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B cell developrent is initiated in the fetal |iver
prior to birth and continues in the bone-marrow
subsequently. The B-1 |ineage develops primarily from
fetal liver derived stemcells. Conventional B cells are
derived from bone-nmarrow derived HSCs and are sonetines
referred to as B-2 cells.

While the initial steps of B |lynphoid commitnent and
devel opnent depend upon signals fromstromal cells, unique B
| i neage specific selection events drive the devel opnent al
program after imunogl obulin gene rearrangenent is
initiated. Approximately one-third of developing pre-B cells
in the bone-marrow nmake in-frame V to DJy rearrangenents and
these cells are positively selected (positive selection I).
In the bone-marrow pre-B receptor signaling nmediates both
positive selection | as well as allelic exclusion at the IgH
| ocus. Once both heavy and |ight chain genes are rearranged
and expressed, inmature B cells may al so be positively
selected in response to antigen receptor nedi ated signals
(positive selection Il1). If these cells express self-
reactive antigen receptors, they nmay be subject to receptor
editing) or they may be sel ected agai nst by neans of a
del eti onal process.

Cell selection and allelic exclusion nmediated by the pre-B
recept or

A rearranged i mmunogl obul i n heavy chain gene encodes
two fornms of heavy chain protein, a nenbrane formand a
secreted form nRNAs specific for these two forns are
generated as a result of differential splicing and
pol yadenyl ation. It is the nenbrane formof the
i mmunogl obul i n heavy chain that is involved in signal
transduction, as part of the pre-B receptor in pre-B
cells, and the antigen receptor in B cells.
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Figure 1. A summary of the early satges of B cel
devel opnent in the bone marrow i ncludi ng the pre-BCR

Pre-B cells which have nmade in-frame rearrangenents
at the heavy chain locus after V to DJy rearrangenent and

whi ch can therefore synthesize a p protein are positively
sel ected. This selection event depends on signals fromthe
pre-B receptor. The pre-B receptor nedi ated surviva

signal is dependent on the presence of the nenbrane

i mrunogl obul i n heavy chain, surrogate |light chains, the

| go/ B heterodimer, Syk and (in man, but not critically so
in mce) Btk. This latter kinase is defective in X-linked
aganmagl obul i nem a, an inherited di sease in which the pre-
Bto Bcell transition is blocked. Formal evidence
suggesting that Src famly kinases are involved in the
generation of the pre-B receptor nedi ated survival signa

i s lacking, presumably because of the |arge nunber of Src
fam |y kinases that can associate with the pre-B and B
cell receptors. However since both Syk and Btk are
activated by Src-famly kinases, it is extrenely likely
that Src famly ki nases associated wth the pre-B receptor
play a role in generating a signal for survival and



allelic exclusion. The pre-B receptor is largely
intracel lular although it can be detected with sone
difficulty on the surface of pre-B cells. No |ligand has
been identified for this receptor and it is likely that it
signals constitutively, being triggered by the act of pre-
antigen receptor assenbly.

It is formally possible that a yet to be identified
ligand exists for the pre-B receptor. However truncated
i mmunogl obul i n heavy chai ns | acking |igand binding regions
can participate in the generation of pre-B survival and
progression signals. Gven the fact that pre-antigen
receptors are generated, not to respond (like nost
receptors) to external clues, but to nonitor if the
“right” kind of rearrangenent has taken place within a
given cell, it is not unreasonable to suspect that such a
receptor does not require an external ligand for signal
initiation. The fully assenbl ed receptor, because of sone
structural feature of the surrogate |ight chains, may be
constitutively “on” or may respond to a |igand nade by the
pre-B cell itself

Clonal deletion and receptor editing during B cel
devel opnment in the bone-marrow

