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Germinal centers (GC) are sites of B cell clonal expansion, diversification, and an-
tibody affinity selection. This process is limited and directed by T follicular helper
cells that provide helper signals to B cells that endocytose, process, and present cog-
nate antigens in proportion to receptor affinity. GCs play a crucial role in immunity
by generating an evolving B cell pool that serves as the origin of protective memory B
and plasma cells. Therefore, understanding how the GC reaction is controlled and how
high-affinity clones are selected within the GC is fundamental to our understanding of
adaptive immunity and of crucial importance to the development of vaccines.

Under current models, GC selection is primarily determined by the antigen capture
function of the B cell receptor (BCR). However, the BCR can also function as a signal-
ing entity, and it is not well understood how signaling by the B cell receptor contributes
to selection. The critical barriers to addressing this question have been a lack of spe-
cific BCR signaling reporters and models that do not compromise the initiation and
maintenance of the GC reaction.

In the first part of my thesis, I developed and characterized a “tracker” to detect
active antigen engagement in vivo. Crucially, this tracker does not confer any cognate
antigen for presentation, thus uncoupling the signaling and antigen capture functions of
the BCR. In the second part of my thesis, I used this tracker in combination with a c-Myc
reporter to investigate the role of BCR signaling in positive selection. I found that BCR
signaling itself enhanced the ability of cells to receive T cell help, even when antigen
presentation had been normalized. Transcriptome analysis showed that continuous BCR
engagement was necessary for full induction of positive selection pathways and identified
a subset of pre-memory B cells associated with lower magnitudes of positive selection.
GC BCR engagement per se also induces metabolic changes that may prime cells to
receive T cell help.

To investigate the role of BCR selection in negative selection and survival, I de-
veloped a Bruton’s tyrosine kinase (BTK) drug-resistant mouse model. I found that
continuous BCR engagement was necessary for the survival of light zone B cells and that
survival was intrinsic to BCR signaling by inhibiting BTK. Lastly, I investigated the
synergy between BCR signaling and T cell help in the presence of antigen targeting and
low levels of drug treatment. Dampening of BCR signaling impacted the proliferation
of cells after migration, despite normalized antigen presentation capacity. In summary,
selection in the GC is dependent on both the signaling and endocytic functions of the
BCR.
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Chapter 1

Introduction

1.1 Antibody Diversity

The mammalian immune system is characterized by its ability to produce specific, high-
affinity antibodies to a diverse set of antigens, and this is crucial to protective immunity
upon infection or vaccination. Antibody diversity is generated at several levels: primary
diversification is determined by the combinatorial somatic rearrangement and joining
of immunoglobulin Variable (V), diversity (D), and joining (J) segments during B cell
development [1]; secondary diversification of the repertoire occurs by somatic hyper-
mutation (SHM), in which nucleotide mutations are introduced into antibody genes by
activation-induced cytidine deaminase (AID) [2–5].

1.1.1 Primary diversification generated by combinatorial and junc-
tional diversity during V(D)J recombination

The V region of immunoglobulin light and heavy chains are encoded by two (V and J)
and three segments (V, D, and J), respectively. During V(D)J recombination, each B
cell generates a unique receptor through the random assembly and joining of segments,
creating a continuous exon encoding the V region from an array of diverse V, (D),
and J genes [6]. These arrays contain multiple copies of V, (D), and J gene segments
and are organized into three clusters: the κ and λ loci; and the heavy-chain locus [7,
8]. The first level of antibody diversity is dictated by the random selection of these
component segments during V(D)J recombination. In theory, because any rearranged
heavy chain can be paired with any possible light chain, traditional estimates of the
combinatorial diversity generated by rearrangement are in the range of 1.5− 2.3× 106

functional receptors [9, 10] (Table 1.1). In practice, however, the probability of specific
rearrangements and heavy-light chain combinations is variable, and the diversity of the
repertoire is likely under-expressed [11].

Additional diversity is generated at the junctions between gene segments during
V(D)J recombination. V(D)J recombination is catalyzed by the activity of recombination-
activating gene (RAG) recombinase that binds at recombination signal sequences (RSS)
separated by 12 or 23 base pairs of spacer DNA next to V, D, and J elements [14–16].
Recombination occurs almost exclusively between a 12RSS and a 23RSS, thus ensur-
ing the order of rearrangement in the generation of heavy (D-J followed by V-DJ) and



2

Chapter 1. Introduction

Locus V D J Minimum Maximum
IGH 38-46 23 6 5244 6348
IGK 34-48 0 5 170 190
IGL 29-33 0 4-5 116 165

Table 1.1: Diversity generated by rearrangements of functional Immunoglobulin Genes [12,
13]

light (V-J) chains [16, 17]. RAG recombinase brings the two gene segments in close
proximity and cleaves, generating DNA hairpins at the ends of the gene segments [18].
These hairpins are then nicked, and in the process of DNA repair, three additional
mechanisms generate diversity at the junctions between gene segments: first, germline-
encoded nucleotides can get deleted; second, missing palindromic nucleotides are filled
in; and third, by terminal deoxynucleotidyl transferase (TdT) addition of non-templated
nucleotides [19]. These changes introduce diversity between the D-J and V-DJ junctions
in heavy chains and the V-J junction in light chains. These junctions, structurally, form
the hypervariable complementarity-determining region 3 (CDR3) of the antibody,
responsible for conferring antibody-binding specificity. These random changes increase
the diversity of possible receptors by several magnitudes (> 1015).

1.1.2 Secondary diversification by Somatic Hypermutation in Germi-
nal Centers

While combinatorial and junctional diversity is generated during B cell development,
additional diversity is introduced in mature B cells by SHM within germinal centers.
AID acts on immunoglobulin genes, deaminating cytosine substrates to uracil, creating
U:G mismatches that are repaired by base-excision repair pathways [20, 21]. These gaps
are filled in by error-prone DNA polymerase η (Polη), creating additional mutations
around the WRCY hotspot motif targeted by AID [22]. These mutations are the key to
affinity maturation, as the mutations accrued via AID activity potentially enhance the
affinity of the antibody receptor for antigen, allowing the pre-immune germline-encoded
repertoire to adapt to infection or immunization.

1.2 B cell development and tolerance

1.2.1 Pre-Pro-B to Pro-B Cell Stages

B cell development begins in the bone marrow, and progression through developmental
stages is directly linked to the ordered rearrangement of heavy and light chains and
the generation of a functional surface B cell receptor (BCR) [23]. In the bone marrow,
early progenitors turn on RAG1 and RAG2 and rearrange D-JH segments on both alleles.
These progenitors, now pro-B cells, initiate the joining of a VH with the rearranged DJH

segment. Rearrangement has a 1 in 3 chance of placing the VH segment in frame with the
DJH segment, and unsuccessful attempts at one allele can be rescued by rearrangement
at the second allele [8]. The VH chain pairs with surrogate light chains VpreB and λ5 and
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associate with Igα and Igβ to generate a pre-BCR complex [24–26]. Auto-aggregation
and auto-signaling of the pre-BCR prevent further heavy chain rearrangement, turn
off the expression of surrogate light chain genes, and in combination with signaling
through the interleukin (IL-) 7 receptor (IL-7R), triggers cell division [27]. Notably,
the prevention of further heavy chain rearrangement maintains allelic exclusion, the
restricted expression of a single heavy and light chain pair [28, 29].

1.2.2 Pre-B Cell Stage and mechanisms of central tolerance

CLP

Pro-B Cell

Pre-BCR

VpreB
λ5

Small
Pre-B Cell

Large-
Pre-B Cell

H-chain
recombination

SLC
expression

BCR signal

Proliferation

Autoreactive BCR

Apoptosis

Innocuous BCRH chain
L chain

Positive
Selection

Receptor
Editing

Mature B cellImmature B cell

Igα/Igβ

Bone
Marrow

Exit to 
periphery

Antigen-independent Antigen-dependent

L-chain
recombination

Figure 1.1: B cell development and central tolerance

Pre-B cells, marked by their expression of a pre-BCR complex, now initiate light
chain rearrangement at the κ locus. RAG1 and RAG2 catalyze the joining of Vκ-Jκ
segments. Successful light-heavy chain pairing generates a BCR that triggers tonic sig-
naling and positive selection [27]. If, however, the rearrangement is unproductive or
generates an autoreactive BCR, progression is arrested, and additional rearrangements
can be attempted in a process known as receptor editing [9, 30, 31]. Receptor editing
of light chains can continue as long as there are unrearranged V segments upstream
and J segments downstream of the rearranged VJ [9]. This maximizes the potential
to generate a functional BCR and maintains central tolerance, the negative selection
mechanisms that prevent autoreactive B cells from progressing and entering the periph-
ery [32]. B cells display isotypic exclusion, expressing either a κ or a λ light chain
[33]. While most κ-expressing B cells retain germline configurations at their λ locus,
λ-expressing B cells are frequently rearranged at the κ-locus and lack Cκ regions from
recombination with the kappa deletion element or recombining sequence in humans and
mice respectively [34–37]. This suggests that rearrangement at the λ locus occurs after
attempts at the two κ loci have been exhausted. Immature B cells, expressing IgM
receptors paired with either κ or λ light chains, exit the bone marrow and enter the
periphery, becoming transitional B cells. Transitional B cells eventually mature into
marginal zone B cells or follicular B cells [38].
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1.2.3 Peripheral Tolerance

Central tolerance is imperfect and many autoreactive and polyreactive B cells slip
through and make it to the periphery [39]. B cell development in the periphery is
subject to antigen-dependent mechanisms that maintain peripheral tolerance [40–
42]. Transitional B cells can no longer undergo receptor editing, and the fate of autore-
active B cells at this stage is controlled by the strength of receptor signaling received
and the presence of secondary costimulatory signals. Autoreactive B cells with low-
affinity receptors to “rare” autoantigens are "ignored," and there is little tolerization
of these autoreactive B cells [41]. Responses to highly present self-antigens appear to
be dominated by avidity. Encounter with lowly-multimerized and highly-multimerized
self-antigen induce anergy or deletion respectively [43]. While transgenic studies have
shown a range of anergic phenotypes, anergic B cells generally downregulate their lev-
els of BCR, show a decreased lifespan, and are hyporesponsive to T cell help [44].
The induction of tolerance in developing B cells is also dependent on the presence of
secondary signals from helper T cells. Consistent with the two-step model of B cell
activation originally proposed by Bretscher and Cohn [45], it has been suggested that
BCR signaling, signal 1, may be tolerizing by default, and B cells only contribute to
immune responses in the presence of a secondary T cell cytokine or CD40L signal [41,
46]. Therefore, autoreactive B cells that bind to self-antigen in the absence of T cell
help become tolerized.

1.3 Structure of the B cell receptor

1.3.1 Immunoglobulin Structure

V(D)J recombination during B cell development generates the two continuous exons
encoding the immunoglobulin. Each “Y-shaped” immunoglobulin is composed of four
polypeptides: two identical heavy chains; and two identical light chains. Immunoglob-
ulins can be divided into three regions: the two identical fragment antigen-binding
(Fab) regions which make up the “arms” of the “Y”; and the fragment crystallizable
(Fc), which makes up the "trunk". The variable domains of the heavy (VH) and light
(VL) chains pair to comprise the two paratopes or antigen-binding sites of the Fab.
The remaining portion of the Fab is comprised of the CH1 domain of the heavy chain
and the CL domain of the light chain. Each immunoglobulin domain is a sandwich of
β-sheets linked by disulfide bonds. The framework regions encode the conserved regions
of the V domain; these regions generate the β-sheet scaffold that makes up the struc-
tural core of the V domain. Looping between the β-sheets are the hypervariable CDR
regions. Two of these regions, CDR1 and CDR2, are encoded in the V gene segment.
The CDR3, encoded by the junction between the VJ and VDJ segments, displays a
high degree of junctional diversity due to the imprecise joining and addition of P and
N nucleotides during recombination. As the most variable portion of the antibody, the
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CDRs, and most importantly, the CDR3, are crucial for the binding and specificity of
the paratope [47, 48].

The Fc portion of the immunoglobulin is encoded by the heavy chain and is similarly
constructed from a series of β-sheets [49]. Class-switch recombination, mediated by AID
and DNA damage machinery, deletes constant gene segments and changes the isotype
of the antibody while maintaining the specificity of the antigen-binding domain [50].
The Fc is comprised of three domains (CH2-CH4) in IgM and IgE isotypes, whereas
IgG, IgA, and IgD Fc regions are comprised of two domains (CH2-CH3) [51]. While the
Fab determines the specificity of the antibody, the Fc portion determines the effector
function through its binding to Fc receptors expressed on immune cells. These responses
are further modulated by the type of N-glycosylation present at the CH2 domain [52,
53]. Antibodies can form high order structures in solution, increasing their avidity
for antigen, with IgM and IgA antibodies forming pentameric (rarely hexameric) and
dimeric complexes, respectively [51].

Connecting the two Fab regions with the Fc region of the antibody is a hinge region
encoded by the CH2 exon in IgM and IgE antibodies and the CH1-CH2 exons in IgG,
IgA, and IgD antibodies [54]. The hinge region is flexible, allowing each Fab arm to
rotate to cover a range of angles [55]. Additional flexion is present between the V and C
domains of the Fab, which can move angularly [56]. Altogether, the molecular motion
of the Fab arms facilitates the binding of epitopes in different spatial rearrangements
[57].

