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Abstract

Early in development, B cells explosively diversify B-cell receptors (BCRs) to

recognize a wide variety of microbial antigens. A variety of developmental and

tolerance checkpoints are subsequently deployed at later developmental stages

to purge useless or potentially dangerous autoreactive B-cell clones. Once B

cells recognize cognate antigens within secondary lymphoid tissues, their

BCRs are genetically modified to increase the specificity and strength of anti-

gen binding. Identification and investigation of monogenic inborn errors of

immunity (IEI) diseases demonstrate which specific molecules and pathways

are essential for developing well-tolerized human B cells. Although rare, IEI

patients have provided important mechanistic insights into, and therapeutic

clues for, patients afflicted with more common autoantibody associated auto-

immune diseases like lupus, rheumatoid arthritis, and type 1 diabetes.
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1 | INTRODUCTION

Among vertebrate receptor families, B-cell receptors (BCRs) bind the largest theoretic number and widest potential
variety of ligands or antigens. In human bone marrow, every B-cell precursor self-organizes a unique BCR by pairing
two immunoglobulin heavy (IgH) chains with two immunoglobulin light (IgL) chains. The distal ends of paired IgH
and IgL mediate antigen recognition and are called antigen binding (Fab) domains. Fab diversification begins during
early B-cell development through a series of highly orchestrated, yet ultimately arbitrary, genetic alterations to immu-
noglobulin encoding genes (IGH and IGL). Upon antigen recognition, IGH and IGL loci are further mutated within spe-
cialized structures called germinal centers (GCs). The GC reaction is an adaptation allowing mammals to compete on
the same evolutionary time scale as microbial pathogens despite our slower replication and genomic mutation rates. In
GCs, B cells are subjected to repetitive cycles of ever-increasing selective pressure which sharpens the affinity of the
BCR for its cognate antigen. Once honed, affinity matured BCRs are expressed on the surface of memory B cells to con-
duct immune surveillance or are secreted by terminally differentiated plasma cells as immune protective, soluble
immunoglobulins (antibodies).
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The randomness harnessed to create broad BCR repertoires also produces defective out-of-frame IgH molecules that
cannot be expressed and potentially dangerous in-frame BCRs that recognize self-proteins. As counter measures, quality
control checkpoints are deployed at distinct B-cell developmental stages to either repair undesirable clones or cull
unredeemable ones. Recognition of increased autoreactive B-cell frequencies in patients with complex autoimmune dis-
eases demonstrates the clinical consequences of breeched tolerance checkpoints. Complementary analyses of B-cell
development in patients with monogenic inborn errors of immunity (IEI) illuminate the essential molecular pathways
that mediate self-reactive clone removal and immune protective clone survival (Box 1).

2 | NAÏVE B-CELL DEVELOPMENT

2.1 | The pre-BCR developmental checkpoint; only in-frame IgH shall pass

Two characteristics define B lineage cells: rearranged(ing) immunoglobulin genes and CD19 expression. Pro-B cells are
the earliest hematopoietic precursor to meet both criteria. Although pro-B cells do not yet express a BCR, their Ig heavy
chain (IGH) loci are under active rearrangement by a multienzyme complex, VDJ recombinase (Figures 1 and 2, ①)
(Allman et al., 1999). VDJ recombination proceeds through an orderly series of steps: (1) double-stranded DNA break
introduction at the inner edges of arbitrarily chosen variable (V), diversity (D), and joining (J) gene segments, (2) exci-
sion of intervening genomic DNA, (3) joining blunt cut ends to create a hairpin loop, (4) cutting the hairpin loop to cre-
ate palindromic (P) sequences, (5) addition of random new (N)-nucleotides and finally, (6) joint ligation (Agrawal &
Schatz, 1997; Davis et al., 1980; Gilfillan et al., 1993; Moshous et al., 2001; Tonegawa et al., 1978; Weigert et al., 1980).

IGH diversity generated during early B-cell development is a product of the number of V (�40), D (23), and J (6) Ig
heavy gene segments on human chromosome 14, their semi-random selection by VDJ recombinase, and the arbitrary
addition of N-nucleotides between VD and DJ joints (Figure 1a) (Matsuda & Honjo, 1996). Based on these inputs,
humans can create on the order of �5 � 1010 possible unique IGH transcripts. Since the number of added N-nucleotides
is random and only one of three reading frames are correct, 2/3 of rearranged IGH transcripts encode a useless, out-of-
frame IgH (Figure 1b). Also, because all unused D segments are expelled from the genome as episomes during primary
recombination, there is only one IGH rearrangement opportunity per chromosome. Accordingly, pro-B cells failing to
generate an in-frame IgH on their first try will attempt rearrangement of their second IGH locus with the same odds of
success. Thus �45% (2/3 � (2/3 � 1/3)) of human pro-B cells fail to generate an in-frame heavy chain.

