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Introduction
Non-hematopoietic microenvironments allow multipotent hema-
topoietic progenitors to migrate first into fetal liver and later into
bone marrow, where they become resident in new non-hemato-
poietic microenvironments to develop along the B lineage path-
way. There, stepwise V(D)] rearrangements of Ig genes first gen-
erate IgH chain-expressing precursors. At a first checkpoint, the
surrogate light chain (SLC) probes IgH fitness to pair with an IgL
chain, and a pre-B cell receptor (pre-BCR) is formed. A second
checkpoint interrogates the pre-BCR for autoreactivity of the IgH
chain. Subsequently, if IgL chains with light-chain variable (VL)
regions are expressed that fit the pre-expressed heavy-chain vari-
able (VH) region of the IgH chain, then IgM is displayed as a BCR
on immature B cells, with each B cell expressing only one BCR.
The newly generated VH/VL-repertoires of immature B
cells then enter the third checkpoint, where autoantigens are
presented. B cells expressing high-affinity autoreactive BCRs
are deleted. B cells expressing low-affinity autoreactive BCRs
are positively selected to exit the bone marrow and enter the
peripheral pools as Bl-type B cells, especially of the gut- and
lung-associated lymphoid tissues. B cells unable to recognize
autoantigens, which are ignored by the repertoire-selecting,
autoantigen-presenting microenvironment, also enter the
peripheral mature B cell pools to become organized as conven-
tional, BII-type cells in B cell follicles of the spleen and lymph
nodes. Over 85% of the newly formed immature B cells die in
bone marrow, probably as a consequence of this autoantigen
recognition. The cells of the microenvironment that generate
“central tolerance” to autoantigens in bone marrow at the last
two checkpoints, and their molecular modes of autoantigen pre-
sentation still need more detailed characterization.
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B cells differentiate from pluripotent hematopoietic stem cells (pHSCs) in a series of distinct stages. During early embryonic
development, pHSCs migrate into the fetal liver, where they develop and mature to B cells in a transient wave, which
preferentially populates epithelia and lung as well as gut-associated lymphoid tissues. This is followed by continuous B cell
development throughout life in the bone marrow to immature B cells that migrate to secondary lymphoid tissues, where
they mature. At early stages of development, before B cell maturation, the gene loci encoding the heavy and light chains of
immunoglobulin that determine the B cell receptor composition undergo stepwise rearrangements of variable region-encoding
gene segments. Throughout life, these gene rearrangements continuously generate B cell repertoires capable of recognizing
a plethora of self-antigens and non-self-antigens. The microenvironment in which these B cell repertoires develop provide
signaling molecules that play critical roles in promoting gene rearrangements, proliferation, survival, or apoptosis, and that
help to distinguish self-reactive from non-self-reactive B cells at four distinct checkpoints. This refinement of the B cell
repertoire directly contributes to immunity, and defects in the process contribute to autoimmune disease.

In the spleen, a fourth checkpoint monitors B cells in transi-
tion from immature to mature cells. Only mature B cells that
appear in the peripheral pools can be probed for their capacity
to recognize foreign antigens. The responding B cells are propa-
gated by an antigen-presenting microenvironment, which drives
proliferation, hypermutation to induce a better fit for the foreign
antigen, and longevity of the fully developed, foreign antigen-
specific memory B cells. Any B cells that become autoreactive
through hypermutation may instigate autoimmune disease, and
they must be eliminated or suppressed by the microenvironments.
The mechanisms whereby these microenvironments promote
elimination of autoreactive B cells need further characterization.
This Review describes the major steps in the molecular and cel-
lular development of antigen-recognizing B lymphocytes in the
environments of fetal liver and adult bone marrow.

