein the former represent GC-
derived MBCs, and the latter are human MZ B cells®***?!°. Others have argued
the opposite, reporting clonal overlap and highly similar BCR repertoires
between the two subsets®'®. Transcriptomic analyses have also shown that the
only significant difference between IgM-only and IgMIgD" MBCs is the
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expression of IgD transcripts, or lack thereof*®’. It has hence been argued that
both subsets are MBCs, with the IgM-only fraction emerging later in the GC
reaction”.

Switched MBCs (IgD'CD27") comprise primarily IgG", IgA", and less
frequently, IgE" cells, often displaying a higher SHM frequency than
unswitched MBCs?'’. Switched MBCs primarily derive from the GC reaction
and rapidly differentiate into PCs upon antigen rechallenge™**’. Among PB
[gG" MBCs in humans, IgG1 and IgG2 subclasses dominate, followed by [gG3
and, infrequently, IgG4'*®. For IgA" MBCs, the majority are IgA1" in PB,
while IgA2" MBCs are more prominent in certain mucosal sites such as the
gastrointestinal mucosa®'. IgE" MBCs are rarely observed in PB; some studies
have reported a small subset of IgE" MBCs accounting for 0.1% of the total
PB B-cell compartment in adults**>***, Based on analysis of BCR transcripts,
IgE" MBCs are suggested to derive from [gG" MBCs through CSR, rather than

recombination from unswitched cells®?.

DN MBCs (Igh CD27") constitute a small fraction of MBCs in healthy
individuals but expand in certain inflammatory conditions. These cells are
themselves heterogeneous, and several subsets have been described”**. Some
studies have separated DN MBCs into four subsets primarily based on
expression of CD21, CXCRS5, and CD1lc: DN1 (CD21"CXCR5°CDl11¢),
DN2 (CD21" CXCR5CDIllIc"), DN3 (CD21'CXCR5CDll¢), and DN4
(CD21'CXCR5'CD11c¢"). DNI MBCs have been described as the
dominating DN subset in healthy individuals, whereas the DN2, and recently
DN3, subsets have been shown to accumulate in autoimmune and infectious
diseases™*?*. The DN4 subset is less characterized, with conflicting
phenotypes. One report described them as a subset of IgE-expressing
CXCR5'CD11¢c” DN MBCs in a healthy individual following an allergic
reaction’?, whereas another study defined them as CXCR5'CD11c" cells
accumulated in IgG4-related disease®®’. It is therefore unclear whether these
studies describe the same cells. DN MBCs comprise both switched and IgM"
MBCs, often exhibiting SHM frequencies on par with CD27" unswitched
cells®, although this varies. While their developmental origin has been
debated, studies have shown that DN MBCs are clonally related to CD27"
MBCs, suggesting that they do not represent a separate lineage of B cells”**',
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CD21t°W B CELLS

Most B cells express the complement receptor CD21 on their surface, however
over the past two decades, a specific subset of B cells with low or no expression
of CD21 (CD217°™) has been identified. These cells have been implicated in
a wide range of immunological conditions, including infection, chronic
inflammation, cancer, and autoimmune disease.

THE BCR CO-RECEPTOR COMPLEX

CD21 is a complement receptor expressed by various cell types in PB,
including most mature B cells. On B cells, CD21 is part of a BCR co-receptor
complex, alongside CD19 and CD81. Co-ligation of the BCR and CD21 by
complement-bound antigen lowers the B-cell activation threshold and
enhances downstream signaling (Figure 9)***2. CD21 is variably expressed by
PB B cells. Transitional B cells go from expressing low to high levels as they
mature®’. Naive B cells and MBCs are primarily CD21", whereas plasmablasts
and PCs are low or negative for CD21%*%**, Upon activation, CD21 expression
on B cells is reduced, largely due to shedding as soluble CD21. As a result,
serum levels of soluble CD21 often increase following B-cell activation™*. In
certain autoimmune disease, however, soluble CD21 levels in serum can be
decreased”>°,

. antigen
cad-S¥ antigen

Figure 9. The BCR co-receptor complex. When complement-tagged antigen binds the
BCR, the bound complement fragments can simultaneously bind to CD21, resulting in
lowered activation threshold for the B cell.

DISCOVERY

IN HUMANS

CD217" B cells were first described in the early 2000s, based on observations
in patients with chronic inflammatory conditions. Initially identified in HIV-
infected individuals, the frequency of these cells correlated with high viremia,
but decreased following antiretroviral therapy. These CD217°% B cells
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displayed reduced proliferative capacity in response to BCR stimulation in
vitro, yet secreted higher amounts of antibody than CD21"¢" B cells*’. Later
work showed that CD217"°" B cells in HIV-viremic individuals expressed the
inhibitory receptor Fc receptor-like (FcRL4)-4. This, alongside their
hyporesponsiveness in vitro and expression of homing receptors like CD11c
and CXCR3, akin to exhausted T cells, led to CD217° B cells being referred
to as exhausted B cells™®.

Around the same time as the discovery in HIV, accumulation of
CDI19™CD217™" B cells was reported in patients with common variable
immunodeficiency (CVID), particularly in individuals presenting with
splenomegaly and autoimmune cytopenia®®. The frequency of a
CD19"e"CD21"" B-cell subset was subsequently found to increase in systemic
lupus erythematosus (SLE) patients and correlated with disease duration®’. In
line with this, CD217"°" B cells with variable CD27 expression in rheumatoid
arthritis (RA)****!' and CD217°"CD27" B cells in hepatitis C virus (HCV)-
associated autoimmunity®** were increased in frequency and enriched for
autoreactive clones. These cells were hyporesponsive to in vitro BCR and
CD40 triggering but responded to TLRY ligation*****2, These findings led to
speculation that these cells represented an anergic autoreactive B-cell subset.
However, individuals living in malaria-endemic areas were also shown to
accumulate PB CD217°"CD27" B cells. These comprised both switched and
unswitched cells and failed to differentiate into PCs by in vitro TLR9 and BCR
ligation. While functionally and phenotypically similar to the ‘exhausted” B
cells described in HIV, these cells in malaria were referred to as atypical

MBCs, as it was argued that they may be responsive to other stimuli**.

Within the same time period, a CD21"°*CD27 B-cell subset was described in
the tonsils of healthy individuals. These cells expressed FcRL4 and high levels
of CD20, with similar proportions of isotypes and SHM frequency as
CD21"FcRL4 MBCs. These CD21°"FcRL4" cells were large in size and
morphologically reminiscent of PCs but lacked expression of characteristic PC
markers like IRF4 and XBP1. They were largely absent from PB and were
referred to as tissue-resident MBCs. Similar to CD217°" B cells in other
reports, these cells proliferated poorly in response to BCR stimulation, but
secreted antibody in response to cytokine stimulation in vitro*'.

IN MICE
In mice, our group reported that CD217"°" B cells accumulated in pre-BCR
knockout mice and were enriched for autoreactive clones**, drawing parallels
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to the association with autoimmunity observed for their human counterparts.
In addition, a subset of CD21 " splenic B cells expressing the integrin CD11¢
was identified in the context of Ehrlichia muris infection. These cells were
primarily unswitched and comprised mainly plasmablasts and MBCs that were
instrumental in mounting an IgG response upon antigenic rechallenge'*®**,
suggesting a dominant role in antibody production. However, a subsequent
study focused on lymphocytic choriomeningitis virus (LCMV) infection
showed that adoptive transfer of LCMV-specific IgG to mice deficient in these
B cells did not affect viral titers®*®, suggesting the protective role of these cells
extended beyond antibody production.

In 2011, two groups independently reported an association between the
frequency of CD217°" B cells and age in female mice, coining the term age-
associated B cells (ABCs)**'?*". These cells responded poorly to BCR and
CD40 ligation but proliferated following TLR7/9 triggering. The strongest
response was observed when TLRO ligation was paired with BCR stimulation.
TLR7/9-activated ABCs were shown to secrete IL-4 and IL-10, and, when co-
cultured with T cells, induced Th17 polarization. Moreover, follicular B cells
adopted an ABC-like phenotype upon triggering with TLR9 agonist, alone or
in combination with BCR ligation, but not following BCR and CD40
stimulation**’. ABCs expressing the TF Tbet and the integrin CD11c were also
found to accumulate in younger, lupus-prone mice, dependent on TLR7
signaling. Upon in vitro activation with TLR7 agonist, these cells secreted
autoreactive IgG antibodies, and depletion of ABCs in vivo reduced

autoantibody titers**'.

IDENTITY

Our group has shown that in PB from healthy individuals, CD217"°¥ B cells
are MBCs™®. These cells are also CD38"°" and lack ABCB1 expression,
distinguishing them from CD38"&" PCs and ABCBI' naive B cells,
respectively. CD217°% B cells are heterogeneous and can be found among cells
of wvarious stages of differentiation, including activated naive B cells
(IgD"CD27"), activated MBCs (IgD CD27"), and DN MBCs (IgD CD27)**.
Moreover, CD217°% B cells comprise both switched and unswitched cells,
often with somatically mutated V genes®***'. In addition, some studies have
reported the persistence of CD217°™ B cells, supporting a memory identity.
For instance, in HIV-positive individuals, antigen-specific CD217°% B cells
have been detected years after the individuals have become aviremic®>.
Similarly, long-term persistence of influenza hemagglutinin-specific CD21 ¥
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B cells have been reported in the spleen of healthy individuals, presumably as

a result of previous influenza infections®?.

PHENOTYPE

Much research has been allocated to determining the phenotype of CD21
MBCs. In the process, it has become evident that CD217"°" MBCs are a
heterogeneous population that can be divided into several subsets.
Consequently, it is sometimes difficult to make direct comparisons between
studies that do not use all the same markers in their analysis*****’. Some of the
most frequently expressed phenotypic markers are considered below.

—/low

TBET AND CD11C

Tbet, encoded by TBX21, is a TF that was originally identified as a master
regulator of Thl lineage commitment in T cells. Tbet” B cells were later
observed in in vitro experiments in mice®'. Tbet expression was also reported
in ABCs in older female and younger autoimmune-prone mice**'. In humans,
Tbet-expressing B cells were first described in B-cell neoplasms®*****, and later
in CD217°¥ B cells in HIV" individuals®*® and on mRNA level in CVID and
RA patients**. In B cells, Tbet mediates CSR to IgG2a/c (the mouse analogues
to human IgG1 and IgG3), and human Tbet" B cells are enriched for IgG1 and
IgG3 isotypes®'**2. While it is often used as a defining marker for ABCs in
mice, studies in Tbet-knockout mice have shown that this TF is not strictly
required for the development of ABCs****’, In humans, however, a study of a
Tbet-deficient patient showed that Tbet-expression is essential for the
development of CD21*Tbet'CDI11c” B cells, and that Tbet controls
chromatin accessibility to genes associated with a CD217°% phenotype,
including FA4S (CD95) and CXCR4*®. While most Tbet' B cells in humans are
CD217°%, not all CD217"°" B cells are Tbet".

CDl1c, encoded by ITGAX, is an integrin that is primarily expressed by DCs
and other myeloid cells. CD11c forms a heterodimer with CD18 and functions
as an adhesion molecule as well as a complement receptor and is thereby
involved in antigen uptake and migration to sites of inflammation in DCs*’.
CDl1c was found to be expressed by CD21"°"FcRL4" B cells from human
tonsils?®®, CD217°% B cells in HIV-viremic individuals®**, CD217°" B cells of
individuals living in malaria-endemic areas**, and ABCs in mice**"**". Hence,
CDI Ic expression is frequently observed in CD217°% B cells, although, like

Tbet, not all CD217"°™ B cells express CD1lc.
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CD217"°% B cells often, but not always, co-express Tbet and CDI1c. For
instance, in individuals with acute malaria infection, approximately a third of
CD11c" B cells co-expressed Tbet, whereas barely any Tbet" cells were among
the CD11c™ cells®'. Both Tbet and CD11c are frequently used as phenotypic
markers for CD217°" B cells across clinical conditions*****°.