1.3.2 B cell receptor complex

The BCR is a multimeric complex of membrane-bound immunoglobulin associated with
a heterodimer of Igα and Igβ [58]. Immunoglobulins are expressed in both membrane and
secreted forms. Membrane-bound immunoglobulins (mIg) have an additional 26-residue
transmembrane helical domain, relatively conserved across different isotypes, and a
cytoplasmic tail. The length of the cytoplasmic domain differs depending on isotype;
mIgM and mIgD have short cytoplasmic tails (3 residues), mIgA mid (14 residues), and
mIgG and mIgE long cytoplasmic tails (28 residues) [59]. mIgs with short cytoplasmic
tails, namely mIgM and mIgD, are unable to signal directly and require the association
of kinases for the initiation of signaling [60].

Igα and Igβ are encoded by the mb-1 and B29 genes, respectively, and homologous in
structure and function to CD3 chains in T cells [61]. Igα and Igβ have an N-terminal Ig-
like domain, a transmembrane domain, and a C-terminal cytoplasmic domain. Igα and
Igβ are linked by an intermolecular disulfide bond, but the mIg associates noncovalently
with the Igα/Igβ heterodimer via the transmembrane domain of mIg and Igα respectively
[58]. Igα and Igβ function as signal transducers, linking signals derived upon ligation of
mIg with the activation of downstream protein tyrosine kinases (PTK) [62, 63]. This
is mediated by the Immunoreceptor Tyrosine-based Activation Motif (ITAM)
in their cytoplasmic tails; ITAMs have a conserved amino acid motif of two tyrosine
residues separated by spacer residues, (D/E)XXYXX(L/I)X6–8 YXX(L/I), and are
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similarly found in cytoplasmic domains of activating Fc receptors and in each of the
CD3 chains in T cells [64].

The distribution of BCRs in resting B cells is an area of ongoing investigation. To-
lar and colleagues used a fluorescence resonance energy transfer (FRET) approach to
demonstrate that BCRs do not display higher-order oligomerization prior to antigen
stimulation [65]. In the context of more contemporary views of the organization and
function of the plasma membrane, the roughly 100,000 BCR molecules on the B cell
surface can freely diffuse between zones dictated by “pickets” set by anchored transmem-
brane proteins and “fences” set by the cytoskeleton. In comparison, oligomeric BCRs
formed spontaneously or in response to antigen binding are trapped and restricted
within the "picket-fence" zones [66, 67].

1.4 B cell receptor signaling and B cell activation

B cell receptor signaling serves two interrelated functions: the initiation of signaling
cascades that result in gene expression, survival, and metabolic changes in the cell; and
the internalization of bound antigen for processing and presentation on major histocom-
patibility class II (MHC-II) molecules to cognate T helper cells, which in turn, provide
helper signals necessary for full activation of the B cell. I first discuss the proteins and
molecules involved in signaling through the BCR, beginning with the initiation of signal-
ing, followed by propagation, and lastly, the integration of signaling with the induction
of downstream pathways. Then I discuss how BCR binding triggers cytoskeletal rear-
rangements that promote membrane spreading over the surface of antigen presenting
cells (APCs), contraction, and antigen extraction.

1.4.1 Activation of BCR signaling upon antigen encounter

The mechanism by which surface BCR encounter with antigen is relayed to trigger acti-
vation is an area of active investigation. However, tenets have been established regarding
the nature of antigen required for signaling and the higher-order BCR oligomerization
necessary to trigger signaling. Historically, biochemical studies of BCR signaling initi-
ation were performed by soluble antigen stimulation. Multivalent, but not monovalent,
stimulation was shown to efficiently trigger signaling after observing cap structures, the
coalescence of multiple BCRs, which allows for widespread phosphorylation of Igα/Igβ
ITAM tails [66]. However, B cells were observed to engage antigen displayed on the sur-
face membranes of APCs, such as dendritic cells (DCs) or macrophages, in vivo [68–72].
In vitro studies also revealed that membrane-bound antigen is a more efficient activator
of BCR signaling as even anchored monovalent antigen is capable of triggering signaling
[73].

In light of these findings, one model that has received considerable traction is the
conformation-induced oligomerization model of B cell activation. Under this
model, the Cμ4 domain of the BCR exists in a default "closed" conformation that is
not amenable to higher-order oligomerization of multiple BCRs. However, upon antigen
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binding, the Cμ4 portion “opens” and is then receptive to oligomerization when in prox-
imity with other antigen-bound BCR complexes. Oligomerization limits the diffusion
capabilities of BCRs, allowing BCR microclusters to coalesce in a BCR-intrinsic man-
ner. These microclusters are organized and maintained by cytoskeletal rearrangements
and are necessary for the coordinated recruitment of kinases and signaling molecules
associated with BCR signaling [66].

1.4.2 Initiation of the BCR signaling pathway

Upon antigen binding, the BCR is phosphorylated at the tyrosine residues within ITAM
motifs of Igα and Igβ by the Src-family kinase Lyn [74]. Phosphorylation of the first
tyrosine residue on Igα/Igβ recruits spleen tyrosine kinase (SYK), which phosphory-
lates the second tyrosine. SYK binds to the dual-phosphotyrosine motif via its two SH2
domains and triggers its own activation via autophosphorylation [75, 76]. The B cell
linker protein, BLNK, is also recruited to Igα and binds via its C-terminal SH2 domain
to phosphorylated Y204 outside of the Igα ITAM domain [77]. BLNK has five tyro-
sine residues in its central region which are phosphorylated by SYK kinase, generating
docking sites for SH2-domain-containing proteins [78, 79].

1.4.3 Propagation of BCR signaling

Initiation of BCR signaling is propagated by the generation and dissemination of sec-
ondary messengers, including inositol triphosphate (IP3), diacylglycerol (DAG), and
free intracellular Ca+2 [80]. This requires the activation of the phosphatidylinositol-3-
kinase (PI-3K) pathway. Upon BCR ligation, tyrosine residues in the cytoplasmic tail
of the BCR coreceptor, CD19, are phosphorylated by Lyn, creating docking sites for
the SH2 domains of the p85 subunit of PI-3K [81]. The association of PI-3K with CD19
increases the activation of the catalytic subunit of PI-3K, p110 [82]. PI-3K phosphory-
lates phosphatidylinositol 4,5-bisphosphate (PIP2) to create phosphatidylinositol 3,4,5-
triphosphate (PIP3). PIP3 is a substrate for proteins with pleckstrin homology (PH)
domains, including Bruton’s Tyrosine Kinase (BTK) [83, 84], the serine/threonine ki-
nase AKT [85], and phospholipase Cγ-2 (PLCγ2) [86]. Recruitment of BTK and PLCγ2
to the plasma membrane puts them in proximity to SYK kinase and BLNK. BTK binds
the phosphorylated Y96 residue on BLNK via its SH2 domain, and BTK is partially
activated via phosphorylation by SYK kinase [84]. Subsequent autophosphorylation at
Y223 leads to full activation of BTK [78].

Similarly, up to three PLCγ2 proteins are recruited to BLNK and are partially ac-
tivated by SYK kinase activity. Complete activation of PLCγ2 requires BTK-mediated
phosphorylation at residues Y753 and Y759 [87]. PLCγ2 cleaves PIP2, generating IP3,
which binds to IP3 receptors on the endoplasmic reticulum prompting the release of
intracellular Ca+2 stores, and DAG, which activates protein kinase C beta (PKC-β) [88,
89]. Altogether, propagation of BCR signaling by secondary messengers requires the
coordinated activation of PI-3K, BTK, and PLCγ2.
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Figure 1.2: B cell receptor signaling: initiation, propagation, and integration.

1.4.4 Integration of BCR signaling

BCR signaling induces multiple transcription factors and signaling pathways. Here I
discuss the induction of Akt downstream of PI-3K, mitogen-activated protein kinase
(MAPK), and nuclear factor kappa B (NF-κB) pathways activated by BCR signaling.

AKT signaling leads to metabolic changes, which promote growth, survival, and
proliferation pathways [86]. Generation of PIP3 recruits AKT to the plasma mem-
brane, where it is phosphorylated at its T308 residue by phosphoinositide-dependent
kinase 1 (PDK1). AKT becomes fully activated upon additional phosphorylation at
S473 via mechanistic target of rapamycin (mTOR) complex 2 (mTORC2) kinase. AKT
phosphorylates and inactivates tuberous sclerosis complex 2 (TSC2), a component of
the larger TSC complex. Inactivation of TSC2 disrupts TSC binding to the small G-
protein Ras homologue enriched in brain (RHEB), which allows RHEB to bind to and
activate mTORC1, leading to induction of downstream anabolic pathways associated
with mTOR [90]. AKT also enters the nucleus and phosphorylates the transcription
factor Forkhead box protein 01 (FOXO1), causing its exclusion from the nucleus and
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preventing cell cycle inhibition and pro-apoptotic pathways downstream of FOXO1. In-
hibition of FOXO1 and concurrent activation of Hypoxia-inducible factor 1α (HIF1α)
downstream of mTORC1 promotes glycolysis and provides metabolites for other an-
abolic processes [86, 91, 92].

BCR signaling also activates the extracellular-signal-regulated kinase (ERK) MAPK
pathway [93]. The Ras pathway is activated by binding to DAG and phosphorylation by
PKC-β, leading to downstream activation of MAPK/ERK kinase 1(MEK1) and MEK2.
MEK1 and MEK2 directly phosphorylate ERK1 and ERK2 [89]. ERK1 and ERK2
have numerous substrates, including other protein kinases, transcription factors, such
as activator protein 1 (AP1), Fos, and Jun, and members of the B cell lymphoma-2
(BCL-2) family, which regulate apoptosis [94]. Activation of ERK by BCR signaling,
therefore, has effects on cell cycle, proliferation, and growth.

PKC-β activation by DAG and Ca+2, secondary messengers generated by PLCγ2,
integrates BCR signaling with the activation of NF-κB pathways. NF-κB pathways gov-
ern several immune responses in B cells, including class-switch recombination, prolifer-
ation, and protection from apoptosis. In lymphocytes, activation of NF-κB pathways is
mediated by a trimolecular protein complex consisting of CARMA1 (CARD-containing
MAGUK protein 1), Bcl10, and MALT1 (Mucosa-associated lymphoid tissue lymphoma
translocation protein 1) (CBM) [89]. Assembly of this protein complex is initiated by
PKC-β phosphorylation of CARMA1 on S668, which allows the association of Bcl10
and MALT1 to form the CBM complex [95]. Activated CARMA1 associates with NF-
kappa-B essential modulator (NEMO), or IKKγ , the regulator of the Inhibitor of NF-κB
Kinase (IKK) complex. Association of the IKK complex, composed of IKKα-IKKγ, with
CBM allows TRAF6 (TNF receptor-associated factor 6) to ubiquitylate the IKK and
CBM complex, recruiting downstream signaling components transforming growth factor
b-activated kinase 1 (TAK1) and the TAK1 binding protein [95]. TAK1 phosphorylates
IKK, which in turn, phosphorylates IκB proteins, marking them for degradation and
releasing NF-κB dimers to the nucleus where they can act as transcription factors [95].
This process is further enhanced by MALT1 proteolytic degradation of negative regu-
lators of NF-κB, including the ubiquitin editing protein A20 and RelB, which inhibits
canonical NF-κB signaling [96–98].

1.4.5 Negative Regulators of BCR signaling

The strength and quality of BCR signaling are modulated by negative regulators of
BCR signaling. This is important in conveying different strengths of antigen-binding
through the BCR and in the control of autoreactivity. Below, I discuss how the sialic
acid-binding cell surface protein CD22 and the Fc receptor FcγRIIB receptor inhibit
BCR signaling. CD22 and FcγrIIB possess Immunoreceptor Tyrosine-based In-
hibitory Motifs (ITIM), the functional counterpart of the ITAMs found in Igα/Igβ,
in their cytoplasmic tails [99]. Consistent with their roles as negative regulators of
BCR signaling, both CD22-/- and FcγRIIB-/- mice show B cells hyperresponsiveness
and auto-antibody production [100–102].
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Sialic acids are sugar modifications present on cell surface proteins and lipids. Due to
their widespread expression in mice and humans, sialic acids are considered self-ligands,
and therefore their recognition should be tolerizing. CD22 binds to sialic acids via α2,6
linkages in cis, in trans on the surface of other cells, and to sialic acid modifications
on Fc domains [103]. Upon BCR engagement, the Src-family kinase Lyn responsible
for the phosphorylation of ITAM domains in Igα/Igβ, can also bind to and trigger the
phosphorylation of tyrosine residues in the ITIM domains of CD22 [104]. Phosphoryla-
tion generates docking sites recognized by the SH2 domains of the phosphatase SHP-1.
SHP-1 dephosphorylates key members of the BCR signaling pathway, including Igα/Igβ
BLNK, and SYK, thus attenuating BCR signaling [105].

B cell activation thresholds are also regulated by FcγRIIB binding to Fc domains on
IgG molecules. B cells recognizing antigens in the form of immune complexes are sus-
ceptible to co-ligation of the BCR and FcγRIIB, and ligation of FcγRIIB in the absence
of BCR activating signals has been demonstrated to induce apoptosis [106]. FcγRIIB ex-
erts inhibitory effects in several ways. Co-ligation of the BCR and FcγRIIB can disrupt
early BCR oligomerization prior to the recruitment of Lyn kinase [106, 107]. Tyrosine
residues in the ITIM domains of FcγrIIB can also be phosphorylated upon co-ligation,
recruiting the phosphatase SHIP-1 [108]. Recruitment of SHIP-1 to the ITIM tail puts it
in proximity to membrane PIP3 generated by PI3-K activity. SHIP-1 dephosphorylates
PIP3 [109], thus inhibiting the activation of downstream signaling molecules dependent
on PI3-K including BTK, AKT, and PLCγ2 [110]. Another regulator of PI3-K activity
is the Phosphatase and tensin homolog, PTEN, which similarly dephosphorylates PIP3,
generating PIP2 [93].