In the immune system, pools of nearly 10° B lymphocytes in a
mouse (nearly 10 in a human adult) have half-lives that can vary
from a few days for newly generated, antigen-sensitive but inexperi-
enced B cells to the lifetime of the organism for memory B cells (1-3).
B cells are continuously generated from pluripotent HSCs (pHSCs),
multipotent myeloid/lymphoid progenitors (MPPs), common lym-
phoid progenitors (CLPs), and pro-B and pre-B cells (4). pHSCs are
self-renewing, can differentiate to all lineages of blood cells, includ-
ing B cells, and can migrate back to their specialized microenvi-
ronment or niche in the bone marrow. Upon transplantation into a
genetically or experimentally immunodeficient recipient, one pHSC
can reconstitute all functional B cell pools and serve as a long-term
repopulating HSC (LT-HSC) in subsequent transplantations. B cells
develop at different sites in the body, which implies that different
microenvironments influence different hematopoietic and lympho-
poietic stages of this development. The developing pHSCs must be
mobile, because they have to migrate from one site to the next, while
their microenvironments are sessile. Residence at a given site deter-
mines their capacity to continue their differentiation. In an inappro-
priate microenvironment, B lineage cells will not develop further,
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Figure 1. B cell development in fetal liver and bone marrow. pHSC progenitors
originate extraembyronically from yolk sac and, at later stages of develop-
ment, intraembyronically from the aorta-gonad-mesonephros (AGM) region.
pHSCs develop in the fetal liver prenatally and in bone marrow postnatally;
both of these environments (pink region) provide crucial transcription fac-
tors, chemokines, cytokines, and cell contacts that regulate differentiation.
Additionally, pHSCs localize to specialized niches that allow for their long-term
survival in bone marrow but not in fetal liver. Expression of the transcription
factor E2A and the V(D)) rearrangement machinery RAG1/2 restricts CLPs from
developing into B lineage cells. BCRs are generated by stepwise rearrange-
ments of Ig segments. Pre-B cells that have undergone productive V,D,J,
rearrangement express an lgu chain that can pair with SLC to form a pre-BCR,
which stimulates large pre-B cell proliferation. Lastly, V -to-] rearrangement
occurs in small pre-Bll cells, which become surface BCR-expressing immature
B cells. They then enter the spleen (blue region), where fetal liver-derived BI
cells predominately populate the gut and lung epithelia as mature B cells.
Bone marrow-derived B cells mature in spleen to Bl cells, which populate the
lung and epithelia; MZB cells, which populate the marginal zone; and Bll cells,
which are organized in B cell-rich follicles where T cell-dependent antigenic
stimulation promotes development of germinal centers (green region).
Antigen-specific follicular helper T cells induce B cell Ig class switching and
IgV-region hypermutation and help to develop memory B cells and plasma
cells. The developing B cell repertoires are monitored for structural fitness and
autoreactivity at five checkpoints. CMP, common myeloid progenitor.

while a microenvironment that presents autoantigens can inhibit
autoreactive B cells through central deletion, select autoreactive B
cells through positive selection, or ignore non-autoreactive B cells.
Hence, all microenvironments that select B cell repertoires should
have the capacity to decide whether a B cell is to survive or to die.

Embryonic development of the first

B cell repertoires

The mouse embryo is colonized by waves of hematopoietic cell
development (5-7). The first wave, called primitive hematopoiesis,
begins at EZ75 in the extra-embryonic environment of the yolk sac
(Figure 1). Almost nothing is known about this environment, which
generates fetal-type hemoglobin-expressing erythrocytes, mega-
karyocytes, platelets, and special types of myeloid cells, the latter
of which have unusual longevity (e.g., glial cells in the brain) (8, 9).
Although these cells have T- and B-lymphoid developmental capac-
ities (10) and can be found in embryonic primary lymphoid organs
(11), it is not known whether or how they contribute to early B cell
development in the mouse. The second and third wave of now-
definitive hematopoiesis originate intra-embryonically at E10.5
from the aorta-gonad-mesonephros area (5, 12), where undifferen-
tiated pHSCs (13-15) migrate through embryonic blood to the devel-
oping rudiments of fetal liver, omentum, thymus, and bone marrow.
In fact, pHSCs and other hematopoietic progenitors have been seen
in close contact with endothelium of the inside of embryonic blood
vessels (15). Embryonic endothelium has been found to produce
c-kit ligand (KIT-L), an essential cytokine for pHSCs and progeni-
tors, as well as CXCL10, a chemokine that from E12.5 onward might
attract these hematopoietic progenitors to transmigrate from blood
into the developing primary organ, notably as the second B-lympho-
poietic wave in fetal liver (11) and bone marrow.