CD19/CD20

Compared to other PB B-cell populations, CD217°% B cells typically display
elevated expression of CD19 and CD20*##¥24:23 CD19, as a component of
the BCR co-receptor complex, regulates BCR activation. It has been shown
that B cells in CD21-deficient mice and humans express higher levels of
surface CD19%%2% suggesting that CD217"°¥ MBCs might be compensating
for low CD21 expression by elevating CD19 expression. In addition, CD19
overexpression in mice is associated with breakdown of peripheral tolerance
and increased autoantibody frequency®**?*°, which might relate to observed
enrichment of autoreactive BCRs in these cells********, CD20 is another pan-
B-cell marker expressed on mature B cells but generally not on PCs. Recent
findings have suggested that CD20 functions to maintain the resting state of B
cells by preventing co-localization of the BCR with CD19, thereby avoiding

spontaneous activation®®,

CD27

Despite exhibiting MBC features, CD21"°" B cells display variable expression
of CD27, and both CD27" and CD27  subsets exist in humans. The
heterogeneity in CD27 expression might reflect different functional states
within the CD217°% B cells, and the CD27" fraction is sometimes referred to
as activated MBCs. Most reports describe CD217°% B cells lacking CD27
expression, with the CD27" subset often comprising a smaller proportion of
CD217"° B cells compared to their CD27" counterparts?!+24!:242:249.250.261.267.268

CD24

CD24, a surface protein with several roles in B-cell biology, is variably
expressed by CD217°" MBCs. For instance, CD217°"CD24" B cells are
enriched for CD27' cells, whereas CD217°"CD24"¥ cells are mainly
CD27 %2 CD24 has primarily been associated with regulation of B-cell
survival during development, with peak expression in pre-B cells and, in PB,
transitional B cells. PB naive B cells express lower levels of CD24, which
increase somewhat in MBCs, but is absent in PCs**”*°. CD24 also interacts
with damage-associated molecular patterns to inhibit immune-cell
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overactivation to damage signals. Polymorphisms in CD24 are associated with

increased risk of developing autoimmune disease®”’.

CD80/CD86

The co-stimulatory molecules CD80 and CD86 are generally upregulated by B
cells following BCR ligation. PB CD21"°" B cells tend to express elevated
levels of these markers, compared to CD21" B cellg?3240-242249.271.272  Thig
expression pattern has contributed to the notion of CD217°¥ B cells being in
an activated state. This is supported by the low CD21 expression and might
partially explain the altered responsiveness to BCR ligation in these cells.
Increased expression of these co-stimulatory markers suggests that these cells
have enhanced ability to interact with T cells.

CD95

CD95, encoded by the FAS gene, is canonically considered a death receptor,
and is upregulated following B-cell activation, especially following CD40
ligation and/or IFN-y signaling?”®. CD217"°¥ B cells typically express elevated
CD95 levels, on par with or higher than conventional MBCs and has been
related to their propensity to undergo apoptosis in vitro*****"*"'*7* However,
CD95 is also involved in anti-apoptotic signaling?’>, and so its expression on
CD217°" B cells might be more complex. Since it is generally upregulated
following B-cell activation, it might also highlight the activated state of these
cells.

CHEMOKINE RECEPTORS

CD217"¥ B cells typically exhibit an altered expression pattern for chemokine
receptors compared to conventional MBCs. For instance, PB CD217"°V B cells
often display reduced levels of CXCRS in healthy individuals, patients with
autoimmune disease, and acute and chronic infections?26-233-238:240.243.268.272.276
CXCRS5 expression guides B cells to B-cell follicles in SLOs, suggesting that
reduced expression on CD217°% B cells may reflect limited trafficking to
SLOs. In line with this, CD217""° MBCs often also exhibit reduced expression
of CCR6 and CCR7****%7_ which mediate B-cell positioning in SLOs.

Most studies have reported that CD21"°" B cells express reduced or no levels
of CXCR4#>238:240.283267 "5 chemokine receptor that normally guides B cells to
the BM or mediates their trafficking in the GC?”’. By contrast, CXCR3
expression is often elevated on CD217°" B cells?#243:230:261267 - CXCR3
facilitates migration to sites of inflammation through interaction with CXCL9,
CXCL10, and CXCL11?”®. This overall expression pattern of chemokine
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receptors suggests that CD217°% B cells may preferentially migrate to sites of
inflammation rather than to SLOs or the BM. This is supported by reports of
CD217" B cells in inflamed tissues, such as the nephritic kidney in SLE*"”,
the RA synovium?’® #hane. 2019 #33.280 " 3 the parotid glands in patients with
primary Sjogren’s disease (SjD)**!. Notably, PB CD217"°" B cells in healthy
individuals also display elevated CXCR3 expression®’?, suggesting that this
feature may not be restricted to inflammatory contexts.

FCRLS

FcRLs are a family of six (FcRL1-6) transmembrane glycoproteins,
predominantly expressed by lymphocytes, that bind the Fc portion of
antibodies. When co-ligated with the BCR, e.g., by immune complexes,
FcRL2-5 inhibit BCR signaling®. This likely serves as a feedback mechanism
to prevent further B-cell activation when antibody levels are high. However,
their function is not limited to inhibiting BCR signaling. For instance, FcRL4
also enhances TLR9 signaling®. Similarly, FcRL3 ligation with simultaneous
TLR9 engagement amplifies TLR9-driven B-cell activation and proliferation,
while suppressing PC differentiation®®*. FCRLS5 has been shown to associate
with CD21 and facilitate BCR signaling, whereas in the absence of CD21,
FcRLS5 inhibits BCR signaling®’. Similar to FcRL3, when engaged alongside
TLRO, FcRLS5 enhances TLR9-induced activation and proliferation®¢.

CD21 ¥ B cells in human tonsils were shown to express FcRL4*'*?%, with
subsequent studies showing that PB CD217°" B cells in HIV-viremic
individuals®®® and CVID patients””* are also FcRL4". CD217°" B cells in
malaria-exposed individuals were initially also described as FcRL4 %2,
However, it was later shown that the antibody clone used for surface detection
of FcRL4 cross-reacted with FcRL5. Hence, CD217°% B cells in malaria-
exposed individuals primarily express FcRLS, with little or no FCRL4™. Aside
from in HIV and CVID, FcRL4 has mainly been associated with tissue
residency or tissue infiltration, as is the case with CD217°% B cells in the RA

synovium?® and SjD parotid glands®*'.

Compared to FcRL4, FcRLS expression has been consistently reported in
CD217"° B cells across various conditions>40-230:252:267.:268:288.290.291 ‘1 addition,
PB CD217° B cells in COVID-19?%, malaria®®®, and SjD patients®” also
express FCRL3. Overexpression of FCRLS in B cells in transgenic mice was
associated with development of autoimmune disease®, further linking
CD217"°" B cells to autoimmunity.
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ONTOGENY

The developmental origin of human CD217°" B-cell subsets is still under
debate and incompletely understood. It is further complicated by a lack of
consensus markers for these cells. However, current evidence supports
multiple, potentially context-dependent pathways of development.

NAIVE VS. MEMORY B CELL ORIGIN

Evidence supporting that CD217°" B cells differentiate directly from naive B
cells comes from transcriptional and in vitro studies. PB naive B cells, from
healthy donors and SLE patients, stimulated with combinations of anti-Ig,
TLR7 agonist, IFN-y, and IL-21 in vitro adopt a CD21"**Tbet'CD11c"
phenotype?*27%2%42%3 A subset of PB CD21 " Tbet"®"CD11¢" activated naive
B cells has also been described to accumulate in SLE patients and differentiate
into DN2 MBCs in vitro***%,

Other reports have suggested that CD217"°% B cells originate from
conventional CD27" MBCs. A single-cell RNA sequencing (scRNA-seq)
study of malaria-exposed individuals inferred a developmental trajectory from
naive B cells extending through CD217°¥CD27" MBCs that split into either
conventional CD21°CD27" MBCs or CD217°"CD27" MBCs*’. In another
study in healthy individuals, RNA velocity and trajectory inference suggested
that CD21 " Tbet'CD11c" B cells developed from unswitched CD21°CD27*
MBCs*°. A similar trajectory was inferred in B cells from the RA synovium,
where DN2 cells originated from CD27" MBCs?’®. In addition, a longitudinal
study of B cells in individuals infected with and/or vaccinated against SARS-
CoV-2 investigated B-cell clones before and after vaccination®®. This study
showed that persisting antigen-specific conventional CD21°CD27° MBC
clones adopted a CD21""Tbet'CD11c" phenotype (both CD27" and CD27")
following vaccination 12 months post-infection. Trajectory inference
suggested development from unswitched MBCs via CD21°CD27" MBCs with
subsequent bifurcation into either CD21°CD27" MBCs or CD21°CD27"
MBCs.

In summary, current evidence supports the development of CD217° B cells
both from naive B cells and from MBCs. This is also supported by in vitro
experiments, where both naive B cells and MBCs adopted a
Tbet'CD11c'FcRLS" phenotype following stimulation®”.
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GERMINAL CENTER VS. EXTRAFOLLICULAR ORIGIN

While GC responses are more complicated to study in humans, several lines of
evidence support an EF origin of CD21"°" B cells in humans. For instance, in
HIV, CD217"°" B cells have been found to accumulate outside of GCs and
display lower SHM frequency compared to GC-derived MBCs. In addition,
although these CD217°™ B cells were clonally related to GC-derived MBCs,
they displayed lower neutralizing potential®®®. Since clonal relatedness
primarily indicates that cells originate from a common precursor, these
findings suggest that CD217"°% B cells either arise through an EF response or
exit the GC early. Notably, accumulation of CD217"*"Tbet" B cells outside
GCs has also been reported in patients with CVID*®. A Tbet" B-cell subset
also accumulated outside of GCs in a patient with toxoplasmosis, although

CD21 expression was not determined for these cells’®.

Conversely, studies of malaria-infected/-vaccinated individuals showed that
CD217" B cells were highly similar to conventional GC-derived MBCs in
terms of V-gene usage, SHM frequency, and proliferation history®*'=%%
supporting a shared origin of these subsets. Similarly, studies analyzing PB
CD21"Tbet'CD11c" B cells in individuals vaccinated against
SARS-CoV-2** and seasonal influenza®” showed that these cells displayed
SHM frequencies comparable to conventional GC-derived switched MBCs.

In summary, there is evidence supporting both EF and GC origins for
CD217¥ B cells. It is possible that these cells can arise from both responses,
and that overrepresentation of one pathway might be influenced by the ongoing
immune response'?%. It is also feasible that CD217"° B cells can arise
extrafollicularly from GC-derived MBCs, as has been suggested**=%,

KEY SIGNALS

Insights into the common drivers in the development of CD21 " Tbet'CD11c¢"
B cells collectively come from mouse models, in vitro experiments, and
observations of individuals with inborn errors of immunity. Consistent
components include stimulation via the BCR, TLRs, CD40, and cytokine
signaling, including IFN-y and IL-21.

