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ABSTRACT

Germinal center (GC) B cells segregate into three subsets that compartmentalize the antag-

onistic molecular programs of selection, proliferation, and somatic hypermutation. In bone

marrow, the epigenetic reader BRWD1 orchestrates and insulates the sequential stages of

cell proliferation and Igk recombination. We hypothesized that BRWD1 might play similar

insulative roles in the periphery. In Brwd1−/− follicular B cells, GC initiation and class

switch recombination following immunization were inhibited. In contrast, in Brwd1−/−

GC B cells there was admixing of chromatin accessibility across GC subsets and transcrip-

tional dysregulation including induction of inflammatory pathways. This global molecular

GC dysregulation was associated with specific defects in proliferation, affinity maturation,

and tolerance. These data suggest that GC subset identity is required for some but not all

GC-attributed functions. Furthermore, these data demonstrate a central role for BRWD1 in

orchestrating epigenetic transitions at multiple steps along B cell developmental and activa-

tion pathways.
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CHAPTER 1

INTRODUCTION

1.1 Proliferation and somatic mutation throughout the life of a B

cell

Throughout1 their lineage, mammalian B cells must balance their proliferation with the

severe genomic stress associated with V(D)J recombination and somatic hypermutation

(SHM). During B cell lymphopoiesis, B cell progenitors undergo sequential rearrangement

of the locus encoding the immunoglobulin (Ig) heavy-chain (Igh), followed by rearrange-

ment of the locus encoding the immunoglobulin light-chain (Igk followed by Igl if necessary)

(Clark et al., 2014). Stages of proliferation proceed each rearrangement. These transitions

are highly ordered, and each stage of proliferation or mutation is mutually exclusive (Clark

et al., 2014). Similarly, germinal center (GC) B cells in peripheral lymphoid organs alternate

between proliferation and SHM to drive adaptive humoral immunity (Figure 1.1) (Kennedy

and Clark, 2021). Moreover, strict separation between proliferation and somatic mutation

is necessary for proper B cell differentiation and to prevent oncogenesis (Zhang et al., 2011;

Gostissa et al., 2013). The risk for off-target mutation is high. Indeed, whole-genome se-

quencing of memory B cells from healthy human controls has revealed that memory B cells

experience 18 off-target mutations for every on-target Ig gene mutation during GC differ-

entiation, and these mutation profiles mirror the mutation profiles of many B cell cancers

(Machado et al., 2022). Indeed, the danger of mutation within the GC is exemplified by

the many GC-derived cancers observed in humans, including diffuse large B cell lymphoma,

follicular lymphoma, and Burkitt’s lymphoma (Holmes et al., 2020; Milpied et al., 2018).

Recent mouse studies (unless otherwise noted) have described new mechanisms for how

1. Much of this chapter, including figures, is reproduced from Wright NE, Mandal M, and Clark MR.
Molecular mechanisms insulating proliferation from genotoxic stress in B lymphocytes. Trends in Immunol-
ogy, 44 (9):668-677, 2023.
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B cell progenitors and GC B cells insulate proliferation from somatic mutation by cytokine

signaling, by reordering epigenetic landscapes, and by regulating chromatin topology. In this

dissertation, we propose a model in which GC B cells cycle between three unique popula-

tions and that the epigenetic reader BRWD1 maintains these distinct molecular programs

to separate proliferation from selection and SHM. In this introduction, we propose a unified

model for B cell development and the GC in which the molecular constraints operating dur-

ing transitions between cell states within the bone marrow and GC are similar, as are the

solutions.

1.2 A three-zone model of the GC

The molecular logic that proliferation and somatic mutation must be separated dictates

GC organization. Traditionally, the GC has been subdivided into two zones. In the light

zone (LZ), CD83+ B cells undergo selection, whereas in the dark zone (DZ), CXCR4+ B

cells undergo proliferation and SHM (Victora and Nussenzweig, 2022). In the LZ, B cells

capture antigens from follicular dendritic cells (FDCs) and present these antigens to cognate

T follicular helper (Tfh) cells to receive help signals via CD40, IL-21, and IL-4 (Liu et al.,

2015; Zotos et al., 2021; Duan et al., 2021). Signaling through the B cell receptor (BCR)

following antigen binding, as well as reception of these selective help signals, induces B cells

to express Myc and Cxcr4 and to become primed for proliferation within the DZ (Long

et al., 2022; Chen et al., 2023; Calado et al., 2012; Dominguez-Sola et al., 2012). This

cyclical process between LZ and DZ drives affinity maturation.

A recent study demonstrated that this two-zone model obscures underlying transcrip-

tional and chromatin accessibility differences within the DZ (Kennedy et al., 2020). Because

the expression of CD83 and CXCR4 follows a gradient between the canonical LZ and DZ, the

authors flow-sorted three GC B cell populations: CD83+CXCR4− LZ cells, CD83+CXCR4+

dark zone proliferation (DZp) cells, and CD83−CXCR4+ dark zone differentiation (DZd)

2



Figure 1.1: Model of mutually exclusive states of B cell proliferation and differ-
entiation in B cell development and in germinal centers in mice. B cell progenitors
undergo sequential stages of either proliferation or differentiation, which involve different
stages of V(D)J recombination. The transition from proliferating early pro-B cells to late
pro-B cells undergoing V to D-J recombination involves a decrease in Wapl expression, which
causes an increase in chromatin loop size genome-wide (Hill et al., 2020). Proliferating large
pre-B cells reside within an IL-7 cytokine niche in the bone marrow, and IL-7 receptor sig-
naling with MYC drives proliferation (Johnson et al., 2005). The transition to small pre-B
cells involves pre-B cell receptor (BCR) signaling followed by CXCR4 signaling within a
CXCL12 cytokine niche (Mandal et al., 2019). At the small pre-B cell stage, BRWD1 me-
diates genome-wide changes in chromatin accessibility and opens the Igk locus for DNA
recombination (Mandal et al., 2018, 2015). Self-reactive immature B cells undergo recep-
tor editing and reverse development to repeat light-chain recombination (Okoreeh et al.,
2022). We propose that, within the GC, B cells cycle between three major populations –
the light zone (LZ) for selection, the dark zone proliferation (DZp), and the dark zone dif-
ferentiation (DZd) for somatic hypermutation (Kennedy et al., 2020). Proliferation is first
initiated by MYC and is then dependent on cyclin D3 within the DZp (Pae et al., 2020;
Finkin et al., 2019; Ramezani-Rad et al., 2020). We hypothesize that CXCR4 signaling me-
diates the transition between the DZp and DZd (Kennedy et al., 2020). Abbreviations: Igh,
immunoglobulin heavy-chain; Igk, immunoglobulin kappa light-chain; Igl, immunoglobulin
lambda light-chain.

3



cells. This three-zone model revealed >10,000 differentially expressed genes by RNA se-

quencing (RNA-seq) and >51,000 differentially regulated chromatin accessibility peaks by

assay for transposase-accessible chromatin and sequencing (ATAC-seq), demonstrating that

this strategy captures major molecular differences between three major GC populations

(Kennedy et al., 2020). Moreover, transcriptional, proteomic, and flow cytometry analyses

revealed that DZp B cells are the main proliferating cell population and are characterized

by cyclin B1 expression, whereas DZd B cells are the likely population in which SHM occurs

(Kennedy et al., 2020). These two zones are spatially separated because DZp B cells locate

next to tingible body macrophages (TBMs) (Kennedy et al., 2020).

Several recent studies performed single-cell (sc)RNA-seq on GC B cells following immu-

nization with model antigens or sheep red blood cells, or following infection with influenza

virus or lymphocytic choriomeningitis virus (LCMV) (Duan et al., 2021; Chen et al., 2023;

Kennedy et al., 2020; Carvalho et al., 2023; Laidlaw et al., 2020; Mathew et al., 2021; Chen

et al., 2021; Pae et al., 2020). Cellular clusters from many of these analyses were largely

determined by their cell-cycle stage (S, G2, or M) based on the high expression of genes

necessary for DNA replication, chromatin segregation, or cell division (Carvalho et al., 2023;

Chen et al., 2021). We hypothesize that some of these clusters may represent subdivisions

of the DZp population. Subcellular spatial transcriptomics might reveal whether these cell

clusters, defined by scRNA-seq to be in the G2 or M phases of the cell-cycle, are located

next to TBMs, as has been shown for the cyclin B1+ DZp B cell population (Kennedy et al.,

2020). This would provide additional support for the rationale that proliferation within the

GC is spatially separated and proximal to TBMs. Moreover, these scRNA-seq experiments

also defined subclusters within the GC, such as positively selected Myc+ B cells, which may

represent a transitional population between the LZ and DZp (Carvalho et al., 2023; Chen

et al., 2021). scRNA-seq analyses also characterized pre-memory B cell and pre-plasmablast

clusters, which would represent B cells beginning to differentiate into memory B cells and

4



plasma cells and that subsequently leave the GC (Carvalho et al., 2023). Together, these

additional populations identified by scRNA-seq mostly represent transitional populations in

the three-zone GC model. Indeed, similar proliferative and transitional cell clusters were also

found by scRNA-seq of human tonsillar GCs from pediatric tonsillectomies and in splenic

GCs from deceased organ donors, suggesting that the GC subpopulations described in the

preceding text are conserved between mice and humans (Holmes et al., 2020; Milpied et al.,

2018; King et al., 2021). Finally, clusters identified by scRNA-seq did not neatly separate

from one another upon analysis, suggesting that GC B cells are quickly and continually tran-

sitioning between transcriptional states that blur together when using scRNA-seq (Holmes

et al., 2020; Milpied et al., 2018). By contrast, fractionation into the three distinct GC

subsets provides detailed snapshots of major GC cell states.

In addition, these single-cell analyses identified molecular programs that are unique to

DZp B cells. Notably, 40% of GC B cells represented proliferating clusters intermediate be-

tween canonical LZ and DZ populations, as evidenced by high expression of cell-cycle genes,

indicating that proliferation is a major molecular state within the GC (Holmes et al., 2020).

Single-cell analyses also revealed that oxidative phosphorylation might be utilized in DZp B

cells at the G2/M stage of the cell-cycle to meet the metabolic demands of rapid proliferation

(Chen et al., 2021). By contrast, LZ B cells that were recently positively selected for cyclic

reentry, and were in the G1 to S phase, primarily use glycolysis for metabolism (Chen et al.,

2021). Thus, DZp and LZ B cells have fundamentally different metabolic programs. Fur-

thermore, Myc expression, which is determined by the quality of T cell help, primes LZ cells

for subsequent proliferation in the DZp region (Calado et al., 2012; Dominguez-Sola et al.,

2012; Finkin et al., 2019). Indeed, the degree of Myc expression in the LZ is proportional to

the subsequent amount of proliferation within the DZp (Finkin et al., 2019). However, the

additional proliferative cycles in the DZ depend on cyclin D3, which is expressed once GC B

cells have decreased MYC and BCR signaling (Pae et al., 2020; Ramezani-Rad et al., 2020).
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Together, these results suggest that the DZp represents a significant and unique GC B cell

population within the DZ that requires large shifts in molecular programs as cells transit

from the LZ. We posit that insulating proliferative DZp B cells via a unique metabolic and

molecular program is essential for GC biology.

We propose that the three-zone model captures three major B cell populations within

the GC (Figure 1.2). This model carries an additional benefit of allowing researchers to sort

large quantities of specific cells for mechanistic experiments (Kennedy et al., 2020). Indeed,

technologies that can currently only be applied to bulk-sorted populations [chromatin im-

munoprecipitation with sequencing (ChIP-seq), high-throughput sequencing and chromatin

conformation capture (Hi-C), and mass spectrometry] and technologies where bulk-sorted

populations allow greater sensitivity and depth of sequencing (RNA-seq and ATAC-seq)

might be used to better understand the molecular mechanisms and dynamics that insulate

proliferation from selection and mutation within the GC.

1.3 Somatic hypermutation within the dark zone differentiation

Many features are consistent with somatic hypermutation (SHM) occurring in the dark

zone differentiation (DZd) following proliferation within the dark zone proliferation (DZp);

however, it has not been formally tested whether SHM exclusively occurs within the DZd.

Relative to LZ and DZp B cells, DZd B cells have increased Ig expression, which would

be important for SHM. The DNA repair machinery is also necessary for SHM. A phospho-

proteome analysis with mass spectrometry (MS) was used to identify active proteins in the

three-zone model and found that DZd B cells upregulate the DNA damage response relative

to LZ and DZp B cells (Kennedy et al., 2020). Furthermore, MS proteome analysis found

increased TP53, PTEN, and RB1 in the DZd, which are tumor suppressors that repress the

cell-cycle and become active in response to DNA damage.

Greater evidence for SHM within the DZd will require a better understanding of how
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Figure 1.2: Three-zone model of the germinal center. Germinal center (GC) B cells
(red) cycle between three different zones with unique functions, locations, transcriptional
profiles, and chromatin accessibility states (Kennedy et al., 2020). In the light zone (LZ),
CD83+ GC B cells pick up antigen on follicular dendritic cells (FDCs) and present this
antigen to T follicular helper (Tfh) cells. Tfh cells provide help signals through CD40,
IL-21, and IL-4 (Liu et al., 2015; Zotos et al., 2021; Duan et al., 2021). The degree of B
cell receptor (BCR) signaling and Tfh help signals determines whether GC B cells cycle
through the GC reaction or exit as memory B cells (MBCs) or plasma cells (PCs) (Long
et al., 2022; Chen et al., 2023). In the dark zone proliferation (DZp), CD83+CXCR4+ GC
B cells undergo proliferation or apoptosis, which occur next to tingible body macrophages
(TBMs), likely providing a checkpoint to remove apoptotic cells before initiating cell division
(Kennedy et al., 2020; Gurwicz et al., 2023; Grootveld et al., 2023). Proliferation is primed
by Myc expression in the LZ, whereas proliferation is driven by cyclin D3 in the DZp (Calado
et al., 2012; Dominguez-Sola et al., 2012; Pae et al., 2020; Finkin et al., 2019; Ramezani-
Rad et al., 2020). Metabolically, B cells in the LZ use glycolysis whereas B cells in the
DZp use oxidative phosphorylation (Chen et al., 2021). GC B cells within the DZp are
larger and can be distinguished by cyclin B1 expression (Kennedy et al., 2020). In the DZ
differentiation (DZd), CXCR4+ GC B cells undergo somatic hypermutation as measured by
increased immunoglobulin gene expression and an elevated DNA damage response (Kennedy
et al., 2020). This figure was created using BioRender.com.
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activation-induced deaminase (AID) is regulated within the GC. AID, which binds to the

Ig locus to perform SHM, is localized to the cytoplasm of resting cells (Wang et al., 2017).

Following mitosis and breakdown of the nuclear envelope, AID gains access to chromatin

(Wang et al., 2017). Subsequent transcription of the Ig gene during G1 phase allows AID to

mutate DNA before it is exported from the nucleus later in G1 phase (Wang et al., 2017).

These mechanisms restrict AID activity and SHM to a brief window following mitosis within

the early G1 phase of the cell cycle (Wang et al., 2017; Sharbeen et al., 2012). Thus, SHM

in the DZd is consistent with the DZd following mitosis in the DZp. To test whether DZd

B cells exclusively perform SHM, we hypothesize that, among GC B cells, only DZd B cells

may have DNA-bound AID as well as active Ig gene transcription.

1.4 Signaling mechanisms separating proliferation and genotoxic

stress

Much is known regarding the signaling mechanisms that separate proliferation from genotoxic

stress in B cell lymphopoiesis (McLean and Mandal, 2020). Cytokines and chemokines play

decisive, instructional roles. During the pro- and large pre-B cell developmental stages, B

cell progenitors reside within IL-7-rich niches where the cells grow and proliferate (Johnson

et al., 2005; Mandal et al., 2011, 2009). Upon pre-BCR expression, large pre-B cells undergo

a burst of proliferation (McLean and Mandal, 2020). Thus, previous models posited that the

pre-BCR in large pre-B cells first synergized with the IL-7 receptor to drive proliferation,

and then later instructed cell-cycle exit and Ig light-chain recombination (Herzog et al.,

2009). This model required that one receptor, the pre-BCR, mediates two incompatible

molecular programs at different times. This conundrum was solved by the demonstration

that the pre-BCR feeds forward to induce CXCR4, which was demonstrated using in vitro

cultures of pre-B cells with and without IL-7 and CXCL12 (the ligand for CXCR4), as well

as by using the Cre–lox system to delete Cxcr4 in Mb1 cre/wtCxcr4fl/fl mice (Mandal et al.,
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Figure 1.3: The mouse pre-B cell receptor (pre-BCR) mediates the transition
between proliferation and light-chain recombination. During B lymphopoiesis, sig-
naling through the IL-7 receptor (IL-7R) drives proliferation and represses immunoglobulin
light-chain recombination (Johnson et al., 2005; Mandal et al., 2011). The pre-BCR func-
tions through feedback and feedforward loops to escape IL-7R signaling and initiate signaling
through CXCR4, which drives immunoglobulin light-chain recombination and enforces cell-
cycle exit in small pre-B cells (Mandal et al., 2019; Okoreeh et al., 2022). This figure was
created using BioRender.com.

2019). CXCR4 not only allowed migration out of IL-7-rich niches, and therefore escape

from proliferation signals, but it also directly enforced cell-cycle exit and drove both Igk

and Igl recombination (Mandal et al., 2019; Okoreeh et al., 2022). It is now clear that,

by initiating essential feedforward and feedback signaling loops, the pre-BCR governs the

transition between the stable and exclusive states of proliferation driven by the IL-7 receptor,

and light-chain recombination driven by CXCR4 (Figure 1.3) (Mandal et al., 2019; Lee et al.,

2021).

Likewise, the niches in which GC cell subsets reside and the environmentally specific cues

that they receive are pivotal for GC function. For example, as shown in Cd21 cre/wtIl4rafl/fl

mice, FDCs in the LZ establish a niche by sequestering IL-4, which acts as a help signal

during Tfh-mediated positive selection (Duan et al., 2021). This decreased IL-4 availability

in the LZ prevents bystander activation and restricts cyclic reentry to those LZ B cells
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selected by Tfh cells (Duan et al., 2021).

It is well established that CXCR4 also plays a key role in GCs because it is required for

B cell migration from LZ to DZ (Bannard et al., 2013). However, it is unknown whether

CXCR4 provides direct instructional signals in the GC as it does in bone marrow (Mandal

et al., 2019). Given its function in the bone marrow, we suggest that CXCR4 might have

a similar function during the transition between the DZp and DZd cell states. Although

having a potentially instructive role, it is unlikely to mediate movement between the DZp

and DZd regions because its ligand, CXCL12, is expressed by reticular cells throughout the

DZ, and there is probably no CXCL12 gradient between the DZp and DZd (Pikor et al.,

2020). Thus, we posit that an additional unknown factor mediates migration between the

DZp and DZd, whereas CXCR4 signaling is necessary for transitioning between the different

molecular programs.

Mitosis within the GC is also niche-specific and occurs next to TBMs (Kennedy et al.,

2020). Intravital live imaging of the lymph nodes of CX3CR1GFP transgenic mice demon-

strated that GCs contain an average of 25 TBMs and that TBMs are stationary within

the GC (Gurwicz et al., 2023). Moreover, immunofluorescence microscopy revealed that cy-

clin B1+ DZp cells proliferate in clusters next to TBMs residing primarily within the DZ

(Kennedy et al., 2020). Apoptosis within the GC also occurs next to TBMs. Indeed, apop-

tosis is a major event within the GC, and around one half of GC B cells die every 6 h for the

duration of the GC reaction (Mayer et al., 2017; Stewart et al., 2018). In the experiment de-

scribed in the preceding text, early B cell apoptosis occurred away from TBMs, as measured

by caspase-3 activity via immunofluorescence microscopy (Gurwicz et al., 2023). However,

later stages of apoptosis measured by terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) occurred entirely next to or within TBMs (Kennedy et al., 2020; Gurwicz

et al., 2023; Grootveld et al., 2023). These findings suggest that the spatial coordination

of apoptosis and mitosis occurs next to TBMs. The data also point toward the existence
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of a major checkpoint whereby apoptotic cells are removed before attempting cell division,

presumably preventing mitotic catastrophe and necrosis (Kennedy et al., 2020). By contrast,

G1/S phases occurred throughout the GC based on bromodeoxyuridine (BrdU)–ethynyl-2’-

deoxyuridine (EdU) dual pulse labeling experiments, indicating that only the G2/M phase

is specifically located next to TBMs (Kennedy et al., 2020). Furthermore, the migration of

apoptotic cells toward TBMs might suggest that they either receive instructive signals or are

primed to migrate toward TBMs and begin apoptosis.

As described, the locations of proliferation and apoptosis appear to be restricted to TBMs.

This is relevant because it is probably important for preventing autoimmunity. For instance,

patients with systemic lupus erythematosus have fewer TBMs and increased apoptotic cells

within GCs relative to non-lupus controls, as measured by TUNEL staining (Baumann et al.,

2002). Accordingly, mice lacking the intracellular signaling domain of the phagocytic receptor

MERTK failed to clear apoptotic cells and developed lupus-like autoimmunity (Cohen et al.,

2002; Scott et al., 2001). We hypothesize that the location of proliferating B cells next to

TBMs is also necessary for the clearance of cells that experience oncogenic mutations during

proliferation.