The pre-BCR provides developing pre-B cells a Fab-independent mechanism to determine if their IgH is in or out-
of-frame. The pre-BCR is comprised of two identical rearranged IgH molecules paired with two non-rearranged “surro-
gate” light chains (SLC) (Figure 1a) and utilizes the same signaling apparatus as the BCR (Bankovich et al., 2007;
Löffert et al., 1996). Unlike BCRs, which only signal when antigen is bound, pre-BCRs cluster and signal constitutively
due to attractive SLC/SLC interactions. After signaling, the pre-BCR is internalized and never expressed again. Pro-cells

BOX 1 Recent advances in genomic technology have propelled the inborn errors of immunity (IEI)
field forward

Twenty-five years ago, less than 50 distinct IEI disorders were recognized. Currently the International Union of
Immunological Societies recognizes approximately 450 IEI diseases and most are caused by defects in single
genes (Bousfiha et al., 2020). Explosive discoveries in the IEI field were driven forward by the wide adoption of
three genetic technologies/resources: (1) universal T-cell excision circle (TREC)-based severe combined
immune deficiency (SCID) newborn screening permitted early and broad detection of T-cell deficient patients
(Kwan et al., 2014); (2) widely available, high-throughput whole exome (WES) and whole genome sequencing
(WGS) allowed for rapid, unbiased genetic analyses (Chinn et al., 2020); (3) large, publicly available WES and
WGS databases of ancestrally diverse, unaffected adults like the Exome Aggregation Consortium (ExAC) data-
base and the Genome Aggregation Database (gnomAD) enabled investigators and clinical immunologists to dis-
regard common genetic variants and focus on rare variants more likely to be disease causing (Karczewski
et al., 2017, 2020).
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unable to express in-frame IgH lack the necessary scaffolding to support surface SLC expression, do not signal, and die
via apoptosis (Figure 2, ①).

Although �55% of healthy donor pro-B cells advance through the pre-BCR developmental checkpoint into the
immature stage, virtually zero immature B cells are formed in patients unable to generate in-frame IgH due to inherited
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FIGURE 1 Immunoglobulin heavy chain (IgH) locus recombination. (a) V, D, and J gene segment recombination with P and N

nucleotide additions (red) that maintain the translated reading frame are depicted. Full length, in-frame IgH supports surrogate light chains

(SLC). (b) P and N nucleotides producing an out of frame, truncated IgH is depicted it cannot support SLC

FIGURE 2 The arc of human B-cell development from pro-B cells to terminally differentiated plasma cells. The sites and stages where

① the pre-B-cell developmental checkpoint, ② central B-cell tolerance checkpoint, ③ peripheral B-cell tolerance checkpoint, ④ clonal

redemption, and ⑤ antibody generation occur are displayed. Inborn errors of immunity-associated molecules essential for checkpoint

function are listed. ANA, anti-nuclear; IgH, immunoglobulin heavy chain; SLC, surrogate light chain; Tregs, T regulatory cells
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defects in VDJ recombinase, including RAG1, RAG2, Artemis, Cernunnos, DNA ligase IV, and DNAPKcs deficiencies
(Figure 2, ①; Table 1) (Buck, Malivert, et al., 2006; Buck, Moshous, et al., 2006; Corneo et al., 2001; Moshous
et al., 2001; Schwarz et al., 1996; van der Burg et al., 2008). Since VDJ recombinase also mediates T-cell receptor (TCR)
rearrangement, patients with VDJ recombinase defects also lack T lymphocytes and present with severe combined
immune deficiency (SCID). SCID patients succumb to opportunistic infections early in life unless they can be rapidly
identified (Kwan et al., 2014) and treated with hematopoietic stem cell transplantation (HSCT) (Pai et al., 2014) or
potentially gene therapy (Fischer & Hacein-Bey-Abina, 2020).