TLR signaling has consistently been described as a crucial component for ABC
development in mice**'?”’, and is implicated in the generation of
CD21"°"Tbet'CD11c" B cells in SLE*****, However, in individuals deficient
in MyD88 and IRAK4, two key components in the TLR7/8/9 signaling

pathways, CD217°" B-cell development was not affected”. The same study
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showed that in vitro BCR ligation and IFN-y signaling, in the context of
TLR7/8, TLRY, or CD40 ligation, upregulated Tbet, CD11¢c, and CXCR3
while slightly downregulating CD21. Both IL-21 and CD40L have been
implicated in the generation of ABCs in mice”*** and Tbet'CD11c" B cells
in humans?””. One study showed that in vitro stimulation of human
CDI19°CD27 B cells with TLR7/9 agonist combined with IL-21 and/or IFN-y
upregulated Tbet, whereas only IL-21 induced CD11c expression®”. A recent
in vitro study expanded on this and showed that, in the context of BCR and
TLRY ligation, IL-21 efficiently drove CD11c expression, while IFN-y was
more potent in inducing Tbet*”>. The same study highlighted that BCR ligation
and IFN-y stimulation, respectively, can induce Tbet, albeit to a lesser extent.

In summary, several signals can induce a CD21"**Tbet'CD11c" phenotype,
with BCR and IFN-y signaling being consistent components, whereas co-
stimulation and additional cytokines may vary.

CD21:°W B CELLS IN HEALTH AND DISEASE

CD217" MBCs are generally rare in healthy individuals, accounting for
approximately 5% of the total PB B-cell compartment**®, While CD217"°" B
cells have been detected in tonsils and LNs of healthy individuals®'**>,
Tbet-expressing subsets are largely absent from these tissues under non-
inflammatory conditions**?***%  However, CD21 7" Tbet"¢" B cells have
been detected in the BM and the spleen”*’. Analysis of those in the spleen
showed that some were influenza-specific, likely derived from a past infection.

INFECTION

CD217"°" B-cell accumulation is transiently observed in patients with
COVID-19, but declines following viral clearance®”’. Patients with severe
infection typically display more pronounced expansion of these cells?**"7-%%,
evidenced further by a lack of decline in patients who eventually perish from
the infection®®. A transient expansion of pathogen-specific CD217°% B cells
is also observed following vaccination against COVID-19%,

HIV-viremic individuals exhibit an accumulation of PB CD217°% B cells,
including Tbet'CD11c" subsets™”***, The frequency of these cells correlates
with viremia, and decline following antiretroviral therapy®’. This subset is
enriched for HIV-specific responses, including BCRs specific for the HIV
glycoprotein gp140%%232,
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Persistent exposure to malaria results in an accumulation of PB
CD217"°"CD27 CD11c" MBCs***3%  These cells are enriched for both
antigen-specific and neutralizing antibodies against  Plasmodium
falciparum®™™3'°. A longitudinal study of malaria-infected individuals showed
that as many as 80% of proliferating B cells were CD11c", and 40% CD11c"
cells were CD217°"CD27 %', Additionally, Tbet-expressing B cells have been
shown to produce autoantibodies targeting phosphatidylserine expressed on
the surface of dying erythrocytes, potentially contributing to anemia in these
patients®''*12. CD217°"CD27 B cells from individuals living in malaria-
endemic areas responded poorly to soluble antigen in vitro, whereas antigen
bound to a lipid bilayer induced strong BCR signaling’"’. Hence, the
responsiveness to BCR stimulation may depend on how antigen is
encountered.

AUTOIMMUNE DISEASES

In SLE, CD217° B-cell subsets, including both CD27" and CD27 cells,
accumulate and correlate with autoantibody titers and disease
activity??*233:239.279.294314315 e 171" Thet"CD11¢" DN MBCs are enriched for
autoreactive clones and produce SLE-associated autoantibodies in vitro®>*".
Transcriptomic studies have shown that these cells in SLE express higher
levels of /IRF4 and PRDM1 (BLIMP1) transcripts compared to other B-cell
subsets, suggesting a PC precursor identity*****. The frequency of CD217"¥
B cells also associates with clinical manifestations, including lupus nephritis
and malar rash?”.

PB CD217"°" B cells also accumulate in patients with RA240:241:276316319 -Gy
group showed that the frequency of CD217°" B cells in PB correlates with
joint destruction in both untreated RA (uRA)* and established RA**'. The
frequency of CD11c¢" B cells has also been reported to associate with disease
activity in RA patients®'***, In addition, CD217°" B cells are also present in
synovial fluid and tissue of patients with established RA?76:280-319-321.323,

In SjD, the frequency of CD217°" B cells, both DN and CD27", accumulate in
PB*!#324 and the overall frequency of CD217"°" B cells correlates with an
increased risk of developing B-cell lymphoma®***. In addition, Tbet'CD11c"

B cells have been described in both PB and parotid glands of SjD patients®'.
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AUTOIMMUNE DISEASE

The term autoimmunity refers to the phenomenon in which the immune system
fails to tolerate self and inappropriately targets and damages the body’s own
tissues. Originally, the idea that the immune system could attack self was
considered implausible. In the early 1900s, the German immunologist Paul
Ehrlich coined the term horror autotoxicus to describe the aversion of the
immune system to self-destruction. Ehrlich’s teachings suggested that
mechanisms were in place to prevent such a situation from happening, and this
belief contributed to the delayed recognition of autoimmune diseases. It was
only several decades later that the accumulating evidence finally led to the

acceptance of autoimmune disease as a phenomenon®*.

Today, well over 100 autoimmune diseases have been recognized that
encompass both organ-specific and systemic disorders. On average,
autoimmune disorders affect 3-5% of the global population, and while the
incidence of some of these peaks in specific age groups, they can affect
individuals of any age*?’. The development of autoimmunity is complex and
incompletely understood but is thought to result from a combination of genetic

predisposition, environmental factors, and failure in tolerance mechanisms**,

RHEUMATOID ARTHRITIS

RA is a chronic, systemic autoimmune disorder primarily affecting synovial
joints. The disease is characterized by persistent inflammation and destruction
of joint tissues, including cartilage and bone, and potentially functional
disability and increased mortality. RA is one of the most common
inflammatory joint diseases and affects approximately 0.25-1.0% of the global
population®*”®. Women are affected 2-3 times more frequently than men, with
symptomatic onset peaking in the 70-79 years age range®*’, although RA can
occur at any age. RA can be categorized as seropositive and seronegative based
on the presence of characteristic autoantibodies, with different disease courses.
For the purpose of this thesis, the focus will be on seropositive RA.

ETIOLOGY AND RISK FACTORS

While the etiology is incompletely understood, RA is thought to arise from a
combination of genetic factors and environmental triggers. Based on twin
studies, it has been estimated that genetic factors account for 50-60% of disease
occurrence™'. The risk of developing RA is also higher in monozygotic twins
if one twin is affected, compared to in dizygotic twins**?. The highest genetic
predisposition involves the MHC II HLA-DR locus, with 70% of individuals
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with seropositive RA carrying HLA-DRB risk alleles®*®. These alleles contain
the same sequence of five amino acids at positions 70-74, referred to as the
shared epitope, which has been suggested to harbor increased affinity for

citrullinated peptides®*.

Female sex is a major risk factor associated with RA, since women are up to
three times as likely to develop RA than men, although the discrepancy
decreases with age®”. Hormonal factors such as postmenopausal status and
postpartum period have been implicated as increased risk factors®*>. Smoking
represents the largest known environmental risk factor for RA, particularly in
individuals carrying shared epitope alleles®****”. Other environmental factors
include exposure to silica dust and air pollution. Dietary factors are also
implicated, including high sodium diets, consumption of red meat, low omega-
3 fatty acid intake, and obesity**

PATHOGENESIS

The pathogenesis of RA features immune system dysregulation, chronic
synovitis, and persistent inflammation. The pathogenesis of RA begins years
prior to symptomatic onset, evidenced, in part, by detection of disease-
associated autoantibodies up to decades prior to symptomatic onset**>*’. The
most frequently considered autoantibodies are anti-citrullinated protein
antibodies (ACPAs), which recognize post-translationally modified peptides,
and rheumatoid factors (RF), which recognize the Fc portion of IgG. Both can
result in immune complex formation and complement activation®*'. However,
not all individuals with detectable levels develop RA*****  although those that
do typically display a gradual increase in serum titers leading up to disease
onset’**. The role of ACPA in the pathogenesis of RA is incompletely
understood. In fact, recent evidence has suggested that some ACPA clones may

even be protective against joint destruction®®,

Growing evidence suggests that RA pathogenesis and breach of tolerance starts
at mucosal surfaces, particularly the lungs, oral cavity, and gastrointestinal
tract’*. For instance, elevated ACPA levels have been observed in bronchial
tissues and bronchoalveolar lavage fluid in early untreated seropositive
patients, indicating local production®*’. In addition, pulmonary abnormalities
like those in patients with early RA were identified in seropositive individuals
without clinical synovitis®*®.

The synovium is subject to extensive changes during RA pathogenesis. The
normally thin lining of the synovium transforms into a thick,
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hyperproliferative, invasive tissue, with accumulation of lymphocytes,
macrophages, and activated fibroblasts*®®. Ectopic (tertiary) lymphoid
structures can form in the synovium, with organized aggregates of B and T
cells, supporting local (auto)antibody production, immune complex formation,
and inflammation**3%. Activated synovial fibroblasts secrete matrix
metalloproteinases that cleave and destroy articular cartilage, and pro-
inflammatory cytokines that perpetuate local inflammation®*'. In contrast, bone
destruction is primarily the result of bone-degrading osteoclasts.
Osteoclastogenesis is mainly induced by stimulation via the receptor activator
of nuclear factor-xkB (RANK) by its ligand, RANKL. RANKL can be
expressed by several cell types in the RA synovium, including T cells and B
cells, but primarily by synovial fibroblasts, and can be induced by pro-
inflammatory cytokines like TNF-a, IL-1B, IL-6, and IL-17, secreted by
synovial macrophages, fibroblasts and T cells®**. In addition,
osteoclastogenesis can be induced independently of RANKL by stimulation
with cytokines like IL-6 and TNF-o**.

CLINICAL MANIFESTATIONS

RA typically affects the small joints of hands and feet, usually in a symmetrical
pattern, although the larger joints such as knees and shoulders can also be
affected. Hallmark symptoms include joint pain, tenderness, swelling, and
prolonged morning stiffness. Left untreated, RA results in joint deformities and
loss of joint function over time***. Additionally, common symptoms include
fatigue, low-grade fever, weight loss, and malaise, which may precede or
accompany onset of joint manifestations. Comorbidities are less common with
effective treatment but include rheumatoid nodules, interstitial lung disease,
cardiovascular disease, increased risk of infections, osteoporosis and
lymphoma®®. RA patients are also susceptible of developing associated
Sjogren’s disease®**%’.

DIAGNOSIS & CLASSIFICATION

The diagnosis of RA cannot be made by a single test. Rather, clinical diagnosis
is based on a combination of family history, laboratory tests, radiographic as
well as clinical examinations. Inflammation markers such as C-reactive protein
(CRP) and erythrocyte sedimentation rate (ESR) tend to be elevated®>. Hence,
common laboratory analyses include inflammation markers and serology
(autoantibodies)****>. The 1987 American College of Rheumatology (ACR)***
and the 2010 revised ACR/European Alliance of Associations for
Rheumatology (formerly European League Against Rheumatism; EULAR)*
classification criteria were developed for research purposes and may aid in the
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diagnosis of RA. However, the expert opinion of the clinician is the gold
standard diagnostic tool.