1.5 Epigenetic chromatin regulation

The transition between proliferative large pre-B cells and recombining small pre-B cells is

accompanied by dramatic changes in the epigenetic landscape and transcriptional program

(Mandal et al., 2018). Moreover, comparably large shifts in epigenetic and transcriptional

programs occur during GC subset transitions, as demonstrated by RNA-seq and ATAC-seq

using the three-zone model (Kennedy et al., 2020). In both cases, chromatin accessibility is

regulated at many transcription factor (TF) binding sites, suggesting that a single TF or even

a program of TFs is unlikely to mediate this dramatic reordering of the genomic landscape.

Instead, it is becoming increasingly clear that this wholesale rewiring of lymphocyte programs
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is epigenetically mediated.

The large to small pre-B cell transition is mediated by the epigenetic reader and scaf-

folding molecule BRWD1 (Mandal et al., 2018, 2015). BRWD1 coordinately represses early

developmental enhancers, including those that induce proliferation, and opens enhancers

required for light-chain recombination (Mandal et al., 2018). Indeed, this single molecule

differentially regulates >7000 genes (Mandal et al., 2018). That BRWD1 functions over a

megabase scale to regulate promoter and enhancer accessibility suggests that BRWD1 might

regulate cohesin activity and chromatin loop extrusion, a mechanism that could help to ex-

plain this long-distance regulation. BRWD1 is also highly and differentially expressed in GC

B cell subsets, suggesting that it may be important for regulating chromatin accessibility

within the three-zone model (Kennedy et al., 2020). Therefore, we postulate that BRWD1

plays a similar role in GC subset transitions.

Chromatin remodeling complexes that are necessary for B lymphopoiesis are also impor-

tant in the GC. For instance, the Cre–lox system in mice has been used to robustly describe

how several histone-modifying enzymes, including EZH2, KMT2D, LSD1, and CREBBP,

are important for maintaining the GC response, and many of these enzymes are frequently

mutated in human GC B cell-derived lymphomas (Béguelin et al., 2013; Caganova et al.,

2013; Zhang et al., 2015; Béguelin et al., 2017; Ortega-Molina et al., 2015; Jiang et al., 2017;

Zhang et al., 2017a; Hatzi et al., 2019). Indeed, loss of the H1C and H1E histones, using

H1c−/−H1e−/− mice, caused genome-wide decompaction of chromatin in GC B cells (Yusu-

fova et al., 2021). Relative to wild-type (WT) mice, H1c−/−H1e−/− mice displayed lym-

phoproliferative disease that invaded peripheral tissues, and H1c−/−H1e−/− mice crossed

with VavP–Bcl2 transgenic mice had more aggressive lymphomagenesis and shorter survival

times compared to mice with only the VavP–Bcl2 transgene (Yusufova et al., 2021). These

examples imply that chromatin regulation in GC B cells may be a primary mechanism to

prevent oncogenesis.
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Broadly, multiple TFs play parallel roles in both the bone marrow and GC. For example,

BCL6 allows small pre-B cells and GC B cells to survive following DNA damage produced

by light-chain recombination and SHM, respectively, as shown by in vitro analyses of mouse

B cell progenitors and ChIP-seq of BCL6 in human tonsil GC B cells (Duy et al., 2010; Ci

et al., 2009; Basso et al., 2010). Furthermore, proliferation in both large pre-B cells and DZp

GC B cells depends on cyclin D3, as shown in Ccnd3−/− mice (Pae et al., 2020; Cooper

et al., 2006). These observations suggest that there are conserved mechanisms to address the

common molecular restraints whereby proliferation and genomic stress must be segregated

into distinct cell states in both B cell development and within the GC.

1.6 BRWD1 coordinates cell-cycle exit and Igk recombination.

The epigenetic reader BROMO domain and WD repeat containing protein 1 (BRWD1) is

necessary for the large to small pre-B cell transition. BRWD1 expression is highest in the

murine B cell lineage, and expression is first turned on in small pre-B cells (Mandal et al.,

2015). BRWD1 then binds to a specific epigenetic landscape defined by histone 3 serine

10 phosphorylation (H3S10p) and acetylation of histone 3 lysines 9 and 14 (H3K9acK14ac)

(Mandal et al., 2015; Filippakopoulos et al., 2012; Dunn and Davie, 2005).

Although BRWD1 has BROMO and WD40 domains, it contains no known catalytic

activity. Indeed, it has been shown to immunoprecipitate with the BAF complex (Fulton

et al., 2022). However, the functions of BRWD1 are more complex, and it is likely part

of a large, multimeric complex that orchestrates many functions that determine enhancer

landscapes in small pre-B cells.

At the local scale, BRWD1 repositions nucleosomes relative to GAGA DNA motifs (Fig

1.4), suggesting a function similar to the GAGA factor (GAF) described in Drosophila which

displaces nucleosomes bound to GAGA DNA motifs to form open chromatin regions (Man-

dal et al., 2015; Chetverina et al., 2021). During VJ recombination in the J region of
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Figure 1.4: Model of BRWD1-mediated nucleosome repositioning. BRWD1 binds
to chromatin at GA repeats and is associated with nucleosome depletion and increased
chromatin accessibility at these sites (Mandal et al., 2015). BRWD1 may deplete nucleosomes
by either shifting or removing nucleosomes. These BRWD1-mediated changes in nucleosome
positioning are likely important for transcription factor binding. This figure was created
using BioRender.com.

Igk, this nucleosome repositioning both exposes recombination signal sequences (RSSs) for

recombination-activating 1 (RAG1) binding and positions a nucleosome 5′ to each RSS for

RAG2 recruitment (Mandal et al., 2015).

BRWD1 also regulates accessibility at enhancers far removed from apparent BRWD1

binding (Mandal et al., 2018). In small pre-B cells, BRWD1 regulates chromatin accessi-

bility and transcription up to 5 Mb away, and closes early developmental enhancers and

opens late developmental enhancers for transcription factor (TF) binding in small pre-B

cells (Mandal et al., 2018). BRWD1 binds throughout the Myc locus and silences enhancers

to repress proliferation (Mandal et al., 2018). Recently, Mandal et al. (2024) demonstrated

that BRWD1 converts static cohesin to dynamic cohesin to mediate these long range changes

in chromatin accessibility (Fig 1.5). Thus, BRWD1 drives Igk recombination and represses

proliferation, which are the pivotal molecular events during the transition between large

and small pre-B cells (Clark et al., 2014). Finally, the importance of BRWD1 in B cell de-
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velopment is clinically important because BRWD1 mutations are common in patients with

idiopathic hypogammaglobulinemia (Mandal et al., 2018).

1.7 Cohesin and the regulation of chromatin topology

Ultimately, gene regulation requires the association of activated enhancer elements with pro-

moters, whereas Ig gene recombination requires apposition of V gene segments onto distant

recombination centers at J gene segments. The most likely mechanism for both is chromatin

loop extrusion mediated by the multimeric, ring-shaped cohesin complex (Davidson et al.,

2019; Vian et al., 2018; Kagey et al., 2010). It is well documented that the cofactor NIPBL

drives chromatin loop extrusion, and the cofactor WAPL releases cohesin from chromatin to

allow cohesin recycling (Bauer et al., 2021; Liu et al., 2021; Haarhuis et al., 2017).

Regulation of cohesin and cohesin cofactors is a major mechanism underlying the tran-

sitions between cell states in B cell lymphopoiesis. During early B cell development, pro-B

cells complete Ig heavy-chain V to D-J recombination, and the contraction of this 2.4 Mb

region is mediated by cohesin and loop extrusion (Zhang et al., 2022). For example, deple-

tion of the cohesin component, RAD21, using a mini auxin-inducible degron (mAID) in a

v-Abl-transformed pro-B cell line, was found to abrogate all V to D-J recombination (Ba

et al., 2020). These experiments and others demonstrate that cohesin can mediate long-

range locus contraction and recombination at the Ig heavy-chain locus (Ba et al., 2020;

Zhang et al., 2019b; Dai et al., 2021). Pro-B cells perform this long-range contraction of the

Ig heavy-chain gene by decreasing Wapl expression by fourfold relative to B cell-biased lym-

phoid progenitors (Dai et al., 2021; Hill et al., 2020). Of note, Wapl expression was inhibited

by binding of PAX5 and the recruitment of polycomb repressive complex 2 (PRC2) to the

Wapl promoter, demonstrating how TFs can regulate the factors that determine chromatin

topology (Hill et al., 2020). This decrease in Wapl expression diminished cohesin unloading,

extended the length of loop extrusion across the Ig heavy-chain locus, and increased the size
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Figure 1.5: Model of BRWD1-mediated static to dynamic cohesin conversion.
BRWD1 complexes at CTCF sites to convert chromatin-bound static cohesin to dynamic
cohesin complexes competent for loop extrusion. The static cohesin complex includes SMC1,
SMC3, and RAD21. Dynamic cohesin complexes include co-incident WAPL and NIPBL;
however, the exact conformation of how the cohesin complex, NIPBL, and WAPL interact
with one another is unknown. Conversion of static cohesin to dynamic cohesin requires ATP.
This BRWD1-dependent mechanism mediates long-range chromatin looping and is important
for enhancers to interact with promoters. This figure was created using BioRender.com and
was previously published with modifications in Mandal et al. (2024).
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of chromatin loops genome-wide, as measured by Hi-C of ex vivo WT pro-B cells compared

to Vavcre/wtPax5fl/fl pro-B cells (Hill et al., 2020). Together, these experiments demonstrate

that the regulation of cohesin and its cofactors represents a major mechanism controlling

pro-B cell differentiation.

Transitions into and out of the GC require dynamic shifts in genomic architecture. Dur-

ing the transition from naïve B cells to GC B cells, 28% of chromatin compartments change,

and 85 000 new chromatin interactions are established (Vilarrasa-Blasi et al., 2021; Bunting

et al., 2016). Many of these chromatin interactions reverse when GC B cells further differ-

entiate into memory B cells (Vilarrasa-Blasi et al., 2021). Furthermore, a recent study used

Cγ1 cre/wtSmc3fl/wt mice to study haploinsufficiency for the cohesin subunit SMC3 in GC

B cells (Rivas et al., 2021). GC B cells from these mice had decreased chromatin interac-

tions within 50 kb relative to Cγ1 cre/wt mice, and much of the impaired looping occurred

between enhancers and promoters (Rivas et al., 2021). Many of the affected genes were

tumor-suppressor genes, resulting in increased proliferation and accelerated lymphomagen-

esis when crossed with mice constitutively expressing Bcl6 (Rivas et al., 2021). This study

further suggested that regulation of cohesin is a primary mechanism by which GC B cells

adjust their epigenetic states.

GC B cells must cycle quickly between the epigenetically distinct GC zones, as revealed

by ATAC-seq using the three-zone model (Kennedy et al., 2020). Because loop extrusion can

rapidly alter chromatin 3D structure, we hypothesize that regulation of the cohesin complex

and its cofactors might help to explain how epigenetic states quickly change within the GC.

Furthermore, site-specific regulation of the loop extrusion machinery might allow different

chromatin sites to be uniquely accessible within each GC zone. For example, it is likely

important that the Ig locus is most accessible in the DZd during SHM, and that the Myc

locus is most accessible in the LZ when cells are primed for positive selection to prevent

lymphomagenesis (Finkin et al., 2019; Wang et al., 2017). Together, the aforementioned
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discoveries support the concept that cohesin-mediated loop extrusion may be a primary

mechanism that insulates the molecular programs between disparate cell states.

1.8 Concluding remarks and outstanding questions

Recent discoveries in B cell progenitors and GC B cells have provided new models for how

cytokine signaling, epigenetic chromatin regulation, and loop extrusion regulate the segrega-

tion of proliferation from somatic mutation in B cells. In the bone marrow, a three-receptor

model, and their orchestration of these complex molecular programs, provides a framework

for understanding late B cell development. Similarly, a three-zone GC model segregates

selection, proliferation, and SHM. However, we have incomplete knowledge of the signaling

cues that order this GC architecture. In particular, we do not know how proliferation in

the DZp transitions to SHM in the DZd. However, the three-zone paradigm can enable

further investigations into these questions and, more broadly, reveal how complex molecular

programs are integrated across the GC cycle. A precise molecular understanding of the GC

will ultimately require a robust in vitro model. Furthermore, an in vitro GC system would

greatly accelerate the development of novel therapeutics to enhance GC function or treat

GC-derived lymphomas. However, expectations for what cardinal features this model must

replicate will require further studies of GC biology in mice and humans.

Many outstanding questions remain:

Does CXCR4 signaling instruct cell-cycle exit and immunoglobulin accessibility when

B cells transition between the DZp and the DZd? Recent discoveries have shown that

mouse B cell progenitors use CXCR4 signaling to exit the cell-cycle and begin light-chain

recombination. GC B cells must undergo a similar transition between proliferation and

mutation, but the signaling mechanisms that guide this transition remain unknown.

What signals instruct proliferating and preapoptotic GC B cells to locate next to TBMs?

The three-zone model shows that proliferating and apoptotic GC B cells are next to TBMs
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in mice. The consequences of B cells completing mitosis or apoptosis away from TBMs are

unknown.

Does AID activity and SHM occur exclusively in GC B cells within the DZd region?

Features of SHM such as elevated immunoglobulin expression and an increased DNA damage

response are observed in B cells in the DZd; however, it remains to be determined how AID

is regulated within the GC three-zone model.

Are 3D chromatin conformations and the cohesin complex dynamically regulated be-

tween GC zones? GC B cells quickly cycle between zones with large differences in chromatin

accessibility, and regulation of loop extrusion may contribute to this phenomenon. In addi-

tion, a recent study in mice showed that cohesin is important for chromatin looping between

enhancers and promoters, and for preventing lymphomagenesis in GC B cells.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Mice

Brwd1 -floxed mice were generated by Ingenious Targeting Laboratory. A targeting vector

was designed containing a Lox71 site 5′ of Brwd1 exon 6, a neomycin-resistance cassette

flanked by flippase recognition target (FRT) sites between Brwd1 exons 7 and 8, an in-

verse tdTomato (tdT) reporter with a bovine growth hormone polyadenylation sequence

(BGHpA), and a Lox66 site 3′ of Brwd1 exon 8. The Lox72 and Lox66 sites were in oppo-

site orientation to one another. The targeting vector was introduced by electroporation to

C57BL/6 embryonic stem cells containing flippase. Resulting cells were microinjected into

Balb/c blastocysts. Resulting chimeras with a high percentage black coat color were mated

to C57BL/6 WT mice to generate germline neomycin-resistance cassette-deleted mice. PCR

and sequencing were used to confirm the deletion of the neomycin-resistance cassette, the

presence of the tdTomato cassette, and the presence of the Lox66 site. PCR was used to

confirm the absence of the flippase transgene and the presence of the Lox71 site.

Routine genotyping of the Brwd1 -floxed mice was done with the LOX1 and SDL2 primers,

which cover the 5′ Lox71 site (Table 2.1). PCR conditions were 94 °C for 2 min, then 35

cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min, followed by 72 °C for 2 min.

The WT amplicon is 389 bp and the floxed amplicon is 431 bp.

Wild type C57BL/6J mice (stock #000664), Mb1Cre mice (stock #020505), AicdaCre

mice (stock #007770), and Ai14 Rosa-CAG-LSL-tdTomato-WPRE mice (stock #007914)

were purchased from Jackson Laboratory. Cd23Cre mice were obtained from the laboratory

of Jayanta Chaudhuri (Memorial Sloan Kettering). Mice were housed in the University of

Chicago animal facilities, and studies were performed in accordance with the guidelines of

the Institutional Animal Care and Use Committee (protocol no. 71577). Female and male
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Table 2.1: List of primers

Primer Name Sequence

LOX1 TGAGCTGAAGGCAAGCCAACAG 

SDL2 TGAGGGGAACTTAAAACATCTCAG 

29589 ACTGAGGCAGGAGGATTGG 

30016 CTCTTTACCTTCCAAGCACTGA 

30017 CATTTTCGAGGGAGCTTCA 

21218 CAGGTTTTGGTGCACAGTCA 

25781 TGAAAAAGTCCACTAATTAAAACCA 

25782 CTAACAACCCTTTCTCTCAAGGT 

26639 TGAAACCAGATCACTTCCAGA 

oIMR7505 CACTCGTTGCATCGACCGGTAATG 

oIMR7537 GGACCCAACCCAGGAGGCAGATGT 

oIMR7538 CCTCTAAGGCTTCGCTGTTATTACCAC 

Igamma1 GGCCCTTCCAGATCTTTGAG

Cgamma1 GGATCCAGAGTTCCAGGTCACT

Actin4-F TACCTCATGAAGATCCTGA

Actin5-R TTCATGGATGCCACAGGAT

Cy1-cDNA CATGGAGTTAGTTTGGGCAG

mCy1-cDNA TGACAGCAGCGCTGTAGCAC

Cy1-PCR ATCCAGGGGCCAGTGGATAGAC

V186.2-leader AGCTGTATCATGCTCTTCTTGGCA

V186.2-nested CATGCTCTTCTTGGCAGCAACAG

Brwd1-floxed

Cd23-cre

Aicda-cre

IgG1 GLTs

SHM Primers

Mb1-cre
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mice were used at 6-12 weeks of age.

2.2 Immunizations

Mice were immunized intraperitoneally with 109 sheep red blood cells (SRBCs) (Lampire

Biological Laboratories) in 1X phosphate-buffered saline (PBS) and boosted with 109 SRBCs

5 days later. Alternatively, mice were immunized intraperitoneally with 200 µl of 4-hydroxy-

3-nitrophenyl-acetyl (NP)-keyhole limpet hemocyanin (KLH) (1 mg/ml, valency of 27 or 33)

in a 1:1 ratio with Complete Freund’s Adjuvant (CFA) (Heise and Klein, 2017). Mice were

boosted with NP-KLH in a 1:5 ratio with Incomplete Freund’s Adjuvant (IFA) at day 5. Mice

were also immunized intraperitoneally with 109 SRBCs conjugated with NP by incubating

NP-OSu in 0.15 M NaHCO3 with SRBCs. For this experiment, mice were boosted with

NP-SRBCs at days 5 and 56 post-immunization.

2.3 Flow cytometry

On day 5 or 14 post-immunization, spleens were harvested, and cells were resuspended in

PBS with 3% (v/v) fetal bovine serum (FBS). Erythrocytes were lysed with ACK lysis buffer

(Lonza). Splenocytes were passed through a cell strainer to obtain single cell suspensions.

Fc block was done with anti-mouse-CD16/CD32 (2.4G2). Cells were stained with viability

dye eFluor506 (eBioscience).

For flow cytometry of B cell progenitors, cells were stained with anti-CD19-PE/Cy7

(6D5), anti-B220-APC/Cy7 (RA3-6B2), anti-IgM-APC (II/41), and anti-CD43-FITC (S7).

Fol B cells were stained with anti-B220-APC/Cy7 (RA3-6B2), anti-CD19-PerCP/Cy5.5

(1D3), anti-CD93-BV421 (AA4.1), anti-CD23-PE/Cy7 (B3B4), and anti-CD21-APC (7G6).

GC B cells were stained with anti-B220-AF488 (RA3-6B2), GL7-PerCP/Cy5.5, anti-

CD95-BV421 (Jo2), anti-CD83-PE/Cy7 (Michel-19), and anti-CXCR4-APC (2B11). Cells
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were also stained with various combinations of anti-CD138-APC (281-2), anti-IgD-PE/Cy7

(11-26c), anti-BCL6-PE/Cy7 (K112-91), Annexin V-FITC (BD Biosciences), FxCycle Violet

(Invitrogen), and the FAM FLICA poly caspase kit (Bio-Rad). Cells were fixed with the

Foxp3/Transcription factor staining buffer kit (eBioscience).

Tfh cells were stained with anti-CXCR5-BV421 (L138D7), anti-PD-1-PerCP/Cy5.5

(RMPI-30), anti-CD4-APC (RM4-5), and anti-CD3-FITC (145-2C11).

For flow cytometry of MBC subsets, cells were stained with anti-CD38-BUV496

(90/CD38), anti-IgM-BUV615 (II/41), anti-PD-L2-BUV737 (TY25), anti-CCR6-BV421 (29-

2L17), anti-IgD-BV480 (11-26c.2a), anti-CD80-BV650 (16-10A1), anti-IgG1-BV711 (A85-

1), anti-CD95-BV786 (Jo2), anti-B220-AF488 (RA3-6B2), GL7-PerCP/Cy5.5, anti-CD83-

PE/Cy7 (Michel-19), anti-CXCR4-APC (2B11), anti-CD138-APC-R700 (281-2), anti-CD73-

APC-Fire750 (TY/11.8), and viability dye eFluor506 (eBioscience) with Brilliant Stain

Buffer Plus.

Flow cytometry was done with a LSRFortessa (BD Biosciences) running FACSDiva ver-

sion 8.0.2, and spectral flow cytometry was done with a Cytek Aurora. Flow cytometry data

was analyzed with FlowJo version 10.8.1 (BD Biosciences).