1.4.6 BCR-mediated antigen capture and processing

B cells function as efficient APCs in secondary lymphoid organs and present antigens
to T cells in a class-II restricted manner. In contrast to other APCs, B cells are not
phagocytic, and internalization is mediated by the antigen-specific BCR [111].

B cells encounter antigens in vivo in secondary lymphoid organs (SLOs) such as the
lymph nodes and the spleen. Small soluble antigens that can readily diffuse through
the subcapsular sinus (SCS) of the lymph node can be internalized and presented [112,
113]. Larger antigens, such as intact viruses or immune complexes, are presented by
SCS macrophages or follicular dendritic cells (FDCs) via cell surface complement, Fc,
and carbohydrate-binding scavenger receptors to follicular B cells [114]. Intact antigen
is also displayed on the surface of FDCs within the germinal center [67].

BCR binding to tethered antigen triggers cytoskeletal changes at the site of contact,
characterized by dissociation of the plasma membrane from the cytoskeleton through
actin depolymerization and dephosphorylation of adapter ezrin and moesin proteins
[115]. This is accompanied by the rapid polymerization of actin that radiates from the
point of contact, leading to the protrusion of membrane lamellipodia and membrane
spreading over the APC surface [116]. Membrane spreading increases the surface area of
contact, increasing the probability of BCR-antigen interactions, which in turn propagate
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local signaling and rearrangements through recruitment of kinases such as Lyn and
SYK [66, 67, 117]. B cell adhesion to the APC cell surface is further enhanced by
binding of the integrins Lymphocyte function-associated antigen 1 (LFA-1) and very late
antigen-4 (VLA-4) to their corresponding ligands [118, 119]. Therefore, what begins as a
single BCR-antigen interaction is quickly amplified. The spreading response is followed
by synapse contraction, and the signalosome clusters are gathered to form a central
supramolecular activation cluster (cSMAC) [120, 121]. B cells exert mechanical force
on antigens [122], initiated by the contraction of myosin IIa, which extracts the antigen
from the surface of the APC [121, 123]. Endocytosis of the bound BCR-antigen complex
occurs via clathrin-coated pits (CCPs) [121]. It is still unclear the mechanism by which
BCRs interact with and are internalized by CCPs, though it has been demonstrated
that internalized BCRs retain signaling capacity [124]. These endosomes are trafficked
to MHC processing compartments for processing and presentation [121].

1.5 The Germinal Center Reaction

While it was known that immunizations with protein antigens result in progressive in-
creases in the ability of antisera to associate with antigen [125], it was unclear which
properties were responsible. By focusing their investigation on the antibody response
to a single epitope—the hapten DNP—Eisen and Siskind were able to demonstrate that
there was a progressive increase in antibody affinity over time [126]. Subsequent studies
replicated this result and supported the clonal selection hypothesis of antibody forma-
tion—namely that antigens activate B cells with corresponding antibody specificities
[127, 128].

However, this increase in antibody affinity over time, affinity maturation, is not
fully accounted for by the primary diversity of the pre-immune repertoire generated dur-
ing B cell development. We now understand that affinity maturation occurs in structures
called germinal centers, microanatomical structures located within SLOs that appear
upon infection or immunization. These structures were first described by Walther Flem-
ing in 1885 and postulated to be sites of lymphocyte development. Subsequent studies
from Nieuwenhuis and others described the cellular constituents of the GC that we
continue to study today [129]. Within these structures, B cells undergo secondary di-
versification of antibody genes by AID-mediated SHM coupled to division. SHM was
first demonstrated to occur in GCs by Rajewsky and colleagues in studies where indi-
vidual GC B cells were isolated and sequenced [130, 131]. This evolving B cell pool
is subjected to Darwinian-like selection, where B cells of higher affinity progressively
outcompete lower affinity counterparts, resulting in an overall increase in affinity for
antigen [132]. The success of vaccination strategies hinges on their ability to generate
GCs and drive B cell expansion and diversification. GC reactions are also crucial to the
development of broadly neutralizing antibodies important in protection against viruses
such as HIV-1 [133], and more recently, SARS-COV2 [134].
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I begin by providing an overview of the cellular composition of the GC reaction and
discuss models for how high-affinity B cells are selected.

1.5.1 Cellular Composition of the Germinal Center reaction

Germinal Center B cells

Naive B cells enter lymph nodes through high endothelial venules (HEV) and migrate
to the follicle in response to the chemokine C-X-C motif ligand 13 (CXCL13) [113].
Within the follicle, B cells can encounter soluble antigens that freely diffuse through
the afferent lymph vessel or intact antigens displayed on SCS macrophages and FDC
membranes [135]. B cells that encounter their cognate antigen and are activated via
their BCR upregulate the expression of chemokine receptors CCR7 (C-C chemokine
receptor type 7) and EBI2 (Epstein-Barr virus-induced G-protein coupled receptor 2),
which respond to the chemokines CCL19 or CCL21 [136], and the oxysterol 7α,25-HC
respectively, guiding activated B cells to the T-B border [137–140]. Activated B cells
concurrently downregulate surface S1P receptor 1 (S1PR1), which retains B cells in
the follicle [141]. At the T-B border, B cells present cognate peptide on MHC-II to T
helper cells and receive activation signals in the form of cytokines and CD40-CD40L
interactions. T cell signals prompt an initial burst of proliferation and commitment to
GC differentiation or an extrafollicular plasma or memory B cell fate [142, 143]. Recent
work has demonstrated that class-switch recombination occurs predominantly, if not
exclusively, among these pre-GC activated cells and rarely in the GC [144]. Activated
B cells that commit to the GC reaction upregulate the transcription factor BCL-6
(B-cell lymphoma 6), which represses the expression of S1PR1 and EBI2 [145, 146].
GC-committed B cells migrate to the center of the follicle in response to CXCL13 and
upregulate their expression of S1PR2, which promotes their confinement to the GC
[147, 148].

Central to the differentiation and maintenance of the GC B cell phenotype is the
master regulator, BCL-6, which is both necessary and sufficient for the GC B cell pro-
gram [149–151]. BCL-6 is an oncogene, and transient expression of BCL-6 in hematopoi-
etic stem cells is sufficient to induce mature B cell lymphoma, indicating that minute
dysregulation in BCL-6 expression has extreme lymphomagenic potential [152]. In GC
B cells, BCL-6 controls pleiotropic pathways, including B cell activation, apoptosis, the
DNA damage response, and differentiation into plasma cells [151, 153, 154]. BCL-6
directly represses the transcription of Myc, Ccnd2, and Nfkb1, raising the threshold of
helper signals needed to promote activation and proliferation [153, 154]. BCL-6 also
regulates the expression of pro- and anti-apoptotic genes, including Bcl-2, which may
underlie the high rate of apoptosis among GC B cells [153, 154]. Regulation of these
apoptotic pathways is crucially linked to the repression of genes involved in the DNA
damage response, including Tp53, Cdkn1a, and Atr, which is necessary for the ability
of GC cells to tolerate damage accrued during SHM [155, 156]. Lastly, BCL-6 directly



1.5. The Germinal Center Reaction

13

represses the expression of Prdm1 and Irf4, which encode transcription factors involved
in plasma cell differentiation [157, 158].

GC B cells can be distinguished from naïve B cells by their high expression of the
death receptor Fas, loss of glycoprotein CD38 and IgD expression, and binding to peanut
agglutinin and the antibody GL-7 [159]. Phenotypically, GC B cells can be separated
into two populations: the dark zone (DZ), or centroblast phenotype, composed of pro-
liferative, cycling cells; and the light zone (LZ), or centrocyte phenotype, composed of
activated cells. DZ cells can be distinguished by their high expression of the chemokine
receptor CXCR4 and low expression of the activation molecules CD83 and CD86. In
contrast, LZ cells are lower in their expression of CXCR4 but higher in their expression
of CD83 and CD86 [160].

The DZ program is controlled by the transcription factor FOXO1, which is thought
to suppress the “activated” LZ phenotype [161, 162]. Mice lacking FOXO1 are devoid of
a DZ, owing in part to the dysregulated expression of CXCR4, necessary for the proper
establishment of DZ polarization [162]. FOXO1 and BCL-6 cooperate in downregulating
the expression of DNA damage genes Tp53 and Mdm2 [162]. This is crucial for affinity
maturation because the DZ is the site of SHM. DZ cells express high levels of the cytidine
deaminase AID, which targets cytosine residues within AID hotspot motifs [163]. These
lesions are repaired by base excision and mismatch repair pathways and polymerase Polη
activity, generating mutations that are the basis for affinity-based selection [22, 164].
AID activity is dependent on cell division, as the nucleus is only accessible to AID
during early G1 [165]. DZ B cells are among the fastest cycling cells in mammals, with
an estimated division time of 6-12 hours [166] and accumulate mutations in proportion
to the amount of cell division [22].

The LZ program is characterized by activation gene signatures. LZ B cells extract
intact antigen displayed on FDCs using their BCRs and process this antigen for presen-
tation on MHC-II to LZ-resident Tfh cells; this interaction is enhanced by their high
levels of CD83 and the costimulatory molecule CD86 [160]. LZ cells express high lev-
els of CD69 and SLAMF1, consistent with their more activated phenotype relative to
DZ cells [160]. A small population of LZ cells expresses c-Myc, representing cells that
have received productive positive selection signals, and these cells enter S-phase before
migrating to the DZ and progressing through cell cycle [167–169].

T follicular helper cells

T follicular helper (Tfh) cells are a specialized subset of CD4+ T helper cells necessary
for the maintenance and formation of the GC reaction [170]. Tfh cells provide T cell
help to B cells within SLO structures, and dysregulation of Tfh frequencies leads to a
lupus-like phenotype and the production of autoantibodies [171]. Tfh are required for
the formation and maintenance of GC reactions, and their differentiation is a multi-
step, multi-signal process that integrates initial priming from dendritic cells (DCs),
TCR strength, cytokine signals, and T-B cognate interactions at the T-B border [172].
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In addition to antigen presentation on MHC-II in the T cell zone, DCs provide costim-
ulatory signals to surface CD28, ICOS, CD40L, and OX40 molecules on naïve T cells
[173, 174]. DCs can also serve as a source of IL-6, which induces early expression of the
transcription factor Bcl-6, necessary for induction and maintenance of the Tfh program
[175]. Additionally, Tfh differentiation can be enhanced by IL-21 and antagonized by
IL-2, which activate downstream transcription factors STAT1 and STAT3, and STAT5,
respectively [176]. DC-priming upregulates the expression of BCL-6, promoting the ex-
pression of CXCR5 and EBI2 and downregulation of CCR7, prompting the migration
of pre-Tfh cells to the T-B border where they can interact with activated B cells [173].

Cognate T-B interactions at the T-B border are the second step in Tfh differen-
tiation. Activated B cells clonally expand and localize to the T-B border where they
present cognate antigen on MHC-II to primed Tfh cells [177]. Activated B cells also
express high levels of CD80, CD86, CD40, and ICOSL, which support the develop-
ment of GC Tfh cells. Homophilic interactions between SLAM family proteins CD84
and SLAMF6 activate SLAM-associated protein, which is required for stable T-B in-
teractions [178]. Cognate B-T interactions reciprocally lead to B cell proliferation and
determine entry into the GC reaction [142, 143]. GC Tfh upregulate their expression of
Cxcr5, and S1pr2, while downregulating their expression of Ccr7, which promotes their
movement and confinement to the center of the follicle [179]. Tfh motility is amplified
by bystander B cell provision of ICOSL to T cells [180].

GC Tfh can be identified by their high expression of CXCR5 and PD-1 [181]. Within
the GC, GC Tfh provide survival signals in the form of costimulatory, crucially CD40L,
and cytokine—IL-4 and IL-21—signals [182] and unlike GC B cells, can migrate between
neighboring GCs [183]. Tfh form short cell-cell contacts via surface-expressed CD28,
CD40L, ICOS, and integrins, among others [184], with GC B cells in the LZ which are
prolonged when antigen density is increased [185]; these interactions are the basis for
positive selection of LZ B cells.

T follicular regulatory cells

T follicular regulatory (Tfr) cells are a forkhead box P3 (FOXP3)-expressing subset of
GC resident T cells that display features of both Treg and Tfh cells [186]. Tfr cells
express Treg markers including Foxp3, GITR, Blimp1, and CTLA-4 but do not express
B cell helper molecules CD40L, IL-4, and IL-21, characteristic of GC Tfh. However,
like GC Tfh, Tfr express BCL-6, CXCR5, PD-1, and ICOS.