PROGNOSIS & TREATMENT

Seropositive RA is generally associated with poorer prognosis, with increased
risk of progressive joint damage and extraarticular manifestations®*****%!, In
addition, joint destruction, elevated levels of inflammation markers, higher
swollen joint counts, and smoking are predictive factors for poor prognosis.
Early treatment, within the so-called ‘window of opportunity’*®, is associated
with increased chance of achieving remission compared to those treated
later*®. The definition of the window of opportunity has changed over the past
30 years, from within 2 years to 12 weeks from symptomatic onset**,

Disease-modifying anti-rheumatic drugs (DMARDSs) are commonly used for
the treatment of RA. These can be divided into two major categories: biologic
and synthetic DMARDs. Biologic DMARDs mainly comprise monoclonal
antibodies that target molecules such as cytokines (e.g., TNF-a, IL-1, IL-6) or
cells. These include rituximab, an anti-CD20 monoclonal antibody used for B-
cell depletion®*%, Synthetic DMARDs are divided into conventional and
targeted drugs. Conventional synthetic DMARDs, such as methotrexate,
hydroxychloroquine, and sulfasalazine, are disease-modifying agents with
anti-inflammatory properties commonly used empirically in RA treatment.
Methotrexate is the most common conventional synthetic DMARD and is
often used as a first-line therapy that may be paired with additional drugs®***%’.
Targeted synthetic DMARDs are newer drugs that target specific pathways in
the immune system, such as Janus kinase inhibitors**®. Biologic and targeted
synthetic DMARDs are generally reserved for patients with poor response to
conventional DMARD:s.

B CELLS IN RA

While RA pathogenesis involves many different cell types, B cells are centrally
implicated. For instance, the appearance of autoantibodies preceding
symptomatic onset’*****% implies a breach of B-cell tolerance, and B-cell
depletion therapy with rituximab can reduce the progression of joint
destruction®*>*%, However, improvement following rituximab is not always
accompanied by a reduction in autoantibody titers*®, suggesting a role for B
cells beyond autoantibody production.

Studies have consistently reported dysregulation in B-cell subsets, albeit with
conflicting patterns. Some studies have reported an overall B-cell
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lymphopenia®”’, with some suggesting a specific reduction in the proportion of
MBCs*'%*"! and others reporting elevated levels®’”’. Compared to healthy
donors, the proportion of unswitched MBCs is typically decreased in both
early®'®?2%372373 and established RA*"'“™*37 By contrast, reports on the
proportion of PB switched MBCs in established RA are
conflicting®’*37!374376377 * Reductions in certain circulating MBCs could
potentially reflect an accumulation of these cells in the RA synovium. The PB
DN MBC proportion is increased in both early RA/uRA****7 and established
RAZ76:321373378379 © A5 mentioned above, the frequency of CD217°" B-cell
subsets, including DN MBCs, correlates with joint destruction®***!,
suggesting that these cells are involved in this process.

In the synovium, B cells can form tertiary lymphoid structures**->*°, and a high

degree of B cell-dominated lymphocytic infiltration is associated with an
increased likelihood to develop joint destruction®’. In addition, among the

infiltrating B cells are CD217°" cells?’6280319321323 and RANKL-expressing
CSHS320’321’381.

PRIMARY SJOGREN’S DISEASE

SjD, formerly primary Sjdgren’s syndrome®®? is a chronic systemic
autoimmune disorder characterized by lymphocytic infiltration and destruction
and/or dysfunction of exocrine glands. Lacrimal and salivary glands are
particularly affected, leading to progressive glandular dysfunction and
hallmark sicca symptoms like xerostomia (dry mouth) and keratoconjunctivitis
sicca (dry eyes). The global prevalence of SjD has been estimated to 0.1-0.5%,
although higher estimates have been reported in Chinese and Scandinavian
populations***** SjD primarily affects women, with a female to male ratio of
9-14:1. Most patients are diagnosed in their 40s and 50s, although SjD can
occur at any age383’385’386.

ETIOLOGY & RISK FACTORS

The exact etiology of SjD remains poorly understood, although several
contributing factors have been identified. It has been estimated that the
heritability of SjD is 30-35%. Individuals with SjD are more likely to have
family members with other autoimmune disorders®**. The strongest
identified genetic association relates to MHC II alleles, with several HLA-DR
and -DQ alleles being associated with increased susceptibility and the presence
of disease-associated autoantibodies®™**. In addition, genome-wide
association studies have reported associations with genes encoding
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components in immune cell signaling and trafficking, such as CXCRS5, IL124,
and STAT4*"*,

Female sex is the strongest risk factor for SjD, although the reason for this is
incompletely understood. The X chromosome has been implicated, based on
reports that men with a 47, XXY karyotype (Klinefelter syndrome) have a
similar risk for SjD development as women®*’, whereas women with a 45, X
karyotype (Turner syndrome) rarely develop SjD. By contrast, women with a
47, XXX karyotype (trisomy X) exhibit an increased risk of developing SjD*".
Female sex hormones have also been implicated. For instance, decreased
estrogen exposure is associated with increased risk, consistent with the
observed peak incidence in perimenopausal individuals**. Viral infections,
such as by Epstein-Barr virus and HCV, have been suggested as environmental
risk factors, and associate with subsequent SjD development. Such infections
have been implicated as potential environmental triggers for the initial

activation of the glandular epithelium®®,

PATHOGENESIS

SjD features disease-associated autoantibodies that can be detectable years
prior to diagnosis®***. The most prominent autoantibodies associated with
SjD target the ribonucleoproteins Ro52, Ro60 (anti-Ro/SSA), and La (anti-
La/SSB)**. A large cohort study of over 12,000 SjD patients showed that
approximately 43% were double-positive (anti-SSA"/SSB"), 32% had isolated
anti-SSA", 2% had isolated anti-SSB”, and 23% were negative for both
autoantibodies®”>. However, some studies have reported anti-SSA and anti-
SSB in tears of otherwise seronegative patients®”. Approximately 50% of
patients are also RF', and these patients are also often anti-SSA'/anti-
QSR 397398

The main sites of inflammation in SjD are the exocrine glands, in particular
salivary and lacrimal glands. It is thought that a trigger event, presumed to be
an infection or environmental stressor, activates glandular epithelial cells.
These cells secrete pro-inflammatory cytokines and chemokines, resulting in
local inflammation and recruitment of innate and adaptive immune cells, such
as DCs, macrophages, and lymphocytes. BAFF and type I IFNs (IFN-o and
IFN-B) are centrally implicated in SjD. DCs are a major source of type I IFNs,
resulting in enhanced BAFF production and increased retention and activation
of lymphocytes®®. This contributes to the characteristic IFN signatures, i.e.,
increased expression of IFN-induced genes observed in PB and glandular
tissue*”. Elevated BAFF production promotes the survival, maturation, and
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activation of infiltrating B cells, and autoantibody production®”’. In line with
this, tertiary lymphoid structures may form that, in 25% of patients, contain

GCs that support local (auto)antibody production*”.

Th17 cells primarily secrete IL-17 and IL-22 but can also shift to a Th17.1
phenotype, producing both IL-17 and IFN-y, with the latter contributing to the
inflammatory response. IL-17 stimulates epithelial cells and fibroblasts to
secrete pro-inflammatory cytokines*"'. In addition, IL-17 can induce secretion
of matrix metalloproteinases by epithelial cells*’*, the expression of which is

increased in SjD salivary glands and associates with acinar damage*”.

CLINICAL MANIFESTATIONS

Hallmark symptoms of SjD relate to exocrine gland dysfunction. Over 80% of
patients present with persistent dryness of the mouth and eyes, often
accompanied by joint pain and fatigue®®***. Approximately 20% of patients
present with minimal or no sicca symptoms. These patients may instead exhibit
other features of the disease, including muscle and joint pain, swollen salivary
glands, and chronic fatigue. It is estimated that 30-40% of patients exhibit
extraglandular manifestations, which may include interstitial lung disease,
recurrent bronchitis, and chronic cough**. Some patients develop organ
involvement, including neurologic and renal disease, such as

glomerulonephritis due to cryoglobulinemia®*®,

The most serious complication of SjD is non-Hodgkin’s B-cell lymphoma.
Approximately 5-7% of patients develop lymphoma within 10 years of initial
diagnosis*”, and is associated with chronic B-cell activation. Lymphoma is 15-
20 times more prevalent in SjD patients compared to the general population
and usually arises at the site where the disease is active®”.

DIAGNOSIS & CLASSIFICATION

While there is no single diagnostic criterion for SjD, a combination of clinical
observations, functional measurements, and laboratory analyses aid in the
diagnosis. Laboratory tests include screening for disease-associated
autoantibodies. Anti-nuclear antibodies (ANA) are present in approximately
70% of individuals, in the presence or absence of anti-SSA and anti-SSB.
While half of patients present as RF', anti-dsDNA autoantibodies are generally
not present in these patients******. Functional tests such as the Schirmer’s test
and sialometry are used to evaluate dryness of the eyes and mouth,
respectively. The minor salivary glands can also be biopsied by which a focus
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score, i.e., the number of lymphocytic aggregates per 4 mm? of gland tissue, is
evaluated®™.

Several classification systems have been developed for SjD, the most widely
used being the 2016 ACR/EULAR classification criteria*”®. These criteria were
not developed for the diagnosis of SjD but may be used as a guide, although
the expert opinion of the clinician ultimately remains the gold standard for
diagnosis.

PROGNOSIS & TREATMENT

High disease activity at time of diagnosis, seropositivity (anti-SSA/anti-SSB),
and cytopenia are examples of indicators for poor prognosis. A subset of SjD
patients exhibit increased risk of mortality, primarily associated with
development of lymphoma. Factors such as male sex, vasculitis,
hypocomplementemia, extraglandular manifestations, cryoglobulinemia, and
parotid gland enlargement confer an increased risk of mortality®®. Positivity
for anti-SSA is associated with younger age at diagnosis, more active disease,
and higher risk for extraglandular manifestations, including lymphoma.
Similarly, positivity for both anti-SSA and anti-SSB associates with more
severe disease. Positivity for RF is also linked to systemic disease and risk of
lymphoma development®®’.

The treatment for SjD is primarily focused on symptom management of
exocrine gland involvement. Dryness of the eyes and mouth is generally
treated with artificial tears and salivary substitutes and/or saliva-stimulating
agents****7_ Mild to moderate cases of systemic manifestations are generally
treated with anti-inflammatory drugs like hydroxychloroquine. In moderate to
severe cases, or refractory systemic involvement, corticosteroid therapy and/or
conventional synthetic and/or biologic DMARDSs, such as methotrexate and
rituximab, may be used*®.

B CELLS IN SJD

B cells are central in the pathogenesis of SjD. As mentioned above,
autoantibodies can predate clinical diagnosis®*****, suggesting that B cells are
involved early in the disease. In support of this, BAFF levels correlate with
autoantibody titers in serum*®, and BAFF levels are also elevated in salivary
glands of SjD patients*”, suggesting an environment that supports B-cell
survival and activation. Additionally, SjD patients typically present with
altered distribution of PB B cells, primarily characterized by a decreased
proportion of MBCs*'**!! and increased frequency of CD217"°% B cells***%.
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42 and

The decrease in PB MBCs is more pronounced in seropositive patients

is attributed to increased migration to and accumulation in salivary glands*"?.
As mentioned above, CD217°" B cells are also detected in SjD salivary glands
and have been suggested to contribute to epithelial damage®®'. The presence of
ectopic GC-like structures in salivary glands in a subset of SjD patients
promotes chronic B-cell stimulation, local autoantibody production®**#!4415,

and has been associated with increased risk of developing B-cell lymphoma**®.