2.4 Cell sorting

Fol B cells were sorted by staining with anti-B220-BV421 (RA3-6B2), anti-CD93-FITC

(AA4.1), anti-CD21-APC (7G6), and anti-CD23-PE/Cy7 (B3B4). Enrichment of GC B cells

for fluorescence-activated cell sorting (FACS) was done using magnetic-activated cell sorting

(MACS), as previously described (Cato et al., 2011). GC B cell enrichment was done with

anti-CD43-biotin (S7), anti-CD11c-biotin (N418), and anti-IgD-biotin (11-26c.2a), strepta-

vidin microbeads (Miltenyi Biotec), and LS columns (Miltenyi Biotec). FACS was performed

on a FACSAria Fusion (BD Biosciences) running FACSDiva version 8.0.2.
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2.5 Microscopy

On day 14 post-immunization, spleens were harvested, transferred to OCT (Fisher Health-

Care) and frozen on dry ice in 2-methylbutane. Frozen spleens were sectioned at 6 µm. For

immunofluorescence microscopy, sections were fixed with 4% paraformaldehyde, permeabi-

lized with 1X NP40 Permeating Solution in PBS (Boston Products), and Fc receptors were

blocked with anti-mouse-CD16/CD32 (2.4G2, 1:200) in 10% normal donkey serum (Jackson

ImmunResearch).

For Mb1Cre/wt Brwd1fl/fl mice, tissue was stained with Hoechst 33342 (1:1000, Invitro-

gen), anti-B220-AF647 (RA3-6B2), and anti-CD3-FITC (145-2C11) (all 1:20) in 5% normal

donkey serum. Images were captured at 40X magnification. For Cd23Cre/wt Brwd1fl/fl mice

mice, spleens were collected day 14 post-immunization. Tissue was stained with GL7-AF647

(1:20) in 5% normal donkey serum. Images were acquired at 10X magnification.

For AicdaCre/wt Brwd1fl/fl mice, tissue was stained with GL7-AF647 (1:20), anti-CD4-

AF594 (GK1.5, 1:20), anti-CD35-BV421 (8C12, 1:20), anti-IgD-BV711 (11-26c.2a, 1:20),

anti-tdTomato (polyclonal, Rockland, 1:50), followed by donkey anti-rabbit-IgG-AF488

(polyclonal, Invitrogen, 1:1000) in 5% normal donkey serum. The GL7 channel and dif-

ferential interference contrast (DIC) were collected at 10X magnification, and all channels

were collected for individual GCs at 20X magnification.

For apoptosis microscopy, tissue was stained with anti-CD35-BV421 (8C12), anti-CD68-

AF594 (FA11), and GL7-AF647 (all 1:20) in 5% normal donkey serum. Tissue was also

stained with TUNEL-FITC (Abcam) according to the manufacturer’s instructions and with

Hoechst 33342 (1:1000, Invitrogen) in 5% normal donkey serum.

Immunofluorescence microscopy was done with a Leica Stellaris 8 laser scanning confocal

microscope (Leica Microsystems).

Tissue was also stained with hematoxylin and eosin (H&E) and imaged at 40X magnifi-

cation on an Olympus VS200 Slideview Research Slide Scanner (Evident).
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2.6 Image analysis

Images were visualized and analyzed with Fiji version 2.9.0 (Schindelin et al., 2012). For

quantification of GC size, GL7 images were Gaussian filtered (sigma = 10), and an intensity

threshold and size exclusion threshold were used to remove background signal.

For mean pixel intensity (MPI) image analysis, images collected at 20X magnification

were normalized to the 99th percentile for each channel. For a given channel, each image

in the dataset was standardized through histogram matching to ensure similar contrast

throughout the dataset. GCs were segmented by applying a Gaussian filter (sigma = 5) to

the GL7 channel, then adjusting contrast and thresholding. The binary mask created by

this segmentation algorithm was separated by instance using the regionprops function in the

sci-kit image python library (Walt et al., 2014). After identifying discrete objects (GCs)

from the binary segmentation mask, small objects were rejected using a size filter, and GCs

at the image boundaries were rejected to ensure each GC was only measured once. GC area

was computed from the resulting segmentation masks. The LZ was segmented by applying

a similar Gaussian filtering and thresholding algorithm to the CD35 channel. Resulting LZ

segmentations were masked using the GC mask defined above to ensure that the segmented

LZ was fully encompassed within the GC segmentation. MPI (pixel value sum/segmented

area) was calculated for each marker within the regions defined by the GC and LZ masks.

H&E images were visualized with QuPath (Bankhead et al., 2017). H&E debris scores

were quantified by a pathologist by grouping samples into three categories with a score of

3 having the greatest degree of debris away from TBMs. Debris was quantified by first

manually segmenting GCs with Fiji. Then object segmentation was done with Cellpose 2.0

(Pachitariu and Stringer, 2022) with the following settings: model = cyto, diameter = 18,

flow_threshold = 0.75. Debris was quantified as the number of objects <0.5 µm2 normalized

to the area of the GC.
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2.7 In vitro class switch recombination

Splenic cells were harvested as above. B cells were enriched by incubating cells with anti-

CD43-biotin (S7) and magnetic enrichment with LS columns (Miltenyi Biotec). For class

switching to IgG1, cells were cultured in RPMI 1640 with L-Glutamine media (Gibco) with

10% FBS, 0.1% β-mercapto-ethanol, and 1% penicillin-strep at 37 °C, 5% CO2. For class

switching to IgG1, 25 µg/ml LPS (Sigma-Aldrich) and 10 ng/ml IL-4 (R&D Systems) were

added to the media.

After 72 hr, cells were collected, and RNA was isolated using a RNeasy kit (Qiagen).

IgG1 germline transcripts were measured by qPCR using primers to the Iγ1 and Cγ1 region

and Power SYBR Green Master Mix (Applied Biosystems). Data was normalized using the

∆∆Ct method

FoldChange = 2−((KOTEST−KOHOUSEKEEPING)−(WTTEST−WTHOUSEKEEPING)

using Actin as the housekeeping gene. After 96 hr, class switching was measured by flow

cytometry. Cells were stained with anti-CD19-APC/Cy7 (1D3), anti-IgD-PE/Cy7 (11-

26c.2a), anti-IgM-APC (II/41), anti-IgG1-FITC (RMG1-1), and eFluor506 viability dye

(eBioscience).

2.8 Somatic hypermutation

RNA was extracted from sorted GC B or plasma cells using the RNeasy Mini Kit (Qiagen).

cDNA was generated using the SuperScript III First-Strand Synthesis System for RT-PCR

kit (Invitrogen) and the mCy1-cDNA primer for GC B cells or the Cy1-cDNA primer for

plasma cells. A semi-nested PCR was performed using the V186.2-leader and V186.2-nested

primers with the Cy1-PCR primer as has been described (Heise and Klein, 2017). PCR

products were purified with the MinElute PCR Purification Kit (Qiagen). Cloning was
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performed with the TOPO TA Cloning & Bacterial Transformation kit (Invitrogen). DNA

from colonies was isolated with the PureLink Quick Plasmid Miniprep Kit (Invitrogen).

DNA was sequenced with the M13 Forward primer.

The vector sequence was trimmed with 4Peaks (Nucleobytes). Alignment and mutations

were analyzed with IMGT/V-QUEST (Brochet et al., 2008). Duplicate sequences from the

same mouse, sequences that did not align most closely to V186.2, and sequences with an

uneven distribution of mutations were not used. Mutations in CDR3 introduced by junctional

diversity were not counted to measure SHM.

2.9 Enzyme-linked immunospot (ELISPOT) assay

At day 13 post-immunization, a Nunclon Delta Surface plate (Thermo Scientific) was coated

with NP52-BSA (5 mg/ml) (Heise and Klein, 2017). At day 14, cells were serially diluted in

RPMI-1640 media containing 10% FBS, 1% Pen-Strep, 1% L-Glutamine, 1% HEPES, and

1% sodium pyruvate. Cells were incubated at 37 °C in 5% CO2 overnight. At day 15, plates

were stained sequentially with anti-mouse IgG-biotin (1:1000), streptavidin-AP (1:500), and

NBT/BCIP (Thermo Fisher Scientific). Plates were imaged with a CTL ImmunoSpot Ana-

lyzer.

2.10 Anti-nuclear antibody test

Mouse sera was diluted 1:100 in PBS. Kallestad HEp-2 cell line slides (BioRad) were incu-

bated with the sera. Slides were stained with donkey anti-mouse-IgG-AF647 (1:000) and

Hoechst 33342 (1:1000). Immunofluorescence microscopy was done with a Dragonfly 200

confocal microscope (Andor).
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2.11 LCMV infection and plaque assay

Mice were infected with 2 x 106 plaque forming units (pfu) of LCMV clone 13 via the tail

vein. Mice were euthanized at day 42 post-infection. A kidney, liver, and half of the spleen

were frozen in OCT on dry ice in 2-methylbutane.

A plaque assay was performed by growing Vero e6 cells (ATCC CRL-1586) to 90% con-

fluency. Spleens and kidneys were homogenized in DMEM (supplemented with 1% FBS

and 1% Penicillin/Streptomycin). Tenfold serial dilutions of the homogenate were incubated

with the Vero cells for 1 hr at 37 °C. A 1:1 mixture of 1% agarose and 2X 199 media (supple-

mented with 20% FBS, 2% Penicillin/Streptomycin, 2% L-glutamine, and phenol red) was

added to the cells. At day 5, neutral red was added 1:50 to a 1:1 mixture of 1% agarose and

2X 199 media, and this solution was added to each well. At day 6, plaques were counted,

and pfu per mg of tissue were calculated.

2.12 RNA-seq

Total RNA was isolated using a RNeasy kit (Qiagen). Libraries were prepared by the Uni-

versity of Chicago Genomics Facility before sequencing on the NovaSeq-X-Plus (Illumina).

Raw reads were aligned to reference genome mm9 in a splice-aware manner using STAR

(Dobin et al., 2013). Gene expression was quantified using FeatureCounts (Liao et al., 2014)

against UCSC genes, with Ensembl IG genes from mm10 converted to mm9 coordinates with

UCSC liftOver.

2.13 ATAC-seq

Cells were washed with PBS, then lysed with ATAC lysis buffer (10 mM Tris-HCl, pH 7.4,

10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630). Resulting nuclei were then incubated

with tagmentation enzyme (Illumina). Libraries from purified samples were made with the
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Nextera Indexing kit (Illumina).

Raw reads were aligned to reference genome mm9 using BWA MEM (Li, 2013). Ap-

parent PCR duplicates were removed using Picard MarkDuplicates (https://github.com/

broadinstitute/ picard/releases/ tag/2.11.0)

For ATAC-seq, read alignments were first adjusted to account for TAC transposon bind-

ing: +4 bp for +strand alignments, −5 bp for −strand alignments. The open chromatin en-

richment track was generated by first creating a bedGraph from the raw reads using bedtools

genomcov (Quinlan and Hall, 2010), then converted to bigWig using UCSC tool bedGraph-

ToBigWig. Tracks were normalized by the sum of alignment lengths over 1 billion. Open

chromatin peaks were called using Macs2 with no model set and no background provided

(Zhang et al., 2008). Peaks with a score greater than 5 were retained. To quantitatively

measure changes in epigenetic enrichment, we first identified empirical regulatory elements

based on the peak calls obtained from each sample in the analysis. Peaks were merged into

a uniform set of regulatory elements using bedtools merge (Quinlan and Hall, 2010). En-

richment levels for each regulatory element were then quantified with featureCounts (Liao

et al., 2014).

2.14 Differential expression of RNA-seq and ATAC–seq

Differential expression statistics (fold-change and p value) were computed using edgeR on

raw expression counts obtained from quantification (either genes or peaks) (Robinson et al.,

2010). Pairwise comparisons were computed using exactTest, and multigroup comparisons

using the generalized linear modeling capability in edgeR. In all cases, p values were adjusted

for multiple testing using the FDR correction of Benjamini and Hochberg.
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2.15 Next generation sequencing analysis

RNA-seq, ATAC-seq, and ChIP-seq data was visualized with the Integrated Genome Browser

(Freese et al., 2016). Heatmaps were generated with ComplexHeatmap and Circlize in R,

and plots were made with ggplot2 (Gu et al., 2016, 2014). Metascape data portal was used

for pathway analyses and for RNA-seq circle plots (Zhou et al., 2019). Hypergeometric

optimization of motif enrichment (HOMER) was used to perform known transcription factor

binding motif analyses using the FindMotifsGenome function to generate enrichment and

p values (Heinz et al., 2010). Gene set enrichment analysis (GSEA) was performed as

described using the Molecular Signatures Database hallmark genes sets (Subramanian et al.,

2005; Liberzon et al., 2015). Hi-C data was visualized using Juicebox (Robinson et al.,

2018). Hi-C arc plots were generated with HiCcompare by normalizing Hi-C matrices using

the hic_loess function and calculating differences using the hic_compare function (Stansfield

et al., 2018). Then the plotBedpe function from Sushi.R was used to plot differences with p

< 0.05 (Phanstiel et al., 2014).

2.16 Statistical analysis

Statistical analyses were performed with GraphPad Prism. Bar graphs are displayed as the

mean ± standard deviation. Significance as defined by p value or false discovery rate (q

value) are defined in the figure legends. All measurements were taken from distinct samples

as described in the figure legends.

2.17 Data availability

The data that support the findings of this study are available from the corresponding authors

upon reasonable request. RNA-seq and ATAC-seq data were deposited in the Gene Expres-

sion Omnibus (GEO) database with accession code GSE264164. WT GC B cell RNA-seq and
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ATAC-seq data from GEO accession code GSE133743 was analyzed in this study (Kennedy

et al., 2020). Small pre-B cell Hi-C and ChIP-seq from GEO accession code GSE221519 was

also analyzed (Mandal et al., 2024).
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CHAPTER 3

BRWD1 IN FOLLICULAR B CELLS

3.1 Introduction

The activation and differentiation of B cells is central to initiation of the humoral adaptive

immune response (Fig 3.1). Naïve IgM+IgD+ B cells locate within the follicles of secondary

lymphoid organs, while T cells reside in neighboring T cell zones (Cyster and Allen, 2019).

In T cell-dependent responses, B cells activate upon encountering antigen and migrate to

the border of the follicle and T cell zone as well as the interfollicular region (Okada et al.,

2005; Kerfoot et al., 2011). Here 1 to 2 days following antigen exposure, B and T cells

form long-lasting interactions (Okada et al., 2005; Kerfoot et al., 2011). Activated B cells

can differentiate down multiple pathways to become either plasmablasts, memory B cells,

or germinal center (GC) B cells according to the input of multiple signals from the B cell

receptor (BCR), costimulatory molecules, T cell help, and cytokines (Cyster and Allen,

2019). Early differentiation along the GC B cell pathway occurs as B cells express low levels

of BCL6, an essential transcription factor (TF) for the GC B cell molecular program (Kitano

et al., 2011; Zhang et al., 2017b; Dent et al., 1997; Fukuda et al., 1997). Indeed, B cells with

greater BCL6 expression later preferentially enter the GC (Robinson et al., 2020). These

BCL6+ B cells re-enter the follicle to form GCs around day 4 following immunization (Silva

and Klein, 2015; Huang et al., 2014).

Within the GC, B cells canonically cycle between the light zone (LZ), where selection

takes place, and the dark zone (DZ) (Victora and Nussenzweig, 2022). The DZ can be further

subdivided into the DZ proliferation (DZp) and the DZ differentiation (DZd) where somatic

hypermutation occurs (Kennedy et al., 2020; Wright et al., 2023; Kennedy and Clark, 2021).

This pathway from naïve to GC B cell requires large shifts in molecular programs, which

includes switches between TF programs and changes in chromatin accessibility (Silva and
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Figure 3.1: Follicular B cell differentiation in response to antigen. Circulating
naïve B cells enter and survey lymph nodes. Following infection or vaccination, antigens
drain to the lymph node and activate cognate naïve follicular B cells. In a T cell-dependent
response, activated B cells present antigen to CD4+ T cells and proliferate. Activated B cells
may then differentiate into short-lived plasmablasts, memory B cells, or germinal center B
cells. Germinal center B cells may also further differentiate into memory B cells, short-lived
plasmablasts, or long-lived plasma cells. This figure was created using BioRender.com and
was inspired by Cyster and Allen (2019).
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Klein, 2015; Papin et al., 2022). Notably, differentiation of GC B cells from naïve B cells

involves decompaction of chromatin genome-wide (Vilarrasa-Blasi et al., 2021; Bunting et al.,

2016; Doane et al., 2021).

B cell progenitors also experience large shifts in molecular programs as they develop in

the bone marrow (Clark et al., 2014; McLean and Mandal, 2020). As proliferating large

pre-B cells transition to small pre-B cells that undergo Igk recombination, >10,000 genes

change expression (Mandal et al., 2018). The epigenetic reader bromodomain and WD

repeat-containing protein 1 (BRWD1) regulates 7,000 of these differentially expressed genes

(Mandal et al., 2018). BRWD1 binds to chromatin according to specific histone modifications

– histone 3 (H3) lysine 9 acetylation (K9Ac), serine 10 phosphorylation (S10p), and K14Ac

and regulates chromatin via multiple mechanisms (Mandal et al., 2015). At the local scale,

BRWD1 repositions nucleosomes relative to GAGA DNA motifs to open and close chro-

matin, which in small pre-B cells is important for Igk recombination (Mandal et al., 2015).

BRWD1 also mediates long range chromatin looping over a megabase scale (Mandal et al.,

2024). Chromatin loop extrusion, the process by which distal chromatin regions are brought

proximal to one another through formation of a loop, is mediated by the ring-shaped cohesin

complex (Davidson et al., 2019; Vian et al., 2018; Kagey et al., 2010). The cohesin cofac-

tor NIPBL drives loop extrusion while the cofactor WAPL releases cohesin from chromatin

(Bauer et al., 2021; Liu et al., 2021; Haarhuis et al., 2017). The boundaries of chromatin

loops are often anchored by CTCF, which binds DNA and blocks further loop extrusion

by cohesin (Nora et al., 2020). BRWD1 mediates chromatin loop extrusion by converting

static cohesin to dynamic cohesin that includes WAPL and NIPBL and is capable of loop

extrusion (Mandal et al., 2024). In these ways, BRWD1 coordinates the transcriptional, epi-

genetic, and chromatin 3D transitions necessary for B cell progenitors to stop proliferation

and begin recombination. BRWD1 is also highly expressed in follicular (Fol) B cells, yet

its contributions to the differentiation of Fol B cells in response to antigen have not been
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explored.

Upon activation and before entering the germinal center, B cells may undergo class

switch recombination (CSR) to replace the IgM-encoding constant region with a different

downstream constant region of an alternate antibody class (Roco et al., 2019). The class

switch locus is flanked 5′ by the iEµ enhancer and 3′ by the Igh regulatory region (IghRR)

super enhancer, both of which are necessary for CSR (Perlot et al., 2005; Li et al., 2010;

Vincent-Fabert et al., 2010; Pinaud et al., 2001; Saintamand et al., 2016). Multiple chromatin

loop extrusion events are necessary for CSR (Zhang et al., 2022). First, cohesin-mediated

loop extrusion forms a large chromatin loop between iEµ and the IghRR in resting naïve

B cells (Zhang et al., 2019a; Wuerffel et al., 2007). Second, upon activation, secondary

loop extrusion pulls the alternate constant regions into the larger loop anchor (Zhang et al.,

2019a; Wuerffel et al., 2007). Subsequent apposition of constant region promoters with the

IghRR induces transcription of germline transcripts (GLTs) (Wuerffel et al., 2007). This

secondary loop is formed by cohesin-mediated loop extrusion and causes the switch region

of IgM (Sµ) to align with the switch region of the targeted constant region (Zhang et al.,

2019a). Once this 3D chromatin architecture is established, activation-induced deaminase

(AID) causes double strand breaks in the switch regions to initiate CSR (Noia and Neuberger,

2007). Thus, the 3D structure of the class switch locus is dynamically regulated upon B cell

activation and is necessary for class switch recombination (Zhang et al., 2022).

Here we designed a Brwd1 -floxed mouse to conditionally delete Brwd1 in Fol B cells and

to investigate the role of BRWD1 in the differentiation of naïve Fol B cells. We demonstrate

that BRWD1 is important for GC initiation and CSR.
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3.2 Results

3.2.1 BRWD1 may regulate similar transcriptional programs in peripheral B

cells as in B cell development

We previously observed that the small pre-B cell stage of B cell development (Fraction D)

marks a transcriptional reflection point in B cell development with over 10,000 genes turned

on or off across this developmental stage (Mandal et al., 2018). BRWD1 regulated over

7,000 of these genes (Mandal et al., 2018). To study whether any transcriptional transitions

across small pre-B cell differentiation are mirrored in peripheral B cells, we used RNA-seq

data from the Immunological Genome Project to plot transcription across the entire B cell

lineage (Fig 3.2a). This analysis revealed that several genes turned on in small pre-B cells

are also turned on in GC B cell centroblasts and centrocytes as well as the inverse. To study

whether any of these genes are directly regulated by BRWD1, we compared RNA-seq of

small pre-B cells from either wild type (WT) or Brwd1−/− mice with a germline mutation

in Brwd1 (Fig 3.2b). This analysis revealed that a portion of genes with similar expression

between small pre-B cells and GC B cells are directly regulated by BRWD1 in small pre-B

cells and included genes important for B cell biology such as Myc. Thus, the transcriptional

program between small pre-B cells and GC B cells is not entirely recycled, but BRWD1 may

regulate important genes in both populations.