Monogenic causes of isolated B-cell aplasia, historically called congenital agammaglobulinemia, have also been
identified. Affected patients lack components of the pre-BCR (IGHM, SLC) (Minegishi et al., 1998; Yel et al., 1996) or
the downstream signaling apparatus (BTK, CD79A, CD79B, BLNK, PIK3CD, PIK3R1, LRRC8A) (Figure 2, ①; Table 1)
(Bruton, 1952; Deau et al., 2014; Ferrari et al., 2007; Minegishi, Coustan-Smith, et al., 1999; Minegishi, Rohrer,
et al., 1999; Sawada et al., 2003; Swan et al., 2019). B-cell aplasia can also be caused by mutations in key transcription
factors that drive the pre-B cell transcriptional program. For instance, mutation of TCF3 (Boisson et al., 2013)—which
drives SLC expression—or haploinsufficiency of PU.1 (Le Coz et al., 2021)—which drives CD79B, IGHM, and BTK
expression—also arrest B-cell lymphopoiesis by affecting pre-BCR assembling and signaling between the pro- and pre-B
cell stages. Regardless of genetic cause, B-cell aplasia is associated with recurrent sino-pulmonary infections prevent-
able with lifelong immunoglobulin G replacement therapy (IRT) or, in certain circumstances, HSCT (Sun et al., 2021).
Despite IRT B-cell aplasia patients remain at higher risk of enteric infections, inflammatory bowel disease, gastrointesti-
nal malignancies, and enteroviral meningoencephalitis potentially because IRT products do not replace luminal IgA
(Barmettler et al., 2017; van der Meer et al., 1993; Winkelstein et al., 2006).

2.2 | A central B-cell tolerance checkpoint tames polyreactive and anti-nuclear clones

After passing through the pre-B cell developmental checkpoint, VDJ recombinase begins arbitrarily joining V and J IGL
gene segments to form a light chain. In humans there are two IGL loci per chromosome (κ and λ), and Igκ locus
rearrangement precedes Igλ locus rearrangement. IGL recombination continues until pairs of in-frame IgH and IgL
chains are co-expressed as a BCR on the surface of an immature B cell. Due to the unbiased nature of V(D)J recombina-
tion, the majority (55%–75%) of early immature B cells display self-reactive BCRs; �50% promiscuously bind multiple
dissimilar antigens including DNA, insulin, and lipopolysaccharide (i.e., polyreactive BCRs) and 20% recognize
nuclear antigens (Wardemann et al., 2003). Without mitigation, these self-reactive clones pose a significant risk of
autoantibody-mediated autoimmune diseases. Fortunately, a central B-cell tolerance checkpoint between the pre- and
immature B cell stages identifies, and counter selects especially autoreactive clones before marrow egress (Figure 2, ②).
When new emigrant B cells do enter healthy donor peripheral blood, only �5% express polyreactive BCRs and fewer
still recognize anti-nuclear antigens (C. Chen et al., 1995; Wardemann et al., 2003).

Most self-reactive cells identified by the central B-cell tolerance checkpoint are not destroyed but instead attempt to
change their BCR reactivity by receptor editing (Figure 2, ②). (Casellas et al., 2001; Melamed et al., 1998; Prak &
Weigert, 1995). Unlike IgH loci, which excise all unused D segments from their genome during V(D)J recombination,
IgL loci lack D segments and VDJ recombinase will attempt to join remaining unused V and J gene segments distal to
the original VJ joint. Secondary IgL recombination continues until a BCR with acceptable reactivity can be expressed or
all available Igκ and Igλ loci gene segments are exhausted. The few immature B cells unable to tolerize their BCRs via
receptor editing are clonally deleted or enter anergy, an unresponsive state.

Autoreactive new emigrant B cells are consistently found at high frequencies in the blood of lupus, type 1 diabetes,
systemic sclerosis, myasthenia gravis, neuromyelitis optica, and rheumatoid arthritis patients (Chamberlain et al., 2015;
Cotzomi et al., 2019; Glauzy et al., 2021; Lee et al., 2016; Samuels et al., 2005; Yurasov et al., 2005). These observations
suggest defective central B-cell tolerance contributes to many common autoimmune diseases but does not explain how
the checkpoint identifies problematic cells in healthy donors. More specific clues about the molecular basis of central
tolerance have come from studying patients with rare genetic diseases of immunity. For instance, 40% of the very few
new emigrant B cells produced by BTK-deficient patients are polyreactive, indicating a role for BCR signal strength in
sensing polyreactivity (Ng et al., 2004). Similarly, central B-cell tolerance and BCR signal strength are altered by a single
nucleotide polymorphism (SNP) in the gene encoding protein tyrosine phosphatase PTPN22 (Menard, Saadoun,
et al., 2011; Schickel et al., 2016). Genome wide association studies have found this PTPN22 SNP to be highly enriched
in type 1 diabetes, rheumatoid arthritis, and multiple sclerosis (MS) patients (Bottini & Peterson, 2014). Increased
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TABLE 1 Monogenic inborn errors of immunity discussed in this review