The origin and heterogeneity of Tfr cells is an area of active investigation. Ini-
tial parallel reports of this CXCR5+ BCL6+ FOXP3+ PD-1+ and ICOS+ population
concluded that Tfr cells develop from thymic derived Treg (tTreg) cells [187–189]. De-
velopment of these tTreg-derived Tfr occurs in a CD28 and SAP-dependent manner,
similar to the development of GC Tfh [189]. However, subsequent studies have sug-
gested that Tfr may be more heterogeneous in their origins and phenotypes than first
reported. Tfrs can derive from peripherally induced Tregs and can also develop from GC
Tfh cells in late-stage GCs [190, 191]. The development of Tfr was a conundrum given
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that IL-2 activates FOXP3 while inhibiting BCL-6 expression, which are co-expressed
in Tfr [192]. In the context of mouse influenza infection, Tfr development was inhibited
early, coinciding with high levels of IL-2. The waning of IL-2 levels upon resolution of
infection corresponded with a rise in Tfr numbers, indicating that Tfr development dur-
ing an immune reaction is dynamic [193]. Whether Tfr development occurs in response
to waxing and waning of IL-2 levels during other infections or immunization is unclear.

Tfr exert a suppressive function on the GC reaction though the exact mechanism
of suppression is unclear. In the absence of Tfr, mice display augmented GC responses
and can develop autoantibodies and spontaneous autoimmunity [189, 194]. In vitro
co-culture assays have shown that Tfr suppress activation of Tfh and B cells as well
as antibody production [195]. Similarly, in vivo suppression by Tfr has been demon-
strated and is mediated in part by CTLA-4 [196]. Other mechanisms for suppression
may be through the secretion of inhibitory cytokines [197]—though this has yet to be
demonstrated in vivo—or a consequence of increased Tfr to Tfh ratios in the GC, which
sequesters available Tfh help [191].

Follicular Dendritic Cells

First described by Miller and Nossal in 1964, follicular dendritic cells (FDCs) are spe-
cialized cells of stromal origin that reside within the center of the follicle [198]. FDCs
require both tumor necrosis factor and lymphotoxin for their development and are es-
sential for the initiation and maintenance of GC reactions [199–201]. FDCs establish
the polarity of the GC reaction through their secretion of chemotactic factors CXCL13,
the ligand for CXCR5 expressed on GC B and Tfh cells [202]. FDCs have been demon-
strated to secrete the trophic factor B cell activating factor (BAFF) [203] when assessed
in vitro, though ablation of FDCs in vivo does not affect the levels of BAFF in the tis-
sue, suggesting that other stromal populations may serve as a source [201]. FDCs also
secrete IL-6 [204], and they express integrin ligands Intercellular Adhesion Molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), which can facilitate B cell
adhesion and survival [184, 205].

However, the principal function of FDCs in the GCs is their presentation of intact
antigen to GC B cells. FDCs express a wide array of Fc—FcγRIIB, FcϵRII, FcμR,
FcαR—and complement receptors 1 (CR1) and CR2 [114]. Shortly after immunization,
FDCs in the LZ accumulate antigen in the form of antibody-antigen and complement
coated complexes. Small, <70 kDa antigens can flow directly through the lymph and
be deposited on FDC surfaces [112]. Larger antigens, such as viruses or bacteria, are
thought to be captured via complement receptor 3 (CR3) or Fc receptors and trans-
ported across the SCS by SCS macrophages [114]. These antigens can then be captured
by naïve B cells in a CR2-dependent manner and handed off to FDCs [71, 206]. The ex-
act mechanism of this transfer is unclear but it is thought to be dependent on the higher
density of CRs expressed on FDC surfaces, which captures the coated-antigen from B
cells in an actin-dependent manner [207]. FDCs act as “antigen libraries” through their
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retention and presentation of opsonized, native antigen [114]. These antigens are recy-
cled by shuttling through a nondegradative endosomal compartment, allowing antigen
to be presented in its native form to GC B cells over extended periods of time [208].

Tingible Body Macrophages

An understudied population in the GC microenvironment is DZ-resident tingible body
macrophages (TBMs). TBMs are characterized by their phagocytosis of apoptotic cells,
or “tingible bodies” [209]. This is mediated by FDC secretion of milk fat globule epi-
dermal growth factor 8 (MFG-E8), which binds to exposed phosphatidylserine residues
on apoptotic cells and integrin receptors on TBMs, thus facilitating the engulfment of
apoptotic cells by TBMs [210]. This process is crucial for the maintenance of the GC
reaction, and impairment of dead cell clearance is associated with autoimmune phe-
notypes, including systemic lupus erythematosus and autoimmune glomerulonephritis
[211, 212].

1.6 Selection in the Germinal Center Reaction

1.6.1 Entry into Germinal Centers

Competition among B cells begins before they enter the GC reaction. Pre-GC B cells
that capture and present the highest density of cognate antigen at the T-B border
preferentially receive T cell signals necessary for differentiation to a GC phenotype [143].
This finding supported early observations that GCs elicited by hapten immunization
appeared to be initiated by a small number of clones [213–215]. However, recent work
has demonstrated that early GCs are seeded by tens to hundreds of different clones
[216, 217]. This suggests that entry into the GC may not be as stringent as previously
believed, and affinity maturation as the GC reaction proceeds depends on interclonal
and intraclonal competition dynamics.

1.6.2 Positive Selection by T cell help

The increase in antibody affinity over time upon immunization or infection is dependent
on the selective survival and expansion of high-affinity B cell clones in the GC reaction.
A classic model of selection based on zonal segregation postulated that DZ GC B cells
undergo rounds of cell division and diversification followed by migration to the LZ where
they undergo affinity-dependent competition for survival and return to the DZ. However,
the nature of this competition was unclear [159, 218]. Two leading hypotheses were
raised: one, that GC B cells compete for and receive signals based on their engagement
with antigen; and second, that GC B cells compete for T cell help based on their capture
and presentation of antigen to T cells [218]. Imaging of GC B cell behavior indicated
that LZ B cells travel over FDCs with little pausing. However, stable contacts between
GC Tfh were infrequent, suggesting limited access to productive T cell help in the LZ
[219, 220].
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Figure 1.3: T cell centric model of affinity-based Germinal Center selection

Direct evidence for T cell mediated selection came from experiments where GC B
cells were provided with increased amounts of antigen independently of BCR engage-
ment [160]. This approach targets the surface lectin DEC205 with a chimeric anti-
DEC205 antibody (αDEC) fused to a protein antigen such as ovalbumin (αDEC-OVA)
[221, 222]. Antigen-targeted cells interact strongly with Tfh and migrate to the DZ
where they proliferate extensively. Targeting T cell help to this population not only
controls their zonal migration but allows them to dominate the reaction despite their
initial minor representation in the GC [160].

Subsequent studies have refined our molecular understanding of the T cell-derived
signals that drive positive selection. GC B cells have been shown to engage in “entangle-
ment,” a phenomenon characterized by increased surface area and duration of contact
with Tfh cells. GC B-T cell interactions are subject to feed-forward loops along ICOS
and CD40 signaling axes, allowing minute differences in pMHC density to be amplified
[223]. Critically, CD40L signaling induces NF-κB necessary for proliferation in the DZ
[224]. Tfh also secrete the cytokines IL-4 and IL-21 [182]—which can modulate the GC
response and promote plasma cell responses [225]—and dopamine, which can enhance
ICOS-CD40 feedback loops [226]. However, while some secreted molecules are concen-
trated via directed secretion across the immune synapse, how bystander activation from
the non-directed secretion of factors is avoided is an area of continued investigation. A
recent study has proposed a model where IL-4Rα expression on FDCs can act as a sink
for secreted IL-4, limiting non-cognate activation [227]. Whether similar mechanisms
exist for other secreted factors is unknown.

The strength of T cell signals received in the LZ directly correlates with the speed
and number of cell divisions in the DZ, suggesting that selected cells retain a “memory”
or record of the signals received [169, 228]. This is controlled in part by the magnitude
of Myc induced—which determines the extent of proliferation [229]—and on biomass



18

Chapter 1. Introduction

accumulation in a mTORC1-dependent manner [230]. Selected LZ B cells turn on
Myc and mTOR pathways and enter S-phase before their migration to the DZ where
they continue to progress through cell cycle. Cycling in the DZ is sustained by Myc-
dependent induction of the transcription factor AP4 [231] and occurs “inertially” in a
cyclin D3 dose-dependent manner [232]. In this manner, affinity-dependent competition
for T cell help results in the selective proliferation of high-affinity cells.

1.6.3 Negative Selection in the Germinal Center

Concurrent with proliferation in the DZ is the accumulation of mutation and DNA
damage in an AID-dependent manner. While these random mutations diversify the
repertoire and can result in affinity-enhancing mutations, they can also generate au-
toreactive antibodies [233]. Although much is known about the control of self-reactivity
in immature B cells, the constraint of autoreactive GC B cells is less understood [234].
Germline reverted antibodies from self-reactive GC B cells demonstrate little binding
to the final autoantigen, indicating that this self-reactivity originates from SHM in the
GC [235–238]. Early attempts to model self-reactive signals in the GC introduced sol-
uble antigen into ongoing GCs, which would mimic engagement of highly concentrated
self antigen in the GC. GC B cells that experienced this extensive cross-linking of their
surface BCRs underwent apoptosis, suggesting that GC B cells are sensitive to acute
levels of BCR engagement [239–241]. Therefore, one mechanism for control may be
clonal deletion via BCR-induced cell death that occurs upon strong engagement with
self-antigen.

Another method of autoreactive control may be the “redemption” of self-reactive
clones from recognition of self to foreign antigen [242–244]. This has been proposed as a
rationale for the continued survival and retention of self-reactive anergic cells. Evidence
for the recruitment and redemption in mice was shown using the HEL-HyHel10 model,
where it was observed that self-reactive, reawakened anergic cells acquired mutations
that lowered their affinity for HEL [245]. Clonal redemption was also observed in human
antibodies using the IGHV4-34 heavy chain with pre-existing reactivity to glycans on
erythrocytes [242] and B cells, and among malaria patients with insertions of collagen-
binding LAIR1 insertions into antibody genes [246, 247].

Lastly, GC B cells that acquire self-reactivity during the GC reaction may fail to
recruit necessary survival signals from Tfh and die by apoptosis. Using an apoptosis
indicator mouse, Mayer and colleagues demonstrated that LZ cells that are "neglected"
and fail to receive T cell help die by apoptosis [248].

1.6.4 Selection for export to post-Germinal Center fates

Although the generation of diverse, high-affinity antibodies occurs in the GC, GC B cells
intrinsically possess little effector functions due to their minimal secretion of antibod-
ies. Low-affinity, extrafollicular responses provide early protection during the immune
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response [249, 250]. However, this response is transient, and immunity depends on GC-
derived antibody-secreting cells, which secrete antibodies during infection, and memory
B cells that rapidly differentiate to plasma cells upon re-exposure to antigen.

Plasmablast and Plasma cell Fate Decisions

The preponderance of high-affinity antibodies in the long-lived plasma cell (LLPC)
compartment has been demonstrated in model antigen systems with well-defined high-
affinity mutations [249, 251, 252]. This has led to the view that the plasma cell fate
decision is instructive, such that cells with high-affinity BCRs receive signals that lead
to their differentiation [250, 253]. Plasma cell differentiation is dependent on the induc-
tion of Prdm1, which in GC B cells is repressed by BCL-6 [254]. Therefore, a proposed
molecular mechanism posits that commitment to the plasma cell fate results from strong
BCR and T cell-derived CD40 signals that synergize to induce NF-κB and the PI3K
pathway, activating IRF4 expression, which abates BCL-6 repression of Blimp1 [255–
258]. Delivery of antigen via DEC205 targeting induces a wave of plasmablast produc-
tion, suggesting that strong T cell help can induce differentiation [160]. This model is
supported by work identifying pre-plasma cell precursors in the GC using Blimp1 and
BCL-6 reporter systems, although disparate conclusions were drawn on the require-
ment for CD40 signaling [257, 259]. A competing, though not incompatible, model is
supported by observations that the peak of LLPC export from the GC occurs at later
timepoints [260]. GC B cell affinity increases in proportion to the time spent in the
reaction and thus would explain the presence of high-affinity antibodies in the LLPC
compartment. Outstanding questions include a better understanding of how particular
isotypes, such as IgG [261] and IgE [262], and how GC B cell intrinsic [263] and extrinsic
signals received by high-affinity cells favor plasma cell differentiation.

Memory B cell Fate Decisions

Recent work has advanced our understanding of the timing, precursor phenotype, and
transcription factors associated with memory B cell differentiation [264–267]. A wave of
low-affinity memory B cells is generated early from pre-GC and early GC B cells [260,
268, 269]. Memory precursors have also been identified by several groups and have been
defined as LZ CCR6+ Efnb1+ cells with increased S1PR1, Ebi2, and CD38 expression,
and decreased S1PR2 expression [270–273]. Memory differentiation has been associated
with increased Bach2 expression [273] and is dependent on transcription factors HHEX
and TLE3 [274]. Together these studies suggest that memory B cells differentiate from
predominantly low-affinity LZ cells that have received weak T cell help. This leads
to lower mTORC1 activity, which favors memory differentiation versus DZ migration
and proliferation in part by reduced activation of BCL-6 [271]. However, whether this
operates at the absolute or relative levels of T cell signals received is unclear, particularly
in the context of higher and lower memory B cell output during early and late GC
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phases. How induction of apoptosis is counterbalanced by memory B cell differentiation
remains a murky area of investigation.

1.6.5 Selection by Germinal Center B cell receptor signaling

Taken all together, a working model of affinity-based selection stipulates that antigen
displayed on FDCs in the LZ is captured by the BCR, internalized, processed, and
presented to Tfh. T cell help is limiting and differentially delivered to LZ B cells that
display higher levels of cognate peptides on MHC. This interaction induces selected
B cells to upregulate positive selection pathways and migrate to the DZ where they
mutate their antibody genes and divide proportionally to the strength of the T cell
signal received. B cells that have exhausted their division capacity return to the LZ,
where they test their newly mutated antibody receptors for antigen capture [159, 275].
According to this model, GC selection is determined primarily by the ability of the BCR
to bind to and endocytose antigen. However, the BCR is a dual-purpose receptor that
is both a signal transducer and an endocytic receptor, and the role of BCR signaling in
affinity-based selection remains poorly understood.