SINGLE-CELL RNA SEQUENCING

The analysis of gene expression is used to understand functional elements and
differences across cell types and physiological states, such as health and
disease. Early techniques like northern blotting and reverse-transcriptase
quantitative PCR enabled precise measurement of selected transcripts but were
limited to small gene sets*'®. Microarrays made it possible to quantify
thousands of transcripts simultaneously, although still relied on predefined
probes*!”. The simultaneous unbiased detection of all expressed genes was only
enabled by the advent of bulk RNA sequencing (RNA-seq)*'°. The drawback
of this method, however, is the averaging of gene expression values across the
entire sample. Hence, if a sample contains more than one cell type, with
different gene expression patterns, the resulting average expression values
would not be representative for the individual cell types. This ultimately led to
the development of scRNA-seq, an extension of bulk RNA-seq that enables
the transcriptomic analysis of individual cells in heterogeneous samples.

OVERVIEW

The experimental setup of sScRNA-seq is overall similar to bulk RNA-seq, with
a few key differences. First is the isolation of single cells, which may be
preceded by tissue digestion when solid tissue is used. Single-cell isolation
methods vary between platforms. For instance, plate-based methods, like
SMART-seq2, typically use fluorescence-activated cell sorting (FACS) or
manual picking*'®. Droplet-based methods, like 10x Genomics, use
microfluidics to encapsulate individual cells with barcoded beads in oil
droplets*”. A key principle of scRNA-seq is the use of cell-specific barcodes
and unique molecular identifiers (UMIs). Barcodes are short nucleotide
sequences that are added to all transcripts originating from the same cell and
lay the foundation of single-cell analysis. Similarly, each individual transcript
is marked by a UMI that makes it possible to quantify unique transcripts.
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In scRNA-seq, both 5” and 3° methods exist, reflecting from which end the
RNA is captured and sequenced. The benefit of 5” sequencing is that it enables
simultaneous single-cell V(D)J sequencing (scV(D)J-seq), i.e., specific
sequencing of BCR/TCR transcripts. This process involves targeted
enrichment of V(D)J regions using specific primers for the BCR/TCR C
regions, thereby amplifying the V region of BCR/TCR transcripts. Once cDNA
has been generated and amplified, the library sample is split into two fractions:
one is used for full transcriptome (gene expression) sequencing, and the other
is subjected to targeted V(D)J enrichment. Because cell barcodes are added
before this stage, information from both gene expression and V(D)J libraries
can be integrated following sequencing. scV(D)J-seq provides insight into
immune repertoire diversity, clonotypes, and gene segment usage in
lymphocyte data.

DATA ANALYSIS

Following sequencing, base calling, and read alignment to a reference genome,
the scRNA-seq data is processed through a multi-step workflow. While the
steps in this workflow may vary between sample types, platforms, and research
questions, the following subsections give a general overview of a basic
analysis pipeline for scRNA-seq data.

QUALITY CONTROL

The primary goal of quality control (QC) in scRNA-seq is to remove “cells”
with poor quality, usually representing dead/damaged cells, or doublets.
Several metrics can be used for this purpose*”. Some of the commonly used
QC metrics are show in in Table 4. In addition, there are several computational
tools available for doublet prediction, including DoubletFinder*?' and
Scrublet*??. These tools generally use transcript expression patterns and/or
predetermined doublet rates to predict probable doublets and may supplement

the above filtering in some datasets.

When applying QC filters, it is important to consider both the underlying
biology, i.e., what can be expected of the cells analyzed, and the overall
dataset. For instance, only retaining cells with <5% mitochondrial transcripts
might be appropriate for one dataset, but may remove most of the cells in
another. In addition, different cell types may exhibit different features. For
example, while most cells display high percentages of ribosomal protein
transcripts, due to ongoing protein synthesis, other, quiescent cells may
naturally exhibit lower fractions.
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Table 4. Common QC metrics used in scRNA-seq data analysis.

Metric High values Low values
Numberfofigenes Doublet Dead/damaged cell
expressed per cell
N“mbef ot Doublet Dead/damaged cell
transcripts per cell
O -0 :

& mntoF Bondrial Dead/damaged cell -

transcripts

% ribosomal protein _ Dead/damaged cell,

transcripts quiescent cell
NORMALIZATION

Normalization refers to the correction of technical rather than biological
variability in gene expression counts. Scaling and normalization aim to make
gene expression values comparable across cells, thereby improving the
accuracy of downstream analyses*?’. One of the more common and simplest
methods is log normalization. Here, the counts for each gene in a cell are
divided by the total number of counts for that cell, multiplied by a scale factor
(e.g., 10,000), and the natural logarithm of these proportions is taken after
adding a pseudocount (+1), to avoid logging 0 counts.

Other, more advanced models have also been developed, including Single-Cell
Transform***** which models technical variation using regularized negative
binomial regression.

DIMENSIONALITY REDUCTION

The gene expression matrix from a scRNA-seq experiment is typically high-
dimensional, with each gene representing a distinct dimension. However, not
all genes are informative; many are not expressed in any cells or are expressed
uniformly across all cells and hence contribute little to biological variation.
Including all genes in downstream analysis increases the computational costs
and may increase the noise. Dimensionality reduction is used to focus on the
subset of genes that capture the most biological variability.

The first step is usually to select the most variably expressed genes based on
the assumption that biological heterogeneity is captured by the most variably
expressed genes in the data*”. The number of genes selected depends on the
size and heterogeneity of the data but is usually within the range of 1,000 to
5,000*°. Next, dimensionality reduction algorithms are used for the purpose
of summarizing and visualizing the data. In data summarization, the aim is to
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reduce the complexity and noise of the data, while retaining key structures for
downstream analysis*’. One of the most common methods for data
summarization is principal component analysis (PCA). PCA transforms the
data into principal components, ordered based on the amount of variance they
capture. While scRNA-seq data often exhibit nonlinear relationships, PCA is
often used as a computationally efficient method for reducing dimensionality
and noise**’.

Visualizing the data in PCA space is usually not informative, since it assumes
that the primary sources of variation are linearly related, which is often not the
case for scRNA-seq data. Therefore, this would often result in overlap of cell
populations (Figure 10A). By contrast, nonlinear methods are generally
preferred for visualizing cell populations and are often applied to PCA-reduced
data. Uniform manifold approximation and projection (UMAP) is one of the
most frequently used methods for this purpose. UMAP models the underlying
structure of high-dimensional data as a graph and then projects this structure
into a 2- or 3-dimensional space. Since UMAP preserves both local
(neighboring cells) and some global (relationships between groups of cells)
structure, cell types and subtypes are often more clearly separated when
visualized in UMAP space**® (Figure 10B).
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PC1 UMAP1

Figure 10. The same scRNA-seq dataset visualized in principal component space (A)
and UMAP space (B). Cells are colored by inferred B-cell subtype.

UNSUPERVISED CLUSTERING

Clustering is an unsupervised machine learning method that, in scRNA-seq,
refers to the grouping of cells into clusters based on similarities in their gene
expression profiles. The purpose of this is to identify distinct cell types,
subtypes, and/or states. In scRNA-seq, cells are often grouped using graph-
based clustering. Typically, following dimensionality reduction (e.g., PCA), a
k-nearest neighbor (KNN) graph is constructed. In this graph, cells are
represented as nodes, with each node connected to its & most similar
neighbors*’. From the KNN graph, a shared nearest neighbor (SNN) graph is
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generated in which edges between nodes are weighted based on how many
nearest neighbors two cells share.

Clustering algorithms such as the Louvain or Leiden methods are subsequently
applied to partition the SNN graph. The Louvain algorithm detects clusters by
maximizing the modularity, i.e., grouping cells that are more densely
connected to each other than to the rest of the graph*”’. The Leiden algorithm
refines clusters to ensure better-connected communities and greater
robustness*?®. Both algorithms use a ‘resolution’ parameter that controls the
granularity of the clustering, with higher values yielding more (smaller)
clusters and lower values generating fewer (larger) clusters.

ANALYSIS

Following clustering, a wide array of biological and computational analyses
can be performed. A common first step is cluster annotation, i.e., making
biological sense of and validating the cluster assignment. This can be achieved
using sets of known cell type markers from literature, using specialized tools
for cluster annotation, or by performing differential gene expression analysis.
For instance, reference-based annotation, like with scPred*”, uses a reference
dataset where cells are labeled, e.g., by cell type. A classifier is then trained on
the reference dataset to identify relationships between cell labels and
expression patterns and is then used to predict cell labels in the query
(unlabeled) dataset. However, such methods are dependent on the composition
of the data, i.e., whether all the same cells (at the same developmental stages)
are present in both the query and reference dataset. Alternatively, automated
annotation tools such as ScType*" integrate databases of cell markers and
differential expression profiles to annotate cells.

Differential gene expression analysis uses statistical tests, such as the
Wilcoxon Rank Sum test, to identify genes that are significantly up- or
downregulated in each cluster compared to all other cells in the data or to a
specific cluster. The identified differentially expressed genes (DEGs) can then
be matched to known cell type marker genes, or curated databases of gene sets
to annotate cell types and subtypes*’. DEGs can also be used as input for
functional enrichment, such as gene set overrepresentation analysis.
Enrichment analysis, using curated databases like Gene Ontology (GO)**', can
be used to elucidate whether DEGs are enriched for specific biological
processes or molecular functions. Hence, enrichment analysis can provide
insights into the functional roles of cells.
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Tools like Monocle™ and Slingshot™” can be used to infer developmental
trajectories to predict lineages and dynamic transitions between clusters. The
construction of a developmental trajectory involves identifying paths through
the clustered cells so that the transcriptional changes between cells along these
paths are minimized. In other words, trajectory inference algorithms model the
developmental progression of cells by arranging them along paths, based on
similarity in gene expression patterns*?. Cells can then be ordered along the
trajectory based on developmental time given a set root (starting point). This
is referred to as pseudotime, and describes the transcriptional distance from the
starting point, and is often used to approximate relative maturity and/or
developmental time.
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AIMS

The overall aim of this thesis project was to create a working protocol for the
analysis of lymphocytes in single-cell RNA sequencing data and, through the
application of this protocol, analyze the transcriptome of memory B cells to
elucidate a functional role of these cells in the pathogenesis of rheumatoid
arthritis and primary Sjégren’s disease.

Specific aims

e Paper I. Investigate the effects of BCR/TCR genes on the
unsupervised clustering and downstream analysis of lymphocytes in
single-cell RNA sequencing data.

e Paper II: Analyze the transcriptome of peripheral blood memory B
cells in untreated rheumatoid arthritis patients at the single-cell level
and identify cluster(s) corresponding to B cells related to joint
destruction from flow cytometric analysis. In addition, analyze the
BCR repertoire of this population and determine its functional role.

e Paper III: Investigate the B-cell populations described in Paper II in
primary Sjogren’s disease and, from transcriptional analyses
determine their functional role relative to that observed in rheumatoid
arthritis.
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METHODS

This section focuses on the main methods employed in this thesis. Details on
the specific methods used in this thesis are available within the individual
paper’s Materials and Methods section.

ETHICAL CONSIDERATIONS

The studies included in this thesis were conducted under ethical permits
approved by the Swedish Ethical Review Authority. These approvals and
associated amendments permitted the collection, storage and analysis of BM
and PB for flow cytometry and scRNA-seq analysis, as well as synovial tissue
for immunohistochemical staining. All studies were conducted in accordance
with the Helsinki Declaration, and all subjects provided written informed
consent.

In Paper I, we collected B cells from the femoral head of individuals
undergoing hip replacement surgery. As these tissues are normally discarded
following surgery, the collection of these samples did not incur any undue
harm or distress for the donors. Ethical approval numbers: 334-15, T1075-17.