3.2.2 Design of a Brwd1-floxed mouse

Brwd1 is first expressed by small pre-B cells in the bone marrow where it mediates widespread

epigenetic changes (Mandal et al., 2018, 2015). Using RNA-seq from different B cell popula-

tions in WT mice, we found that Brwd1 expression was over twice as high in Fol B cells than

in small pre-B cells (Fig 3.3a). Furthermore, Brwd1 expression changed across GC B cell

subsets, with the greatest expression in the DZd (Kennedy et al., 2020). This dynamic regu-
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Figure 3.2: BRWD1-regulated genes differentially expressed across the B cell
lineage. Caption continued on the next page.
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Figure 3.2: (a) Heatmap of 11,790 differentially expressed genes (one-way ANOVA, q <
0.05) across the B cell lineage using RNA-seq data of listed B cell populations from the
Immunological Genome Project. Z-scored log2 counts per million (CPM) are plotted. (b)
Heatmap of BRWD1-regulated genes by comparing WT and Brwd1−/− small pre-B cells
(log2 fold change >1, q < 0.05). Log2 fold change is plotted. Notable genes important for
peripheral B cell biology and that are regulated by BRWD1 are labeled. (CB = centroblasts,
CC = centrocytes, CLP = common lymphoid progenitors, Fol = follicular B cells, Fr =
Fraction, T = Transitional)

lation of Brwd1 in Fol and GC B cells suggested that BRWD1 may mediate both transitions

between and maintenance of peripheral B cells.

To study the role of BRWD1 in peripheral C57BL/6 B cells, we derived a Brwd1 -floxed

mouse with Lox71 and Lox66 sites in opposite orientations surrounding Brwd1 exons 6, 7,

and 8 (Fig 3.3b). The targeting construct included an inverse tdTomato (tdT) reporter so

that following Cre recombination, exons 6, 7, and 8 are inverted and tdT is expressed (Fig

3.3c). To delete Brwd1 in Fol B cells, we crossed these mice with mice expressing Cre under

the Fcer2a promoter (Cd23Cre) (Kwon et al., 2008). Using RNA-seq, we confirmed that

tdT+ Fol B cells in Cd23Cre/wt Brwd1fl/fl (KO) mice do not transcribe exons 6, 7, and

8 of Brwd1 (Fig 3.3d). Homozygous Cd23Cre/wt Brwd1fl/fl mice had greater tdT median

fluorescence intensity (MFI) than heterozygous Cd23Cre/wt Brwd1fl/wt mice, demonstrating

that both alleles were deleted in homozygous mice (Fig 3.3e).

3.2.3 BRWD1 is necessary for B cell development in the bone marrow

Mice carrying a germline mutation of Brwd1 have a partial block in B cell development

following the small pre-B cell stage when BRWD1 is necessary for Igk recombination (Mandal

et al., 2015). To test whether conditional deletion of Brwd1 only in B cell progenitors

produces a similar phenotype, we crossed the Brwd1 -floxed mouse with mice that express

Cre recombinase under the control of the Cd79a promoter (Mb1Cre) to delete Brwd1 in

early B cell progenitors. Among B cell progenitors from Mb1Cre/wt Brwd1fl/fl mice, 43% of
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Figure 3.3: Design and characterization of a Brwd1 -floxed mouse. (a) RNA-seq
of Brwd1 expression for small pre-B, Fol B, and GC B cells in the LZ, DZp, and DZd
(n = 3 for small pre-B cells, n = 2 for all other cell types). (b) Model of LoxP sites
(green) surrounding exons 6, 7, and 8 of Brwd1 with a tdTomato (tdT) reporter in the
inverse orientation. A single flippase recognition target (FRT) site (blue) remained follow-
ing removal of a selection cassette. (c) tdTomato expression by flow cytometry of splenic
B220+CD19+CD93−CD23+CD21+ Fol B cells in Cd23Cre/wt Brwd1fl/fl (KO), Cd23Cre/wt

Brwd1fl/wt (Het), and Brwd1fl/fl (Ctrl) mice. Frequency of tdT+ Fol B cells is shown. (d)
RNA-seq of Brwd1 transcripts mapped to the Brwd1 locus in sorted Cd23Cre/wt Brwd1fl/fl

tdT+, Cd23Cre/wt Brwd1fl/fl tdT−, and Brwd1fl/fl Fol B cells. The region flipped in ori-
entation following Cre recombination is highlighted grey. (e) Median fluorescence intensity
(MFI) of tdT+ Fol B cells from Cd23Cre/wt Brwd1fl/fl (KO), Cd23Cre/wt Brwd1fl/wt (Het),
and Brwd1fl/fl (Ctrl) mice (n = 3 mice per group). (****p<0.0001, two-sided unpaired
t-test, bar plots show mean ± standard deviation)
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pro-B cells and over 95% of immature B cells deleted Brwd1 as measured by tdT expression

(Fig 3.4a). In the bone marrow, Mb1Cre/wt Brwd1fl/fl mice had fewer B cell progenitors

beginning at the large pre-B cell stage compared to Mb1Cre/wt and Brwd1fl/fl control mice

(Fig 3.4b). The frequency of pre-pro-B cells was increased in Mb1Cre/wt Brwd1fl/fl mice,

suggesting a compensatory effect in the earliest stages of B cell development (Fig 3.4c).

In the spleen, there was no change in the number or frequencies of peripheral B cell

populations, suggesting that BRWD1 is not necessary for these populations (Fig 3.4d-e).

Indeed, immunofluorescence microscopy of splenic sections demonstrated that Mb1Cre/wt

Brwd1fl/fl mice had a normal distribution of T and B cell zones (Fig 3.4f). Together these

results demonstrate that conditional deletion of Brwd1 in B cell progenitors results in a

similar phenotype as the germline Brwd1 mutation by inhibiting B cell development in the

bone marrow. However, a portion of Brwd1 -deficient B cells are still able to develop by

unknown compensatory mechanisms and successfully fill the splenic niche.

We previously observed that Brwd1−/− mice have an abnormal splenic architecture with

no T cell zones adjacent to B cell follicles (Fig 3.4g). In comparison with the normal splenic

architecture of Mb1Cre/wt Brwd1fl/fl mice, this demonstrates that Brwd1 is likely important

in the organization of splenic T cells.

3.2.4 BRWD1 is not necessary for maintenance of follicular B cells

To study whether BRWD1 is important for the maintenance of peripheral B cells, we char-

acterized Cd23Cre/wt Brwd1fl/fl (KO) mice at the steady state. Flow cytometry demon-

strated that control (Brwd1fl/fl ), heterozygous, and KO mice had comparable numbers of

CD20+CD19+CD93− mature B cells in the spleen (Fig 3.5a-b). Additionally, these mice

had the same number and frequency of Fol and marginal zone (MZ) B cells (Fig 3.5c-f).

Approximately 96% of Fol B cells and 82 % of MZ B cells expressed tdT, confirming efficient

Cre recombination in KO mice (Fig 3.5g-h). Together these results demonstrate that steady
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Figure 3.4: BRWD1 is necessary for B cell development in the bone marrow.
(a) Frequency of tdT+ cells at each stage of B cell development in the bone marrow and
spleens of Mb1Cre/wt Brwd1fl/fl mice (bone marrow n = 8 mice, spleen n = 9 mice). Caption
continued on the next page.
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Figure 3.4: (b) Number of bone marrow B cell progenitors in Mb1Cre/wt (Cre con-
trol), Brwd1fl/fl (Flox control), and Mb1Cre/wt Brwd1fl/fl (KO) mice. Data is shown
as the fold change relative to Brwd1fl/fl small pre-B cell numbers to account for varia-
tion in total bone marrow extracted between experiments. (Pre-pro-B = B220+CD19−,
Pro-B = B220+CD19+CD43+, Large pre-B = B220+CD19+CD43−FSChigh, Small pre-
B = B220+CD19+CD43−FSClow, Immature = B220+CD19+CD43−IgM+, Mature =
B220highCD19+CD43−IgM+) (Cre control n = 4 mice, Flox control n = 8 mice, KO n
= 8 mice) (c) Frequency of bone marrow B cell progenitors. (d) Number of splenic B
cells. DN = double negative. (Cre control n = 4 mice, Flox control n = 9 mice, KO n = 9
mice) (e) Frequency of splenic B cells calculated as the proportion of CD19+CD93− cells.
(f) Representative images of immunofluorescence microscopy of spleens from Brwd1fl/fl and
Mb1Cre/wt Brwd1fl/fl mice. Scale bar = 200 µm. (n = 4 mice per group) (g) Represen-
tative images of immunofluorescence microscopy of spleens from WT and Brwd1−/− mice.
(*p<0.05, **p<0.01, ****p<0.0001, two-sided unpaired t-test, bar plots show mean ± stan-
dard deviation)

state splenic B cells do not require BRWD1.

3.2.5 BRWD1 is important for germinal center initiation

Upon antigenic stimulation, Fol B cells differentiate into GC B cells. To determine whether

BRWD1 is important for the differentiation of Fol B cells, we intraperitoneally immunized

Cd23Cre/wt Brwd1fl/fl (KO) mice with sheep red blood cells at days 0 and 5 and analyzed

spleens 14 days post-immunization at the peak of the GC response (Fig 3.6a-b) (Weisel

et al., 2016). The number of B220+ B cells was equivalent between KO and control mice

(Fig 3.6c). However, the number and frequency of GL7+CD95+ GC B cells were decreased

over twofold in the KO mice (Fig 3.6d-e). This decrease was observed in GC B cells within

the LZ, DZp, and DZd (Fig 3.6g). Over 85% of GC B cells expressed tdT in the KO mice,

demonstrating that the smaller GC population primarily contained Brwd1−/− GC B cells

(Fig 3.6f). Antigen presentation by GC B cells to Tfh cells induces Tfh cell proliferation

(Merkenschlager et al., 2021). Indeed, the KO mice had no significant change in the number

of Tfh cells but did have a decreased Tfh cell frequency (Fig 3.6h-i). Furthermore, the
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Figure 3.5: BRWD1 is not necessary for maintenance of follicular or marginal
zone B cells. (a) Splenic Fol B cells were gated as B220+CD19+CD93−CD23+CD21+

cells by flow cytometry. Representative data from a Cd23Cre/wt Brwd1fl/fl mouse is shown.
(b) Number of B220+CD19+CD93− mature B cells from Brwd1fl/fl (Ctrl), Cd23Cre/wt

Brwd1fl/wt (Het), and Cd23Cre/wt Brwd1fl/fl (KO) mice (n = 3 mice per group). (c) Number
of CD23+CD21+ Fol B cells. (d) Frequency of Fol B cells as a proportion of all B220+CD19+

cells. (e) Number of CD21+CD23− MZ B cells. (f) Frequency of MZ B cells as a proportion
of all B220+CD19+ cells. (g) Frequency of tdT+ Fol B cells. (h) Frequency of tdT+ MZ
B cells. (**p < 0.01, ****p < 0.0001, two-sided unpaired t-test, bar plots show mean ±
standard deviation)
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frequency of GC B cells and Tfh cells positively correlated with one another, showing that

the decreased Tfh cell frequency was consistent with the smaller GC B cell response (Fig

3.6j).

We confirmed a defect in the GC response by immunofluorescence microscopy. Spleens

from KO mice had fewer GCs per splenic area than controls (Fig 3.7a-b). Additionally,

GCs from KO mice were smaller compared to controls as measured by GL7 fluorescence

(Fig 3.7c). Together, these results demonstrate that BRWD1 is important for a proper GC

response.

This diminished GC B cell response in KO mice could reflect either a defect in the initial

differentiation of Fol B cells into GC B cells or in the expansion and maintenance of GC B cells

in the 14 days following immunization. Because GCs form about day 4 post-immunization,

we measured the GC response at day 5 post-immunization (Fig 3.6k) (Kerfoot et al., 2011;

Zhang et al., 2017b). At this time point, we observed a 2.5-fold decrease in both the number

and frequency of GC B cells, suggesting that BRWD1 is important for GC initiation (Fig

3.6l-m). Approximately 80% of GC B cells expressed tdT, suggesting that Brwd1−/− GC

B cells can populate the GC once the response is initiated (Fig 3.6n).

We considered and ruled out several possibilities for this defect in GC initiation. First,

the decreased GC response at day 5 post-immunization was not caused by Brwd1−/− B cells

differentiating into plasmablasts, because there was no significant difference in the number

or frequency of CD138+ plasmablasts compared to controls (Fig 3.8a-c). Next, GC B cells

in KO mice had no change in the prevalence of apoptosis or cell death as measured by

Annexin V or fluorescent inhibitors of caspase (FLICA) (Fig 3.8d-g). The proliferating

subpopulation among GC B cells is marked by the highest CD83 and CXCR4 expression

(Kennedy et al., 2020). There was no difference in the proportion of proliferating cells among

the CD83highCXCR4high population as measured by DAPIhigh cells in the S, G2, or M phases

of the cell cycle (Fig 3.8h). Furthermore, there was no change in the DZp to LZ ratio or the
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Figure 3.6: Deletion of Brwd1 in follicular B cells represses germinal center
initiation. (a) Cd23Cre/wt Brwd1fl/fl (KO) and Brwd1fl/fl (Ctrl) mice were immunized
intraperitoneally (i.p.) with 109 sheep red blood cells (SRBCs) at days 0 and 5. Spleens
were collected at day 14 post-immunization (Ctrl n = 6 mice, KO n = 11 mice). (b)
Representative flow plots first gated on live B220+ cells. (c) Total number of B220+ B cells.
(d-e) Absolute number (d) and frequency (e) of GL7+CD95+ GC B cells. (f) Proportion
of GC B cells expressing tdTomato. (g) Number of LZ, DZp, and DZd GC B cells. (h-i)
Total number (h) and frequency (i) of CXCR5+PD-1+ Tfh cells. (j) Linear regression of
frequency of GC B cells vs. frequency of Tfh cells. m = slope. (k) Cd23Cre/wt Brwd1fl/fl ,
Cd23Cre/wt Brwd1fl/wt (Het), and Brwd1fl/fl mice were immunized i.p. with 109 SRBCs,
and spleens were harvested at day 5 (Ctrl n = 10 mice, Het n = 6 mice, KO n = 8 mice).
(l-m) Total number (l) and frequency (m) of GL7+CD95+ GC B cells. (n) Proportion
of GC B cells expressing tdT. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, j: simple
linear regression, all others: two-sided unpaired t-test, bar plots show mean ± standard
deviation)
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Figure 3.7: Deletion of Brwd1 in follicular B cells causes fewer and smaller ger-
minal centers. (a) Representative images of spleen sections from Cd23Cre/wt Brwd1fl/fl

(KO) and Brwd1fl/fl (Ctrl) mice imaged at 10x magnification and stained with GL7. (DIC
= differential interference contrast, scale bar = 2,000 µm, KO n = 3 mice, Ctrl n = 9 mice)
(b) Number of GCs per spleen area. (**p<0.01, two-sided unpaired t-test, bar plot shows
mean ± standard deviation) (c) Size of GCs as measured by area of GL7 staining. (Violin
plots show median and quartiles, *p<0.05, Mann-Whitney)

DZd to LZ ratio (Fig 3.8i-j).

We next examined the expression of BCL6 because of its role in GC differentiation. GC

B cells from KO mice expressed lower levels of BCL6 as measured by flow cytometry (Fig

3.8k). This was due to a bimodal BCL6 distribution where some GC B cells had intermediate

BCL6 expression between that of control GC B cells and naïve B220+CD95−GL7− B cells

(Fig 3.8l). The GC precursor population expresses intermediate BCL6 and peaks around

day 4 post-immunization (Zhang et al., 2017b). Thus, these results further support that

BRWD1 is necessary for the initial differentiation of Fol B cells into GC B cells.

3.2.6 BRWD1 facilitates class switch recombination

Class switch recombination (CSR) occurs following B cell antigen exposure and before entry

into the GC (Roco et al., 2019). CSR requires large shifts in chromatin topology, so we

investigated whether BRWD1 is important for CSR (Zhang et al., 2022). Indeed, at day 14

post-immunization, fewer tdT+ GC B cells were IgM− when compared with tdT− cells from

the same mouse, suggesting that Brwd1−/− B cells undergo less CSR (Fig 3.9a). Next, we
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Figure 3.8: Deletion of Brwd1 in follicular B cells results in decreased BCL6
expression in germinal center B cells. (a) Cd23Cre/wt Brwd1fl/fl (KO) and Brwd1fl/fl

(Ctrl) mice were immunized intraperitoneally (i.p.) with 109 sheep red blood cells (SRBCs),
and spleens were collected at day 5 post-immunization. (b-c) Total number (b) and fre-
quency (c) of CD138+ plasmablasts (Ctrl n = 11 mice, KO n = 7 mice). (d) Frequency
of apoptotic AnnexinV+eFluor506− GC B cells. Data is gated on B220+CD95+GL7+ cells
(Ctrl n = 6 mice, KO n = 4 mice). (e) Frequency of dead AnnexinV+eFluor506+ GC B
cells. (f) Frequency of apoptotic FLICA+eFluor506− GC B cells. (g) Frequency of dead
FLICA+eFluor506+ GC B cells. (h) Frequency of DAPIhighCD83highCXCR4high DZp GC
B cells (Ctrl n = 5 mice, KO n = 3 mice). (i-j) Ratios of DZp frequency to LZ frequency (i)
and of DZd frequency to LZ frequency (j) (Ctrl n = 4 mice, KO n = 4 mice). (k) Median
fluorescence intensity (MFI) of BCL6 in GC B cells. Control data was normalized to 1 to
account for voltage differences between flow cytometry experiments (Ctrl n = 9 mice, KO
n = 6). (l) Representative histogram of BCL6 intensity in Ctrl and KO GC B cells and in
non-GC B220+CD95−GL7− B cells. (*p<0.05, two-sided unpaired t-test, bar plots show
mean ± standard deviation)
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cultured Fol B cells in vitro with IL-4 and TGFβ to induce class switching to IgG1. tdT+

cells from KO mice had decreased switching to IgG1 compared to controls (Fig 3.9b). tdT−

from KO mice had no change in IgG1 class switching in vitro, demonstrating that Brwd1

plays a cell-intrinsic role in CSR (Fig 3.9b).

CSR requires precise chromatin loop extrusion across the class switch locus (Zhang et al.,

2022, 2019a). During B cell development, a loop across the entire locus is established that

brings together the 5′ iEµ enhancer and the 3′ Igh regulatory region (Fig 3.9d), and this

loop is maintained in naïve Fol B cells (Zhang et al., 2019a). Upon antigenic stimulation,

secondary loops form to bring the switch regions of alternative isotypes into proximity with

the Sµ switch region. Because BRWD1 regulates cohesin to modulate chromatin looping,

we measured BRWD1 and components of the cohesin complex at the class switch locus

(Mandal et al., 2024). Chromatin immunoprecipitation followed by sequencing (ChIP-seq)

revealed that in small pre-B cells, BRWD1 binds at multiple sites within the Igh locus, with

an especially strong peak at iEµ (Fig 3.9e). In WT cells, we observed a dynamic cohesin

complex containing NIPBL and WAPL at the 3′ end of the locus (Fig 3.9e, highlighted green).

In Brwd1−/− small pre-B cells, the 3′ dynamic cohesin complex was lost and instead static

cohesin was found at the 3′ CTCF sites (highlighted yellow). Invariant cohesin complexes

at CTCF sites (highlighted red) were also observed throughout the locus. This loss of the

dynamic cohesin complex was associated with decreased Hi-C contacts and decreased looping

across the locus (Fig 3.9e-f). Thus, BRWD1 binds at and is necessary for chromatin looping

across the class switch locus during B cell development.

In Brwd1−/− small pre-B cells, the loss of looping resulted in decreased Ighm expression

compared to WT small pre-B cells (Fig 3.9g). However, naïve Fol B cells in Cd23Cre/wt

Brwd1fl/fl mice had no difference in Ighm expression (Fig 3.9h). Thus, deletion of Brwd1

in naïve Fol B cells likely does not disrupt looping of the class switch locus in these cells.

Instead, the effects of Brwd1 deletion are realized upon B cell activation.
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Figure 3.9: BRWD1 enhances class switch recombination. (a) Frequency of IgM−

cells after gating on tdT− or tdT+ GC B cells. Cd23Cre/wt Brwd1fl/fl (KO) mice were im-
munized intraperitoneally with sheep red blood cells at days 0 and 5. Spleens were analyzed
day 14 post-immunization. (b) In vitro class switching to IgG1. Splenic B cells were cul-
tured for 96 hours with LPS and IL-4, and class switching was measured by flow cytometry
(Ctrl n = 6 mice, KO n = 5 mice). (c) Fold change of IgG1 germline transcripts (GLTs)
measured by qPCR of the Cγ1-Iγ1 region. KO includes both tdT− and tdT+ cells. (d)
Model of chromatin looping between the 5′ iEµ enhancer and the 3′ Igh regulatory region
(IghRR) at the class switch locus. Caption continued on the next page.

49



Figure 3.9: (e) Hi-C heatmap, ChIP-seq tracks for BRWD1, CTCF, RAD21, SMC3, NIPBL,
and WAPL in WT (top) and Brwd1−/− (bottom) small pre-B cells (SpreB). Analysis of data
sets previously published (Mandal et al., 2024). The dynamic cohesin complex is highlighted
green, the static cohesin complex is highlighted yellow, and invariant cohesin complexes at
CTCF sites are highlighted red. Data is representative of n = 2 data sets. (f) Arc plots
indicating strengthened Hi-C interactions (p < 0.05) in WT or Brwd1−/− small pre-B cells
across the class switch locus at 5 kb resolution. (g-h) RNA-seq expression of Ighm expression
in WT and Brwd1−/− small pre-B cells (g) and Fol B cells (h). (*p<0.05, **p<0.01,
***p<0.001, two-sided unpaired t-test, bar plots show mean ± standard deviation)

We next tested whether BRWD1 is important for the formation of secondary class switch

loops upon antigenic stimulation. Following in vitro CSR to IgG1, we measured IgG1

germline transcripts (GLTs), which are transcribed when the IgG1 promoter forms a loop

to contact the iEµ enhancer. We observed no significant difference in GLTs in the KO cells

(Fig 3.9c). However, tdT+ and tdT− cells were not separated for this experiment. These

results suggest that although BRWD1 is necessary for the first loop formation at the class

switch locus during development, the decrease in CSR is not due to a decrease in secondary

loop formation in Fol B cells, although more experiments are necessary.