B cell development in fetal liver
Once inside fetal liver, MPPs and CLPs express cytokine receptors,
the M-CSF receptor C-FMS for myeloid-directed differentiation
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and IL-7Ra for lymphoid-directed differentiation. The progenitors
establish contact with mesenchymal and epithelial microenviron-
ments, which produce the chemokines CXCL10, CXCL12, CCL?7,
CCL9, and CX3CL1to attract the hematopoietic progenitors. They
also produce KITLG, M-CSF, and IL-7 (Figure 1 and ref. 11). Early
FLT3* c-kit* IL-7Ro" CD19™ progenitors also require Fms-related
tyrosine kinase 3 ligand (FLT3LG) to differentiate to CD19* pro-
genitors (16), but it remains to be determined which cell type con-
tributes to this part of B cell development, as mesenchymal stro-
mal cells do not participate (11).

In these fetal liver microenvironments, commitment to B-lym-
phoid cell differentiation begins with the expression of the tran-
scription factor E2A and of the V(D)J-rearrangement machinery
RAG1 and RAG2. It continues with the expression of the transcrip-
tion factor EBF, the pre-BCR- and BCR-anchoring molecules Igo
and IgB, and the SLC components VpreB and A5, followed by the
opening of the two IgH-chain alleles for DH-to-JH rearrangements.
Final commitment to B lineage differentiation is induced by the
expression of the transcription factor Pax5 (17, 18). Proliferation of
CD19* DH/JH-rearranged c-kit* IL-7Ra* pre-BI cells is stimulated
by KITLG and IL-7, which are provided by the microenvironment
of mesenchymal stromal cells. IL-7 inhibits apoptosis and further
differentiation (19). Proliferation and differentiation of CLP, pro-B,
and pre-B cells is seen between E14.5 and E16.5, when these cells
have become resident in the mesenchymal microenvironment (11).

B cell development in the bone marrow

From E17.5 onward, bone marrow becomes the major site of the
third wave of continuous hematopoiesis, which generates B cells
throughout life. Again, early V(D)J-rearranging B cell progenitors are
found in close proximity to IL-7-producing mesenchymal stromal
cells, and CXCR4/CXCL12-guided chemoattraction is an important
molecular mode of interaction between B cell progenitors and their
inductive microenvironment (20). Less is known about the addition-
al chemokines that might participate in this process.

Development of B cells in fetal liver and in bone marrow dif-
fers by at least three properties that influence the generation and
selection of B cell repertoires. First, unlike the fetal liver, the bone
marrow supports life-long generation of B cells from pHSCs. Sec-
ond, the bone marrow supports the generation of more diverse
antigen-binding complementarity determining region 3 (CDR3)
VH regions. In humans, N-region insertions contribute to VL
domain diversity. Third, the bone marrow supports the develop-
ment of peripheral pools of B cells (Figure 1). Each of these points
are discussed in detail below.

B cell development in bone marrow is continuous throughout
life (21) because pHSCs find niches in which they can reside for
the life span of the organism. In contrast, B lymphopoiesis in fetal
liver is transient, and there are not niches that provide long-term
residence. In fact, bone marrow appears to provide niches in which
not only pHSCs, but also long-lived memory T lymphocytes and
plasma cells, can survive for extended periods of time without cell
proliferation or cell death (22, 23).