In Papers I-III, we collected venous blood from the antecubital area by the
method of standard blood draw from newly diagnosed uRA patients from the
Rheumatology Clinic. Blood was drawn in conjunction with blood draws for
clinical testing and posed no further risk or distress for patients. Ethical
approval numbers: 334-15,2019-05725,2020-07116,201904373,202201977-
02.

In Paper II, we collected synovial tissue specimens from established RA
patients undergoing joint replacement surgery. These tissues are normally
discarded post-surgery, and as such, the collection of these samples incurred
no further harm or distress to the patients. Ethical approval number: 573-07.

In Paper II, buffy coats from blood donors were collected and used as healthy
donor controls. As no personal identifiable information was recorded, no
consent nor ethical approval was required for these samples.

In Paper 111, sequencing data from PB B cells of SjD patients originated from
samples collected at the Rheumatology Clinic at Uppsala University Hospital,
Sweden*'?. Samples were collected by venous blood draw, and all participants
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gave written informed consent prior to sample collection. Ethical approval
numbers: 2021-04192.

In Papers I-II1, we used scRNA-seq datasets of PB T cells and synovial tissue
cells. As these data are publicly available and contain no personal identifiable
information, no additional ethical approval was required.

PUBLIC DATA

Paper I: scRNA-seq data from PB CD8" T cells were obtained from the 10x
Genomics website (https://www.10xgenomics.com/datasets/cd-8-plus-t-cells-
of-healthy-donor-1-1-standard-3-0-2).

Paper II: scRNA-seq data from RA synovial tissue was obtained from Zhang
etal., 20197,

RHEUMATOID ARTHRITIS PATIENTS

PB was collected from newly diagnosed uRA patients at the time of diagnosis
from Sahlgrenska University Hospital. All patients fulfilled the 2010
ACR/EULAR RA classification criteria. All patients were considered
seropositive, defined as the presence of RF (IgM and/or IgA) and/or ACPA.
We focused on untreated patients because accumulation of CD217"°* MBCs
has been shown at this stage and because immunomodulatory treatment can
introduce confounding factors.

Structural joint damage was assessed by radiographic evaluation, using the
modified Sharp/van der Heijde score (mSHS). This score quantifies joint
damage on a scale of 0-448, based on assessment of bone erosions and joint
space narrowing (JSN; cartilage destruction). Bone erosion (erosion score; ES)
is evaluated in 16 areas per hand and 6 areas per foot on a 0-5 scale. JSN is
assessed on a scale of 0-4 in 15 areas per hand and 6 areas per foot. mSHS is
the sum of bone erosion and JSN scores, with higher scores indicating greater
damage.

Synovial tissue samples were collected from patients with established RA

undergoing joint replacement surgery. All patients fulfilled the 1987 ACR
revised criteria for RA classification.
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FLOW CYTOMETRY

For flow cytometric analyses in Paper II, frozen PBMCs from uRA patients
were thawed and washed. Cells were blocked with 1% normal mouse serum to
prevent non-specific binding to Fc receptors. Multicolor surface antibody
panels were used for surface staining followed by flow cytometric analysis to
define B-cell populations and subsets thereof. To stain for intracellular markers
(Tbet, IRF4, CD74), cells were fixed and permeabilized using a transcription
factor-specific buffer set. Gating was performed on live, single lymphocytes.
B cells were gated as CD19°CD3, to exclude T cells (CD19 CD3"). CD21" B-
cell subsets were gated as CD21 CD10", to exclude immature B cells (CD21""~
CD10"). Details on the antibody clones and panels used can be found in
Supplementary Tables 2-3 in Paper I1.

STATISTICAL ANALYSIS

Details on the standard statistical tests used for various analyses can be found
in the respective paper. The more advanced statistical analyses used in Paper
I are described below.

CORRELATION ANALYSIS

In Paper 11, we used PCA to explore associations between clinical features and
frequencies of CD21 " Tbet'CD11c" MBC subsets. PCA was used to reduce
dimensionality, summarize shared variance across variables, and highlight
major patterns of variations. This enabled us to identify parameters that were
associated with the frequency of the CD217*"Tbet'CD11c” MBC subsets.
Variables that clustered together with the frequency of these cells were then
analyzed with Spearman’s rank correlation tests.

REGRESSION ANALYSIS

In Paper II, following our correlation analysis, we wanted to estimate how
changes in CD21"°"Tbet'CD11c" DN and CD27" cell frequencies affected
joint destruction parameters. The radiographic data were characterized by
double inflation of scores 0 and 2, particularly in ES and JSN (Figure 11). This
was to be expected since the cohort comprised newly diagnosed patients, and
many patients had either no detectable damage (score = 0) or only minimal
damage (score = 2). To account for this skewed distribution, we collapsed
values 0-2 into a single zero category. This reflects that scores <2 generally
indicate minimal damage, allowing the model to focus on detecting
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associations with more pronounced changes. While this transformation was
most critical for ES, we also applied it to JSN and mSHS for consistency. Since
mSHS is calculated from ES and JSN, we recalculated this based on the
transformed ES and JSN scores.

In addition to zero inflation, the radiographic data also exhibited
overdispersion (variance > mean), meaning that the selected regression model
needed to be able to handle both characteristics. Since overdispersion violates
the assumption of equidispersion (variance = mean) in zero-inflated Poisson
regression, we instead opted for zero-inflated negative binomial regression.
Briefly, this regression model is composed of two parts. First, the logistic
distribution predicts the probability of an observation being zero. Second, a
negative binomial model is applied that predicts count values when these are
not zero. Hence, this model considers both the zero inflation and the
overdispersion observed in the radiographic data.

Percent
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Figure 11. Raw distribution of individual joint destruction parameters. All parameters
exhibited zero inflation, while ES (and to a lesser degree, JSN) also showed a

prominent 2 inflation.

SINGLE-CELL RNA & V(D)J SEQUENCING

SAMPLE PREPARATION & SEQUENCING

SINGLE-CELL SORTING

Due to the relatively low abundance of CD217°" MBCs in the total PB B-cell
compartment, we employed FACS to enrich for MBCs prior to sequencing.
This was done to increase the likelihood of capturing enough CD217"° cells
for analysis. Briefly, B cells were gated as CD20°CD3  live, single
lymphocytes. MBCs were then sorted to high purity based on IgD and CD27,
excluding IgD'CD27 cells (non-MBCs).

Similarly, as early-lineage B cells represent a minor fraction of total BM
mononuclear cells, FACS was employed to enrich for these populations prior
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to sequencing. Briefly, after exclusion of dead and doublet cells, early-linecage
B cells were gated as CD3 CD24"¢"CD38"e",

All sorting was performed with a Sony SH800.

SEQUENCING

Both the uRA PB MBCs and BM early-lineage B cells were sequenced in 2019,
using the 10x Genomics Chromium 3 platform. This platform employs a
droplet-based approach, where individual cells and reagents are loaded into oil
droplets in which cell lysis and library preparation takes place. The 10x
Genomics Chromium platform offered both 3’ and 5’ sequencing assays,
capturing transcripts from either the 3’ or 5° end. For our samples, we chose to
use the 10x Genomics Chromium 5’ sequencing assay, since this allowed for
parallel scV(D)J-seq, using the same cells.

DATA ANALYSIS

The majority of custom functions created during the course of this thesis are
available on GitHub (https://github.com/KNGrimstad). Code used for the
analyses in the respective papers are also available on GitHub
(https:/github/MartenssonLab). The R package Seurat** was used for the
main scRNA-seq analysis steps.

NORMALIZATION APPROACHES

In all three papers, we first applied standard log normalization (loglp) to raw
expression counts to facilitate rapid exploratory analysis and initial clustering.
This was done to visualize the initial data structure and identify potential
contaminant cell populations. Log normalization in this scenario adds a
pseudocount (+1), which can introduce subtle bias in rare/lowly-expressed
transcripts. For this reason, after performing QC to remove low-quality and
contaminant/ambiguous cells, we used Single-Cell Transform normalization
on the raw count data on the remaining high-quality cells. Since Single-Cell
Transform aims to model technical noise, it allows the use of more principal
components in downstream analysis without increasing noise**. Since our
focus was to identify a comparatively small subset of cells (CD217"°" MBCs),
we opted for this approach to normalization.

Additionally, we found that, in our data, using log normalization as an initial
step, followed by QC filtering, improved our chance of detecting and removing
ambiguous cells, which were sometimes missed when using Single-Cell
Transform without prior QC filtering.
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SELECTION OF VARIABLE FEATURES

In Paper II, we aimed to identify and analyze a comparatively small and distinct
subset of cells within the MBC compartment. To maximize sensitivity and
capture subtle but potentially biologically relevant signals, we opted to use all
detected genes as input for dimensionality reduction and downstream analysis.
This approach increases the risk of introducing technical noise, especially from
lowly expressed or non-informative transcripts. Given the relative
homogeneity of the data (i.e., only MBCs) and the low frequency of CD217°"
cells, we chose to prioritize sensitivity for rare populations over noise
reduction, since rare cell subsets may rely on low-abundance transcripts
excluded by filtering of highly variable genes.

In Paper III, we extended our analysis to 21 SjD datasets, stratified by
autoantibody status into three groups. The increased scale and complexity in
terms of data integration made it computationally unfeasible to include all
detected genes as variable features. Instead, we used a more standard approach
and restricted the number of variable features to the top 5,000, to balance
computational efficiency and signal retention. When we evaluated this
approach on a subset of the datasets, we found minimal differences in
clustering compared to using all genes as input. While the approach differs
slightly from the one applied in Paper 1I, we determined that the biological
signals of interest were preserved, evidenced by the consistent separation and
identification of CD21"°Tbet"CD11c¢" (sub)clusters.

CELL-TYPE ANNOTATION

Throughout Papers II and III, we applied two different strategies for cell-type
annotation. In Papers I and II, the uRA scRNA-seq datasets derived from
CD20°CD27" MBCs that were sorted to high purity. For these data, we used
the scPred package (1.9.2)**° in R to perform reference-based annotation
trained on PBMC lineages (e.g., B cells, T cells, monocytes). Cells predicted
as non-B cells, representing contamination or poor-quality/ambiguous cells,
were excluded from downstream analysis. As expected, most cells were indeed
annotated as B cells.

In Paper III, when analyzing the data from PB B cells from SjD patients, we
noticed that more small “satellite” clusters were defined than what we
originally observed in the uRA datasets. When examining the expression of
cell type-specific genes, we found that most of these small clusters did not
appear to fit the pattern of B cells, and more likely represented contamination
by other PBMC types. At this stage, our goal was to filter out non-B cells while
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also defining B-cell populations (transitional, naive, memory). The original
reference dataset we used for annotation in Paper II lacked the granularity to
separate B cells into transitional, naive, and memory populations. Instead, we
opted to use marker-guided annotation based on established genes from
literature to annotate clusters, remove non-B cells, and define B-cell
populations. Briefly, based on positive marker genes, clusters were annotated
as B cells (CD19, CD79A4, MS4A1), T cells (CD3E, CD4, CD84), monocytes
(CD14, LYZ, ITGAM), erythrocytes (HBAI, HBA2, HBB), and platelets
(PPBP, ITGA2B, SELP). We further annotated B-cell clusters as transitional B
cells (MME, CD38, CD24), naive B cells (TCLIA, FCER2, IL4R), and MBCs
(CD27, TNFRSFI13B, AIM?2). Clusters annotated as non-B cells were
subsequently removed. For comparison to the uRA scRNA-seq data, we only
included clusters annotated as MBCs for downstream analysis.