In total, BRWD1 binds at and is necessary for chromatin looping across the class switch

locus during B cell development. These data suggest that the BRWD1-dependent chromatin

topology established in small pre-B cells is necessary for efficient CSR upon Fol B cell

activation.

3.2.7 BRWD1 establishes epigenetic states for germinal center initiation

We next studied whether Brwd1 deletion affects the transcriptional or epigenetic states of

resting Fol B cells. We first sorted tdT+ and tdT− cells from KO mice and performed RNA-

seq. tdT+ and tdT− Fol B cells clustered with Fol B cells from control mice by principal

component analysis (PCA) when compared with WT GC B cells (Fig 3.10a). Fol B cells

were also highly similar by a Pearson correlation (Fig 3.10b). Only 17 genes (log2FC > 1,
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q < 0.05) were differentially expressed between tdT+ Fol B cells and control Fol B cells

from Brwd1fl/fl mice (Fig 3.10c). tdT+ and tdT− Fol B cells also had few differentially

expressed genes (Fig 3.10d). These results demonstrate that deletion of Brwd1 in Fol B

cells has minimal transcriptional effects. Notably, Brwd1 expression was decreased in tdT−

Fol B cells relative to controls (Fig 3.10e). This suggests that tdT− Fol B cells are not an

adequate control relative to tdT+ Fol B cells for molecular comparisons.

To determine whether loss of BRWD1 affects the chromatin accessibility of Fol B cells,

we performed ATAC-seq. By PCA, tdT+ Fol B cells from KO mice clustered separately from

both WT Fol B cells and GC B cells (Fig 3.10f). Chromatin accessibility was more different

across Fol B cell populations than the differences observed in transcription (Fig 3.10g, note

scale).

When we compared differential chromatin accessibility peaks (log2FC > 1, q < 0.05)

between tdT+ and WT Fol B cells, we observed 1,956 peaks increased in WT and 2,141

peaks increased in Brwd1−/− Fol B cells (Fig 3.10h). Interestingly, the accessibility of many

of these peaks in WT Fol B cells matched the accessibility in GC B cells, suggesting that the

accessibility of these sites is maintained by BRWD1 as Fol B cells differentiate into GC B cells.

TF motif accessibility was altered between WT and Brwd1−/− Fol B cells for TFs important

in B cell differentiation (Fig 3.10i). For example, binding sites for OCT2, which prepares

and facilitates Fol to GC B cell differentiation programs, were more accessible in WT Fol B

cells (Doane et al., 2021; Song et al., 2021; Hodson et al., 2016). Conversely, accessibility at

ETS family binding sites, which can restrain B cell activation and differentiation programs,

were increased in Brwd1−/− Fol B cells (Sunshine et al., 2019; Luo et al., 2014; Willis

et al., 2017; Bonetti et al., 2013). Accessibility at IRF4 and 8 binding sites, which regulate

activated B cell differentiation programs were also increased in Brwd1−/− Fol B cells (Xu

et al., 2015; Ochiai et al., 2013). These results suggest that in Fol B cells BRWD1 primes

genomic accessibility for transition to the GC state following antigen stimulation. Together
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Figure 3.10: BRWD1 determines genomic accessibility in resting follicular B
cells. Caption continued on the next page.
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Figure 3.10: (a) PCA plot of RNA-seq from Cd23Cre/wt Brwd1fl/fl tdT+ Fol B cells (KO
tdT+), Cd23Cre/wt Brwd1fl/fl tdT− Fol B cells (KO tdT−), Brwd1fl/fl Fol B cells (Ctrl),
and WT GC B cell subsets (KO tdT+ Fol B n = 3 mice, KO tdT− Fol B n = 3 mice, Ctrl
Fol B n = 3 mice). WT GC B cell RNA-seq (n = 2 for each cell population) was previously
published (Kennedy et al., 2020). (b) Pearson correlation heatmap of RNA-seq from listed
populations. (c) Volcano plot of differentially expressed genes (q < 0.05, log2 fold change
> 1) between tdT+ Cd23Cre/wt Brwd1fl/fl (KO) and Brwd1fl/fl (Ctrl) Fol B cells. (d)
Volcano plot of differentially expressed genes (q < 0.05, log2 fold change > 1) between tdT+

and tdT− Fol B cells from Cd23Cre/wt Brwd1fl/fl mice. (e) Brwd1 expression in Ctrl and
KO tdT− Fol B cells. (f) PCA plot of ATAC-seq from Cd23Cre/wt Brwd1fl/fl tdT+ Fol B
cells (KO tdT+), Cd23Cre/wt Brwd1fl/fl tdT− Fol B cells (KO tdT−), WT Fol B cells (Ctrl),
and WT GC B cell subsets (KO Fol B n = 3 mice, Ctrl Fol B n = 2 mice). WT GC B
cell ATAC-seq (n = 2 for each cell population) was previously published (Kennedy et al.,
2020). (g) Pearson correlation heatmap of ATAC-seq from listed populations. Note scale
differences between g and b. (h) Heatmap of differential accessibility peaks (q < 0.05, log2
fold change > 1) between tdT+ Cd23Cre/wt Brwd1fl/fl and WT Fol B cells. Accessibility by
ATAC-seq is shown for listed populations. (i) TF motifs enriched in accessible regions up
in KO (top) or WT (bottom) Fol B cells generated using HOMER. TF motifs in the ETS
family, which have similar binding sequences, are shown in green, while all other TF motifs
are in orange. TF motifs with p < 10-30 are shown.

these results suggest that BRWD1 regulates accessibility at some sites in Fol B cells that are

important for Fol B cell differentiation into GC B cells.

3.3 Discussion

3.3.1 Brwd1-floxed mouse model

Here we describe a Brwd1 -floxed mouse model used to delete Brwd1 in different B cell

populations. By inserting a tdTomato fluorescent reporter that is only expressed following

Cre recombination, we were able to track and confirm Brwd1 deletion. RNA-seq revealed

that deletion of Brwd1 exons 6, 7, and 8 was specific to tdT+ cells. Interestingly, we still

detected normal levels of transcripts containing Brwd1 exons downstream of exon 8. We

have not tested whether any of these transcripts are translated. We also confirmed that

homozygous Brwd1 -floxed mice delete both Brwd1 alleles. Because none of the various
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mouse models we used deleted Brwd1 in all targeted cells, the tdTomato reporter allowed

us to sort Brwd1−/− cells for bulk sequencing experiments.

3.3.2 BRWD1 in B cell progenitors

Deletion of Brwd1 in B cell progenitors using Mb1Cre mice resulted in decreased B cell

progenitors beginning with the large pre-B cell stage of development. In contrast, Brwd1−/−

mice, which have a germline mutation in Brwd1, have fewer B cell progenitors beginning with

the immature B cell stage of development (Mandal et al., 2015). It is unclear why Mb1Cre/wt

Brwd1fl/fl mice have decreased cell numbers earlier in B cell development than Brwd1−/−

mice. Prior experiments in Brwd1−/− mice had a non-significant decrease in small pre-B

cells and used fewer mice per group, suggesting that more replicates would reveal decreased

small pre-B cells in this mouse model. Furthermore, Brwd1−/− mice were originally derived

on the C3HeB/FeJ background and were crossed with C57BL/6J mice for four generations.

Thus, differences in the cellular phenotype may be strain specific. Differences may also be

due to the age of mice used for different experiments as bone marrow cell numbers decrease

with age. Our experiments with Mb1Cre/wt Brwd1fl/fl mice used Brwd1fl/fl littermates to

control for effects from age. Furthermore, Brwd1 expression increases as cells transition

between the large pre-B and small pre-B stages of development. However, Brwd1 is still

expressed in pro-B cells, so it is not surprising that Brwd1 deletion decreases cell number in

large pre-B cells. Lastly, we did not characterize whether small pre-B cells from Mb1Cre/wt

Brwd1fl/fl mice have decreased Igk recombination as has been characterized in Brwd1−/−

mice. Considering the cellular phenotype, we would predict a similar molecular phenotype

between Mb1Cre/wt Brwd1fl/fl and Brwd1−/− mice.

Mb1Cre/wt Brwd1fl/fl and Brwd1−/− mice also had different phenotypes in splenic B cell

populations. Mb1Cre/wt Brwd1fl/fl mice had no difference in mature Fol B cell numbers,

demonstrating that the developmental defect in the bone marrow is compensated for by the

54



time B cells fill peripheral niches. The spatial organization of B cell follicles and T cell zones

was also normal. Meanwhile, Brwd1−/− mice had decreased splenic mature Fol B cells and

no T cell zones neighboring B cell follicles (Mandal et al., 2015). These results suggest that

Brwd1 is important for other cell types such as T cells. Indeed, Brwd1 is expressed in the

T cell lineage.

3.3.3 BRWD1 in germinal center initiation

We also crossed Brwd1 -floxed mice with Cd23Cre mice to delete Brwd1 in Fol B cells. In

agreement with results from Mb1Cre/wt Brwd1fl/fl mice, BRWD1 was not important for

maintenance of peripheral Fol B cell populations in Cd23Cre/wt Brwd1fl/fl mice despite

Brwd1 being highly expressed. It is possible that additional compensatory mechanisms

exist, such as the similar proteins PHIP and BRWD3, that allow resting Fol B cells to

survive without BRWD1. Additionally, it is unlikely that Fol B cells require the same degree

of epigenetic regulation when resting as compared to small pre-B cells undergoing light chain

rearrangement or activated B cells differentiating and performing CSR.

While Cd23Cre/wt Brwd1fl/fl mice successfully deleted Brwd1 in Fol B cells, we do not

know whether BRWD1 protein remains bound to DNA in Fol B cells in this mouse model.

It is possible that a low turnover rate of BRWD1 protein or its stability on chromatin allow

BRWD1 to remain in resting Fol B cells despite genetic deletion at this cell stage. There

is no good antibody to detect BRWD1 by Western blot, and ChIP-seq of BRWD1 is lower

quality than ChIP-seq of other chromatin factors. Brwd1 expression greatly increases in Fol

B cells relative to small pre-B cells. Thus, we predict that BRWD1 binds the same sites in

Fol B cells as in small pre-B cells as well as additional Fol B cell-specific sites. If BRWD1

remains present in the Fol B cells of Cd23Cre/wt Brwd1fl/fl mice, then we would predict

that BRWD1 only remains at the binding sites established in small pre-B cells.

Rather than being important for maintenance of Fol B cells, we observed that BRWD1
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is instead important following B cell activation as B cells differentiate into GC B cells (Fig

3.11). We observed a decreased GC response by both flow cytometry and immunofluorescence

microscopy day 14 post-immunization. Furthermore, a two-fold decrease in GC B cells 5 days

after immunization showed a defect in GC initiation in these mice. At this time point, we

observed decreased BCL6 in GC B cells due to more cells with intermediate BCL6 expression.

Because GC B cell precursors express intermediate BCL6, these results suggest a partial

block in GC B cell differentiation in these mice (Zhang et al., 2017b). These results are

consistent with prior work on BRWD1 in B cell development where BRWD1 is important

during transitions between cell states and prepares cells for the next stage of differentiation

(Mandal et al., 2018, 2015). Furthermore, the differentiation of Fol B cells into GC B cells

requires large shifts in chromatin accessibility and chromatin compartments (Vilarrasa-Blasi

et al., 2021; Doane et al., 2021). The proliferative burst following activation may dilute any

remaining BRWD1 protein following conditional deletion or any compensatory homologs

such as PHIP or BRWD3.

GC B cells also experience large shifts in chromatin accessibility as they transition be-

tween different subpopulations (Kennedy et al., 2020). By deleting Brwd1 prior to GC

initiation, we were unable to observe how and whether BRWD1 is important within the GC

reaction. Furthermore, we did not observe a complete block in GC initiation, with some

GCs still forming. This suggests that loss of Brwd1 has additional effects once cells have

completed differentiation into GC B cells, which is further examined in the next chapter.

Deletion of BRWD1 in Fol B cells suggests that it facilitates molecular transitions rather

than maintains cell states. Indeed, BRWD1 did not substantially contribute to the tran-

scriptional state of Fol B cells. However, greater differences were observed when comparing

chromatin accessibility by ATAC-seq. Remarkably, this differential chromatin accessibility

between Brwd1−/− and WT Fol B cells predicted later chromatin accessibility across GC

B cell subsets. Furthermore, changes in chromatin accessibility opened different TF binding
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Figure 3.11: Model of BRWD1 in follicular B cells. We propose that BRWD1
primes the epigenetic landscape of follicular B cells prior to activation; however, BRWD1
is not required for the maintenance of follicular B cells at the steady state. Following
antigen-induced activation, BRWD1 is necessary for follicular B cells to differentiate into
germinal center B cells. BRWD1 is also necessary for activated B cells to perform class
switch recombination. This figure was created using BioRender.com.
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motifs in Fol B cells that are important in later B cell differentiation. For example, chro-

matin accessibility sites up in WT Fol B cells were enriched for the OCT2 binding motif.

OCT2 binding in naïve Fol B cells is necessary for later changes in chromatin accessibility

observed as activated B cells differentiate into GC B cells (Doane et al., 2021). Meanwhile,

chromatin accessibility sites up in Brwd1−/− Fol B cells were enriched for ETS family bind-

ing sites, which restrain B cell activation and differentiation programs (Sunshine et al., 2019;

Luo et al., 2014; Willis et al., 2017; Bonetti et al., 2013). These results are consistent with

prior work in B cell development where BRWD1 mediates transitions between cell states by

priming cells for the next stage of differentiation (Mandal et al., 2015, 2018). Indeed, our

data support a general model that throughout the B cell lineage the opening and closing of

TF motifs precede cellular differentiation (Okoreeh et al., 2022).

3.3.4 BRWD1 in class switch recombination

We previously characterized how BRWD1 converts static cohesin, consisting of the core

cohesin subunits RAD21 and SMC3, to a dynamic cohesin complex that includes the core

cohesin ring co-incident with the cofactors NIPBL and WAPL (Mandal et al., 2024). The

functions of NIPBL and WAPL are opposite one another. NIPBL mediates chromatin loop

extrusion while WAPL restricts loop extrusion to allow cohesin recycling (Bauer et al., 2021;

Haarhuis et al., 2017; Liu et al., 2021). Furthermore, the protein structure of the core cohesin

ring does not allow binding of both NIPBL and WAPL (Gligoris and Löwe, 2016). Thus,

the exact conformation of how cohesin, NIPBL, and WAPL interact with one another is

unknown. However, bulk ChIP-seq shows that all of these proteins bind the same chromatin

sites, and that the presence of these peaks correlates with long-range chromatin contacts as

measured by Hi-C (Mandal et al., 2024).

In addition to preparing the epigenetic landscape for GC differentiation, BRWD1 enabled

CSR by remodeling the 3D organization of the class switch locus. CSR requires chromatin

58



looping across the class switch locus, and this loop is established during B cell development

(Wuerffel et al., 2007). Using Brwd1−/− mice, we showed by ChIP-seq that Brwd1 is

necessary for a dynamic cohesin complex within the loop and that loss of this complex was

associated with decreased Hi-C chromatin contacts. These results demonstrate that cohesin

conversion is a major mechanism behind looping of the class switch locus (Mandal et al.,

2024).

However, cohesin conversion at the class switch locus differed from other loci. First, the

dynamic cohesin complex was close (<5 kb) to the 3′ CTCF sites that static cohesin builds up

at in Brwd1−/− mice. In contrast, many other loci have multiple dynamic cohesin complexes

that are located further from CTCF sites and loop boundaries. Second, BRWD1 bound at the

5′ end of the locus, opposite the 3′ static and dynamic cohesin complexes. If BRWD1 converts

static to dynamic cohesin, then we would expect all of these complexes to be proximal to one

another. One possibility is that BRWD1 converts distant cohesin on the same chromosome if

static cohesin is within genomic distances accessible by diffusion. Alternatively, it is possible

that the initial loop forms through a different unknown mechanism. Then once the loop is

established, BRWD1 and the cohesin complex are proximal and BRWD1 can maintain the

loop through cohesin conversion.

It is unclear how loss of BRWD1 in Cd23Cre/wt Brwd1fl/fl mice decreases class switch-

ing. Normal expression of Ighm in resting Fol B cells suggested that this loop is maintained

prior to activation, consistent with the results described above in resting Fol B cells. How-

ever, it is possible that upon activation BRWD1 is no longer able to maintain the loop. A

second possibility is that following activation the loop is maintained and BRWD1 is instead

important for secondary loop formation whereby alternative heavy chain constant regions

are pulled into the recombination center. Finally, it is also unknown whether BRWD1 is

necessary for class switching to other immunoglobulin isotypes.
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CHAPTER 4

BRWD1 IN GERMINAL CENTER B CELLS

4.1 Introduction

GCs form in secondary lymphoid tissues in response to immunogens and are where GC B

cells undergo affinity maturation. We previously demonstrated that a three-zone model of

the GC accurately describes the three major functions within the GC and reveals molecular

mechanisms regulating GC B cells (Kennedy et al., 2020; Wright et al., 2023). First in

the light zone (LZ), GC B cells pick up antigen found on follicular dendritic cells (FDCs)

and subsequently present this antigen to T follicular helper cells (Tfh) cells. Second in the

Dark Zone proliferation (DZp), B cells undergo mitosis or apoptosis adjacent to tingible body

macrophages (TBMs). Third in the Dark Zone differentiation (DZd), B cells perform somatic

hypermutation (SHM). GC B cells can exit the GC by differentiating into memory B cells

(MBCs) or plasma cells (PCs). We previously demonstrated that GC B cells from each of

the three zones have large differences in transcription and chromatin accessibility (Kennedy

et al., 2020). Thus, a three-zone model spatially separates the three primary functions within

the germinal center while revealing large differences in the molecular programs of each zone.

However, it was unclear how and whether these molecular differences were important for GC

biology.

In the previous chapter, we used Cd23Cre/wt Brwd1fl/fl mice to demonstrate that

BRWD1 is important for initiation of the GC response by deleting Brwd1 in Fol B cells.

The differentiation of naïve B cells into GC B cells includes multiple stages over approx-

imately four days, and this differentiation is different from the cycling between zones of

mature GC B cells. Thus, to study the role of BRWD1 in fully differentiated GC B cells,

we used AicdaCre/wt Brwd1fl/fl mice to delete Brwd1 in GC B cells. Here we demonstrate

that loss of Brwd1 results in a striking loss of molecular differences between GC zones in the
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three-zone model. This causes a loss of specific functions within the GC, namely control of

proliferation, affinity maturation, and tolerance. These results demonstrate that the large

molecular differences revealed by the three-zone model are maintained by BRWD1 and are

necessary for GC function. Furthermore, these results and previous studies (Mandal et al.,

2018, 2024) indicate that at multiple stages, BRWD1 orchestrates B cell transitions between

proliferation and states in which DNA is recombined or mutated to generate diversity and

shape immune responses to infection.

4.2 Results

4.2.1 BRWD1 restrains germinal center B cell proliferation

While BRWD1 was important for GC initiation, it is also expressed in GC subsets and

therefore may have additional roles once B cells have fully differentiated into GC B cells. To

study this, we crossed the Brwd1 -floxed mice with AicdaCre mice to delete Brwd1 in GC B

cells approximately 4 days post-immunization once GCs had begun to form (Kerfoot et al.,

2011; Silva and Klein, 2015; Crouch et al., 2007). We immunized AicdaCre/wt Brwd1fl/fl mice

and control Brwd1fl/fl mice and analyzed spleens after 14 days (Fig 4.1a-b). We observed

no significant difference in the total number of B220+ B cells in AicdaCre/wt Brwd1fl/fl mice

compared with controls (Fig 4.1c). However, there was a significant increase in the total

number and frequency of GC B cells in the AicdaCre/wt Brwd1fl/fl mice (Fig 4.1d-e). In

the AicdaCre/wt Brwd1fl/fl mice, 80% of GC B cells had deleted Brwd1 as shown by tdT

expression (Fig 4.1f), and this frequency was consistent across GC B cell subsets (Fig 4.2a).

tdT MFI varied across the three GC subsets, with the greatest tdT expression in the LZ (Fig

4.2b-c). The increase in GC B cell number was observed across each of the three GC subsets

(Fig 4.1g), with minimal changes in the relative proportion of cells within each GC subset

as measured by the DZd/LZ and DZp/LZ ratios (Fig 4.1h-i). Similar results were observed
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in heterozygous AicdaCre/wt Brwd1fl/wt mice (Fig 4.3a-e). As a control, AicdaCre/wt mice

had the same GC B cell frequency as Brwd1fl/fl mice, demonstrating that the GC defect

observed in AicdaCre/wt Brwd1fl/fl mice was not due to Aicda haploinsufficiency (Fig 4.3h).

In total, both Brwd1 deletion and Brwd1 haploinsufficiency are sufficient to alter GC B cell

numbers.