Initial experiments investigating GC BCR signaling suggested that GC B cells are
insensitive to soluble antigens due to increased phosphatase activity. This, along with
the low levels of surface BCR expression on GC B cells, led to the view that GC BCR
signaling is silenced in vivo [276]. However, more recent work, in which GC B cells were
exposed to membrane-tethered antigens that resemble the display on FDCs, showed that
stimulating GC B cells in this manner activates BCR signaling [277–279]. The GC B
cell differentiation program is associated with the rewiring of signaling pathways, which
accounts for their general attenuation compared to other B cell populations. BCR and
CD40 signaling pathways are rewired such that both are required in short succession
in order to induce Myc and NF-κB pathways [224]. Signal propagation is also altered
by differential phosphorylation of AKT1, which activates the phosphatase PTEN and
other negative regulators of BCR signaling [280].

GC B cells also have altered synaptic architecture, which allows them to exert greater
tensile forces during antigen extraction, resulting in enhanced affinity discrimination.
In contrast to naïve B cells, extraction of antigen by GC B cells is not centralized and is
uncoupled from endocytosis [277, 281]. These studies explain the underlying signaling
rewiring associated with the GC B cell differentiation program. However, whether BCR
signaling plays a direct role in selection remains to be determined.
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Attempts to study the role of GC BCR signaling in vivo using constitutive or con-
ditional knockouts of BCR signaling components have been hindered by the necessity 
of BCR signaling for the initiation and maintenance of the GC reaction [224, 282–285]. 
Some degree of tonic signaling is also necessary for return from the DZ as B cells with 
nonfunctional or structurally compromised BCRs are rarely found in the LZ [248, 286]. 
Nur77-GFP reporter mice have been used to identify a population of LZ B cells with 
active BCR engagement in vivo [287]. However, whether this reporter is specific to 
BCR engagement or can be induced by other activating signals, including T cell help,

is uncertain. Therefore, one of the challenges in studying GC BCR signaling in vivo is 
a lack of BCR-specific tools and mouse models.



1.6. Selection in the Germinal Center Reaction

To examine the role of BCR engagement in GC selection, I developed a molecular
tracker to detect antigen engagement and presentation in vivo. I combined this tracker
with reporter models to uncouple B cell intrinsic changes upon antigen capture from T
cell signals provided in response to antigen presentation. Lastly, I developed a drug-
resistant mouse model that I used in combination with pharmacological inhibition to
block or dampen BCR signaling in vivo.

22
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Results

2.1 Tracking germinal center BCR engagement in vivo

2.1.1 NP-Eα tracking identifies GC B cells engaging antigen in vivo

To track antigen binding and processing by GC B cells in vivo, I produced a tetrameric
antigen consisting of fluorescently labeled streptavidin (SA-AF647), coupled to
4-hydroxy-3-nitrophenylacetyl (NP) and biotinylated I-E52-73 (Eα) peptide (NP-Eα)
(Figure 2.1A). NP-specific B cells that bind and internalize NP-Eα will be AF647 fluo-
rescent, and those that process and present the antigen as pMHC can be detected with
an antibody specific to the Eα-pMHC (Y-Ae) [70, 143, 288, 289] (Figure 2.1B).

A
I-Eα-bio

AF647

NP

SA

endocytosis

Y-Ae

presentation

Antigen 
Processing

B

Figure 2.1: Binding, processing, and presentation of NP-Eα provides no additional T cell
help.
(A) Cartoon representation of NP-Eα. (B) Binding, internalization, and processing of NP-Eα.

I elicited GC reactions using congenically-marked B cells carrying a knock-in heavy
chain that, when paired with a lambda light chain (Igλ), produces a high-affinity re-
ceptor for NP (B1-8hi) [290]. B1-8hi B cells were adoptively transferred into ovalbumin
(OVA)-primed mice that were subsequently boosted with NP-conjugated OVA (NP-
OVA) (Figure 2.2A). This immunization scheme produces GCs containing OVA-specific
Tfh cells, NP-specific B1-8hi B cells, and host B cells [160, 220].
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Figure 2.2: In vivo tracking of antigen engagement
(A) Experimental setup. (B) Frequency of aCasp3+ among total GC (black) or GC B1-8hi

(red) populations after NP-Eα injection, Two-way ANOVA with Šidák’s multiple comparisons,
ns. (C) Representative flow cytometry plots showing internalization and presentation of SA-
Eα or NP-Eα by GC B cell populations. (D) Frequency of NP+ Y-Ae+ (NP-Eα

+) among
B1-8hi or host (endo) B cells after injection of 7NP-Eα or SA-Eα, P-values calculated using
two-tailed paired t-test, ****p<0.0001. (B, D) Data from two independent experiments. Each
dot represents one mouse. Lines depict mean.
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Introduction of high concentrations of soluble antigen into ongoing GC reactions
can induce cell death due to extensive BCR crosslinking [239–241]. To circumvent this,
I titrated and injected a small amount of low-valency NP-Eα for in vivo tracking and
found no measurable increase in apoptosis (Figure 2.2B). Under these conditions, 40-
80% of B1-8hi GC cells were AF647 labeled, and cells that bound NP-Eα also presented
it as indicated by staining with Y-Ae (NP-Eα

+) (Figure 2.2C and D). Control SA-AF647
labeled tetramers without NP showed little or no direct fluorescence staining (Figure
2.2C and D). Therefore, introduction of NP-Eα into ongoing GC reactions tracks antigen
engagement in a BCR-specific manner.
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Figure 2.3: Kinetics of NP-Eα internalization and presentation
(A) Experimental setup. NP-Eα was injected 1h, 4h, 12h, or 24h before sacrifice. Control mice
were injected with SA-Eα and cells were labeled with NP-Eα on ice. (B-C) Representative flow
cytometry plots showing LZ (B) and DZ (C) B1-8hi uptake and presentation of NP-Eα over
time. (D) Summary of (B, C), frequency of NP+ DZ and LZ B1-8hi over time. (E) gMFI of
NP-AF647 in NP+ DZ and LZ cells over time (D-E) Data from two independent experiments.
Each dot represents one mouse and lines depict mean.

Notably, I failed to detect NP-Eα binding and presentation by 15-40% of B1-8hi
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cells in GCs. To investigate the kinetics and dynamic range of NP-Eα tracking in
vivo, I introduced NP-Eα into GC reactions at consecutive time points (Figure 2.3A-
E). GC B cells isolated and labeled with NP-Eα ex vivo on ice were uniform in their
AF647-labeling with no difference between LZ and DZ cells (Figure 2.3B and C). LZ B
cells labeled in vivo were AF647-labeled but Y-Ae negative as early as one hour after
injection and over time, the proportion of AF647+ Y-Ae+ cells increased (Figure 2.3B).
The relative proportion of B1-8hi cells that failed to bind NP-Eα was consistently higher
in the DZ than in the LZ (Figure 2.3D).

B
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Figure 2.4: NP-Eα localizes to FDCs in the LZ
(A-B) Experimental setup and multi-photon images of GCs after prime-boost and transfer of
B1-8hiCFP cells. αCD35-AF488 and 7NP-Eα-AF594 were injected intravenously and subcuta-
neously (s.c.) respectively 24 hours before imaging. LZs were identified by presence of FDC
networks labeled with αCD35. LZ (leftmost panel); inset of LZ as marked with dashed line
(center); and DZ (rightmost panel).

Imaging GCs revealed that NP-Eα is localized to FDCs in the LZ and bound and
internalized by B1-8hi cells (Figure 2.4A and B) but NP-Eα was not detectable in the
DZ. Therefore, antigen access, in addition to phenotypic differences and BCR expression
levels between LZ and DZ cells [291] may explain why the amount of antigen bound by
LZ cells was higher (Figure 2.3). I conclude that the NP-Eα tracker identifies B cells
binding and presenting antigen in vivo and can identify phenotypic difference otherwise
missed by antigen-labeling on ice.

To determine if the apparent lack of binding was a consequence of lower surface
BCR expression, I measured surface BCR by staining for Igλ (Figure 2.5A-F). Igλ
surface expression was comparable in LZ-NP-Eα

+ and NP-Eα
– populations. DZ cells

showed lower levels of BCR surface expression compared to LZ cells, and DZ-NP-Eα
–
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cells showed a bimodal distribution of Igλ, likely representing dilution of surface BCR
among cells with different extents of cell division (Figure 2.5A-F). Consequently, absence
of antigen binding by some DZ but not LZ cells might be explained by lower levels of
surface BCR expression.
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Figure 2.5: Kinetics of BCR expression with NP-Eα engagement
(A) Experimental setup. NP-Eα was injected 1h, 4h, 12h, or 24h before sacrifice. Control
mice were injected with SA-Eα and cells were labeled with NP-Eα on ice. (B) Representa-
tive histograms showing Igλ surface levels between B1-8hi and endogenous GC B cells. (C-D)
Representative histograms showing Igλ surface levels of LZ (C) and DZ (D) B1-8hi NP+ and
NP– populations over time. (E-F) Summary of Igλ gMFI of LZ (E) and DZ (F) NP+ and
NP– populations over time. Data from two independent experiments. Each dot represents one
mouse and lines depict mean.
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2.1.2 Loss of antigen engagement in vivo is not the result of recent
zonal migration.

This persisting fraction of NP-Eα
– cells in the LZ may represent recent DZ to LZ

emigrants that did not have sufficient time to engage with NP-Eα. To address this
possibility, I performed sequential injections of NP-Eα labeled with two different flu-
orophores and two different conjugation ratios, which would allow labeling of recent
emigrants that might otherwise be missed (Figure 2.6A and B). GC B cells that en-
gaged with the first NP-Eα also engaged with the second, and there was little to no
differential engagement with the second injection alone when both injections shared the
same conjugation ratio. However, secondary injection with a higher avidity antigen,
14NP-Eα, labeled a lower affinity population (Figure 2.6B). This indicates that the lack
of engagement by the NP-Eα

– population is unlikely the result of recent zonal migra-
tion and lack of opportunity to bind to injected NP-Eα, but may represent differences
in binding affinity.
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Figure 2.6: Sequential labeling with NP-Eα

(A)Sequential labeling setup. 7NP-Eα-AF594 was injected 12h before assay while 14NP-Eα-
AF647 was injected 1h prior or incubated ex vivo on ice. (B) Lack of NP-Eα is not the result
of recent LZ entry but tracking with higher avidity 14NP-Eα-AF647 identifies a lower affinity
population.
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2.1.3 Loss of antigen engagement in vivo is associated with deleteri-
ous SHM.
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Figure 2.7: Inability to engage with NP-Eα is associated with higher frequencies of SHM.
(A) Sequential labeling setup for sorting. (B) Sorting strategy. Two populations of binders and
nonbinders were sorted from the LZ and DZ, respectively. (C) Number of amino acid (AA)
mutations in IGVH chains of sorted populations, Violin plot depicts median and quartiles.
*p=0.020, ****p<0.0001, Kruskall-Wallis with Dunn’s multiple corrections test. (D) Fraction
of unmutated cells in sorted populations, Fisher’s exact test, ** and *** p-values indicated,
****p<.0001.

To determine if the loss of antigen engagement by the B1-8hi population was the
result of deleterious mutations I repeated the sequential NP-Eα labeling and isolated
individual B cells for sequencing. Two groups of LZ and DZ cells were examined: double
negative cells (LZ-NP-Eα

– and DZ-NP-Eα
–) that were not labeled; and double positive

cells (LZ-NP-Eα
+ and DZ-NP-Eα

+) that were (Figure 2.7A and B). NP-Eα
– cells were

more mutated than their antigen-binding counterparts (Figure 2.7C) and were also less
likely to express the “germline” knock-in IGVH gene (Figure 2.7D).

To define the mutational landscape of NP-Eα
– populations, I examined the accumu-

lation of mutations across their IGVH sequences. Antibodies expressed by DZ-NP-Eα
–

cells showed greater accumulation of mutations throughout the sequence than their
antigen-binding counterparts in the DZ (Figure 2.8A). This suggests that the DZ-NP-
Eα

+ compartment is composed of cells that have recently been positively selected and
yet to undergo cell division and SHM. As expected from the higher density of SHM
accrued in the DZ-NP-Eα

– population, non-productive Ig sequences containing stop or
frameshift mutations were significantly enriched [248, 286] and were rarely found in
LZ cells (p<0.0001) (Figure 2.8B). The frequency of mutations in FR3 and CDR3 was
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also reduced in LZ-NP-Eα
– cells compared to DZ-NP-Eα

– cells (Figure 2.8C) and may
represent selection against cells with structurally compromised BCRs [248].

The data suggest that in addition to producing cells that are unable to express the
BCR, random somatic mutation in the DZ also generates cells that lose the ability
to demonstrably bind to NP-Eα. The mutational profile of LZ antigen-binding and
nonbinding cells differs primarily in the CDR3 (Figure 2.9A). Markedly, R55G and
K66E, K66N, or K66Q accumulate in LZ nonbinders, suggesting that these replacements
are associated with the loss of binding (Figure 2.9B), and these mutations were similarly
present in the DZ-NP-Eα

– compartment.
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2.1.4 Lack of antigen engagement in vivo results from the loss of
binding affinity
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Figure 2.10: Monovalent binding traces of Fabs produced from LZ and DZ compartments.
(A) Monovalent BLI setup. (B) BLI traces of Fabs [50nM] from LZ- and DZ-NP-Eα

+ and
NP-Eα

– compartments under monovalent setup.