Protein (gene)
Mode of
inheritance Immune defect(s) Symptoms Treatment(s)

Severe combined immunodeficiency

RAG1 (RAG1) AR T- and B-cell aplasia Opportunistic and sinopulmonary
infections

HSCT

RAG2 (RAG2) AR T- and B-cell aplasia Opportunistic and sinopulmonary
infections

HSCT

Artemis
(DCLRE1C)

AR T- and B-cell aplasia Opportunistic and sinopulmonary
infections, radiosensitivity

HSCT

Cernunnos
(NHEJ1)

AR T- and B-cell aplasia Opportunistic and sinopulmonary
infections, radiosensitivity

HSCT

DNA ligase IV
(LIG4)

AR T- and B-cell aplasia Opportunistic and sinopulmonary
infections, radiosensitivity

HSCT

DNAPKcs
(PRKDC)

AR T- and B-cell aplasia Opportunistic and sinopulmonary
infections, radiosensitivity

HSCT

ADA (ADA) AR T-, B-, and NK-cell
depletion

Opportunistic and sinopulmonary
infections

HSCT; enzyme
replacement and
gene therapy

Isolated B cell aplasia (agammaglobulinemia)

IGHM (IGHM) AR B-cell aplasia Sinopulmonary, meningoencephalitis,
and gastrointestinal infections

IRT

λ5 (IGLL1) AR B-cell aplasia Sinopulmonary, meningoencephalitis,
and gastrointestinal infections

IRT

BTK (BTK) XL B-cell aplasia Sinopulmonary and gastrointestinal
infections, enteroviral encephalitis

IRT

CD79A (CD79A) AR B-cell aplasia Sinopulmonary, meningoencephalitis,
and gastrointestinal infections

IRT

CD79B (CD79B) AR B-cell aplasia Sinopulmonary, meningoencephalitis,
and gastrointestinal infections

IRT

BLNK (BLNK) AR B-cell aplasia Sinopulmonary, meningoencephalitis,
and gastrointestinal infections

IRT

PIK3CD (PIK3CD) AR B-cell aplasia Sinopulmonary infections, autoimmune
thrombocytopenia, enterocolitis

IRT

PIK3R1 (PIK3R1) AR B-cell aplasia Sinopulmonary, meningoencephalitis,
and gastrointestinal infections

IRT

LRRC8A
(LRRC8A)

AD B-cell aplasia Sinopulmonary infections IRT

TCF3 (TCF3) AD B-cell aplasia Sinopulmonary infections, enteroviral
encephalitis

IRT

PU.1 (SPI1) AD B-cell aplasia, cDC
deficiency

Sinopulmonary infections, enteroviral
encephalitis

IRT

Innate immune deficiencies

MyD88 (MYD88) AR Defect in B-cell
tolerance

Deep pyogenic bacterial infections
(cellulitis, sepsis, meningitis,
osteomyelitis)

Prophylactic antibiotics,
IRT

IRAK4 (IRAK4) AR Defect in B-cell
tolerance

Deep pyogenic bacterial infections
(cellulitis, sepsis, meningitis,
osteomyelitis)

Prophylactic antibiotics,
IRT

(Continues)
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frequencies of anti-nuclear, new emigrant B cells in MyD88 and IRAK4-deficient patients (�20%) also suggest one or
more innate receptors utilizing these intracellular signaling molecules sense nuclear-antigen binding BCRs (Figure 2,
②; Table 1) (Isnardi et al., 2008). Endosomal toll-like receptors (TLR) 7 and/or 9, which both utilize MyD88/IRAK4 sig-
naling and recognize nucleic acids, may help B cells to “sense” if their internalized BCRs are bound to exogenous chro-
mosomal DNA (Chaturvedi et al., 2008; Leadbetter et al., 2002). Notably, TLR7 and TLR9 have been implicated in anti-
nuclear antibody driven murine lupus models (Christensen et al., 2006). Finally, the receptor TACI (TNFRSF13B),
which potentiates both BCR and TLR7/9 responses, plays a predictably essential role in central B-cell tolerance. TACI-
mutated common variable immunodeficiency (CVID) patients display increased frequencies of polyreactive (�30%) and
anti-nuclear (�15%) new emigrant B cells and secrete a variety of pathogenic autoantibodies (Romberg et al., 2013,
2015). Sadly, CVID B-cell activation defects resulting from mutations in TACI, NFKB1, CD21, BACH2, CD19, and

TABLE 1 (Continued)

Protein (gene)
Mode of
inheritance Immune defect(s) Symptoms Treatment(s)