We next examined the Tfh cell compartment. The number and frequency of CD3+CD4+

CXCR5+PD-1+ Tfh cells were significantly increased in AicdaCre/wt Brwd1fl/fl mice (Fig

4.1j-k). The frequency of GC B cells strongly correlated with the frequency of Tfh cells within

each spleen (Fig 4.1l). These results are consistent with the increase in GC B cells, because

increased antigen presentation to Tfh cells results in greater Tfh cell proliferative expansion

(Merkenschlager et al., 2021). This suggests that antigen presentation in Brwd1−/− GC B

cells is intact.

To determine whether Brwd1−/− GC B cells were undergoing greater proliferation, we

stained cells with DAPI to measure the proportion of cells in the S, G2, or M phases of

the cell cycle. When gated on total GC B cells, AicdaCre/wt Brwd1fl/fl mice had a greater

proportion of proliferating GC B cells (Fig 4.1m). In prior work, we demonstrated that

the CXCR4highCD83high DZp population within the GC is where GC B cells undergo mi-

tosis, and that expression of both surface markers positively correlates with DNA content

(Kennedy et al., 2020). Gating on this CXCR4highCD83high DZp population showed an

increase in proliferating cells in AicdaCre/wt Brwd1fl/fl mice compared to controls (Fig 4.1n-

o). CXCR4+CD83− DZd GC B cells also had greater proliferation, suggesting a blending of

proliferative programs throughout the GC, although most proliferation was still confined to

the DZp (Fig 4.2d-e). Finally, differences in GC B cell numbers were not due to differences

in cell viability (Fig 4.2f). These results demonstrate that BRWD1 represses proliferation in

GC B cells, consistent with BRWD1’s role as a Myc repressor in small pre-B cells (Mandal

et al., 2018).
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Figure 4.1: BRWD1 restrains proliferation in germinal center B cells. (a)
AicdaCre/wt Brwd1fl/fl (KO) and Brwd1fl/fl (Ctrl) mice were immunized intraperitoneally
(i.p.) with 109 sheep red blood cells (SRBCs) at days 0 and 5. Spleens were collected at day
14 post-immunization (Ctrl n = 12 mice, KO n = 14 mice). (b) Representative flow plots
first gated on B220+ cells. (c) Total B cell number. (d-e) Total number (d) and frequency
(e) of GL7+CD95+ GC B cells. (f) Proportion of GC B cells expressing tdT. (g) Number
of LZ, DZp, and DZd GC B cells. (h) Ratio of DZd and LZ frequency. (i) Ratio of DZp
and LZ frequency. (j-k) T follicular helper (Tfh) cell number (j) and frequency (k). (l)
Correlation of GC B cell and Tfh cell frequency. m = slope (m) Frequency of proliferating
GC B cells in the S, G2, or M phases of the cell cycle as measured by DAPIhigh frequency
(Ctrl n = 5 mice, KO n = 7 mice). (n) Flow cytometry gate on CXCR4highCD83high DZp
GC B cells. (o) Frequency of proliferating CXCR4highCD83high GC B cells. (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, two-sided unpaired t-test, bar plots show mean ±
standard deviation )
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Figure 4.2: BRWD1 restrains DZp and DZd cell proliferation in the germinal
center. (a) Frequency of tdT+ GC B cells across each GC subset of immunized AicdaCre/wt

Brwd1fl/fl mice. Dots are connected for each mouse (n = 14 mice). (b) Representative
flow plot of tdT fluorescence. (c) tdT median fluorescence intensity (MFI) across each GC
subset. MFI was normalized due to differences in flow cytometry voltage settings between
3 independent experiments. (d) Flow cytometry gating strategy of LZ, DZp, and DZd GC
B cells. Previously gated on B220+GL7+CD95+ cells. (e) Frequency of proliferating GC B
cells in the S, G2, or M phases of the cell cycle as measured by DAPIhigh frequency (Ctrl
n = 5 mice, KO n = 7 mice). (f) GC B cell viability measured by the frequency of the
viability dye eFluor506− cells (Ctrl n = 12 mice, KO n = 14 mice). (**p<0.01, ***p<0.001,
two-sided unpaired t-test, bar plots show mean ± standard deviation)
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Figure 4.3: Heterozygous AicdaCre/wt Brwd1fl/wt mice have a similar pheno-
type to the complete knockout. (a) AicdaCre/wt Brwd1fl/wt and Brwd1fl/wt mice were
immunized with sheep red blood cells (SRBCs) and boosted at day 5. Splenic cells were
analyzed at day 14 post-immunization (Ctrl n = 5 mice, Het n = 5 mice). (b) Total B cell
number. (c) Total GC B cell number. (d) GC B cell frequency. (e) Proportion of GC B
cells expressing tdT. (f-g) Frequency (f) and number (g) of CCR6+CD83high pre-MBCs in
AicdaCre/wt Brwd1fl/wt (Het) and Brwd1fl/wt (Ctrl) mice (Ctrl n = 5 mice, Het n = 5 mice).
(h) GC B cell frequency comparing Brwd1fl/fl (Flox Ctrl) and AicdaCre/wt (Cre Ctrl) mice
(Flox Ctrl n = 4 mice, Cre Ctrl n = 3 mice). (**p<0.01, ***p<0.001, ****p<0.0001, two-
sided unpaired t-test, bar plots show mean ± standard deviation)
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4.2.2 BRWD1 restrains germinal center size

We further characterized GC responses by immunofluorescence microscopy of spleen sections

from AicdaCre/wt Brwd1fl/fl mice. GCs from AicdaCre/wt Brwd1fl/fl mice had a normal

architecture with distinct light and dark zones (Fig 4.4a). However, GCs from AicdaCre/wt

Brwd1fl/fl mice were significantly larger (Fig 4.4b). This analysis also revealed that a portion

of GCs in AicdaCre/wt Brwd1fl/fl mice were twice as large in cross-sectional area as GCs from

control mice, with a greater spread in the distribution. There was no significant difference

in the number of GCs per spleen area (Fig 4.4c), nor was the ratio of the LZ size to the total

GC size different (Fig 4.4d). In agreement with the Tfh flow cytometry data, there was an

increase in the CD4 mean pixel intensity within the LZ (Fig 4.4e). As a control, the mean

pixel intensity for tdT was greater in the knockout (Fig 4.4f). In summary, Brwd1 deficiency

in GC B cells caused an increase in GC size without affecting GC architecture.

4.2.3 BRWD1 is not required for post-germinal center memory B cells or

plasma cells

GC B cells can exit the GC reaction by further differentiating into MBCs or PCs. To deter-

mine whether BRWD1 is important for these transitions, we studied the prevalence of MBCs

and PCs in the spleens of AicdaCre/wt Brwd1fl/fl mice 14 days post-immunization (Fig 4.5a).

We observed no significant difference in the number or frequency of B220+CD38+GL7−IgD−

MBCs nor of B220intCD138+ PCs (Fig 4.5b-e).

MBC progenitors, pre-MBCs, differentiate from LZ B cells in the GC and express some

MBC markers such as CCR6 (Suan et al., 2017; Laidlaw et al., 2017; Inoue et al., 2020).

We observed a decreased frequency of pre-MBCs in the LZ of AicdaCre/wt Brwd1fl/fl mice

(Fig 4.5f). However, due to the increase in the total number GC B cells in these mice, the

total number of pre-MBCs was comparable to control mice (Fig 4.5g). A similar trend in

pre-MBCs was observed in heterozygous AicdaCre/wt Brwd1fl/wt mice (Fig 4.3f-g).
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Figure 4.4: BRWD1 restrains germinal center size. (a) Representative immunofluo-
rescence imaging of spleens at 20x magnification using GL7, anti-CD4, anti-tdT, anti-CD35,
and anti-IgD (Ctrl n = 4 mice, 29 GCs; KO n = 4 mice, 35 GCs). (b) GC size measured
by GL7 fluorescence (Ctrl n = 8 mice, KO n = 11 mice). (c) Number of GCs normalized
by spleen area (mm2). (d) Ratio of LZ size to total GC size. (e) CD4 mean pixel intensity
(MPI, arbitrary units/µm2) within the LZ per GC imaged. (f) tdT MPI per GC imaged.
(**p<0.01, ****p<0.0001, b, d-f: two-sided Mann-Whitney, c: two-sided unpaired t-test,
bar plots show mean ± standard deviation, violin plots show median and quartiles)
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Figure 4.5: BRWD1 is not required for germinal center-derived memory B cells
and plasma cells. Caption continued on the next page.
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Figure 4.5: (a) AicdaCre/wt Brwd1fl/fl (KO) and Brwd1fl/fl (Ctrl) mice were immunized
with SRBCs i.p. and boosted at day 5. Splenic cells were analyzed at day 14 post-
immunization (Ctrl n = 8 mice, KO n = 10 mice). (b) Number of B220+CD38+GL7−IgD−

MBCs. (c) Frequency of MBCs as a proportion of all B220+ cells. (d-e) Number (d) and fre-
quency (e) of CD138+B220int PCs. (f-g) Frequency (f) and number (g) of CCR6+CD83high

pre-MBCs (Ctrl n = 4 mice, KO n = 4 mice). (h-m) Frequency or number of different
CD80+PD-L2+ MBC populations either gating first on CD73+ cells (h-i), IgD− cells (j-k),
or IgG1+ cells (l-m). Frequencies are calculated as a proportion of B220+CD38+GL7− cells
(Ctrl n = 4 mice, KO n = 4 mice). (n) AicdaCre/wt Brwd1fl/fl (KO) and Brwd1fl/fl (Ctrl)
mice were immunized with NP-SRBCs i.p. at days 0, 5, and 56. Spleens and bone marrow
were analyzed at day 61 post-immunization (Ctrl n = 3 mice, KO n = 3 mice). (o) GC B cell
frequency. (p) B220+CD38+GL7−IgD− MBC frequency. (q) CD138+B220+ plasmablast
frequency. (r) Splenic CD138+B220− PC frequency. (s) Bone marrow (BM) CD138+B220−

PC frequency. (t) ELISpot to measure splenic NP-specific IgG-producing antibody secret-
ing cells (ASCs). AicdaCre/wt ROSA26-LSL-tdTomatofl/fl (Ctrl), AicdaCre/wt Brwd1fl/wt

(Het), and AicdaCre/wt Brwd1fl/fl (KO) mice were immunized with NP-KLH. (two-sided
unpaired t-test, bar plots show mean ± standard deviation)

The MBC population is heterogeneous, and MBCs can differentiate from both activated

B cells and GC B cells (Viant et al., 2021). Next, we measured GC-dependent MBC pop-

ulations. Although there is no definitive marker for mature MBCs that differentiated from

the GC, multiple markers including CD73, CD80, PD-L2, IgG1, and the absence of IgD are

enriched in GC-derived MBCs (Callahan et al., 2024; Zuccarino-Catania et al., 2014; Weisel

et al., 2016; Kaji et al., 2012; Taylor et al., 2012; Conter et al., 2014). Flow cytometry for

various combinations of these markers showed no difference in the GC-derived MBC subsets

in AicdaCre/wt Brwd1fl/fl mice (Fig 15h-m).

To determine whether AicdaCre/wt Brwd1fl/fl mice produce long-lived PCs in the BM

and mount a memory recall response, we immunized mice with SRBCs conjugated to 4-

hydroxy-3-nitrophenylacetyl (NP) followed by a boost immunization at day 5. On day 56,

we immunized again with NP-SRBCs, and on day 61 we measured B cell populations in the

spleen and bone marrow (Fig 4.5n). There were not significant differences in the number

or frequency of CD38+GL7−IgD− MBCs, GL7+ GC B cells, CD138+B220+ plasmablasts,

or CD138+B220− PCs (Fig 4.5o-r). Similarly, we observed no significant difference in bone
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marrow CD138+ PCs (Fig 4.5s). In total, these results indicate that BRWD1 is not impor-

tant for differentiation of GC-dependent MBCs, PCs, or plasmablasts.

To measure antigen-specific, antibody-secreting cells (ASCs), we immunized mice with

NP-KLH and performed an enzyme-linked immunosorbent spot (ELISpot) assay. We com-

pared heterozygous AicdaCre/wt Brwd1fl/wt and knockout AicdaCre/wt Brwd1fl/fl mice with

control AicdaCre/wt Brwd1fl/fl mice. Knockout and heterozygous mice had increased anti-

NP IgG1+ ASCs relative to controls (Fig 4.5t). Although the ELISpot assay cannot distin-

guish between plasmablasts and GC-derived plasma cells, the GC-specific deletion of Brwd1

in this model suggests that loss of Brwd1 results in increased antigen-specific plasma cells.

4.2.4 BRWD1 is necessary for optimal affinity maturation

We next explored whether BRWD1 is important for the principal functions of the GC, SHM

and affinity maturation. We immunized mice with NP bound to keyhole limpet hemocyanin

(KLH), which elicits a B cell response in which most antibodies specific to NP are of the

IgG1 isotype and include the VH186.2 variable heavy chain gene segment (Fig 4.6a) (Heise

and Klein, 2017). We used AicdaCre/wt ROSA-LSL-tdTomatofl/fl mice to control for Aicda

heterozygosity. At day 14 post-immunization, we sorted tdT+ GC B cells by FACS and

cloned the VH186.2 segment for sequencing (Heise and Klein, 2017). To prevent contami-

nation by plasma cells which have high levels of Ig transcripts, we used a primer specific to

the Cγ1-membrane-encoding exon (Heise and Klein, 2017).

Sequencing of VH186.2 revealed that tdT+ GC B cells from AicdaCre/wt Brwd1fl/fl KO

mice and AicdaCre/wt Brwd1fl/wt Het mice undergo the same rate of SHM as GC B cells

from AicdaCre/wt ROSA-LSL-tdTomatofl/fl control mice (Fig 4.6b). The rate of silent SHM,

which is not affected by selection, was also similar between KO, Het, and control GC B cells

(Fig 4.6c). In contrast to control GC B cells, KO and Het GC B cells had a significantly

broader distribution of SHM with some clones containing a high number of mutations and
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Figure 4.6: BRWD1 enhances affinity maturation. (a) AicdaCre/wt Brwd1fl/fl (KO),
AicdaCre/wt Brwd1fl/wt (Het), and AicdaCre/wt ROSA26-LSL-tdTomatofl/fl (Ctrl) mice were
immunized i.p. with NP-KLH in complete Freund’s adjuvant (CFA) and boosted with NP-
KLH in incomplete Freund’s adjuvant (IFA) at day 5. At day 14 post-immunization, spleens
were collected, tdT+ GC B cells were sorted, and VH186.2 gene segments were cloned and
sequenced (Ctrl n = 4 mice, Het = 5 mice, KO n = 6 mice). (b) Frequency of mutations
within VH186.2 in GC B cells. (c) Frequency of silent mutations within VH186.2 in GC B
cells. (d) Frequency of W33L or K59R amino acid substitutions that increase the affinity of
VH186.2 to NP. (*p<0.05, **p<0.01, two-sided unpaired t-test, lines show mean ± standard
deviation)
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some clones with none or one mutation (F test, p < 0.0001). In clones with a high amount

of SHM, mutations were distributed throughout VH186.2 (Fig 4.7a). Furthermore, the

increased SHM distribution relative to controls was consistent across individual mice (Fig

4.7b). The rate of mutations within framework regions and complementarity determining

regions was the same between groups (Fig 4.7c-e). Furthermore, there was no significant

difference between groups in the rate of unproductive immunoglobulin mutations (Fig 4.7f).

In WT GC cycles, there are relatively fixed, deterministic relationships between selection,

proliferation, and SHM (Gitlin et al., 2014; Ersching et al., 2017; Long et al., 2022; Finkin

et al., 2019; Pae et al., 2020). Our results suggest that upon loss of Brwd1, these tight

relationships are uncoupled and the degree of proliferation following SHM and selection

becomes stochastic.

We also measured affinity maturation by comparing the frequency of mutations known

to increase affinity toward NP including W33L and K59R (Weiser et al., 2011). KO and

Het GC B cells had an approximately two-fold decrease in the frequency of high affinity

mutations relative to control GC B cells (Fig 4.6d). These results demonstrate that BRWD1

is necessary for optimal affinity maturation of GC B cells. Furthermore, decreased high

affinity mutations in the Het GC B cells shows that the amount of BRWD1 is important for

affinity maturation.

4.2.5 BRWD1 is involved in plasma cell selection from the germinal center

We also measured SHM in the splenic PCs of AicdaCre/wt Brwd1fl/wt Het mice by comparing

tdT+ and tdT− PCs from the same mice, which were immunized as above. Both total SHM

and silent SHM were lower in tdT+ Het PCs compared to tdT− Het PCs (Fig 4.8a-b).

Because deletion of Brwd1 did not affect the rate of SHM in GC B cells, this suggests that

tdT+ PCs were exiting the GC reaction earlier than tdT− PCs and thereby accumulating

fewer mutations. There was no difference in affinity maturation between tdT+ and tdT−
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Figure 4.7: Brwd1−/−germinal center B cells manifest wide distributions in
somatic hypermutation frequencies. Caption continued on the next page.

73



Figure 4.7: (a) Example distribution of SHM in three representative AicdaCre/wt Brwd1fl/fl

(KO) tdT+ GC B cells with a relatively high level of mutations. The VH186.2 nucleotide
sequence is shown above. (b) Frequency of mutations within VH186.2 in GC B cells per
mouse. Lines show mean (Ctrl n = 4 mice, Het n = 5 mice, KO n = 6 mice). (c-e)
Distribution of VH186.2 mutations within framework regions (FR) and complementarity-
determining regions (CDR) for AicdaCre/wt ROSA26-LSL-tdTomatofl/fl (Ctrl) GC B cells
(c), AicdaCre/wt Brwd1fl/wt (Het) GC B cells (d), and AicdaCre/wt Brwd1fl/fl (KO) GC
B cells (e). Mutations in CDR3 introduced by junctional diversity were not counted. (f)
Frequency of clones with an unproductive V region. Lines show mean ± standard deviation.

Figure 4.8: Plasma cells from heterozygous AicdaCre/wt Brwd1fl/wt mice have
decreased somatic hypermutation. AicdaCre/wt Brwd1fl/wt (Het) mice were immunized
wit NP-KLH and tdT+ and tdT− PCs were sorted from the same mice. (a) Frequency of
mutations within VH186.2 in PCs. (b) Frequency of silent mutations within VH186.2 in
PCs. (c) Frequency of W33L or K59R amino acid substitutions in PCs. (*p<0.05, **p<0.01,
two-sided Mann-Whitney, bars show means)

PCs by comparing the frequencies of affinity enhancing amino acid substitutions (Fig 4.8c).

4.2.6 BRWD1 prevents breaks in tolerance

In addition to selection for higher affinity, GCs also eliminate autoreactive clones that arise

from SHM (Burnett et al., 2018; Mayer et al., 2017; Butt et al., 2015; Chan et al., 2012). To

test GC negative selection, we collected sera from mice immunized with SRBCs or NP-KLH

and tested reactivity to HEp-2 cells (Fig 4.9a). Prior to immunization, sera from all mice did

not bind HEp-2 cells. Likewise, there was no detectable HEp-2 reactivity in control mouse

serum after immunization. In contrast, sera from AicdaCre/wt Brwd1fl/fl mice immunized
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with either SRBCs or NP-KLH bound to HEp-2 cell nuclei, indicating self-reactivity. Ap-

proximately 40% of AicdaCre/wt Brwd1fl/fl mice demonstrated HEp-2 reactivity (Fig 4.9b).

These results suggest that AicdaCre/wt Brwd1fl/fl mice are beginning to break tolerance fol-

lowing immunization, although the self-reactive sera may not be pathologically significant.

4.2.7 BRWD1 is required for germinal center B cell subset transcriptional

identity

We next performed RNA-seq on GC B cells from the LZ, DZp, and DZd of AicdaCre/wt

Brwd1fl/fl mice and compared with WT GC B cell subsets. PCA of these populations

revealed that Brwd1−/− GC B cells were transcriptionally distinct from WT GC B cells

(Fig 4.10a-b). Comparison of WT and KO GC B cells within the same subset revealed

a large transcriptional increase within the Brwd1−/− KO LZ, DZp, and DZd (Fig 4.10c-

e). Interestingly, many of the same genes were upregulated across subsets (Fig 4.10f, Fig

4.11a-f). For example, 57% of genes increased in Brwd1−/− LZ cells were also increased in

Brwd1−/− DZp and DZd cells (Fig 4.11b). A heatmap of differential expression between

all groups revealed many genes with similar expression in each Brwd1−/− GC B cell subset

(Fig 4.11g). This was especially true of Brwd1−/− DZp and DZd cells. Together, these

results demonstrate that BRWD1 represses a large transcriptional program that is shared

across Brwd1−/− GC B cell subsets.