To determine whether mutations associated with absence of NP-Eα binding impact
affinity, I cloned and produced antibodies expressed by LZ and DZ cells and performed
biolayer interferometry (BLI). Monovalent interactions were modeled by coupling 16NIP-
BSA-biotin to the sensor and using Fabs as the ligand (Figure 2.10A and B). Control
B1-8hi and its lower-affinity variant, B1-8lo Fabs showed KDs of 38nM and 50nM re-
spectively in this assay (Figure 2.11A) [143, 290]. Fabs obtained from DZ-NP-Eα

+ cells
showed relatively high affinities with geometric mean KD values of 49nM, supporting
the hypothesis that these cells represent recently selected cells from the LZ (Figure
2.11A and B). Among the 29 Fabs from DZ-NP-Eα

– cells, 10 showed affinities in the
range of B1-8hi supporting the hypothesis that some DZ cells that express low levels of
high affinity BCRs may be missed by flow cytometry (Figure 2.11A and B, Figure 2.5).

Consistent with their inability to engage with NP-Eα in vivo, 36 Fabs from LZ-NP-
Eα

– cells showed lower affinities than B1-8lo with a geometric mean KD value of 2.9μM
(Figure 2.11A and B) when Fabs that showed no detectable binding were assigned a KD

value of 10μM. In contrast, Fabs obtained from LZ-NP-Eα
+ cells showed a geometric

mean KD value of 141nM (Figure 2.11A and B). Accumulation of IGVH mutations
was negatively correlated with affinity (Figure 2.12) and antibodies with mutations in
either R55 or K66, that are enriched among LZ nonbinders (Figure 2.9B), showed no
measurable binding.

To model multivalent interactions found in vivo, I immobilized Fabs onto sensors
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no detectable binding were assigned KD values of 10 μM, *p-values as indicated, ****p<0.0001.
(B) Distribution of KD values of Fabs from LZ and DZ NP-Eα

+ and NP-Eα
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Each dot represents one Fab with lines denoting geometric means. P-values calculated with
Kruskall-Wallis with Dunn’s multiple corrections test.

and measured binding to multivalent antigen (Figure 2.13). Of the 25 Fabs derived
from LZ-NP-Eα

– cells with undetectable monovalent binding, 18 bound to the higher
valency substrate, but only one reached the apparent binding affinity of B1-8lo (Figure
2.13D, Figure 2.14). Therefore, NP-Eα engagement is a reliable indicator of the relative
antigen binding affinity of LZ cells and can therefore be used to identify cells able to
engage antigen in the LZ.
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2.2 Role of BCR signaling in positive selection

2.2.1 Positive selection is enhanced among cells with active BCR en-
gagement
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Figure 2.15: c-Myc expression is enriched among antigen-binding cells.
(A) Experimental setup. (B) Representative plots showing gating strategy for fraction of c-
Myc+ cells among NP-Eα

+ and NP-Eα
– LZ B1-8hi cells. (C) Frequency of c-Myc+ cells among

NP-Eα
+ and NP-Eα

– LZ B1-8hi cells stained either ex vivo on ice, or in vivo, Two-way ANOVA
with Šidák’s multiple comparisons, *p=0.0411, ****p<0.0001. (D) Representative flow cytom-
etry histograms showing NP-Eα binding by c-Myc+ NP-Eα

+ and c-Myc– NP-Eα
+ populations

(left) and summary of gMFI intensity (right), ****p<.0001. (E) Representative histograms
showing Myc-GFP expression in NP-Eα binding and nonbinding LZ B1-8hi cells (left) and
summary of gMFI intensity (right), ****p<0.0001. Data from five (D-E) independent exper-
iments. Each dot represents one mouse. Lines depict mean. P-values (D-E) calculated by
Two-tailed paired t-test.

c-Myc expression marks LZ cells that received Tfh activation signals associated
with positive selection [167, 168]. To examine the role of BCR signaling in LZ B cell
selection I used a c-Myc-green fluorescent protein (GFP) reporter (B1-8hic-Myc-GFP)
[167, 292] and tracked antigen binding by injection of NP-Eα (Figure 2.15A and B).
B1-8hi tracking by NP-Eα confers no additional T cell selection advantage because
processing and presentation of NP-Eα provides no cognate antigen for presentation to
OVA-specific Tfh. As expected, the fraction of c-Myc+ cells was significantly higher
among LZ-NP-Eα

+ that retain the ability to bind NP when compared to LZ-NP-Eα
–

cells, irrespective of whether NP-Eα staining was done in vivo or ex vivo (Figure 2.15B
and C) The amount of antigen captured, as measured by geometric mean fluorescence
intensity (gMFI), was higher among LZ c-Myc+NP-Eα

+ cells when compared to c-
Myc–NP-Eα

+ cells (Figure 2.15D). Furthermore, c-Myc expression by LZ-NP-Eα
+ cells

was higher as measured by their gMFI (Figure 2.15E). Therefore, c-Myc expression and



2.2. Role of BCR signaling in positive selection

39

by inference, positive selection, is enriched among LZ cells that bind antigen with higher
affinity.
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Figure 2.16: BCR signaling enhances positive selection, even when cognate antigen
presentation is equal.
(A) Experimental setup for αDEC205 targeting. (B) Frequency of c-Myc+ cells among LZ
B1-8hi c-Myc-GFP NP-Eα

+ and NP-Eα
– cells targeted with αDEC-CS (negative control, left)

or αDEC-OVA (right), Two-tailed paired t-test, *p=0.0318, ****p<0.0001. Data from two
independent experiments. Each dot represents one mouse. Lines depict means.

To uncouple the effects of antigen capture and cognate T cell interactions from
BCR signaling, I normalized the amount of antigen presented by GC B cells in a BCR-
independent manner using a chimeric antibody to deliver OVA antigen (αDEC-OVA)
[160, 222]. After priming mice with OVA, I adoptively transferred a mixture of B1-
8hic-Myc-GFP DEC205-sufficient and knockout B cells (B1-8hiDEC205–/–) and injected
αDEC-OVA to deliver OVA to DEC205-sufficient GC B cells, irrespective of their ability
to bind antigen as measured by NP-Eα (Figure 2.16A and B). Under these conditions,
the fraction of c-Myc expressing LZ B cells was significantly higher among NP-Eα

+ cells
than their NP-Eα

– counterparts (Figure 2.16B). Thus, even when LZ B cells are loaded
with similar amounts of antigen, irrespective of BCR affinity, selection is enriched among
cells that demonstrably engage antigen suggesting that strong BCR signals renders these
cells more competitive in receiving T cell help.
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2.2.2 Transcriptome analysis of pathways induced upon BCR engage-
ment and positive selection

To contextualize the molecular pathways induced upon BCR engagement in the GC,
I isolated four populations of LZ B cells based on their engagement with NP-Eα and
c-Myc expression and performed bulk mRNA-seq: c-Myc– NP-Eα

+; c-Myc– NP-Eα
–;

c-Myc+ NP-Eα
+; and c-Myc+ NP-Eα

– (Figure 2.17).
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Figure 2.17: Sorting strategy and visualization of the gene expression similarities of c-Myc+

and c-Myc–populations
(A-B) Experimental setup and sorting strategy. Cells were sorted on the basis of their c-Myc
expression and NP-Eα engagement. (C) Principal components analysis visualization of sorted
populations. Each dot represents a sorted population of 400 cells.

I initially compared the transcriptomes of c-Myc+ LZ cells that did or did not
detectably bind antigen (Figure 2.18A). Gene Set Enrichment Analysis (GSEA) showed
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that c-Myc+ NP-Eα
+ cells were enriched in pathways induced by c-Myc, mTOR, and

NF-κB relative to lower affinity c-Myc+ NP-Eα
– cells (Figure 2.18B). c-Myc+ NP-Eα

+

cells also showed enriched expression of hallmark pathways associated with cell-cycle
entry and energy metabolism (Figure 2.18C). In addition to cell-cycle entry and control
genes like Ccnd2, Batf, Socs2, and Socs3, higher affinity cells showed greater expression
of immune activation genes involved in cytokine responses such as Il1r2, Socs2, and
Sosc3, and genes involved in metabolic regulation, Uck2 [167] (Figure 2.19A and B).
Altogether, the gene expression profile of the c-Myc+ NP-Eα

+ population suggests these
cells have received stronger selection signals relative to c-Myc+ NP-Eα

– cells and that
the former are poised to enter cell cycle and migrate to the DZ.

Conversely, c-Myc-expressing LZ B cells with lower affinity BCRs were enriched in
negative regulators of cell cycle entry Cdkn1a and Id3 and signaling modifiers Tbl1x,
Cblb, and Trim56 (Figure 2.19C). This population also expressed more Bach2, which is
inversely correlated with the strength of T cell help and positively correlated with mem-
ory B cell differentiation [267, 273] (Figure 2.20). Consistent with these observations,
c-Myc+ LZ B cells with lower affinity BCRs are enriched in expression of pre-memory as-
sociated transcription factors such as Hhex, Mndal, and Tle3 [274], memory-associated
markers, including Efnb1, Cd38, and Lifr [271, 272, 293], and the anti-apoptotic gene
Bcl2l1 [264] (Figure 2.20). Therefore, B cells with lower affinity receptors that receive
T cell help display features associated with the pre-memory compartment [269, 270,
273, 274].
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Figure 2.21: NP-Eα engagement is associated with BCR stimulation pathways and
induction of metabolic changes.
(A) Heatmap depicting expression of BCR stimulation genes among c-Myc– NP-Eα

+ and c-
Myc– NP-Eα

–populations. (B-D) GSEA summary of enriched BCR stimulation pathways (B),
hallmark pathways (C), and canonical pathways (D) between c-Myc– NP-Eα

+ and c-Myc–

NP-Eα
– populations. (B-D) All enriched pathways had nominal p-values<.05 and FDR q-

values<0.25.

To examine the gene expression profiles of antigen binding and nonbinding LZ B
cells in the absence of detectable positive selection, I compared the transcriptomes of c-
Myc– cells. GSEA showed that c-Myc– antigen-binding cells were enriched in pathways
associated with BCR stimulation and activation (Figure 2.21A and B) and hallmark
and canonical pathways indicative of metabolic changes (Figure 2.21D and E). These
gene signatures were induced even in the relative absence of positive selection and c-Myc
expression (Figure 2.22), indicating that LZ B cells that engage antigen signal through
the BCR, activating metabolic pathways that may enhance positive selection.
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2.3 Role of BCR signaling in negative selection

2.3.1 Germinal Center BCR engagement protects LZ cells from apop-
tosis

To determine whether antigen binding confers a survival advantage to LZ B cells in
the absence of positive selection, I measured cell death by apoptosis using activated
caspase 3 expression (aCasp3) as a marker [248]. Antigen-binding LZ and DZ B cells
showed lower frequencies of aCasp3+ cells than their NP-Eα

– counterparts (Figure 2.23A
and B). This effect was independent of selection because c-Myc– LZ B cells that bound
antigen were protected from apoptosis compared with lower affinity cells (Figure 2.23C).
To determine whether a similar survival advantage is observed in a polyclonal immune
response, I immunized mice with an HIV-1 antigen, TM4-Core [294], and identified cells
capable of antigen binding by flow cytometry using TM4-Core-AF488 (Figure 2.24A-
C). Polyclonal GC LZ B cells unable to bind TM4-Core-AF488 were significantly more
likely to undergo apoptosis than antigen-binding cells (Figure 2.24C). Theefore, LZ B
cells that engage antigen have a survival advantage.
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2.3.2 LZ GC B cells are susceptible to ibrutinib treatment

To determine if continuous BCR signaling in GC B cells is required for survival, I inhib-
ited BTK activity with a short pulse of the BTK inhibitor, ibrutinib [295–297]. BTK
is directly downstream of the BCR and is required for physiologic levels of tonic and
antigen-dependent receptor signaling (Figure 2.25A) [298–301]. Moreover, BTK is not
expressed in T cells [302]. To determine whether inhibition of BCR signaling can alter
LZ B cell survival, I treated mice with ibrutinib by subcutaneous injection (Figure 2.25B
and C). As little as 1.6 μg of ibrutinib was sufficient to produce a significant increase in
aCasp3+ in LZ B cells within 1 hour after injection (Figure 2.25C). Moreover, LZ B cells
were significantly more sensitive to ibrutinib than DZ B cells in a dose-dependent man-
ner (Figure 2.25C). The increase in cell death upon this short interruption of signaling
suggests that LZ B cells need continuous BCR engagement for survival.

To determine whether the effect of ibrutinib on BTK is B cell autonomous, I pro-
duced knock-in mice that carry a C481S mutation in BTK, which renders the enzyme
insensitive to the drug [303–305] (Figure 2.25D). Development of BTKC481S B cells was
indistinguishable from their wild type counterparts in the bone marrow (BM) and the
periphery. As expected, BTKC481S B cells were resistant to ibrutinib-mediated inhibi-
tion of Ca+2 flux upon BCR crosslinking (Figure 2.26).