Common variable immune deficiencies

TACI
(TNFRSF13B)

AD or AR B-cell activation defect,
CSM B-cell deficiency

Sinopulmonary infections, lymphoid
hyperplasia, autoimmune disease

IRT

NFKB1 (NFKB1) AD B-cell activation defect,
CSM B-cell deficiency

Sinopulmonary infections, lymphoid
hyperplasia, autoimmune disease

IRT

CD21 (CD21) AR B-cell activation defect,
CSM B-cell deficiency

Sinopulmonary infections IRT

BACH2 (BACH2) AD B-cell activation defect,
CSM B-cell deficiency

Sinopulmonary infections, IBD, chronic
lung disease

IRT

CD19 (CD19) AR B-cell activation defect,
CSM B-cell deficiency

Sinopulmonary infections IRT

PLCG2 (PLCG2) AD B-cell activation defect,
CSM B-cell deficiency

Sinopulmonary infections, cold urticaria IRT

Immune regulatory diseases

FOXP3 (FOXP3) XL Treg deficiency Enteropathy, autoimmune disease,
eczema

HSCT, immune
modulatory therapy

AIRE (AIRE) AR Aberrant Treg TCR
repertoire

CMC, polyendocrinopathy Antifungals, hormonal
replacement

Hyper IgM syndromes

AID (AID) AR Impaired
CSR and SHM

Sinopulmonary infections, lymphoid
hyperplasia, autoimmune disease

IRT

UNG (UNG) AR Impaired
CSR and SHM

Sinopulmonary infections IRT

CD40L (CD40LG) XL Impaired
CSR and SHM

Opportunistic and sinopulmonary
infections

IRT, HSCT

CD40 (CD40) AR Impaired
CSR and SHM

Opportunistic and sinopulmonary
infections

IRT, HSCT

Hyper IgE syndromes

IL-21 (IL21) AR Impaired
CSR and SHM

Opportunistic and sinopulmonary
infections, early-onset IBD

IRT

IL-21R (IL21R) AR Impaired
CSR and SHM

Opportunistic, sinopulmonary, and
gastrointestinal infections; cholangitis

IRT, HSCT?

STAT3 (STAT3) AD Impaired
CSR and SHM

Severe eczema, bacterial skin abscesses
and pneumonias, CMC

Prophylactic antibiotics
and antifungals, IRT

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; cDC, conventional dendritic cells; CMC, chronic mucocutaneous candidiasis; CSM, class-
switched memory; CSR, class-switch recombination; HSCT, hematopoietic stem cell transplant; IBD, inflammatory bowel disease; IRT, immunoglobulin
replacement therapy; SHM, somatic hypermutation; Treg, T regulatory cell; XL, X-linked.
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PLCG2 also prevent affected patients from mounting protective antibody responses to vaccines, requiring lifelong IRT
(Table 1) (Afzali et al., 2017; Fliegauf et al., 2015; Ombrello et al., 2012; Perkins et al., 2017; Thiel et al., 2012; van Zelm
et al., 2006).

2.3 | T cells patrol a peripheral B-cell tolerance checkpoint

Even when central B-cell tolerance is intact, �40% of new emigrant B cells recognize self-antigens (Wardemann
et al., 2003). In healthy controls, the frequency of self-reactive clones drops to 20% during maturation in the periphery,
indicating the presence of a peripheral B-cell tolerance checkpoint (Figure 2, ③). Although the anatomic site(s) and
molecular mechanism are unknown, several lines of evidence suggest antigen-specific T lymphocytes are important
participants in the peripheral tolerance checkpoint. For instance, CD3-deficient SCID patients, who possess B cells but
not T cells, demonstrate normal central but breeched peripheral B-cell tolerance (Sng et al., 2019). More specifically,
FOXP3 expressing T regulatory cells (Tregs) play irreplaceable roles in tolerizing peripheral B cells as demonstrated by
FOXP3-deficient patients who lack Tregs and AIRE-deficient patients with aberrantly selected Treg TCR repertoires
(Table 1) (Kinnunen, Chamberlain, Morbach, Choi, et al., 2013; Sng et al., 2019). Similar patterns of tolerance are
observed in many MS patients, suggesting underlying T cell dysfunction promotes the formation of MS-associated anti-
CNS antibodies (Kinnunen, Chamberlain, Morbach, Cantaert, et al., 2013). The mechanism by which Tregs eliminate
self-reactive B cells is currently unknown but may involve additional cell types and/or positive selection (J. W. Chen
et al., 2021).