In WT GC B cell subsets, RNA expression clustered into 8 groups, which previously

revealed a transcriptional program unique to each GC subset, most notably the DZp (Fig

4.10g) (Kennedy et al., 2020). Surprisingly, Brwd1−/− DZp cells lost this unique transcrip-

tional program and instead had intermediate expression between Brwd1−/− LZ and DZd

cells. For example, WT DZp cells had the greatest expression of genes in clusters 5 and 6

and the lowest expression of genes in clusters 1 and 2 (Fig 4.11h). Yet Brwd1−/− DZp cells

had gene expression intermediate that of Brwd1−/− LZ and DZd cells for genes in these
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Figure 4.9: BRWD1 prevents self-reactive sera. Control and knockout mice were im-
munized with NP-KLH in CFA or with SRBCs. Sera was collected before immunization or at
day 14 post-immunization and used to stain HEp-2 cells. (a) Representative images from a
control AicdaCre/wt ROSA-LSL-tdTomatofl/fl mouse, a control Brwd1fl/fl mouse, a knock-
out AicdaCre/wt Brwd1fl/fl mouse immunized with SRBCs, and a knockout AicdaCre/wt

Brwd1fl/fl mouse immunized with NP-KLH with CFA. Scale bar = 300 µm. (b) Propor-
tion of mice with positive anti-nuclear antibody tests. Control Brwd1fl/fl and AicdaCre/wt

ROSA-LSL-tdTomatofl/fl mice are grouped. Mice immunized with either SRBCs or NP-KLH
are grouped.

76



Figure 4.10: BRWD1 is required for germinal center B cell subset transcriptional
identity. Caption continued on the next page.
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Figure 4.10: (a) PCA plot of RNA-seq of each GC subset in WT and AicdaCre/wt Brwd1fl/fl

(KO) mice. n = 2 per cell type. Each n represents cells pooled from 20 mice. WT GC
B cell RNA-seq was previously published (Kennedy et al., 2020). (b) Heatmap of Pearson
correlation of RNA-seq. (c-e) Volcano plots of differentially expressed genes (log2 fold change
> 1, q < 0.05) between KO and WT GC B cells from the LZ (c), DZp (d), and DZd (e). (f)
Differentially expressed genes between Brwd1−/− and WT GC B cells from the LZ, DZp,
or DZd. Purple lines show genes shared between groups. Dark orange signifies genes in the
group that are shared with another group. (g) Gene expression of WT and KO GC subsets
at clusters generated by unsupervised K -means clustering of WT GC subsets, performed
previously (Kennedy et al., 2020). Z-scored log2 counts per million (CPM) are plotted. (h)
Gene set enrichment analysis (GSEA) using the Molecular Signatures Database hallmark
genes sets for each GC subpopulation. Pathways are ordered by normalized enrichment
score (NES). Pathways with q < 0.01 are shown. (i) Z-scored log2 CPM of notable genes
expressed across the LZ, DZp, and DZd of WT and KO mice.

same clusters. Thus, BRWD1 specifically maintains the DZp transcriptional program.

To understand the function of dysregulated genes in Brwd1−/− GC B cells, we performed

a gene set enrichment analysis (GSEA) comparing WT and Brwd1−/− GC B cells from each

GC subset. GSEA revealed a significant enrichment of many pathways in Brwd1−/− GC

B cells including TNFα signaling via NFκB and the inflammatory response (Fig 4.10h, Fig

4.11i-n). Similarly, a gene ontology (GO) pathway analysis of genes significantly upregulated

in WT or Brwd1−/− GC B cells from each GC subset also revealed shared transcriptional

pathways in Brwd1−/− GC B cells, including multiple immune and inflammatory response

GO pathways (Fig 4.11o). Within these pathways were many differentially expressed genes

important for GC B cell biology (Fig 4.10i). Taken together, these results demonstrate

that within the genes upregulated in each Brwd1−/− GC B cell subset are inflammatory

transcriptional programs not expressed in WT GC B cells.

RNA-seq revealed increased expression of the Brwd1 homologs Phip (also known as

Brwd2 ) and Brwd3 in the Brwd1−/− GC subsets (Fig 4.11p). These genes could partially

compensate for Brwd1 deletion in AicdaCre/wt Brwd1fl/fl mice, thereby mitigating the ob-

served phenotype.
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Figure 4.11: BRWD1 maintains germinal center B cell subset transcriptional
identity. Caption continued on the next page.
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Figure 4.11: (a-f) Differentially expressed genes between Brwd1−/− and WT GC B cells
from the LZ, DZp, or DZd. Purple lines show genes shared between groups. Dark orange
signifies genes in the group that are shared with another group. Each plot shows shared
genes from the perspective of the WT LZ (a), KO LZ (b), WT DZp (c), KO DZp (d),
WT DZd (e), or KO DZd (f). n = 2 per cell type. Each n represents cells pooled from
20 mice. (g) Heatmap of 11,998 differentially expressed genes (one-way ANOVA, q < 0.05)
between KO and WT GC B cells from the LZ, DZp, or DZd. Z-scored log2 counts per million
(CPM) are plotted. (h) Gene expression of WT and KO GC subsets at clusters generated
by unsupervised K -means clustering of WT GC subsets, performed previously (Kennedy
et al., 2020). Z-scored log2 CPM are plotted. Box limits show interquartile range (IQR),
and center lines show median. Maximum and minimum values (whiskers) are defined as Q3
+ 1.5 x IQR and Q1 – 1.5 x IQR, respectively. (i-n) Gene set enrichment analyses for the
TNFα signaling via NFκB (i), inflammatory response (j), IFNγ response (k), IFNα response
(l), IL-6 JAK-STAT3 signaling (m), and p53 (n) pathways for each GC subpopulation. (o)
Gene Ontology (GO) pathways enriched in differentially expressed genes between Brwd1−/−

and WT cells from the LZ, DZp, or DZd. The top 20 pathways by p value are listed. (p)
RNA-seq expression of Phip (also known as Brwd2 ) and Brwd3. Bar plots show mean ±
standard deviation.

4.2.8 BRWD1 maintains chromatin accessibility differences across germinal

center subsets

Finally, we performed ATAC-seq on LZ, DZp, and DZd GC B cells from AicdaCre/wt

Brwd1fl/fl and WT mice to understand the effects of deleting Brwd1 in GC B cells. Compar-

ison with WT GC B cells revealed that Brwd1−/− GC B cells were epigenetically distinct in

the PCA space (Fig 4.12a). In Brwd1−/− GC B cells, differences in chromatin accessibility

were diminished as shown by PCA where Brwd1−/− samples clustered more closely together.

Indeed, the biological coefficient of variation (BCV) was lower across Brwd1−/− GC sub-

sets (12.7%) compared to WT GC subsets (25.2%). In WT GC B cells, many accessibility

peaks significantly changed during transitions between subsets; however, these changes were

diminished in Brwd1−/− GC B cells (Fig 4.12b). For example, transition between the DZd

and LZ involves 61,451 differential accessibility peaks in WT cells but only 15,522 differential

accessibility peaks in Brwd1−/− GC B cells. A striking example of this occurred at the Myc

locus. In WT cells, accessibility peaks at Myc and downstream enhancers in the LZ were
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closed in DZd GC B cells. In contrast in Brwd1−/− GC B cells, chromatin accessibility was

unchanged at the Myc locus across GC B cell subsets (Fig 4.12c).

In WT GC B cells, accessibility peaks clustered into eight groups each with a different

distribution pattern across GC subsets (Fig 4.12d) (Kennedy et al., 2020). In contrast,

Brwd1−/− GC subsets had decreased variability within these groups compared to WT.

Accessibility was especially dysregulated in Brwd1−/− DZp and DZd cells. For example,

at sites in cluster 5, WT DZd cells have low accessibility; however, Brwd1−/− DZd cells

had greater accessibility than Brwd1−/− LZ or DZp cells at these same sites. In a similar

manner for cluster 6, WT DZp cells have the greatest accessibility; however, these sites were

accessible in both Brwd1−/− DZp and DZd cells. Generally, sites uniquely accessible in WT

LZ cells were also accessible in Brwd1−/− LZ cells (clusters 3, 4, and 8), yet these clusters

also showed a blending across Brwd1−/− subsets. These results demonstrate that BRWD1

is necessary for polarizing the chromatin accessibility states of GC B cells.

Comparison of WT and Brwd1−/− cells within the same GC B cell subset revealed large

differences in chromatin accessibility (Fig 4.12e). Analysis of the chromatin accessibility

peaks that were increased in Brwd1−/− cells in each subset revealed similar TF motifs

across subsets (Fig 4.12f). We previously reported that each GC subset is associated with

unique TF motif accessibility (Fig 4.12g) (Kennedy et al., 2020); however, Brwd1−/− GC

B cell subsets were enriched for many of the same TF motifs. For example, in WT cells

CTCF is most enriched in DZd cells (Kennedy et al., 2020), yet in Brwd1−/− GCs the

CTCF motif was enriched in LZ and DZp cells. Similarly, OCT2 is the top enriched motif in

WT DZp cells (Kennedy et al., 2020), yet this motif was enriched in Brwd1−/− cells in the

LZ and DZd. Across all three KO GC subsets, the accessibility at motifs for PU.1, SPIB,

PRDM1, and IRF4 was shared while in WT cells, accessibility at each site was restricted to

one GC subset. In total, we conclude that BRWD1 is necessary for maintaining the unique

transcriptional and epigenetic states of each GC subset.
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Figure 4.12: BRWD1 maintains the distinct epigenetic states of each germinal
center subset. Caption continued on the next page.
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Figure 4.12: (a) PCA plot of ATAC-seq of each GC subset in WT and AicdaCre/wt Brwd1fl/fl

(KO) mice. n = 2 per cell type. Each n represents cells pooled from 20 mice. WT GC B cell
ATAC-seq was previously published (Kennedy et al., 2020). (b) Number of differentially
regulated accessibility peaks (q < 0.05) between GC subsets in WT and KO mice. (c)
Chromatin accessibility tracks at the Myc locus (mm9, chromosome 15) for each GC subset
in WT and KO. Myc enhancers (E1-14) were previously characterized (Kieffer-Kwon et al.,
2013). (d) Chromatin accessibility of WT and KO GC subsets at clusters generated by
unsupervised K -means clustering of WT GC subsets, performed previously (Kennedy et al.,
2020). Z-scored log2 counts per million (CPM) are plotted. Box limits show interquartile
range (IQR), and center lines show median. Maximum and minimum values (whiskers) are
defined as Q3 + 1.5 x IQR and Q1 – 1.5 x IQR, respectively. (e) Heatmaps of differentially
accessible peaks (q < 0.05) between KO and WT GC B cells from the LZ, DZp, or DZd.
Z-scored log2 CPM are plotted. (f) TF motifs enriched in accessible regions that are up in
KO GC B cell subsets (q < 0.05) generated using HOMER. (g) Venn diagram of enriched
TF motifs in each WT GC subset previously described (Kennedy et al., 2020)
.

4.2.9 BRWD1 may prevent accumulation of debris within germinal centers

The inflammatory transcriptional signature and the increased self-reactivity resulting from

the GC suggested greater defects within the GC environment. To examine potential signs of

inflammation, we stained spleen sections from immunized mice with hematoxylin and eosin

(H&E). We observed a striking accumulation of nuclear debris, defined as small hematoxylin+

objects, within the GCs of AicdaCre/wt Brwd1fl/fl mice that was not observed in control mice

(Fig 4.13a). Nuclear debris and apoptotic cells were found adjacent to TBMs in all mice;

however, the accumulated debris was located away from TBMs. Scoring of this observation

by a pathologist revealed that 3 of 4 AicdaCre/wt Brwd1fl/fl mice had this phenotype (Fig

4.13b). We next quantified objects less than 5 µm2 in GCs using Cellpose to segment objects.

This analysis revealed no difference in the density of debris between control and AicdaCre/wt

Brwd1fl/fl mice (Fig 4.13c). Cellpose is designed to segment larger H&E objects such as

cell nuclei and for this analysis Cellpose segmented more than just the debris of interest.

Therefore, additional replicates or an alternative H&E analysis method will be needed to

fully understand the accumulation of nuclear debris within the GCs of AicdaCre/wt Brwd1fl/fl

mice.
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Figure 4.13: BRWD1 may prevent accumulation of debris within germinal cen-
ters. (a) Representative H&E images of splenic GCs from Brwd1fl/fl (Ctrl) and AicdaCre/wt

Brwd1fl/fl (KO) mice immunized with SRBCs day 14 post-immunization. Tingible body
macrophages (TBMs, red arrows) and nuclear debris (green arrows) are labeled. GCs, LZ,
and DZ are outlined in white (Scale bar = 100 µm, Ctrl n = 4, KO n = 4). (b) Pathology
debris score of spleen sections with 3 being the greatest degree of debris accumulation away
from TBMs and 1 being the least. (c) Quantification of objects <0.5 µm2 per GC area
(µm2) using Cellpose 2.0. Bar plot shows mean ± standard deviation
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Apoptosis within the GC (measured by terminal deoxynucleotidyl transferase dUTP nick

end-labeling, TUNEL) occurs proximal to or within TBMs (Kennedy et al., 2020; Gurwicz

et al., 2023; Grootveld et al., 2023). We stained spleens from AicdaCre/wt Brwd1fl/fl mice

with TUNEL and observed a normal spatial distribution of TUNEL+ cells clustered next to

TBMs (Fig 4.14). Thus, the spatial distribution of apoptosis in the GC is not disrupted by

Brwd1 deletion.

4.2.10 BRWD1 is not important for LCMV clone 13 disease course

We infected AicdaCre/wt Brwd1fl/fl mice with lymphocytic choriomeningitis virus (LCMV)

clone 13, which causes a chronic infection in mice. As a control, we used Brwd1fl/fl litter-

mates because differences in age and the microbiome effect the course of LCMV clone 13

infection. While many different immune cell types are required, a polyclonal B cell response

is necessary to clear LCMV clone 13 infection (Bergthaler et al., 2009).

Both AicdaCre/wt Brwd1fl/fl and control mice had the same survival following infection

(Fig 4.15a). LCMV infection occurs in multiple tissues. The highest viral load is found in the

kidney, which is among the last tissues to clear an LCMV infection. At day 42 post-infection,

AicdaCre/wt Brwd1fl/fl mice had a nonsignificant increase in viral load within the kidney

(fold change = 7.7, p = 0.0718) (Fig 4.15b). In the spleen, both groups had undetectable

virus and had cleared the infection in most animals (Fig 4.15c). These results demonstrate

that BRWD1 is likely necessary for an optimal immune response against LCMV clone 13;

however, the course of infection is largely unchanged in AicdaCre/wt Brwd1fl/fl mice.
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Figure 4.14: BRWD1 does not regulate the spatial distribution of early apop-
totic cells. Representative immunofluorescence microscopy of splenic GCs from AicdaCre/wt

Brwd1fl/fl and Brwd1fl/fl mice immunized with SRBCs 14 days post-immunization using
anti-CD35, TUNEL, anti-CD68, and GL7. (Scale bar = 50 µm, n = 4 for both groups)
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Figure 4.15: BRWD1 is not important for LCMV clone 13 disease course.
AicdaCre/wt Brwd1fl/fl and Brwd1fl/fl mice were infected with LCMV clone 13. (a) Kaplan-
Meier survival curve to experimental endpoint of day 42 post-infection. (b-c) LCMV clone
13 viral loads in the kidney (b) and spleen (c) measured by plaque assay and normalized
by weight of the tissue. LOD = limit of detection. (two-sided unpaired t-test, lines show
means)

4.3 Discussion

4.3.1 Role of BRWD1 in germinal center cellular regulation

While in the prior chapter we described how BRWD1 is important for initiation of the GC

response, here we demonstrate that BRWD1 has additional roles in the maintenance and

function of GC B cells. Using AicdaCre mice to delete Brwd1 in GC B cells after GC

initiation, we discover an entirely different phenotype than that from using Cd23Cre mice.

Together, these and prior results show that BRWD1 is important throughout the B cell

lineage from development and light chain recombination in the bone marrow to differentiation

of activated B cells and the cycling of GC B cells in the periphery (Mandal et al., 2015, 2018).

In contrast to the results of the prior chapter, deletion of Brwd1 in GC B cells resulted in

increased GC B cells by flow cytometry. Similar results were also obtained with heterozygous

mice, demonstrating a dose effect of BRWD1 in GC B cells. The increased cell number also

resulted in larger GCs on average compared to controls.

The increased GC B cell number was due to increased proliferation. In small pre-B cells,

we previously demonstrated that BRWD1 directly inhibits Myc and genes downstream of
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Myc (Mandal et al., 2018). Furthermore, MYC is essential for the proliferation of positively

selected GC B cells (Calado et al., 2012; Dominguez-Sola et al., 2012; Finkin et al., 2019).

Thus, BRWD1 may directly inhibit Myc in GC B cells. ATAC-seq at the Myc locus in

AicdaCre/wt Brwd1fl/fl mice supported this. While in WT mice chromatin accessibility

at Myc and downstream enhancers varies across the three GC subsets, these changes in

chromatin accessibility were lost in Brwd1−/− GC B cells.

Throughout their lineage, B cells use separate cell stages to insulate proliferation and

mutation from V(D)J recombination or SHM. We previously demonstrated that mitosis

occurs in the DZp proximal to TBMs, describing both a spatial and cellular separation

between proliferation and SHM in the GC (Kennedy et al., 2020). Here we showed that the

increase in proliferation is greatest among cells within the DZp; however, we also observed

increased proliferation among cells in the DZd. This result suggests a weakening of the

division between proliferation and SHM in the GC. It would be interesting to explore whether

the proliferating DZd cells are located next to TBMs. Furthermore, it is unknown whether

this phenotype increases the risk for oncogenesis in GC B cells.

Not all characteristics of the GC response were abnormal in AicdaCre/wt Brwd1fl/fl mice.

For example, Tfh cells increased proportionally to the increased GC B cells. Because Tfh

cells expand in response to antigen presentation by GC B cells, these results suggest that

antigen presentation was normal in Brwd1−/− GC B cells (Merkenschlager et al., 2021).

Furthermore, the LZ and DZ were both intact and in a normal ratio to one another by

immunofluorescence microscopy and there were no major shifts in the LZ, DZp, or DZd of

Brwd1−/− GC B cells by flow cytometry. This shows that Brwd1−/− GC B cells were still

cycling through the GC zones.

Deletion of Brwd1 had minor effects on the cellular products of the GC, namely MBCs.

While we observed no differences in the number of mature MBCs, there was a decrease in

the frequency of pre-MBCs within the GC following both homozygous and heterozygous
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deletion of Brwd1. However, this had no effect on the number of pre-MBCs. We focused our

studies on MBC populations that differentiated from the GC by using cell surface markers

enriched in these populations. However, MBCs also differentiate directly from activated B

cells, and BRWD1 may be important for these cells. Indeed, a single cell RNA-seq analysis

of MBCs described two clusters of mature B cells, which corresponded with CD80+PD-

L2+ and CD80−PD-L2− MBC populations (Laidlaw et al., 2020). The CD80−PD-L2−

MBC population, which is predominantly GC-independent, had Brwd1 as a top differentially

increased gene compared to the CD80+PD-L2+ MBC population. Development of an MBC-

specific Cre mouse model would allow our Brwd1 -floxed mouse model to be used to study

whether Brwd1 is important for this GC-independent MBC subpopulation.

BRWD1 was also not necessary for establishing long-term memory responses in a 61 day

recall experiment. GC B cells, plasmablasts, and PCs in both the spleen and bone marrow

showed no difference in AicdaCre/wt Brwd1fl/fl mice following recall compared with controls.

These results further confirm that there are no major differences in MBC production in

AicdaCre/wt Brwd1fl/fl mice.

We also observed no differences in PC numbers following Brwd1 deletion. In heterozygous

mice, tdT+ PCs had decreased SHM compared with tdT− PCs. Because SHM occurs within

the GC, these results suggest that Brwd1+/− PCs exit the GC earlier than Brwd1+/+ PCs

and that Brwd1+/− GC B cells are more likely to differentiate into PCs.

We also studied the role of BRWD1 in SHM. While Brwd1−/− GCs had normal SHM

rates, the distribution of SHM in GC B cells was greater such that some clones had few

if any mutations while others had 10 or more mutations at 14 days post-immunization.

Normally, there is a stringent relationship between SHM, selection, and proliferation with B

cells proliferating once or twice following LZ selection (Gitlin et al., 2014; Ersching et al.,

2017; Long et al., 2022; Finkin et al., 2019; Pae et al., 2020). In contrast, our data are

consistent with Brwd1−/− GC B cells proliferating chaotically following selection. Together
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with the increased proliferation observed among DZd cells, these results show a weakening

of the separation between proliferation and SHM.

Furthermore, Brwd1−/− GC B cells had decreased affinity maturation. This could be

due to dysregulation of either positive or negative selection of Brwd1−/− GC B cells. For

example, Brwd1−/− GC B cells with a low affinity for NP may still be able to proliferate

and cycle through the GC with diminished or no positive selection signals. Alternatively, it

is possible that the negative selection signals to either exit the GC or undergo apoptosis are

not properly received in these cells.

The model we used to measure affinity maturation only requires a single amino acid

substitution to enhance B cell receptor affinity (Heise and Klein, 2017). Thus, it would be

interesting to test affinity maturation using a more complex model antigen that requires

multiple mutations to enhance affinity. We also tested the importance of Brwd1 in a more

complex infection model by infecting mice with LCMV clone 13. We observed no significant

differences in the disease course of AicdaCre/wt Brwd1fl/fl mice. While clearance of LCMV

clone 13 does require a polyclonal B cell response, it would be interesting to use a disease

model that is more dependent on B cell responses such as influenza in the future (Bergthaler

et al., 2009; Guthmiller et al., 2021). In our experiments we also did not track antibody

production or the neutralizing ability of antibodies in our mice. While affinity maturation

is decreased in AicdaCre/wt Brwd1fl/fl mice, it is possible that the antibody output of these

mice is more normal.