Chemoattraction via CXCR4 expressed on hematopoietic cells
and CXCL12 produced by the microenvironmental stromal cells
is important in the formation of these niches. Long-term resting
pHSCs are found at hypoxic, sub-endosteal sites near intra-bone
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surfaces, in close contact with non-hematopoietic stromal cells (21,
24-28). This secures continuous, life-long generation of new MPPs,
CLPs, and common myeloid progenitors (CMP), and hence also B
lymphocytes (21). Since only a fraction of the pool of LT-pHSCs is
mobilized to participate in hematopoiesis at any given time, the
pool of pHSCs might be protected from adverse somatic mutations
that could affect normal B lymphopoiesis and its repertoire devel-
opment. When mobilized, cycling pHSCs repair most of the somat-
ically acquired mutations. As activated pHSCs are able to revert
back to a long-term resting state, their somatically mutated genetic
constitution might increase the chances for abnormal hematopoi-
esis, lymphopoiesis, and B cell repertoire generation with age (29).

pHSCs and MPPs might find the appropriate niches to per-
sist throughout life in bone marrow, in compartments composed
of RANKL-producing osteoblasts (30, 31) and of high CXCL12-
expressing VCAM1* PECAM1-reticular cells (20). Environments
that induce B lymphopoiesis from CLP and pro-/pre-B cells are
expected to provide CXCL12 for attraction to sites that produce
the cytokine IL-7. In contrast to ALCAM* mesenchymal fetal liver
cells, which have been found to produce both IL-7 and CXCL12,
in bone marrow IL-7 is not produced by reticular cells expressing
high levels of CXCL12, but by reticular cells expression low levels
of CXCL12. (20). Therefore, it is possible that B cell development
from CLP and pro-/pre-B cells is supported by a different environ-
ment in fetal liver than in bone marrow. Nevertheless, in the end,
they respond to the same proliferation-inducing stimuli, as DH-
JH-/DH-JH-rearranged pre-BI cells from fetal liver as well as bone
marrow can be established as long-term proliferating cell lines on
mesenchymal stromal cells in the presence of IL-7 (32).

IL-7-deficient and IL-7 receptor-deficient mice are severely
deficient in B cell development, which supports the notion that
IL-7 has a central role in B cell development at the transition from
MPP to CLP and pro-/pre-B and pre-BI cells (33, 34). On the other
hand, human B cells develop without IL-7, which suggests that thy-
mic stromal lymphopoietin or another yet unknown cytokine ful-
fills this role in B cell development of humans (35).

Checkpoint 1 monitors VH SLC fitness

Once pre-Bl cells lose contact with the KITLG- and IL-7-providing
microenvironment, they are induced to differentiate: ¢-KIT and
IL-7Ra are downregulated, KITLG/IL-7-dependent proliferation
is terminated, and apoptosis is induced (32). This happens in fetal
liver as well as in bone marrow. At the same time, VH- to DHJH-
rearrangements are induced on one IgH chain allele. One of three
such V(D)] rearrangements occur “in frame” and generate an IgH
locus that can not only be transcribed, but also translated into an
IgH chain. Each rearrangement in a single pre-BII cell is unique,
combining one given DH-JH segment with one of many VH seg-
ments, thereby generating diverse repertoires of antigen-binding
VH domains on pH chains in the developing repertoire of pre-B
cells. In fetal liver, rearrangements do not generate N-region
sequences at the V(D)] joints because the enzyme terminal des-
oxynucleotidyl transferase (TdT) is not expressed. Thus, the gen-
erated pre-BCR, and later BCR repertoires, will be diverse, autore-
active, and even polyreactive (36-39), but probably less so than the
N-region-containing pre-BCRs and BCRs generated later in bone
marrow, where TdT is expressed.
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The pH chains — even without forming a pre-BCR with SLC
— can be deposited in cell membranes. They signal the pre-B cell
to close the second allele, which is often DH-JH rearranged (as
both alleles in pH-chain transgenic mice typically are) to avoid
expression of two IgH chains by one B lineage cell (40-42). This
allelic exclusion is very efficient: at least 98.5% B lineage cells
express only one IgH chain. Furthermore, to avoid VH- to DHJH-
rearrangements at the second allele, RAG expression is down-
regulated (43, 44). The newly generated VH domains of the IgH
chains are probed by SLC for fitness, to form a pre-BCR on the
surface of pre-B cells in apparent anticipation of the later need to
form a BCR with IgL chains.