3 | DEVELOPMENTAL TRAJECTORIES OF ANTIGEN EXPERIENCED
B CELLS

3.1 | B cells find purpose (and antigens) in lymphoid follicles

Mature naïve and memory B cells continuously circulate through the body search of their antigen. They often encoun-
ter it in the secondary lymphoid structures (lymph nodes, spleen, or tonsils) draining inflamed tissues. (Figure 2, ④)
Antigens are concentrated by follicular dendritic cells (FDCs), conventional dendritic cells (cDCs), and subcapsular
macrophages (Batista & Harwood, 2009; Gonzalez et al., 2010; Phan et al., 2007; Qi et al., 2006). FDCs, cDCs, and sub-
capsular sinus macrophages decorate their surfaces with large unprocessed “native” antigens accessible to BCRs. cDCs,
but not FDC, also continuously internalize native antigens for fragmentation, major histocompatibility receptor two
(MHCII) loading, and presentation to TCRs. DC-activated B and T lymphocytes physically interact, proliferate, and
together form a spherical collection called a secondary follicle (Crotty, 2019). As it grows, resting B cells are pushed out-
ward to form a follicular mantle. Remaining in the interior is the GC, a temporary structure comprised of a light zone
where T follicular helper cells (Tfh) interact with antigen-presenting B cells (centrocytes), and a dark zone containing
rapidly proliferating B cells (centroblasts) (Figure 3). In addition to lymphocytes, GC light zones contain a lattice of
FDCs (Fang et al., 1998). Since FDCs are stromal, not hematopoietic cells (Jarjour et al., 2014), they cannot directly pre-
sent processed antigens to Tfh cells but instead must relinquish their native antigens to antigen-specific centrocytes
(Figure 3, ①) to process and present via MHCII. This unusual arrangement, wherein centrocytes act as exclusive antigen
presenters to Tfh cells, enforces BCR reactivity and affinity as the primary determinates of GC fate.

Early in a GC reaction, centrocytes that can present antigen to Tfh cells are rewarded with a co-stimulatory ligand
CD40L and activating cytokines (IL-4 and IL-21), whereas centrocytes that cannot present antigen go unrewarded and
die from neglect (Figure 3, ②) (Victora et al., 2010; Victora & Nussenzweig, 2012). If activated in the light zone, cen-
trocytes transit to the dark zone where they proliferate as centroblasts (Figure 3, ③). After multiple cell divisions,
centroblasts upregulate the cellular machinery needed for somatic hypermutation (SHM), namely activation-induced
cytidine deaminase (AID), uracil-DNA glycosolase (UNG), and apurinic/apyrimidinic endonuclease I (Rush
et al., 2005). The tripartite enzymatic complex alters BCR reactivity by introducing point mutations at random cytosine
residues in rearranged IGH and IGL genes. Upon return to the light zone, centrocytes downregulate AID and compete
to bind antigens with their newly mutated BCRs (Figure 3, ①). The clones expressing the highest affinity BCRs are
rewarded for presenting the most antigen to Tfh cells and reenter the dark zone to proliferate and somatically mutate
further (Figure 3, ②). Successive cycles of light and dark zone re-entry drive a process called affinity maturation wherein
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BCRs preferentially accumulate amino acid substitutions at CDRs that increase antigen binding specificity and strength
(Gitlin et al., 2014).

During the initial T-cell/B-cell interaction and prior to GC formation, AID also introduces double stranded breaks
in the rearranged immunoglobulin gene fragment encoding the constant region (Fc) (Roco et al., 2019). The Fc of a
secreted antibody dictates if it will multimerize, where it is transported, and what immune effector cells bind to it
(Nimmerjahn & Ravetch, 2008). During break repair, the default constant gene fragment encoding IgM may be replaced
with a constant gene fragment encoding IgG, IgA, or IgE isotypes (Nagaoka et al., 2002). The isotype selected during
switching appears to be guided by the GC cytokine milieu. For instance, IL-4, which is associated with parasitic infec-
tions and atopic disease, makes the Fc epsilon locus available to AID, resulting in increased switching to IgE
(Gowthaman et al., 2019; Vijayanand et al., 2012). In contrast, IL-21 is a broad negative regulator of IgE class-switch
recombination (CSR) (Yang et al., 2020). Upon generating high-affinity class-switched BCRs, centroblasts begin differ-
entiating into memory B cells or marrow-homing plasmablasts (Figure 3, ④). Upon reaching specialized niches in bone
marrow, plasmablasts terminally differentiate into long-lived plasma cells that produce massive quantities of clonal
antibodies for cellular export rather than for cell-surface expression. Once distributed systemically, antibodies bind and
eliminate the antigens that originally spurred their creation (Figure 2, ⑤) (Zhang et al., 2013). Without antigens, GC
dynamics cannot be sustained and the GC architecture involutes. Importantly, many memory B and T cells arising from
GCs survive and constantly surveil secondary lymphoid tissues for their antigen (Figure 2, ④). Upon antigen re-
exposure these cells can quickly reform antigen-specific GCs in the same or different secondary lymphoid tissues and
rapidly clear subsequent infections (Bende et al., 2007).