A proportion of the B cells that are generated each day
express antigen receptors that are directed against self-
antigens. B cells bearing receptors that are cognate for
mul tival ent sel f-antigens (pol ysaccharides, nenbrane
proteins, plasma nenbrane glycolipids) need to be either
elimnated or tolerized in some other manner. At the
immture B cell stage, crosslinking of the B cell receptor
by a nultivalent |igand m ght induce signals that could | ead
to the induction of apoptotic death. Such a view has been
supported by studies in which “nonocl onal m ce” have been
generated whi ch express specific i mmunogl obulin heavy and
I ight chain transgenes that forma receptor directed
against a nultivalent antigen (a nmenbrane anchored protein
for exanple). Initial studies of this sort suggested that at
the immture B stage a strong crosslinking stimlus could
lead to the elimnation of these B cells thus leading to the
generation of tolerance. It has now beconme apparent that B
cells which receive a strong crosslinking stinmulus at the
immture B cell stage nay be given “anot her chance” or
chances to reformthensel ves. They do this by undergoi ng
further rearrangenents primarily of Iight chain genes and
al so by presunably deleting their existing rearranged |ight
chain genes. If a given B cell has al ready nade a productive

Vk to Jkrerrangenent and is triggered to edit its receptor,
the next Vk to Jk rearrangenent that it nmakes will delete
out and replace the previously rearranged VkJk unit. As a



result this cell may now nake a receptor that no |onger is
triggered by multivalent self and will both evade
elimnation as well as have the potential to be a useful
citizen in a future pathogen directed i mmune response.

Is deletional tolerance a “physiologically” rel evant
phenonenon in the B |ineage? At present the jury is stil
out on this issue - the weight of the nore recent evidence
favors the view that nultivalent self- antigens that can
access the bone nmarrow probably induce tol erance by
provoki ng anti gen receptor signal nediated receptor editing.
O her nodalities of tol erance induction, such as anergy and
follicular exclusion may be relevant at |east for a subset

of soluble self-antigens and these will be discussed in a
| ater section in this chapter
Positive selection Il and peripheral maturation

For nost students of the inmune system positive
selection of T cells during thym c devel opnment seens to nake
intuitive sense when one considers the need to select MAC
restricted T cells. It has not been readily apparent why a
positive selection phenonenon m ght be of rel evance for
recently generated B cells. O the large nunber of B cells
generated in the bone marrow every day (about 108 cells
only about 10-15% actually nake it to the periphery. Most
new y generated B cells have a |ife-span that can be
nmeasured in days but a proportion of naive B cells becone
long-lived cells which may recirculate in the periphery for
6-8 weeks. The possibility has been raised in sonme studies
that a proportion of newy generated B | ynphocytes mght in
a non-random way (based on receptor specificity) be sel ected
to develop in the periphery and to becone long lived B
cells.

It is nowclear that at the immature B cell stage, in
addition to negative selection or receptor editing, B
| ynmphocytes are al so positively selected. The strength of
BCR signaling determnes in part whether a B cell matures
into a marginal zone B cells, a follicular B cell, or a B-1
B cell.

T-independent B cell activation

Mul tival ent antigens, exenplified by bacteri al
pol ysaccharides, can directly trigger Bcells with little
or no T cell help. Wiile this category of antigens can
i nvoke an i nmmune response and anti body secretion the B
cell is not generally triggered to go through the
processes of isotype switching and affinity maturation. As
a result the antibodi es generated by T-independent
antigens tend to be mainly of the IgMclass and of
relatively low affinity.



Signal Two for T-independent immune responses is
provi ded by Toll Like Receptors which respond to specific
Pat hogen Associ ated Ml ecul ar Patterns.

T- dependent pat hways of B cell activation

Protein antigens are internalized by B cells (by
receptor nedi ated endocytosis) cleaved into peptides and
speci fic peptide-MHC class Il conplexes are presented to
cognate T cells. An activated T cell may trigger a B cel
by a nunber of nmeans the nost critical receptors on the B
cell being CD40 and the IL-4 receptor. T-dependent
responses result in the formation of germ nal centers
(described below) in secondary |ynphoid organs and it in
t hese specialized expansions of B cells that the processes
of isotype switching and somatic mnmutation occur.

Signal Two for T-dependent imrune responses is
provided by CD40, which is triggered by the trimeric
menbrane bound CD40 |igand that is expressed on the
surface of activated hel per T cells.