CD21 EXPRESSION

While analyzing our scRNA-seq data, we noted that CR2 (encoding CD21)
was poorly expressed throughout all MBCs, even though flow cytometric
analyses suggested otherwise on the protein level. This was consistent across
uRA MBC datasets as well as SjD B-cell datasets (Figure 12). While this is a
known limitation that has been reported by others as well**, the underlying
reason is not clear. While technical factors like dropouts are well-established
limitations in scRNA-seq, this primarily affects lowly-expressed genes or
genes expressed by a small number of cells. As the CD21 protein is expressed
by most mature B cells, this is unlikely. Alternatively, this pattern may be due
to biological factors like transcriptional bursting, in which gene expression

occurs in short, intermittent burst rather than a constant steady state**.
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Figure 12. CR2 expression in uRA and SjD MBC scRNA-seq datasets.

While this phenomenon complicates the identification of CD217"°¥ B cells by
scRNA-seq when relying on CR2 expression alone, we instead used a
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combination of gene markers matching the phenotypes established in our flow
cytometric analyses.

BATCH CORRECTION

Batch effects are technical artifacts resulting from non-biological factors like
differences in sequencing platforms, reagent batches, or processing timelines.
These effects can confound biological interpretation by introducing unwanted
variation. In Papers I, II and III, when integrating scRNA-seq datasets from
different samples, we compared Seurat’s canonical correlation analysis to that
of Harmony’s mutual nearest neighbor correction*. Both approaches
effectively mitigated batch effects in our data. We did not observe noticeable
improvement when combining the two methods (Figure 13). We therefore
opted to use the Seurat approach as this is the default and globally used method
in the Seurat package.

uRA4

Uncorrected

CCA

Harmony

CCA + Harmony

Figure 13. Batch effects in integrated scRNA-seq data (top panel) were mitigated by
both Seurat's canonical correlation (CCA)-based method, Harmony's mutual nearest
neighbor method, and combined use of both methods.

SINGLE-CELL V(D)J SEQUENCING ANALYSIS

V(D)J-SEQ TRANSCRIPTS VS. GENE EXPRESSION TRANSCRIPTS
During our initial analyses, we observed inconsistent expression of IgH C
genes in the gene expression data. Specifically, we noticed that most cells
appeared to express more than one IgH C-gene transcript (Figure 14), not only
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for IgM/IgD. The reason for this phenomenon is unclear, and this pattern was
observed in all analyzed patient datasets and clusters, including naive B cells.
By contrast, after removal of unproductive transcripts, the paired scV(D)J-seq
data contained no excess of multiple isotypes beyond what would be expected
from cell doublets. It is therefore unlikely that the increase in multiple isotypes
in the gene expression data reflects productive sequences. Since the gene
expression data cannot differentiate between productive and unproductive
transcripts, we used the scV(D)J-seq data to determine isotypes.
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Figure 14. Inconsistent Ig isotype determination from gene expression (GEX) data.

GEX data frequently showed expression of >2 IgH C genes per cell compared to

scV(D)J-seq data. Representative data from uRA patient 4 shown.

UMAP2

SINGLE-CELL V(D)J SEQUENCING GENE CALLING

We used the Cell Ranger vdj pipeline for the initial assembly of BCR contigs
and basic gene annotations. Then, we used the Immcantation framework
(https://immcantation.readthedocs.io/), via IgBlast-based reprocessing, for
downstream V(D)J gene annotation, clonal assignment, and repertoire
analysis. We chose to use the Immcantation framework as it provides enhanced
resolution of gene calls in the context of SHM partially as it uses a curated
IMGT germline reference for its gene calls.

Immcantation enables clonotype assignment based on hierarchical clustering.
In this method, cell sequences are assigned to the same clonotype if they have
identical V and J genes, the same CDR3 length, and a CDR3 sequence
similarity exceeding a user-defined threshold. This differs from Cell Ranger’s
approach, which assigns cells to the same clonotype if they have identical V,
D, and J genes, and identical CDR3 sequences. Therefore, Cell Ranger does
not account for SHM, which introduces slight variations in CDR3 sequences
between members of the same clonotype. Moreover, D gene annotation can be
especially difficult in scV(D)J-seq data due to the short length of the D gene
and junctional N-additions introduced during V(D)J recombination.
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Consequently, Cell Ranger typically incorrectly generates a higher number of

clonotypes with only one member (single clones) compared to Immcantation
(Figure 15).
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Figure 15. Comparison of clonal assignment between Cell Ranger and Immcantation
in uRA patient 4. Due to its strict assignment criteria, Cell Ranger erroneously defines
a higher number of "single" clones compared to Immcantation.
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RESULTS AND DISCUSSION

SINGLE-CELL RNA SEQUENCING
ANALYSES: INTERFERENCE BY THE GENES
THAT ENCODE THE B-CELL AND T-CELL
RECEPTORS (PAPER I)

Our overall goal was to use single-cell technologies to study MBCs, paired
with flow cytometric analyses, to gain a deeper understanding of B-cell subsets
in autoimmune diseases at high resolution. Advances in single-cell
technologies have shown that cellular differentiation is gradual rather than
immediate, enabling researchers to characterize cells in intermediate stages not
possible with conventional flow cytometry. Since scRNA-seq allows us to
identify DEGs in cell populations at high resolution, we opted to use 5’
scRNA-seq for studying the MBC compartment in autoimmune diseases.
Although this technology was still developing, the fundamental bioinformatics
workflow was straightforward: normalize the count data, identify the most
variably expressed genes, and perform unsupervised clustering to separate the
cells into biologically meaningful clusters based on these genes. This workflow
is based on the idea that genes with the most variable expression across cells
in a sample define biologically distinct cell types.

At this point, our group was also analyzing BM samples of developing B cells,
to resolve cellular stages and mechanisms of human B-cell development.
Following unsupervised clustering and UMAP dimensionality reduction, we
first noticed the formation of small clusters spaced apart from the main ones.
Upon investigating the principal components underlying the UMAP
projections, we discovered that up to 50% of the top 50 genes used to calculate
each principal component were BCR genes, and up to 25% in principal
component 1-20. When we examined our PB MBC datasets from uRA, the
proportions were even greater with up to 70% BCR genes in the principal
components, as well as many small individual clusters being defined. This also
extended to T cells; analysis of a dataset with CD8" T cells resulted in as many
as 29 clusters, many of which were small and defined by TCR genes. In all
cases, differential gene expression analysis showed that the majority of
significant genes separating these small clusters from their neighbors were
indeed BCR/TCR genes.
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As mentioned above, unsupervised clustering identifies populations that differ
in the expression of highly variable genes. However, during lymphocyte
development, V(D)J recombination ensures that each B/T cell expresses its
own unique BCR/TCR. This lays the foundation for the highly diverse B and
T cell repertoire. Therefore, two cells with the same function and capabilities
may express the same V but will have completely different combinations of
VDJu as well as V], gene segments. Additionally, the RNA-seq data does not
discriminate between productive and unproductive recombination, both of
which are transcribed®!. This requires the scV(D)J-seq data. Thus, although
these gene segments are differentially expressed in any given lymphocyte
population, separating cells based on this characteristic is not biologically
meaningful.

Some scRNA-seq studies focused on B/T cells had excluded BCR/TCR
transcripts?2® 2021306437439 byt their motivation for this was often reduced to a
single sentence. Most often, no reason was given for doing so, nor any
explanation of how these genes might affect downstream analysis. To address
this issue, we conducted a systematic comparison of the effects of retaining
versus excluding BCR/TCR genes on unsupervised clustering and downstream
analysis. This analysis included differential gene expression and
developmental trajectory inference in B- and T-cell datasets.

Our investigations revealed that BCR/TCR genes influence the clustering of
cells and downstream analysis in B- and T-cell datasets. Including BCR/TCR
genes resulted in the formation of multiple small clusters that were separate
from the larger, main clusters. Differential gene expression analysis showed
that these clusters tended to have fewer than ten significantly upregulated
genes that separated them from the other clusters. These genes were almost
exclusively BCR/TCR genes. Additionally, our BM dataset revealed that
trajectory inference with pseudo-temporal ordering predicted a developmental
trajectory with two endpoints. Gene expression analysis showed that only one
of these endpoints expressed the chemokine receptor CXCRS, which facilitates
exit from the BM at the immature B-cell stage. Excluding BCR genes resulted
in clusters that were not defined by differential BCR gene expression.
Trajectory inference with this dataset resulted in a single endpoint where cells
expressed CXCR5 as expected. Furthermore, tracking cells forming small
clusters showed that, when BCR genes were excluded, these cells clustered
across all developmental stages. This pattern was also observed in PB MBCs
and PB T cells. Thus, the only unifying feature of these cells were their
assigned BCR/TCR genes.

61



Memory B Cells in Autoimmune Diseases

In summary, Paper I emphasizes the importance of excluding BCR/TCR genes
before unsupervised clustering of sScRNA-seq data from lymphocytes. Failing
to do so could lead to the formation of clusters that do not reflect the underlying
biology and produce misleading results in subsequent analyses.

CORRELATION OF PROFESSIONAL
ANTIGEN-PRESENTING TBET*CD11C* B
CELLS WITH BONE DESTRUCTION IN
UNTREATED RHEUMATOID ARTHRITIS
(PAPER II)

Subsets of CD21"° MBCs, including Tbet”, CD11c", DN, and CD27"
populations have, since their discovery in humans and mice*’-#2*!244247 ‘been
found expanded in a plethora of chronic inflammatory and autoimmune
diseases* 44! However, due to their heterogeneity, it is unclear if all
studies focus on the same cells. In SLE, CD217°" DN B cells function as PC
precursors and correlate with disease activity, duration, and autoantibody
levels?>?™. In RA, prior work by our group identified a DN population of
CD217¥ B cells correlating with joint destruction in both established RA™'
and uRA*?. Therefore, we set out to investigate these cells in detail, to
determine whether CD217°" MBCs correlating with joint destruction in uRA
express Tbet and/or CDllec, and to clarify the role of these cells in RA
pathology.

From flow cytometry of PB samples from 36 uRA patients we found that Tbet
and CDllc expression was nearly exclusive to the CD217°% MBC
compartment. The frequency of CD217°" Tbet'CDI11c" cells in the MBC
compartment was significantly higher in uRA patients than in healthy donors
(n=11).  Additionally, the CD21"Tbet'CDI1lc" cells (hereafter,
Tbet'CD11c") could be classified as either CD27" or DN, and both subsets
were associated with clinical parameters of joint destruction, but not with
autoantibody titers or age. We found that both the DN and the CD27"
Tbet'CD11c” MBC subsets significantly correlated with ES (bone erosion),
and that the DN subset also correlated with JSN (cartilage destruction). These
results suggest an accumulation of both DN and CD27" Tbet'CD11¢” MBCs
in uRA patients at the time of diagnosis, in relation to joint destruction.
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—/low

Using our protocol from Paper I, we identified a single cluster of CD21
cells in scRNA-seq and scV(D)J-seq of uRA PB MBCs. Since this cluster
showed heterogeneous expression of phenotypic markers used in flow
cytometry, we subclustered these cells yielding three subclusters (3.0-3.2).
Subclusters 3.1 and 3.2 represented the DN and CD27" Tbet'CD11¢” MBCs,
respectively. The third subcluster, 3.0, was not investigated further.