We also characterized SHM in tdT− GC B cells from AicdaCre/wt Brwd1fl/fl mice (data

not shown). These cells had the same rate of SHM as tdT+ GC B cells, demonstrating that

they are genuine GC B cells and as a population are within the GC for the same duration as

tdT+ GC B cells that have deleted Brwd1. Surprisingly, tdT− GC B cells also had decreased

affinity maturation relative to control mice (data not shown). These results suggest that the

observed defect in affinity maturation is extrinsic from Brwd1 deletion. In the future, this
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phenomenon could be studied with a mixed bone marrow chimera to determine the intrinsic

and extrinsic effects of Brwd1 deletion on the GC.

We also observed in a portion of AicdaCre/wt Brwd1fl/fl mice an initial break in tolerance

as measured by anti-nuclear antibody tests. Remarkably, self-reactive sera was only detected

in response to immunization and as soon as 14 days following immunization of AicdaCre/wt

Brwd1fl/fl mice. Notably, one study found autoreactive B cells that were associated with

lymphoma driver mutations and excessive GC B cell proliferation (Singh et al., 2020). Thus,

dysregulated GC B cell proliferative programs may contribute to the production of self-

reactive clones in the GC.

How autoreactive clones were selected in AicdaCre/wt Brwd1fl/fl mice is unclear. One

possibility is that self-antigens were in the GCs of AicdaCre/wt Brwd1fl/fl mice, allowing

for selection of self-reactive clones. For example, an inability to clear apoptotic cells in the

GC leads to lupus-like autoimmunity (Cohen et al., 2002; Baumann et al., 2002; A-Gonzalez

et al., 2009; Rahman, 2011). We investigated this possibility by measuring apoptotic debris

in the GC by H&E staining and found that some AicdaCre/wt Brwd1fl/fl mice had a greater

debris score assigned by a blinded pathologist. While still inconclusive, these results support

a model whereby aberrant apoptosis in the GC introduces cellular debris. This debris could

then allow positive selection of self-reactive clones while directing affinity maturation away

from the immunized model antigen. However, staining GCs with TUNEL to measure GC

B cells still completing apoptosis revealed that these apoptotic cells were found next to or

within TBMs as expected (Kennedy et al., 2020; Gurwicz et al., 2023; Grootveld et al., 2023).

Differences in apoptosis and self-antigens within the GC may be subtle but could have large

effects on tolerance.

The decreased affinity maturation and breaks in tolerance following Brwd1 deletion show

that the BCR repertoire of Brwd1−/− GC B cells is altered. Chaotic proliferation or per-

missive selection may allow the expansion of clones that are not specific to antigens within
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the GC. To test the repertoires of AicdaCre/wt Brwd1fl/fl mice, we could use a cocktail of

degenerate primers specific to different V families to see whether the repertoires are skewed

toward specific V families. Alternatively, V(D)J-seq could be used to measure the repertoire

of AicdaCre/wt Brwd1fl/fl mice.

4.3.2 Role of BRWD1 in germinal center molecular regulation

Deletion of Brwd1 resulted in dysregulated GC B cell transcription with two major charac-

teristics. First, we observed a blending of transcriptional programs especially in Brwd1−/−

DZp cells. Second, all Brwd1−/− GC subsets shared an inflammatory transcriptional pro-

gram compared to WT GC subsets.

Regarding the blending of transcriptional programs, we used K -means clustering of dif-

ferentially expressed genes in WT GC B cells to focus on how WT transcriptional programs

are altered in Brwd1−/− GC B cells. Remarkably, Brwd1−/− DZp cells lacked the unique

WT DZp transcriptional programs and instead had transcription intermediate that of LZ

and DZd cells for these gene clusters. Thus, BRWD1 was necessary for the transcriptional

integrity of the DZp proliferative programs. These results support the dysregulated prolif-

eration of Brwd1−/− GC B cells.

Deletion of Brwd1 also induced novel inflammatory gene signatures across Brwd1−/−

GC subsets. These novel transcriptional programs were identified by comparing WT and

Brwd1−/− cells from each GC subset and revealed over 1,000 genes with increased expression

in Brwd1−/− LZ, DZp, and DZd cells. Many of these genes upregulated in each GC zone

were shared between zones and were involved in immune cell signaling or inflammatory

pathways. Inflammatory signals may explain the observed defects in affinity maturation and

tolerance in AicdaCre/wt Brwd1fl/fl mice. They could subvert both GC positive and negative

selection by providing activation signals not determined by antigen avidity.

The exact mechanism behind this induction of transcriptional programs is unclear. It
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could represent aberrant transcriptional activation in Brwd1−/− GC B cells. If BRWD1 di-

rectly regulates these genes, then BRWD1 would appear to act primarily as a transcriptional

repressor in GC B cells. We previously demonstrated in small pre-B cells how BRWD1 con-

trols chromatin looping and transcription through cohesin conversion (Mandal et al., 2024);

however, this mechanism mostly explains gene activation. Thus, it is unclear which BRWD1-

mediated mechanism or if an unknown mechanism could inhibit these genes in GC B cells.

Alternatively, the aberrant transcriptional activation may be the effects of an environmental

defect within the GC as described above. In this case, we did not consistently observe an

upregulation of apoptotic pathways, and we failed to detect an increase in apoptotic cells

within the GC.

BRWD1 also maintained GC epigenetic identity by polarizing chromatin accessibility

differences between GC subsets. Brwd1−/− GC B cell subsets had a striking collapse of

both chromatin accessibility differences and unique TF binding site accessibility toward a

common state. Given the functions of BRWD1 in other contexts, we postulate that this

epigenetic blending reflected a failure to prime transitions between GC B cell subset states.

This epigenetic blending did not precisely map to transcriptional changes and was observed

across all Brwd1−/− GC B cell subsets, unlike the transcriptional blending that was primarily

observed in the DZp. Together these results demonstrate how the epigenetic regulation of

GC B cells is necessary for specific GC functions.

Notably, Myc expression was relatively unchanged across Brwd1−/− GC B cell subsets,

although there was a small increase in Myc expression in the Brwd1−/− DZp and DZd

cells. This was unsurprising as Myc is expressed in a small number of positively selected

GC B cells within the LZ (Dominguez-Sola et al., 2012). Our bulk gating strategy for LZ

GC B cells includes cells at various stages of selection, so Myc expression is an average

of these populations. Furthermore, while MYC is necessary for initiating the proliferative

program, MYC activity is mostly restricted to the LZ and Myc expression decreases once
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cells transition to the DZp (Finkin et al., 2019). Different cell cycle regulators, such as

cyclin D3, are instead important for driving and completing the proliferative program (Pae

et al., 2020). Our bulk gating strategy does reveal how chromatin accessibility at Myc and

its downstream enhancers is tightly regulated in all GC B cell subsets. We postulate that

regulation of Myc accessibility across all GC B cell subsets is necessary to allow for the rapid

and transient Myc expression in a small population of GC B cells following Tfh cell-mediated

selection.

In total, our results show how BRWD1 is necessary for GC integrity. Deletion of Brwd1

in GC B cells resulted in major transcriptional and epigenetic disruption, which had specific

effects on GC function, namely proliferation, affinity maturation, and tolerance. While we

previously proposed a three-zone model of the GC that illuminates the transcriptional and

epigenetic variation throughout the GC cycle (Kennedy et al., 2020), our data here validate

this model and demonstrate that the molecular distinctions between the three GC zones are

essential for GC function (Fig 4.16).
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Figure 4.16: Model of BRWD1 in germinal center B cells. In WT GCs, B cells
cycle between selection in the light zone, mitosis in the dark zone proliferation, and so-
matic hypermutation in the dark zone differentiation. Selection is mediated by T follicular
helper (Tfh) cells and results in some B cells differentiating into memory B cells (MBCs) or
plasma cells (PCs). Cycling between these three zones involves large changes in chromatin
accessibility so that each cell subset is molecularly distinct (represented by the tricolored
triangle). In contrast, deletion of Brwd1 in GC B cells results in a blending of chromatin
accessibility between GC subsets. Brwd1 deletion also results in blending of transcriptional
proliferative programs as well as an inflammatory transcriptional program shared across GC
subsets. This is associated with specific defects including increased proliferation, chaotic
somatic hypermutation, decreased affinity maturation, and production of self-reactive anti-
bodies. Meanwhile, Tfh cells, MBCs, and PCs are mostly normal. This figure was created
using BioRender.com.

95



CHAPTER 5

DISCUSSION

5.1 Molecular mechanisms regulating the germinal center

There are four stages of B cell development and activation in which the molecular necessities

of diversity must be insulated from, and coordinated with, proliferation and selection (Wright

et al., 2023). The precise cellular states to which light chain recombination and SHM are

restricted have been defined (Kennedy et al., 2020; Mandal et al., 2018, 2015). In contrast, we

only know the general developmental windows in which heavy chain recombination and CSR

occur. BRWD1, which is first highly expressed in small pre-B cells, orchestrates the large

epigenetic and transcriptional transitions that enable and insulate light chain recombination,

CSR, and SHM from proliferation (Mandal et al., 2015, 2018). Therefore, BRWD1 is essential

for most of the defining molecular events of B cell adaptive immunity.

The GC presents unique challenges for transcriptional and epigenetic regulation. Rapid

cycling through the GC presents one such challenge. These transitions between GC B cell

subsets are so rapid that gene transcription occurs in the GC B cell subset preceding the

subset in which the translated protein is needed (Kennedy et al., 2020). These transitions

are also impermanent, because as long as GC B cells are cycling they do not terminally

differentiate. Furthermore, GC B cells proliferate more rapidly than other cell types with

cell cycles as short as 5 to 6 hours depending on the degree of T cell help (Gitlin et al.,

2015). This rapid proliferation, which precedes SHM, inevitably requires greater protection

to prevent oncogenesis. Lastly, GC B cells must integrate multiple cell signaling inputs from

the B cell receptor and Tfh cells to differentiate down multiple pathways to either recycle

through the GC, differentiate as MBCs or PCs, or undergo apoptosis. Each of these pathways

require their own unique molecular programs.

We propose that epigenetic chromatin regulation acting upstream of TF networks and
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their transcriptional programs is essential for GC B cell transitions. Although many TFs

are essential for GC B cell activity and differentiation, regulating the expression of these

TFs may be too slow for GC B cells. Instead, we propose that the opening and closing

of TF binding sites allows for different TF programs to manifest without large changes in

TF expression levels. Furthermore, chromatin looping allows for rapid changes in promoter-

enhancer interactions to quickly turn transcription on and off. We propose that BRWD1,

in relationship with other epigenetic regulators, mediates many of these epigenetic changes

through cohesin conversion or nucleosome positioning.

We have demonstrated that BRWD1 mediates important B cell fate transitions. In both

B cell development and the GC, BRWD1 represses Myc (Mandal et al., 2018). However,

the genetic programs regulated by BRWD1 at each stage are not identical. An obvious

example is that BRWD1 mediates Igk contraction in small pre-B cells yet contributes to

CSR in the periphery. BRWD1 is recruited to specific histone modifications downstream of

signaling pathways (McLean and Mandal, 2020; Mandal et al., 2015). Therefore, it is likely

that signaling and developmental contexts dictate where BRWD1 is recruited in the genome

and which TADs and genes it acts on.

Considering BRWD1’s essential role in chromatin loop extrusion, it was surprising that

Cd23Cre/wt Brwd1fl/fl and AicdaCre/wt Brwd1fl/fl mice still formed GCs. One possibility

is that Brwd1 homologs Phip and Brwd3 compensated for Brwd1 loss, although these ho-

mologs may lack functional domains unique to Brwd1 (data not shown). Alternatively, our

results may reveal the degree to which loop extrusion is necessary for cell differentiation.

Disruption of loop extrusion by depleting cohesin in embryonic stem cells only modestly

effects transcription (Davidson and Peters, 2021; Busslinger et al., 2017). However, loop

extrusion by cohesin is required for many promoter-enhancer interactions, especially those

occurring over longer distances in differentiated cells (Thiecke et al., 2020; Khattabi et al.,

2019). Our results suggest that BRWD1-mediated changes in chromatin topology allow GC
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B cell subsets to fully polarize as they rapidly cycle through the GC.

GC spatial organization into a LZ and DZ is dependent on the chemokine receptor CXCR4

expressed by B cells, which recognizes the ligand CXCL12 expressed by DZ reticular cells

(Allen et al., 2004). However, disruption of either CXCR4 or its ligand CXCL12 only mildly

affects SHM or affinity maturation despite the loss of spatial separation between the LZ

and DZ (Bannard et al., 2013; Pikor et al., 2020). Thus, while spatial polarization is not

necessary for GC function, the fidelity of molecular programs within each GC B cell subset

is necessary.

5.2 Germinal center evolution

Our results reveal the role of the GC in the evolution of the humoral immune response.

BRWD1 was only necessary for GC selection. In fact, many characteristics of the GC

response, including zonal organization, MBC and PC differentiation, and Tfh cells, were

normal in AicdaCre/wt Brwd1fl/fl mice. These observations are consistent with what is

known about GC evolutionary biology.

The adaptive humoral immune system evolved approximately 500 million years ago in

ectothermic vertebrates (Flajnik, 2018). Jawless fish, such as the lamprey, evolved variable

lymphocyte receptors (VLRs), while jawed vertebrates evolved immunoglobulin receptors

(Pancer et al., 2004; Flajnik, 2018). Approximately 450 million years ago, SHM arose in

cartilaginous fish, which can also generate MBCs and PCs (Matz and Dooley, 2023; Dooley

and Flajnik, 2005; Castro et al., 2013). Furthermore, all jawed vertebrates have AID to

mutate immunoglobulins (Barreto and Magor, 2011). In cartilaginous fish, SHM functions

to diversify antibody responses and only modestly enhances affinity (Dooley et al., 2006; Matz

et al., 2023). Furthermore, adaptive humoral immunity in ectotherms generally occurs more

slowly with both the beginning of antibody production and the peak of the antibody response

occurring later than in endotherms (Matz and Dooley, 2023). Thus in many ectotherms,
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adaptive humoral immunity is less stringently selective and produces broad responses that

are likely more important for a diverse memory responses.

GCs and affinity maturation convergently evolved only in endothermic jawed vertebrates,

mammals and birds, approximately 200 million years ago (Matz and Dooley, 2023). Notably,

mammalian and avian GCs both evolved FDCs to present antigen to B cells (Flajnik, 2018).

In contrast, ectothermic frogs use a single hematopoietic antigen presenting cell, termed an

XL cell, to present antigen to both T and B cells. Furthermore, mammalian and avian GCs

both spatially separate the LZ and DZ, with the avian DZ situated as a ring surrounding a

central LZ (Matz and Dooley, 2023). That both mammals and birds convergently evolved

similar GC structures is likely important. Thus, evolution of the GC included separation of

multiple immune functions into distinct cell types and locations. We posit that GC evolution

also included separation of proliferation and mutation into distinct GC B cell subsets.

The advent of GCs allowed for efficient affinity maturation. While SHM in ectothermic

vertebrates can increase affinity about 10-fold maximally, GC-mediated affinity maturation

in endothermic vertebrates can lead to 10,000-fold increases in affinity (Matz and Dooley,

2023). The structure of GCs allows for more stringent and efficient selective pressures that

facilitate faster and more specific antibody responses. Presumably, the potential for greater

affinity maturation against foreign antigens also increased the risk for affinity maturation

toward self antigens. It has been argued that GCs evolved to deal with the more rapid cell

proliferation that accompanies the higher core body temperature of endotherms (Matz and

Dooley, 2023). Indeed, we postulate that with higher proliferative rates, insulation between

SHM and mitosis via specialization of GC subsets became an evolutionary imperative to

diminish the risk of neoplastic transformation. These observations suggest that BRWD1

selectively mediates functions that were only acquired with the evolutionary advent of GCs.
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5.3 Future directions

While we demonstrated that BRWD1 is important for GC initiation, differentiation of Fol B

cells into GC B cells involves multiple stages across four days following antigen encounter. It

would be interesting to determine which specific stage of differentiation BRWD1 is necessary

for. Because differentiating activated B cells are a small and transient population, single cell

RNA-seq and ATAC-seq could reveal the precise transcriptional and epigenetic programs

BRWD1 regulates for GC initiation. Furthermore, we demonstrate that BRWD1 establishes

epigenetic states in Fol B cells for later GC differentiation. ChIP-seq of BRWD1 could reveal

which of these chromatin accessibility states are regulated directly by BRWD1.

While we show that BRWD1 regulates the accessibility of important TF binding sites in

both Fol and GC B cells, we have not proven whether these changes in chromatin accessibility

actually change the binding patterns of the same TFs using ChIP-seq. In WT and Brwd1−/−

Fol B cells, we will perform ChIP-seq for the TFs IRF4 and OCT2, which are important

for GC initiation and have BRWD1-regulated chromatin binding sites (Zhang et al., 2017b;

Doane et al., 2021). Similarly, we will perform ChIP-seq in WT and Brwd1−/− GC B

cell subsets for IRF4, SPIB, and PU.1, which had increased open binding sites across all

Brwd1−/− GC B cell subsets.

Because BRWD1 is necessary to polarize the epigenetic states of GC B cell subsets,

BRWD1 is likely differentially recruited throughout the genome in each GC B cell subset.

Furthermore, specific histone marks (H3S10p, H3K9ac, and H3K14ac) recruit BRWD1 in

small pre-B cells (Mandal et al., 2015). Thus, we predict that these specific histone marks

are added and removed throughout the genome to control BRWD1 binding. Because H3S10p

marks are deposited downstream of ERK signaling, B cell signaling may direct the activ-

ity of BRWD1 in GC B cells (McLean and Mandal, 2020). Furthermore, BRWD1 likely

regulates GC B cells through cohesin conversion to control 3D chromatin structure. We pre-

dict that ChIP-seq of cohesin, NIPBL, and WAPL would reveal dynamic cohesin complexes
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that explain variable chromatin accessibility across the GC B cell subsets. Measuring both

BRWD1 binding and the hallmarks of cohesin conversion with ChIP-seq would allow us to

determine which chromatin accessibility sites are regulated directly by BRWD1 and which

are secondary effects of BRWD1 activity.

We would also like to understand the degree by which chromatin accessibility differences

in Brwd1−/− GC B cells determine transcriptional differences in Brwd1−/− GC B cells.

One possibility is that BRWD1 regulates enhancer activity by controlling chromatin acces-

sibility and looping. To identify enhancers and their status, we could perform ChIP-seq to

identify active enhancers with H3K27ac and H3K4me1 marks and repressed enhancers with

H3K27me3 marks. We could also identify poised enhancers with just H3K4me1 marks, biva-

lent enhancers with H3K4me1 and H3K27me3 marks, and active promoters with H3K4me3

(Creyghton et al., 2010; Rada-Iglesias et al., 2011; Blanco et al., 2020; Heintzman et al.,

2007). We predict that active and repressed enhancers will change between GC B cell sub-

sets in a BRWD1-dependent manner.

Considering BRWD1’s role in organizing 3D chromatin structure (Mandal et al., 2024), we

predict that regulation of chromatin loop extrusion is a major contributor to the chromatin

accessibility differences observed between GC B cell subsets. We would like to perform Hi-C

across GC B cell subsets both in WT and AicdaCre/wt Brwd1fl/fl mice to measure how

chromatin contacts change across GC B cell subsets. We predict BRWD1 will be essential

for maintaining long-range chromatin contacts and that without BRWD1 each GC B cell

subset will have similar 3D chromatin structures.

Brwd1−/− GC B cells had greater Ighm expression and decreased Ighg1 expression rel-

ative to WT GC B cells. This was consistent with the decreased antibody class switching

in Cd23Cre/wt Brwd1fl/fl mice. To study SHM, we focused on B cell clones expressing IgG1

because the antibody response to the hapten NP is predominantly IgG1 (Heise and Klein,

2017). Because of the different antibody isotype usages between mice, we will also measure
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SHM in IgM+ clones.

Lastly, we observed an inflammatory transcriptional program in Brwd1−/− GC B cells,

yet it was unclear whether this was a direct or indirect effect from Brwd1 deletion. This

could be tested with a mixed bone marrow chimera of WT and Brwd1−/− cells. If a di-

rect effect from Brwd1 deletion, then only Brwd1−/− cells should display the inflammatory

transcriptional program. In this case, ChIP-seq of BRWD1 could reveal whether BRWD1

binds near the inflammatory genes and directly represses them. Alternatively, if the inflam-

matory transcriptional program is caused by an inflammatory environment indirect from

Brwd1 deletion, then WT GC B cells should express the same genes. In this case, other cell

types within the GC such as Tfh cells may also show transcriptional signs of inflammation.

5.4 Conclusion

The GC is one of evolution’s greatest accomplishments. While the natural selection of species

occurs across generations, the selection of B cell clones within the GC occurs over days to

produce antibodies perfectly adapted for their cognate antigen. These antibodies can be

highly mutated with remarkable affinities. Because of the GC, these antibodies mediate

potent and lasting immune responses following infection and vaccination. The converse

to this ability is that GCs are capable of causing terrible diseases in autoimmunity and

lymphoma.

Throughout the 2010’s, immunologists discovered the complex cell networks and cell

regulators that drive the GC reaction. Now as a field, we are continually gaining a better

understanding of the molecular systems behind GC biology. Here I have shown how the

epigenetic reader BRWD1 controls molecular programs for proper GC function. Continuing

to understand how BRWD1 and the many other epigenetic and cell regulators of the GC

work in complex together will allow us to better leverage the power of the GC for health and

medicine.
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