Di versification and reconbi nati onal events that occur in
germnal centers: somatic nutation and isotype switching
Mature B cells nmay encounter cognate protein antigens
(T-dependent) or their receptors may be crosslinked by
mul tival ent T-independent antigens. Protein antigens are
bound by the antigen receptor, processed and presented in
an WHC class Il context to helper T cells. The CD40
ligand on activated T cells delivers a growh signal to B
cells via the CD40 nol ecule on B cells. Additional signals
are provided by T cell derived cytokines. T dependent
signals are delivered in the germ nal centers of |ynph
nodes and contribute to clonal expansion, the initiation
of isotype switching and somatic nmutation. In patients
with X-1inked hyper 1gM syndrone, T-B collaboration is
abr ogat ed because of an inherited absence or defect in the
CD40 |1 gand.

| sotype switching

Wil e signals via CD40 are essential for expansion,
somatic nmutation and isotype switching, specific signals
fromdistinct cytokine receptors may influence isotype
switching fromlgMto specific heavy chain |oci. The
generation of interleukin-4 by helper T cells may for
i nstance help drive class switching to IgE, while a high

| ocal concentration of TGF-p may drive switching to | gA.
Signal transduction leads to the transcriptional induction
of DNA binding proteins which identify switch sites
upstream of heavy chain constant regions and hel p nedi ate
a del etional reconbination event which brings the



rearranged VDJ unit fromits |location adjacent to the pu
locus to a site next to the heavy chain |ocus targeted for
swi t chi ng.
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of DNA known as a switch (S) region. S regions contain
mul tiple repeats of GAGCT and TGGEEG  Just upstream of
each switch region is a | region pronoter and an | exon.
When a heavy chain isotype is targeted for class
swtching, a transcript is initiated fromthe |I region 5
to the targeted constant region. The transcript reads
through the | exon, the switch region and the constant
region exons and is term nated and pol yadenylated at the 3
" end of the constant regions. This transcript is spliced
(removing the switch region and other introns). It has
been postul ated that the spliced RNA m ght be a structural
conmponent of the switch reconbinase. Very little is known
at present about this reconbi nase. However AID (discussed
bel ow) is an essential conponent of the switch machinery.
<

Looping out and
deletion

Switched to IgA

Cell selection in germnal centers and affinity maturation
Somatic nmutation occurs in the dark zone cells in
germnal centers of |ynph nodes. In this process, V regions
and fl anki ng sequences are nutated. The nutational process
starts fromthe 5 end of the rearranged V gene. The 3'

border of the segnent that is nutated is variable, and
nmut ati on can spread into the adjacent intron. There is a



strand bias in the process. As a result of this process a
nunber of B cell clones with altered affinity for the
original immunogen are generated. C ones with the highest
affinity for antigen are selected and expand during the
process of affinity maturation.

A protein known as AID (Activation induced cytidine
deam nase) has been shown to be required for both class
swi tching and somatic nutation. AID is now known to be a DNA
deam nase. AID is induced in a T-dependent manner in
activated B cells and works in conjunction with a single
stranded DNA binding protein called RPA to deaminate Cs in
singl e stranded DNA (generated during transcription), The
conversion of Cs in hotspots to Us is a critical event in
both somatic nmutation and i sotype switching. Conversion of a
CtoaUnmy result in the nutated residue being fixed as a
T followng replication. Alternatively the U residue may be
renmoved by uracil N-glycosylase to generate an abasic site
whi ch nay then be repaired in an error prone manner
generating all other possible substitutions.

B cell activation and di sease
Cenetic defects in the CD40L/ CD40 pat hway contribute to
i nherited hyper-1gM syndronmes in which T dependent B cel
activation is defective and germ nal center formation,
i sotype switching, and affinity maturation fail to occur.
Approxi mately 90% of all human | ynphonas arise from
activated B cells, and the nmgjority of these tunors are
derived from post-germ nal center B cells. The process of
somatic nutation can be sonmewhat inprecise, leading to the
generation of oncogenic point substitutions in certain genes
such as the Bcl-6 gene.
Summary:

B B cells are derived from henmat opoi etic stemcells.
Initial devel opnent occurs in an antigen-independent
manner in the bone marrow (or the fetal l|iver) and
depends on specific stromal factors.

B The pro-B cell is the earliest conmtted step in the B
cell lineage. D to J reconbination of the Ig heavy
chain marks the transition to the late pro-B stage
while a proper, in-frame V to DJ reconbination event
marks the transition to the pre-B cell stage.