The molecular complexity of GC reactions is well highlighted by patients with a group of genetic disorders called
hyper IgM (HIGM) syndromes. HIGM can be caused by deficiencies of the CS) and SHM apparatus including AID,
UNG, CD40L, and its receptor CD40 (Figure 3, ② and ③; Table 1). (Ferrari et al., 2001; Imai et al., 2003; Revy
et al., 2000). To compensate for their inability to produce affinity maturated, class-switched antibodies, HIGM B cells
oversecrete unmutated, low-affinity IgM that cannot protect against sinopulmonary infections. Low-affinity antibodies
from AID-deficient patients and CVID patients also are unable to eliminate the antigens driving GC reactions (Cantaert
et al., 2016; Romberg et al., 2019) or prevent CVID-associated endotoxemia, a condition favoring Tfh cell development
(Le Coz et al., 2019). These forces culminate to drive fulminant follicular hyperplasia and clinically significant
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lymphadenopathy. Other immunodeficient patients with defects in IL-21, its receptor (IL-21R), or an associated down-
stream signaling molecule (STAT3) do not generate high-affinity antibodies of any isotype and hypersecrete IgE due to
Fc epsilon biased class-switching (Kotlarz et al., 2013; Minegishi et al., 2007; Salzer et al., 2014).

3.2 | Somatic hypermutation offers autoreactive B cells a final chance at redemption

Autoreactive BCRs are permitted in the naïve B-cell pool of healthy donors but are rarely allowed to terminally differ-
entiate into antibody producing plasma cells or class-switched memory B cells. For instance, many healthy donor naïve
B cells utilize the germline VH4-34 gene segment in their rearranged IGH loci even though antibodies encoded by it rec-
ognize the erythrocytic i-antigen and cause autoimmune hemolytic anemia (Potter et al., 2002). In contrast, post-GC
healthy donor class-switched memory B cells rarely utilize VH4-34 and those that do overwhelmingly express IgH
somatically mutated to alter i-antigen recognition (Reed et al., 2016). Hence, the same GC enzymatic machinery
increasing a BCR's affinity for an exogenous antigen also appears to preferentially decrease its affinity for self. This
tolerogenic phenomenon, called clonal redemption, has been experimentally demonstrated in immunized transgenic
mice and healthy humans (Sabouri et al., 2014). In these models, the introduction of tolerizing mutations that negate
self-antigen recognition clearly appear before affinity maturation. How mutation placement order and location are reg-
ulated is unknown. The clinical consequences of failed clonal redemption are more clear and well demonstrated by
CVID patients with autoimmune hemolytic anemia and immune thrombocytopenia (Romberg & Lawrence, 2019). Due
to CVID-associated defects upregulating AID, these patients' memory B cells are highly enriched in VH4-34 expressing
clones that lack tolerizing somatic mutations (Romberg et al., 2019). The frequent episodes of autoimmune hemolytic
anemia experienced by AID-deficient patients may occur by a similar mechanism (Cantaert et al., 2016). Notably, overly
exuberant B-cell activation and AID induction caused by CD40L overexpression may also break B-cell tolerance as dem-
onstrated by female lupus patients (Lu et al., 2007) and a male patient with a poly-autoimmunity syndrome caused by
chromosomal duplication of the CD40L gene (Table 1) (Le Coz et al., 2018). Unregulated placement of somatic hyper-
mutations in IGH and IGL, as seen in highly mutated, lupus associated, anti-nuclear antibodies can push GC B cells
toward pathology rather than clonal redemption (Mietzner et al., 2008; Wellmann et al., 2005).