Subsets of CD217"°" MBCs, including those expressing Tbet and/or CD11c
have been shown to harbor SHMs in their V genes*”. In addition, ABCs in
mice*** and CD11c” B cells in malaria®®' were found to have undergone clonal
expansion. From the scV(D)J-seq, we found that both the DN and CD27"
subsets exhibited significantly higher frequencies of V-gene SHM compared
to cluster 0 (unswitched MBCs), but lower than cluster 1 (switched MBCs). As
a proxy for clonal expansion, we defined clonotypes based on identical V and
J gene segments, the same CDR3 length and >85% sequence identity in the
CDR3 region of IgH and IgL and identified 19 clonotypes involving DN and/or
CD27" Tbet'CD11¢" MBCs. Given this shared clonality of the Tbet'CD11c¢c”
subclusters, we performed trajectory inference and pseudo-temporal ordering
to infer developmental pathways of the MBCs. These analyses suggested a
trajectory from unswitched MBCs (cluster 0) through subclusters 3.0 and 3.2
(CD27") toward 3.1 (DN), implying progressive maturation from CD27" to DN
Tbet'CD11¢" MBCs.

To determine the functional role of Tbet'CD11¢" MBCs, we compared
subclusters 3.1 and 3.2 to 3.0 and identified 94 and 186 upregulated genes in
subclusters 3.1 (DN) and 3.2 (CD27), respectively, with 51 genes shared
between the two gene sets. Functional enrichment analysis for GO terms
revealed that these two signatures were overrepresented in terms related to
several aspects of antigen processing and presentation. These results were
corroborated by high expression of MHC class II (and class I) genes, and high
protein expression of HLA-DR and CD74. In SLE, Tbet'CD11c" B cells are
PC precursors*>*”” and correlate with autoantibody titers. In contrast, neither
DN nor CD27" Tbet'CD11¢” MBCs in the uRA cohort upregulated typical PC
differentiation markers (e.g., PRDM1, IRF4, IL6R), and their frequency did not
associate with autoantibody titers. These findings suggest that Tbet'CD11c"
MBCs in uRA have different transcriptional profiles than their SLE
counterparts.

Since both Tbet"CD11c¢" subsets expressed CXCR3, facilitating migration to
inflamed tissues’®, we analyzed a public dataset of synovial tissue cells**’. We
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found that Tbet'CD11¢" MBCs in synovial tissue mirrored the gene signatures
from their uRA PB counterparts. Immunohistochemical staining of synovial
tissue sections from established RA patients located Tbet™ B cells adjacent to
T cells, suggesting possible interaction between these cells. To test this
functionally, we induced a Tbet"CD11c" phenotype in B cells purified from
PB of healthy donors by stimulating them with IL-2, anti-Ig, CpG, and IFN-y.
Following co-culture with autologous CD4" T cells and anti-CD3 for five days,
we found that the Tbet'CDI1lc™ B cells induced T-cell activation and
proliferation, and significant upregulation of RORyT, the master regulator of
Th17 polarization**’. Since Th17 cells are associated with osteoclastogenesis,
i.e., the formation of bone-degrading cells***, this may explain the correlation
between the Tbet CD11¢" MBC frequency and bone destruction in uRA.

In summary, Paper II demonstrates that Tbet'CD11¢® MBC subsets
significantly correlate with joint destruction, especially bone erosion, already
at the time of RA diagnosis. Transcriptional profiling of these cells indicates
antigen-presenting functions in PB and synovial tissue. Additionally,
Tbet'CD11c" B cells drive T-cell activation and Th17 polarization in vitro,
suggesting a model by which Tbet'CD11¢"” MBCs migrate to the synovium
where they drive Th17 polarization which, in turn, results in bone erosion.

A CONSERVED ANTIGEN-PRESENTING
SIGNATURE IN TBET* B CELLS IN PRIMARY
SJOGREN'S DISEASE AND RHEUMATOID
ARTHRITIS (PAPER III)

In Paper II, we discovered that Tbet’CD1lc” MBCs in uRA are
transcriptionally primed for antigen presentation, unlike their proposed role as
PC precursors in SLE***?*, This prompted us to investigate whether the
antigen presentation role is restricted to RA or extends to other autoimmune
diseases. In SjD, both DN and CD27" populations of CD217"°" B cells, some
of which express CD11c, have been described in both PB*'®*?* and inflamed
parotid glands®', yet a functional role for these cells in SjD has not been
established. Thus, we decided to investigate Tbet'CD11¢” MBCs in SjD in
relation to our uRA cohort.

We integrated the four uRA datasets from Paper II and also analyzed 21 SjD
PB B-cell datasets*'. Since positivity of SjD-associated autoantibodies (anti-
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SSA, anti-SSB) is associated with clinical manifestations*”, we integrated
these datasets stratified according to autoantibody profile: anti-SSA™ (SSA",
n=6), anti-SSA" (SSA", n=7), and anti-SSA" anti-SSB" (SSA/SSB’, n=8).
Unsupervised clustering of MBCs revealed two CD217°" clusters across all
SjD groups, matching the DN and CD27" Tbet'CD11¢" MBCs in uRA, based
on the expression of markers used for flow cytometry and scRNA-seq in Paper
II. We found that seropositive (SSA’, SSA/SSB") SjD patients had a
significantly lower frequency of PB MBCs than SSA™ patients, in line with
previous findings*'?. Nevertheless, Tbet"CD11c" cells consistently constituted
an average of 20% of the MBC compartment, irrespective of autoantibody
profile.

Paired scV(D)J-seq analysis showed that DN and CD27" Tbet"CD11¢" MBCs
in SjD comprised both unswitched and switched cells. Additionally, as in uRA,
the Tbet"CD11c¢" cells harbored significantly higher frequency of Vi SHM
than unswitched MBCs (cluster O in all datasets). Clonotype analysis revealed
an expansion of clones involving DN and/or CD27" Tbet'CD11¢" MBCs. A
total of 365, 223, and 47 such clonotypes were identified in the SSA™, SSA",
and SSA/SSB" datasets, respectively, indicative of clonal expansion of these
cells. The reduction in clonotype number, especially in the latter, is likely due
to the lower overall frequency of these and other MBCs in SSA" and SSA/SSB*
patients.

To assess transcriptional similarity, we examined the expression of the DN and
CD27" Tbet'CD11c" gene signatures identified from uRA in Paper II. We
found that the DN and CD27" Tbet'CD11c¢" counterparts in SjD mirrored the
expression pattern observed in uRA, indicating that these cells exhibit shared
transcriptional profiles across uRA and SjD. By integrating the three SjD MBC
datasets, we identified 165 genes that were significantly upregulated in
Tbet'CD11c¢” MBCs compared to all other MBCs. Notably, the expression
pattern for these genes was mirrored in Tbet CD11¢” MBC subclusters in uRA.
Of the total 290 genes that were significantly upregulated in SjD and/or uRA,
125 were unique to uRA, 61 were unique to SjD, and 104 were shared between
the two. Nevertheless, we observed a highly similar expression pattern for all
these genes in Tbet'CD11c” MBC (sub)clusters in both SjD and uRA,
suggesting a highly similar transcriptional profile across these diseases.
Furthermore, gene set overrepresentation analysis of the 290 combined genes
showed that terms related to antigen processing and presentation comprised
the largest category of significant GO terms. Additionally, DCs, which
primarily function as antigen-presenting cells, were consistently the most
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significant cell type in all gene signatures analyzed, which supports a similar
function for Tbet'CD11¢" MBCs.

Consistent with our observations in Paper II, we also found that Tbet' CD11c"
clusters in SjD expressed high levels of MHC class Il (and class I) genes and
lacked high expression of PC differentiation markers like PRDM1 and IRF4.
While this does not preclude the potential of these cells to differentiate into
PCs, it suggests that they are not primed for PC differentiation in the same
manner as in SLE. In Paper II, our in vitro experiments showed that
Tbet'CD11¢” MBCs induce Th17 polarization. Since these cells originated
from healthy donors, this function is not restricted to RA. In SjD, Th17 cells
are increased in PB****! and have been identified in exocrine glands via IL-17
expression*®#!43 " where their cytokine secretion may exacerbate
inflammation and tissue destruction’”’. It is therefore conceivable that
Tbet'CD11c¢” MBCs migrate to exocrine glands and drive Th17 polarization in
SjD.

In summary, Paper III shows that CD217°" Tbet'CD11c¢" MBC subsets in SjD
are transcriptionally similar to their counterparts in uRA. Gene expression and
overrepresentation analyses suggest that these cells are primarily primed for
antigen presentation rather than PC differentiation. Since these results contrast
with those in SLE, they may indicate disease-specific functions.

66



Kristoffer Nilsson Grimstad

CONCLUSION

In this thesis, we have set up a protocol for analyzing lymphocytes using
scRNA-seq. This protocol emphasizes the importance of excluding
lymphocyte antigen-receptor (BCR/TCR) genes to achieve biologically
meaningful clusters and, by extension, accurate results in downstream
analyses. Since publication, we have observed an increased frequency of
papers stating in their methods that they have removed these genes from
clustering. Distributing this protocol makes comparisons with other studies
easier since results are otherwise influenced by the inclusion of these genes.
We have actively promoted the protocol at international conferences and
workshops and incorporated it in lectures given to bachelor and master
students, to highlight the necessity to understand biological contexts behind
bioinformatics workflows.

We have shown that both DN and CD27" subsets of CD21"*" Tbet'CD11¢"
MBC:s correlate with joint destruction already at the time of diagnosis in uRA.
Our findings indicate that Tbet'CD11c¢” MBCs in uRA are transcriptionally
primed for antigen presentation rather than PC differentiation, and that they
may play a critical role by promoting T-cell activation and Th17 polarization.
Hence, these results suggest a Thl7-mediated mechanism by which
Tbet'CD11c¢c” MBCs contribute to joint destruction in uRA.

We have also extended our investigations to SjD and shown that the antigen-
presenting gene signature of Tbet'CD11¢” MBCs extends beyond uRA. Our
findings challenge the assumption often generalized from studies in SLE, that
these subsets are universally PC precursors. Our findings thus provide
evidence supporting disease-specific roles of Tbet'CD1lc" MBCs in
autoimmune diseases.
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FUTURE PERSPECTIVES

We are currently preparing to submit Paper III for publication. We have been
looking for scRNA-seq datasets of B cells from SjD exocrine glands with
sufficient sequencing depth for comparative analysis. This could potentially
confirm that CD217°*Tbet'CD11c¢* MBCs migrate to sites of inflammation in
SjD (i.e., exocrine glands), as we have observed in RA synovial tissue. In
addition, since previous reports have shown an enrichment of autoreactive cells
in the CD217"°™ compartment, it would be interesting to determine whether
CD21"°"Tbet'CD11c¢” MBCs in RA and SjD are autoreactive.

In this thesis, we have proposed disease-specific functions for
CD21"°"Tbet'CD11¢" MBCs by which they may contribute to the
pathogenesis of RA and SjD. However, since these cells are also present, albeit
in low frequency, in healthy individuals, the question of why
CD21 " Tbet'CD11c¢" MBCs are pathogenic in autoimmune disease, but not
in healthy individuals, remains. A comparative analysis of these cells across
health and disease could potentially yield further insights into disease-specific
differences.

As we have accumulated a large amount of sequencing data from MBCs, we
plan to leverage this, along with additional public data, to investigate MBC
populations. While this thesis focused on CD217°*Tbet"CD11¢” MBCs, we
intend to investigate the transcriptional profiles of distinct MBC clusters in
health and autoimmune disease. Since our investigations of Tbet'CDI11c"
MBCs suggested a primed role as antigen-presenting cells, analyzing the total
MBC compartment could shed additional light on functionally distinct MBC
subsets that have yet to be recognized.
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