To determine whether BCR signaling in LZ GC B cells is required for survival, I made
mixed BM chimeras with BTKC481S and BTKWT mice. Chimeras were immunized with
an HIV-1 Env protein, TM4-core, and treated with acalabrutinib, a second-generation
version of ibrutinib with improved specificity and reduced off-target binding to other Tec
family kinases [306–309] (Figure 2.27). Whereas inhibitor treatment did not measurably
increase apoptosis of DZ cells in either BTKC481S or BTKWT cells, BTKWT LZ cells
showed a significant dose-dependent increase in aCasp3+ staining (Figure 2.27C).

To determine the kinetics of BCR inhibition, mice were treated with acalabrutinib
at several timepoints. LZ B cells showed a peak of apoptosis 2 hours with rapid recovery
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Figure 2.25: LZ GC B cells are differentially susceptible to ibrutinib treatment.
(A) Inhibition of BCR signaling pathways by ibrutinib treatment. (B) Experimental setup
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by 12 hours (Figure 2.28). Altogether, the data indicate that BCR signaling is necessary
for survival in the LZ.
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2.3.3 BCR signaling synergizes with T cell help to drive positive se-
lection.

To determine a dose of acalabrutinib that would dampen but not block BCR signaling, I
performed mixed transfer experiments with B1-8hi BTKC481S and BTKWT, and treated
mice with a low dose of acalabrutinib. Treatment did not alter cell survival of either
population at the peak of drug inhibition (Figure 2.28, Figure 2.29B) but did slightly
impair the ability of BTKWT cells to bind and internalize NP-Eα (Figure 2.29C).
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Figure 2.29: Treatment with low doses of acalabrutinib dampens BCR signaling without
affecting LZ cell survival
(A) Experimental setup for prime-boost and mixed transfer of B1-8hi BTKC481S and B1-8hi

BTKWT cells. Four hours prior to readout, NP-Eα was injected and followed by oral gavage
with acalabrutinib (0.03125 mg) two hours later. (B) Frequency of LZ aCasp3+ cells among
B1-8hi BTKC481S and B1-8hi BTKWT populations. (C) NP gMFI of LZ B1-8hi BTKC481S and
B1-8hi BTKWT, RM Two-way ANOVA with Šidák’s multiple comparisons, **p=0.0090.

To examine the synergy between BCR signaling and T cell help, I transferred
DEC205-sufficient drug-resistant B1-8hiBTKC481S and drug-sensitive B1-8hiBTKWT cells
and delivered antigen in a BCR-independent manner using αDEC-OVA (Figure 2.30A).
Acalabrutinib did not measurably alter the relative frequency of wild-type and resistant
LZ B cells at the cessation of drug treatment prior to DZ migration (Figure 2.30B).
Nevertheless, the proliferation of B1-8hiBTKWT drug-sensitive cells in the DZ 48 hours
after αDEC-OVA delivery (36h drug treatment) was significantly reduced compared to
B1-8hiBTKC481S drug-resistant cells (Figure 2.30C and D). Therefore, the magnitude
of T cell help received is not solely determined by antigen presentation and LZ BCR
signaling directly impacts GC B cell selection.
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Discussion

Affinity maturation is contingent on iterative cycles of diversification and affinity-based
selection in GCs [126, 159, 275]. Current models for GC B cell selection posit that
antibody affinity is selected indirectly when B cells with higher affinity receptors extract,
process, and present antigen to Tfh [310]. Tfh play an essential role in this process by
physically engaging with B cells through cell surface receptor-ligand interactions and
secretion of cytokines [182, 184, 223, 311]. Positive selection directs migration to the
DZ, where selected cells undergo a proliferative burst proportional to the amount of
antigen presented and the magnitude of T cell help [228].

In addition to antigen capture, the BCR is also a signaling receptor, and BCR stim-
ulation synergizes with Tfh signals such as CD40 in vitro to activate positive selection
pathways [224]. However, GC B cells show attenuated BCR signaling in response to
soluble antigen due to increased SHP-1 and SHIP-1 phosphatase activity [276]. GC
BCR signaling is rewired, showing poor signal propagation through PKC-β, resulting
in altered synapse formation and inefficient activation of NF-κB [277, 278]. GC B cells
also express elevated levels of PTEN, which alters the ratio of secondary signaling mes-
sengers, redirecting the specificity of AKT, leading to activation of negative regulators
of BCR signaling [280].

Studying the role of BCR signaling in vivo has been difficult because its two func-
tions, signaling and endocytosis, are inextricably coupled. Because BCR signaling is
required for the formation and maintenance of the GC reaction, constitutive or condi-
tional knockouts of BCR signaling components lead to cell death, limiting their use in
this context [224, 282–285]. Genetic reporters such as Nur77-GFP have been used to
identify a population of LZ B cells with active BCR engagement. However, it is unclear
if this population more accurately represents selected B cells that have received Tfh
signals [287]. Furthermore, the low frequency of BCR engagement reported is at odds
with the observation that B cells are constantly traversing over FDC surfaces [219, 220].

To address these shortcomings and investigate BCR signaling in the context of
positive selection in vivo, I introduced a tracker, NP-Eα, into ongoing GC reactions as
a dynamic reporter of BCR engagement in vivo. NP-Eα acts as a surrogate antigen,
providing a BCR signal without conferring additional cognate antigen for presentation
to OVA-specific Tfh responses [143]. Furthermore, the small amounts of NP-Eα injected
did not alter GC B cell survival or dynamics. Because it is conjugated at a low ratio of
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NP to carrier, NP-Eα should not provide an enhanced BCR signal when compared to
the immunizing antigen [239].

3.1 NP-Eα tracking allows snapshot of selection in action.

Despite using knock-in B cells with defined specificity and affinity for antigen, GC
residence resulted in a substantial proportion of these cells with receptors that failed
to bind to NP-Eα. Sequencing revealed that this loss of engagement is due to SHM.
Using the mutational landscape of the sequenced populations, their zonal location, and
their NP-Eα binding capacity, it is possible to plot the trajectories of populations as
they cycle through the GC reaction. The mutational landscape of nonbinders in the
DZ underscores the random nature of SHM and indicates that DZ-NP-Eα

– cells have
undergone cycles of division and mutation. These DZ cells represent the most likely
candidates for migration to the LZ. Consistent with previous work, I observed that
nonproductive BCRs are rarely present in the LZ, indicating that a functional BCR
and some degree of tonic signaling are required to leave the DZ [248, 286]. It has been
proposed that BCR signaling in the DZ inactivates FOXO1 control of the DZ program,
allowing migration to the LZ [224]. While this is an appealing hypothesis, the data was
derived from ex vivo stimulation of GC B cells, with no separation of LZ or DZ cells.
Furthermore, there is little known about tonic signaling in GC B cells and whether it
would be sufficient to inactivate FOXO1. Nonetheless, my results suggest that DZ to
LZ migration is not dependent on an antigen-derived BCR signal, as cells that have lost
the ability to bind antigen are present in both zones. DZ to LZ transition is also not
affinity-dependent, as Fabs produced from DZ and LZ nonbinders showed no significant
difference in affinity. These findings suggest that DZ to LZ migration is permissive,
consistent with a strong net flux of cells from the DZ to the LZ [160].

In contrast, the LZ-NP-Eα
+ represents cells licensed to receive T cell help, while DZ-

NP-Eα
+ cells are likely those that have recently been positively selected and migrated

to the DZ. The DZ-NP-Eα
+ compartment expresses, on average, the highest affinity

BCRs of the four compartments sequenced and is also the least mutated. Therefore,
by compartmentalizing populations based on their engagement with NP-Eα and zonal
location, we can observe a snapshot of selection within the GC reaction.

While the NP-Eα tracker reliably identifies low and high-affinity cells, it does not
exclude that NP-Eα nonbinders may bind to the immunizing antigen. GC B cells engage
with antigen displayed on FDC surfaces in the form of immune complexes [114, 208,
312, 313], and the threshold for survival in the GC may be set by avidity rather than
by affinity for antigen. Polyvalent modeling of Fab binding showed that many of the
Fabs produced from NP-Eα nonbinders showed detectable binding, suggesting that a
fraction of low-affinity cells can capture antigen and receive T cell help. This is also
evident using the c-Myc reporter, which allows identification, albeit at low frequencies,
of c-Myc+ cells with no NP-Eα binding; these cells must have presented cognate antigen
to Tfh in order to receive productive T cell signals. However, none of the Fabs produced
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from nonbinding cells in the LZ reached the binding capacity of the germline B1-8hi Fab.
Therefore, tracking with NP-Eα is a dynamic process and presents a snapshot of cells
engaging with antigen, exposing in vivo competition dynamics resulting from affinity
and antigen capture over time.

3.2 Role of BCR signaling in Positive Selection

By combining NP-Eα with a c-Myc reporter, I could directly associate the capacity to
engage antigen with different magnitudes of T cell help. Among selected cells, those with
less NP-Eα engagement, reflecting lower affinity BCRs or a lack of continuous antigen
engagement, showed lower induction of positive selection pathways when compared to
higher-affinity cells. Consistent with having received a lower magnitude of T cell help c-
Myc+ NP-Eα

– cells had higher expression of Bach2, which is negatively correlated with
the strength of T cell signals received [273]. Expression of Hhex and Tle3, transcription
factors that promote memory B cell differentiation, was also enriched in this population
[274]. This coincided with higher expression of memory B cell associated markers such
as Bcl2l1, though the expression of previously identified markers such as Ccr6 was
mixed [264, 270]. Therefore, a subset of cells that receive lower amounts of T cell help
may adopt a memory fate, consistent with previous findings that many memory B cells
show low affinity for antigen [270, 273, 314].

In contrast, c-Myc+ NP-Eα
+ cells showed significantly enhanced induction of Myc,

mTOR, and NF-κB pathways associated with positive selection. Whereas lower-affinity
cells seem poised to adopt a memory phenotype, these signatures suggest that high-
affinity cells that receive a strong BCR signal and T cell help are positioned to migrate to
the DZ and proliferate. This is consistent with ex vivo studies demonstrating that both
BCR and CD40 signaling are required to induce NF-κB in GC B cells [224]. Previous
work has suggested that plasma cell differentiation is initiated by a strong BCR signal,
followed by T cell help signals, and the induction of Irf4 [255–257]. Although I found
no significant difference in bulk Irf4 or Prdm1 expression among c-Myc+ cells, future
experiments with more stringent gating on the highest c-Myc expressing and NP-Eα

binding population might uncover pre-plasma cells missed by our bulk analysis. To
better understand fate decisions among positively selected cells, increased resolution
using single-cell RNA-seq and trajectory analysis may better identify and characterize
pre-Memory, pre-Plasma, and pre-DZ cells.

3.3 Role of BCR signaling in Negative Selection

Previous work from the Nussenzweig lab suggested that the default state of LZ B cells
is to die, and survival is controlled by access to T cell help [248]. However, I found an
active role for BCR signaling in conferring a survival advantage to LZ B cells. LZ B cells
that retained the ability to engage antigen were less likely to die by apoptosis, and a
short inhibition of BCR signaling by ibrutinib differentially affected LZ B cell survival.
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This survival advantage was independent of productive T cell signals because it was
present even among c-Myc– cells. Furthermore, by using the ibrutinib-resistant mouse
model, BTKC481S, I was able to show that this susceptibility was intrinsic to the BCR
signaling pathway in LZ GC B cells. A similar role for BCR signaling has previously
been observed in rescuing and preventing Fas-dependent apoptosis in activated B cells
[315–317], though further work would be necessary to support this mechanism in GC B
cells.

Though BTK blockade experiments demonstrate that rescue from apoptosis is de-
pendent on BCR engagement, it does not exclude that synaptic interactions with FDCs
may also impart signals that promote survival [184]. In cell culture studies, signaling
through the integrins VLA-4 and LFA-1 has been shown to facilitate GC B cell survival
[318]. Ablation of FDCs leads to GC B cell death, though this has pleiotropic effects,
including loss of antigen for BCR engagement and secretion of soluble factors [201].
However, whether these signals alone can prevent apoptosis or if they are required in
concert with BCR engagement is unknown.

In the context of affinity-based selection, high-affinity B cells that receive a strong
BCR signal have an increased probability of receiving T cell help by virtue of their
rescue from apoptosis. Conversely, low-affinity B cells, or B cells that have lost affinity
for antigen, do not engage their BCRs and are less competitive at receiving T cell help
due to their lower antigen presentation. From a teleological perspective, B cells that can
continuously receive signals through their BCR would be retained but otherwise lost if
survival was only dependent on receiving help from the limited Tfh population. T cell
neglect would still represent a checkpoint against autoreactive B cells that encounter
their self-ligand in the GC. Therefore, survival in the LZ depends on the endocytic and
signaling function of the BCR.

3.4 Synergy between BCR signaling and T cell help

BCR engagement, prior to T cell help, may also serve to prime or license high-affinity
B cells to receive T cell help, independently of their pMHC densities. I observed that
positive selection is enriched among antigen-binding cells, even when competition on
the basis of antigen presentation was normalized using anti-DEC205 targeting. Despite
antigen targeting, proliferative capacity was similarly impaired when BCR signaling by
drug treatment was dampened, indicating that priming was intrinsic to the BCR sig-
naling pathway. Together, these experiments suggest that independent of its endocytic
function, BCR signaling provides a selection advantage prior to receiving T cell help.