4 | B-CELL TOLERANCE RESTORING THERAPIES THAT WORK,
MIGHT WORK, AND DO NOT

Although restoring B-cell lymphopoiesis in an infant with SCID (Pai et al., 2014) or B-cell aplasia (Le Coz et al., 2021;
Sun et al., 2021) can be achieved directly with HSCT, restoring B-cell tolerance in patients with genetically complex
autoimmune diseases requires a more nuanced approach. Most autoantibody-mediated diseases have been treated with
B-depleting therapies with mixed results (Kaegi et al., 2019). Most popular of these treatments is rituximab, which tar-
gets CD20. Since autoantibody producing plasma cells do not express CD20, rituximab may work by depleting the ranks
of naïve and memory B cells from which new plasma cells are formed. Unfortunately, B-cell depletion does not appear
to “reset” or normalize central B-cell tolerance, a concept specifically tested in type 1 diabetes patients (Chamberlain
et al., 2015). Several months after rituximab treatment, the frequency of reappearing autoreactive new emigrant B cells
in rituximab treated diabetics remained stubbornly high. Related studies have demonstrated that methotrexate and
anti-tumor necrosis factor α treatment do not change rheumatoid arthritis patients' high frequencies of autoreactive
mature naïve B-cells (Menard, Samuels, et al., 2011). Thus disease-associated central tolerance defects are not inflam-
matory epiphenomena but rather appear to be B-cell intrinsic and likely genetically hardwired.

In contrast to B-cell depletion, gene therapy may offer opportunities to restore B-cell tolerance in patients with spe-
cific genetic tolerance defects. For instance, the central B-cell tolerance breeches observed in adenosine deaminase
(ADA) deficient SCID patients were largely reversed by restoring ADA expression in autologous hematopoietic stem
cells using a retroviral vector (Table 1) (Sauer et al., 2012). A different tolerogenic approach that may have broader ther-
apeutic applications is Treg-cell-based therapy (Raffin et al., 2020). Currently in development to treat a variety of auto-
immune conditions including type 1 diabetes (Bluestone et al., 2015; Dong et al., 2021), graft versus host disease
(Trzonkowski et al., 2009), and solid-organ transplant rejection (Chandran et al., 2017; Todo et al., 2016), Treg-
cell-based therapies may also restore breeches in peripheral B-cell tolerance and even compensate for upstream central
B-cell tolerance defects. Since the specific mechanisms by which Tregs counter select autoreactive peripheral B cells
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remains undetermined, it is unclear if Treg repertoires would need tailor engineering for each patient to specifically
purge autoreactive clones without affecting pathogen recognizing B cells.

5 | CONCLUSION

A broad BCR repertoire that does not react to self-antigens but can neutralize a variety of foreign antigens is a biologic
marvel and the lynchpin of global vaccine efforts. Creating these BCRs requires complex systems positioned throughout
B-cell development that explosively diversify and meticulously refine receptor/ligand interactions throughout B-cell
development. Although monogenic diseases of the immune system have illuminated many of the molecules and path-
ways required for development and maintenance of well-tolerized B cells, the mutations causing these diseases are rare
and do not explain the rising global prevalence of autoantibody-mediated diseases. Genome wide association studies
suggest that the confluence of common genetic variations, like certain MHC haplotypes or SNPs in cell-signal tuning
genes, may explain a proportion of disease susceptibilities (Caliskan et al., 2021; Su et al., 2020). Large societal shifts in
diet, exercise, and/or microbiome may also alter autoimmune disease risk (Cekanaviciute et al., 2017; Greiling
et al., 2018; Manfredo Vieira et al., 2018; Paun et al., 2019; Pianta et al., 2017; Thorburn et al., 2014).

Since autoantibody-mediated autoimmune diseases can negatively affect survival, it is reasonable to ask why
autoreactive immunoglobulin gene segments like VH4-34 remain in the human genome over evolutionary time. A likely
explanation is that the pathogens neutralized by VH4-34 encoded antibodies have exerted greater negative selective pres-
sure on our species than autoimmune disease have. In contrast, counter selection of polyreactive B cells by the central toler-
ance checkpoint has been identified as a major obstacle to developing a human immunodeficiency virus (HIV-1) vaccine
(Haynes et al., 2005, 2012; Mouquet et al., 2010). Interestingly, HIV-1 infection rates are disproportionately low among
lupus patients (Mody et al., 2014) and at least one HIV-1 infected woman with lupus has been identified with polyreactive,
broadly neutralizing, anti-HIV-1 antibodies (Bonsignori et al., 2014). Finally, it may be a mistake to assume that all autoan-
tibodies we generate are deleterious; some may promote health. Aducanumab, a fully human anti-amyloid monoclonal
antibody approved to treat Alzheimer's disease, was developed by screening memory B cells from cognitively normal elderly
individuals for reactivity against amyloid plaques (Sevigny et al., 2016). Adjusting our intellectual framework toward
searching for diseases that autoantibodies prevent, rather than cause, may spur additional therapeutic discoveries.
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