The role of the pre-BCR has been studied in more detail in
bone marrow. Depending on the relative fitness of the pre-BCR,
pre-B cells enter between two and seven cell divisions stimulated
by the pre-BCR, thereby counteracting apoptosis (45). As pre-
BCR’, large, cycling pre-BII cells are formed, c-kit and IL-7Ra
are downregulated and CD25 is upregulated. The pre-BCR also
signals the cell to downregulate SLC (46, 47). Therefore, SLC
becomes limiting as pre-B cells divide, so that sufficient numbers
of pre-BCRs can no longer be formed, and the pre-B cell ceases to
proliferate and becomes a resting, small pre-BII cell. Ultimately,
one original pre-B cell expresses one unique IgH chain. Thereafter,
a fitting pre-BCR may expand these unique IgH chain-expressing
cells up to 100-fold, but each cell resulting from such a pre-B cell
clone will then enter a separate, unique VL-to-JL rearrangement
on the k-IGL- or A-IgL-chain locus. Surprisingly, as many as 50%
to 70% of all newly formed IguH chains do not pair and thus can-
not form a pre-BCR on the cell surface. Hence, pre-B cells that
express such pH chains do not proliferate, instead entering apop-
tosis. A subset of pre-B cells differentiates to resting, small pre-B
cells, as all of pre-B cells do when they cannot form a pre-BCR,
as in SLC-deficient mice (40, 48). It follows, then, that the contri-
bution of the pre-BCR" cells to the total repertoire of small pre-B
cells should be at least 20- to 40-fold lower than that of pre-BCR*
cells. In humans, lack of SLC expression results in severe B cell
deficiencies (49). On the other hand, some species do not express
SLC. It follows that SLC improves B cell development in mice and
humans, but it is not mandatory, as its absence reduces but does
not fully abrogate the generation of B cells.

Checkpoint 2: recognition of autoantigens

by pre-BCRs?

A special, as yet unidentified microenvironment is expected to
provide contacts, possibly via the non-Ig parts of the V pre-B and
A5 subunits of SLC, which are expected to bind to heparan sulfate-
containing (50) or galectin-1-containing (51, 52) molecules within
the microenvironment. This binding is likely to be modulated by
the non-Ig parts of SLC, since pre-BCR surface deposition depends
on these subunits (53). The non-Ig parts contain arginines, which
in the case of the A5-subunit of SLC have been shown to signal
pre-B cells (54). This result suggests that most pre-BcRs do not
recognize autoantigens via the CDRs of the VH domains of their
uH chains. However, this does not rule out that some pH chains
might have arginine residues in longer CDR3 regions, which in
addition to or instead of the non-Ig part of A5 could make contact
with heparan sulfates or similarly charged molecules (e.g., nucleic
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acids) presented on stromal cells of the microenvironment. The
recognition of such nuclear antigens results in positive or negative
selection of the corresponding pre-B cells (55, 56), which in turn
may influence the repertoire of antinuclear antigen-specific anti-
bodies in the periphery (57).

Rearrangements at the IgL chain loci

in autoreactive B cell development

As large pre-B cells exit the cell cycle and become small, resting
pre-BII cells, the expression of RAG1/2 is reactivated, the IgL
chain gene loci are opened, and VL segments are rearranged to
JL segments (58). The first soluble IgM* B cells appear in fetal
liver between E16.5 and E17.5. Many of them are later found in
the periphery, mostly as Bla cells in intraepithelial sites and in
gut-associated lymphoid tissues. They secrete IgM, IgA, and IgG,
sometimes called “natural” antibodies, which circulate in blood as
a first line of humoral defense. It is not known whether the newly
generated repertoire of B cells in fetal liver is screened for autore-
activity as it is in bone marrow at the third checkpoint (see below).