Ex vivo BCR stimulation of follicular B cells induces metabolic and mitochondrial
changes, intended to prepare cells as they transition to a more active, proliferative state
upon receiving a second costimulatory signal [319]. Despite no c-Myc expression, LZ B
cells with active engagement showed increased induction of Myc and mTOR-associated
signatures, along with oxidative phosphorylation and cell cycle entry pathways, though
the contribution of short-lived T cell interactions cannot be ruled out. Induction of
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these pathways may offer a molecular explanation for the survival advantage observed
among antigen-engaged LZ B cells. However, further investigations into the involvement
of pro and anti-apoptotic players, which are regulated at the protein, not transcription
level, are necessary. In GC B cells, which require synergy from BCR and CD40 signals
to induce Myc, this initial induction may amplify T cell help by lowering the threshold
of signals needed to induce positive selection pathways.

BCR engagement may also alter the expression of cell surface molecules that may
license and enhance Tfh interactions. T-B interactions are subject to feed-forward
loops, and minute differences in the levels of these costimulatory molecules may be
amplified to enhance positive selection pathways, as has been demonstrated along the
CD40 and ICOS signaling axes [223]. Expression of cell surface molecules such as
the integrin ligand ICAM-1 [320], members of the SLAM family [178], costimulatory
molecules CD80 and CD86, cytokine receptors, or negative regulators of T cell activation
may be enhanced with BCR engagement [311]. Bulk RNA-seq analysis did not reveal
notable differences though a more nuanced investigation at the single-cell level either
by RNA-seq or by surface staining might yield valuable insights.



Together, the data indicate that BCR signaling plays an integral role in GC selection 
by enhancing positive selection and in combination with Tfh signals, influences DZ 
recycling or memory fate decisions. BCR engagement activates metabolic pathways that 
may play a role in priming LZ B cells for selection. GC BCR signaling is protective and 
continuous signaling is necessary for LZ survival. Lastly, GC BCR signaling synergizes 
with Tfh signals to determine the extent and magnitude of proliferation in the DZ. 
Therefore, selection is dependent on both the signaling and endocytic functions of the 
BCR.
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Chapter 4

Materials and Methods

4.1 Mice

4.1.1 Strains

Wild-type C57BL/6J and B6.SJL male mice were purchased from Jackson Laboratories.
B1-8hi, B1-8hi DEC205–/–, B1-8hi CFP, and B1-8hi c-Myc-GFP have been described
previously [160, 167, 191]. BTKC481S point mutation mice were generated by microin-
jection of gRNA, hCas9, and single-stranded donor oligonucleotides into B6 zygote
pronuclei (RU CRISPR and Genome Editing Center, RU Transgenic and Reproductive
Technology Center [321]. Mutants were backcrossed to B6.SJL for 5+ generations to
remove possible CRISPR off-target effects. B1-8hi BTKC481S and B1-8hi DEC205–/–

BTKC481S were generated by crossing to B1-8hi and B1-8hi DEC205–/–.

4.1.2 Bone Marrow Chimeras

Recipient mice were irradiated with two doses of 5 Gy each, with a resting period of 3-4
hours after the first dose. Bone marrow from BTKC481S or BTKWT mice was extracted
by flushing tibias and femurs of mice. Erythrocytes were lysed by resuspension in 1 mL
of ACK buffer, and suspensions were filtered by passing through a 70-μm filter. Single-
cell suspensions were injected retro-orbitally into recipient mice following the second
radiation dose. Mice were put on amoxicillin-laden chow for six weeks post-irradiation.

4.1.3 B cell transfer

Resting B cells were isolated from spleen tissue of donor mice. Spleens were passed
through a 70-μm filter into complete RPMI media supplemented with Fetal Bovine
Serum (2% v/v) and 1M HEPES (1% v/v). Erythrocytes were lysed by resuspension in
1-2 mLs of ACK buffer. B cells were purified by negative selection using MACS CD43
beads (Miltenyi Biotec) as per manufacturers’ instructions. Cells were quantified, and
2− 5× 106 B cells were transferred by intravenous injection into recipient hosts.

4.1.4 Immunization and treatments

Host C57BL/6J and B6.SJL mice, six weeks of age, were primed by intraperitoneal
injection of 50 μg Ovalbumin (Biosearch Technologies) precipitated in Imject Alum at
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a 1:2 ratio as described [160]. 2-4 weeks after priming, resting B cells were adoptively
transferred as described. Host mice were boosted by subcutaneous injection of 25 μg
17NP-OVA in hind footpads one day later. Popliteal lymph nodes were collected, and
single-cell suspensions were labeled for flow cytometry seven days after boost. When
indicated, 2 μg NP-Eα in 1× DPBS was injected in hind footpads. 5 μg of αDEC-
OVA or αDEC-CS in 1× DPBS were injected into mouse hind footpads when indicated
[322]. For sheep red blood cell (SRBC) (Colorado Serum) immunizations, SRBCs were
washed twice with 1× DPBS, quantified, and 5× 106 SRBCs were injected into mouse
hind footpads. For TM4-Core immunizations [294], 3-5 μg of TM4-Core (produced in
our lab) was mixed with Alhydrogel adjuvant 2% (InvivoGen) at a 1:2 ratio and injected
in hind footpads.

4.1.5 BTK Inhibition

Ibrutinib (S2680, Selleckchem) or acalabrutinib (S8816, Selleckchem) were solubilized
in DMSO (0.5 μg/μL). Inhibitor solution was then dissolved in a solution of 10% (2-
hydroxypropyl)-β-cyclodextrin (Sigma) in 1× DPBS. Mice were treated either by oral
gavage (200 μL) or by injection into hind footpads (25 μL) as indicated.

4.2 Reagents

4.2.1 NP-Eα

4-Hydroxy-3-nitrophenylacetic acid Succinimide Ester (NP-Osu, Biosearch Technolo-
gies) was conjugated to Alexa Fluor 647 Streptavidin or Alexa Fluor 594 Streptavidin
at a hapten: streptavidin molar ratio of 10:1 or 20:1. Biotinylated Eα 52-73 peptide
(N-biotin-GSGFAKFASFEAQGALANIAVDKA-COOH) [143, 288] was synthesized at
the Proteomics Resource Center (The Rockefeller University). NP-Streptavidin conju-
gates were incubated with a 6× molar excess of biotinylated Eα peptide, and excess
peptide was removed by dialysis. Hapten-protein conjugation ratios were calculated by
measuring the absorbance value at 430 nm.

4.2.2 Fab Production

Heavy and Light chain eBlocks were ordered from IDT and cloned into human Fab and
human lambda expression vectors by restriction cloning [323, 324]. His6-tagged Fabs
and lambda light chains were expressed by transient transfection in Expi293F cells, and
Fabs were purified using Ni Sepharose 6 Fast Flow resin (GE Healthcare).
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4.3 Methods

4.3.1 Flow Cytometry

Popliteal lymph nodes were isolated from immunized mice and resuspended in 1× DPBS
supplemented with 1% BSA and EDTA [2mM final] (PBE). Single-cell suspensions were
achieved by mechanical disruption of lymph nodes with disposable micro-pestles. For
staining of Eα presentation on MHC-II, suspensions were stained with Fc-block and Y-
Ae-biotin for 30 minutes. Cells were washed and passed through a 100-μm filter before
staining with surface antibodies and fluorescently-labeled streptavidin as indicated. For
aCasp3 staining, suspensions were washed in 1× DPBS before resuspension in BD
fixation/permeabilization solution. Cells were fixed on ice for 30 minutes then washed
twice with 1× Perm buffer. Cells were stained at 4C with aCasp3 antibodies in 1×
Perm buffer for 45 minutes. Data were acquired on a BD FACSymphony instrument.
Data were analyzed using FlowJo software (BD).

4.3.2 Multiphoton Imaging

Imaging was performed as previously described [216] using an Olympus FV1000 upright
microscope fitted with a 25X 1.05NA Plan water-immersion objective and a Mai-Tai
DeepSee Ti-Sapphire laser. Lymph nodes were collected, excess adipose tissue was re-
moved under a dissecting microscope, and nodes were sandwiched between two coverslips
adhered with vacuum grease for imaging. FDC networks were identified by intravenous
injection of αCD35-AF488 24 hours prior to imaging. For tracking antigen localization
and engagement, 2 μg of NP-Eα-AF594 was injected s.c. into hind footpads 24 hours
prior to imaging. Imaging was performed at λ=910 nm. CFP and AF488 fluorescence
emissions were collected in two channels, using a pair of CFP (480/40 nm) and YFP
(525/50 nm) filters separated by a 505-nm dichroic mirror, with AF488 appearing as
positive in both channels. A third filter was used for AF594 emissions (605/70 nm).

4.3.3 Cell Sorting

All cell sorting was performed on a BD FACSAria II. For single-cell sorting, single B cells
were sorted into 96-well plates containing 5 μL of TCL Buffer (Qiagen), supplemented
with 1% β-mercaptoethanol (Sigma-Aldrich). Plates were flash-frozen on dry ice. For
sorting of GC populations for bulk RNA-seq, up to 400 cells were sorted into 25 μL of
TCL Buffer, supplemented with 1% β-mercaptoethanol.

4.3.4 Single-Cell BCR sequencing

Single-cell RNA was purified using magnetic beads (RNAclean XP, Beckman Coulter).
RNA was reverse transcribed to cDNA using oligodT primers and Maxima H- reverse
transcriptase (Thermo Scientific). Heavy chain and lambda light chains were amplified
separately using consensus VH and VL forward primers and reverse constant primers
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[323, 324]. Well-specific 9-nucleotide barcodes were introduced via PCR to the 5’ end.
Plate-specific indexing was introduced via PCR by adapting Illumina Nextera DNA
index sequences. PCR products from each plate were pooled, and individual plates were
purified using magnetic beads (Ampure XP, Beckman Coulter). Plates were pooled at
equal concentrations and sequenced with a 500-cycle reagent Nano kit v2 (Illumina) on
the Illumina Miseq platform.

4.3.5 Bulk RNA-Seq

RNA was purified using magnetic beads (RNAclean XP, Beckman Coulter). RNA
was reverse transcribed to cDNA using oligodT primers and Maxima H- reverse tran-
scriptase (Thermo Scientific) to generate "template-switched" cDNA and amplified as
previously described [325–327]. Libraries were prepared and indexed using a Nextera
XT DNA Library Prep kit (Illumina) and sequenced on an Illumina NovaSeq platform
(RU Genomics Resource Center).

4.3.6 Ca+2 Flux Assay

Resting B cells were isolated from spleen tissue of BTKC481S and BTKWT mice.
Spleens were passed through a 70-μm filter into complete RPMI media supplemented
with Fetal Bovine Serum (2% v/v) and 1M HEPES (1% v/v). Erythrocytes were
lysed by resuspension in 1-2 mLs of ACK buffer. B cell suspensions were purified by
negative selection using MACS CD43 beads (Miltenyi Biotec) as per manufacturers’
instructions. Cells were quantified and mixed at equal concentrations. B cells were
resuspended to 107 cells/mL in PBE with 1× PowerLoad Concentrate (Thermo Fisher)
and Indo-1 AM [2μM] (Thermo Fisher). Cells were incubated, protected from light, at
37C for 30 minutes. After loading, cells were washed 2× and 2× 106 cells were plated
in a 96 well plate with ibrutinib (concentrations as indicated) and surface staining
antibodies for 30 minutes at 37C. Cells were washed 2× with RPMI 1640 medium, no
phenol red (Thermo Fisher), 1% BSA, and then allowed to rest in RPMI buffer on
ice for 30 minutes. Stimulation was performed by addition of biotinylated Goat-Anti-
mouse IgM [20 μg/mL] (Jackson ImmunoResearch) followed by Streptavidin (Jackson
ImmunoResearch) [40 μg/mL].

4.4 Analysis

4.4.1 BCR Sequence Analysis

Sequences were demultiplexed, paired using Panda-Seq [328], and processed using FastX-
toolkit. Sequences were submitted to IMGT [12] for analysis of somatic mutations, light
chain usage and rearrangements, and unproductive sequences. Unmutated B1-8hi se-
quences were identified by CDR3 sequences and the number of mutations.
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4.4.2 RNA-seq analysis

Transcript abundance was quantified using kallisto v0.44.0 [329] and subsequently sum-
marized to the gene amount using the R package tximport v.1.12.3 [330] and Ensembl
gene database (release 94). Differential gene expression analysis was performed using
DESeq2 v.1.24 [331].
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4.4.3 Biolayer Interferometry

All biolayer interferometry measurements were performed using a ForteBio Octet Red96
(Sartorius). Monovalent binding assays were performed using High precision strepta-
vidin biosensors (Sartorius), loaded with 16NIP-BSA-biotin (Biosearch Technologies)
[5.86nM]. Fabs were diluted in 1× Kinetics Buffer (KB) (Sartorius) and assayed at 100,
50, and 25 nM. Ligand-coated biosensors were regenerated by short incubation in HCl
buffer followed by neutralization in 1× KB. Biosensors loaded with ligand alone were
used as a reference for subtraction of background signals. Affinities were determined
by modeling binding using a 1:1, partial dissociation model. For avidity measurements,
Anti-human Fab-CH1 biosensors (Sartorius) were loaded with Fabs diluted in 1× KB
[100 nM] and assayed with either 2NP-BSA or 9NP-BSA (Biosearch Technologies) at
0.33 and 0.11 μM. Biosensors loaded with individual Fabs were used as references for
subtraction of background signals. Quality of fit for all curves was determined by three
criteria: visual examination, R2 values, and χ

2 values. Dissociation constants were re-
ported only from curves that had R2 0.97 and χ

2<0.5. Area under the curve calculations
were performed in GraphPad Prism.
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