Checkpoint 3 monitors BCRs produced after IgL
VL-JL gene rearrangements

Rearrangements of the IgL chainloci occur after pre-BCR expres-
sion has been terminated by downregulation of SLC expression
and pre-BII cells have undergone either proliferative expan-
sion or differentiation into resting, small pre-BII cells. The IgL-
chain loci are opened for sterile transcription, the RAG loci are
re-expressed, and VL-JL segments are rearranged (58, 59). DH-
JH-rearranged IgH chain loci remain closed in order to maintain
allelic exclusion at this locus. Deletions of genes controlling the
expression or the function of the adaptor protein SLP65 abolish-
es SLC downregulation, leads to continued pre-BCR expression,
and results in pre-B cell hyperplasia (60, 61). Such mutations
affecting the function of the pre-BCR are expected to influence
the emerging IgH chain repertoires and, thus, the presence and
maintenance of autoreactive pre-BCRs.

Whenever the VL- JL rearrangement is productive and results
in the expression of an IgL chain fit for BCR formation and the
BcR is not autoreactive, the cell turns off RAG expression and its
access to the IgL chain loci, possibly by “tonic” signaling (62).
These immature B cells remain in a resting state and are thought
to egress from the bone marrow via blood to the spleen.

In pre-B cells with non-productively rearranged IgL chain loci,
the IgL chain loci remain accessible for secondary VL-JL rear-
rangements. These arrangements can occur on both alleles, and
also on both k- and AL-chain loci, until a productive rearrange-
ment has led to the expression of an IgL chain that pairs with
the pre-expressed IgH chain to form a BcR on the surface of the
B cell. RAG expression and accessibility to IgL chain loci are also
maintained in immature B cells, which express an autoreactive
BCR that recognizes autoantigen that is supposedly present in the
developmental microenvironment. The autoreactivity induces
further VL-JL rearrangements as long as this editing of the IgL
chain does not lead to the loss of autoreactivity (38, 59, 63-65).
VH replacements on V(D)]-rearranged IgH chain loci may occur
at this stage of B cell development, so that an autoreactive BCR
becomes capable of recognizing a non-self-antigen. If editing
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does not change the specificity of the BCR, the immature B cell
will be deleted. Continued, secondary rearrangements at the IgL
chainloci can lead to two or more different IgL chains in one B cell
(66-68). As aresult, a B cell can express one non-autoreactive, one
autoreactive, and even one polyreactive BCR (69). In the pools of
peripheral B cells, up to 5% of all cells have been found to express
more than one IgL chain.

Binding to autoantigens such as insulin and DNA, and to
foreign antigens such as viruses and bacteria, has been used to
probe antibody repertoires for the existence of autoreactive and
non-autoreactive antibodies (39). This analysis has reinforced
previous findings that the newly generated B cell repertoire
consists not only of foreign antigen-reactive, non-autoreactive,
and autoantigen-reactive antibodies, but also of polyreactive
antibodies (70). It has been estimated that more than half of the
newly generated antibodies can bind autoantigens (71). More
than half of all BI cells appear to be in a stimulated, G1-like stage
of the cell cycle; autoreactive and polyreactive antibodies are
found in this BI population (72). Such B cells may be more easily
activated in autoimmune diseases.

Many polyreactive, but not all autoreactive, human B cells are
lost when immature sIgM* cells develop from pre-BII cells. How-
ever, they are not lost in patients with SLE and RA (39), suggesting
that the formation of the pre-BCR at checkpoint 2 and of the BCR
at checkpoint 3 strongly influences the development of B cell rep-
ertoires. The use of VH families in repertoires expressed by imma-
ture B cells in bone marrow and by immature and mature B cells in
spleen are not significantly different, indicating that polyreactive
and autoreactive BCRs do not use special subsets of VH domains
(73,74). It is surprising how few of all the newly, continuously gen-
erated B cells — as little as 15% — manage to leave the bone mar-
row via the blood (75). Hence, negative selection, defined as the
establishment of central B cell tolerance, extinguishes much of the
diversity of the original B cell repertoire made in bone marrow.

Egress of the remaining B cell repertoire from bone marrow
through blood into spleen is directed by sphingosine-1-phos-
phate-mediated (S1P-mediated) chemoattraction (76, 77), which
overcomes the CXCR4/CXCL12-mediated retention that is effec-
tive during earlier stages of B cell development. Two chemokine
receptors, CXCR5 and CCRY, are essential to organize B cells into
follicular regions (78).

Checkpoint 4 monitors immature B cells

in spleen

The newly arrived B cells in spleen are not yet mature cells that
respond to antigenic stimulation with proliferation and differen-
tiation to memory B cells and plasma cells. Instead, antigen can
induce their anergy and apoptosis (75). Hence, a fourth checkpoint
can screen potentially autoreactive B cells and eliminate them
before they become mature. However, in mice, very little cell loss
is detected during the transition from immature transitional T1and
T2 cells to mature B cells (73). In contrast, a further reduction from
40% to 20% of autoreactive B cells has been observed in humans
(39). Again, patients with SLE or RA fail to reduce the presence of
autoreactive B cells at this peripheral, fourth checkpoint (79). This
failure to eliminate autoreactive B cells at checkpoints 2, 3,and 4 is
likely to contribute to the development of SLE and RA.
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Microenvironments that control checkpoints 2
and 3 in bone marrow

Little is known about the microenvironments in bone marrow that
present autoantigens to the developing B cell repertoires at check-
points 2 and 3. Genetic deficiencies that result in the development
of SLE, asin the complement components Clq, C4,and CR2, serum
IgM, or serum amyloid protein, have been used to formulate two
models to describe the development of systemic autoimmune dis-
eases characterized by the production of autoantibodies to nuclear
antigens such as DNA. One model (80) proposes that macrophages,
expressing Clq, CR1, and CR2 remove apoptotic cells complexed
with serum IgM, Clq, and C4b, thereby preventing the accumula-
tion of nuclear antigen and the subsequent activation of mature B
cells. However, this model does not explain the observed deletions
in poly- and autoreactive B cell repertoires. The other model (81)
assumes that autoantigens (e.g., from apoptotic cells) are bound
to natural antibodies, i.e., in immune complexes with serum IgM,
Clq, and C4b on cells present in the microenvironment, which are
expected to express the appropriate receptors ClqR, CR1, CR2,
and FcRy. In this model, autoantigen recognition by pre-BCRs and
BCRs on pre-BII and immature B cells depends on the avidity of
the autoantigen to a given pre-BCR or BCR. High avidity induces
pre-B or B cell apoptosis (negative selection), while low avidity
increases survival of pre-B and B cells (positive selection). No avid-
ity, or lack of recognition, allows the ignored cells to migrate to the
spleen, at least in part to organize the follicular regions of the BII
compartments. The second model expects molecular modes of B
cell/microenvironmental cell interactions to influence the survival
of B cells. This influence can be positive (stimulated by the survival
cytokine BAFF; ref. 82) or negative (mediated in an IFN-dependent
manner; refs. 83, 84). The microenvironment of checkpoint 4 pre-
senting autoantigens in the spleen is largely unknown. The cooper-
ation of developing B cells with their microenvironments to express
and select the pre-BCR and BCR repertoires at three checkpoints
predicts a multitude of genetic abnormalities, expressed in either
the B-lymphopoietic cells or in their microenvironment, which will
contribute to systemic autoimmune disease.

Establishment of peripheral pools

of mature B cells

The third difference between B cell development in fetal liver and
bone marrow is the destination of the emerging B cell repertoires,
which populate different peripheral sites of the immune system.
Fetal liver predominantly generates Bla B cells, which are found
in epithelia and in lung- and gut-associated lymphoid tissues.
These B cells persist after birth, are mostly resting, and are radio
resistant. The precursors of Bla B cells disappear early in life (10).
Precursors of later B cell development, generated from pHSCs in
bone marrow and used in the clinical setting of bone marrow trans-
plantation to restore hematopoiesis and lymphopoiesis, can no
longer develop these long-lived Bla cells. By contrast, bone mar-
row-derived pHSCs give rise to shorter-lived BIb cells, which have
homing properties that are similar to Bla cells. Most importantly,
bone marrow develops BII-type B lymphocytes, which organize
the B cell follicles in spleen and lymph nodes (85, 86). Thus, trans-
plantation of E13.5 pHSC-like cells from fetal liver preferentially
repopulates the host with Bla cells. In contrast, transplantation
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of pHSCs and progenitors from adult bone marrow preferentially
repopulates the host with BII cells. Bone marrow retains the capac-
ity to repopulate the host, though the numbers of pHSCs decrease
with increasing age by at least 100-fold in one year of the life of a
mouse. Bone marrow also generates B cells that can be found in
the marginal zone of spleen as marginal zone B (MZB) cells.

Checkpoint 5: improving antibodies and
eliminating autoantibodies
Activated follicular BII cells can form germinal centers with the help
of follicular helper T cells. Germinal centers generate B cell mem-
ory (i.e., B cells with an improved affinity for the stimulating anti-
gen) with a changed effector activity and an extended life expec-
tancy (87, 88). In the dark zone of germinal centers, these B cells
are stimulated by antigen to proliferate. In proliferating B cells, acti-
vation-induced cytidine deaminase (AID) expression is induced.
AID mediates IgH chain gene class switching to IgG, IgA, and IgE
and induces hypermutation in VH and VL regions of IgH and IgL
chain genes. Hence, B cells change their effector class of antibodies
and their antigen recognition capacity. Better antigen recognition
is selected by antigen-antibody complexes presented on follicular
dendritic cells in the light zone of the germinal center, possibly by
induction of longevity in the hypermutated, better-fitting B cells.

Any high-affinity, autoreactive B cells that emerge as acci-
dental products of the hypermutation process during this affin-
ity maturation of better-fitting antibodies should be silenced
and eliminated to avoid autoimmune disease (89-92). Again, the
microenvironments mediating this postulated negative selection
of autoantibodies need further investigation.

Memory B cells can be generated inside as well as outside of
the germinal centers (93).

BI and BII B cell compartments can also develop memory with
B cells and antibody-secreting plasma cells for an antigen. BI B cells
may need continued stimulation, hence the persistence of an antigen,
while BII B cells appear to be long lived in the absence of antigen.

Diversity of recognition — an evolutionary
accident with advantages and disadvantages

The RAG1 and RAG2 subunits of the rearrangement machinery are
the generators of diversity (GODs). Up to the point of hematopoietic
development of an MPP, these subunits are not yet activated and the
IgH and IgL chain gene loci, with their V(D)J-segmented V region,
are not yet open for RAG action. This closed and inactive state allows
for the formation of innate lymphocytes (94). It must have been an
evolutionary catastrophe when, during phylogeny, the three ele-
ments of GODs (the RAG genes, picked up from microbes; a gene
encoding a IgV-like domain, broken at the CDR3 site; and sequences
at the edges of the broken V[D]] segments, which allowed rejoining
of the broken segments by RAG) evolved to be co-expressed togeth-
er in MPPs. Thus, when the RAG machinery became expressed in
CLP-like progenitors and the evolutionary predecessors of either the
T cell receptor gene loci or the BCR loci became accessible for this
machinery, the joining of the segmented V gene created variability
for contacts at the CDR3 region so that it no longer bound only the
inherited ligand but, by chance, a foreign or a self-antigen. The reac-
tion of the new lymphocytes might still have been “innate,” but the
recognition had become diverse and adaptive to both self and non-
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self. Subsequently, this heritable potential for variability was greatly
expanded by V segment multiplications for binding capacities to
CDRI1 and CDR2 regions of the V domains and for binding to CDR3
by the generation of multiple heritable D segments, as well as by the
action of TdT. Today, it is clear that the signaling functions of the
families of V region-containing molecules (BCRs and TCRs) deter-
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mine proliferation, survival, and apoptosis of lymphocytes. More-

over, the fate of these cells is determined by the avidities of interac-
tions of each BCR and TCR, not only with the original interaction

partner, but to the universe of available antigens.
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