B The pre-B cell expresses the pre-BCR consisting of the

nmenbr ane- bound 1 g heavy chain with surrogate |ight



chains (VpreB and A5). Expression of the pre-BCR s
required for positive selection | which involves the
survival and proliferation of pre-B cells. The pre-BCR

associates with the Igo/lgp heterodiner and signals via
Syk and Btk. Btk is mutated in patients with X-linked
aganmagl obul i nem a, a disease in which the pro-B to
pre-B cell transition is bl ocked.

Signaling via the pre-BCR is required for allelic
exclusion at the heavy chain locus. Allelic exclusion
may be regul ated by both the inactivation of RAG
activity as well as accessibility to the heavy chain
gene | ocus. Phosphorylation of RAG 2 nay be critical
for its ubiquitination and subsequent proteasona

degradation. Signaling via the pre-BCR may i nduce « or

A light chain gene rearrangenent as well. A productive
[ight chain rearrangenent marks the transition to the
immature B cell stage.

Crosslinking of the BCR on the surface of imMmuature B
cells by self-antigen in the bone marrow may i nduce
apoptosis. This is known as clonal deletion or negative
sel ection. However, self-reactive B cells may be given
a second chance via receptor editing in which
rearrangenent of |ight chain genes or at the heavy
chain locus can occur to produce a new BCR

In positive selection I, the BCRis “tickled” to

i nduce the enmergence of immture B cells into the

peri phery 2-3 days after the pre-B cell stage. These
immature cells initially express surface IgMbut little
or no IgD. Transition to the mature B cell stage
requires BCR signaling: Syk is required for follicular
entry while Btk is needed for peripheral maintenance.



Maturation of the B cell correlates wth higher 1gD
expr essi on.

B cells are activated in the periphery via antigen-
dependent nechanisns. Ty cells are required for the B-
cell response to protein antigens (“thynus-dependent
antigens”). Wthin 1-3 weeks after exposure to thynus-
dependent antigen (i.e., protein antigens), activated B
cells mgrate fromfocal aggregates into follicles to
generate germnal centers. It is in germnal centers
that isotype switching and somatic nutation occur
CD40-CDA0L interactions are required to form germ nal
centers. Boys with defects in the X-l1inked CD40L gene
present with the X-1inked hyper 1gM syndrone. Simlar
clinical phenotypes are observed in patients with
recessive defects in the CD40 gene and in patients with
a defect in the activation induced cytidi ne deam nase
(AI'D) gene.

| sotype switching involves reconbi nati onal events

bet ween switch regions. The nature of the switch
reconbi nase is not known. AIDis required for isotype
switching in an inconpletely understood manner. CD40
signaling is required and cytokines induce
accessibility of specific |oci.

Somatic nutation occurs in proliferating activated B
cells (centroblasts) in the dark zone of germ na
centers. AIDis required for somatic nmutation and is
now known to function as a DNA deam nase. Once in the
[ight zone, somatically nutated B cells interact with
antigens bound to follicular dendritic cells and nost
of these B cells (now called centrocytes) will undergo
apoptosis. Only those centrocytes that express high-
affinity BCRs are sel ected by antigen on FDCs
(follicular dendritic cells) in the apical |ight zone



(affinity maturation). These cells differentiate to
formmenory cells and plasma cells.

B T cells are not required for the B-cell response to
mul tival ent anti gens such as pneunococcal
pol ysaccharides or LPS (“thynus-independent” antigens).
| sotype switching and affinity maturati on do not occur
in T-independent responses. Wile specific follicular B
cells may al so respond to T-independent antigens, both
B-1 cells and Margi nal Zone B cells represent pre-
activated popul ations that respond rapidly to T-
i ndependent anti gens.

B The cl ose connection between B cell activation and
di sease wi ||l be discussed.
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(bj ectives / Study Questions

1. Describe the pre-B receptor and outline its functiona
roles during B cell devel opnent. Distinguish between allelic
excl usion and isotypic exclusion.

2. What is receptor editing? At what stage of devel opnent is
clonal deletion of B cells presuned to occur?

3. What are T-dependent and T-independent antigens? Wat

provides Signal Two for T dependent antigens?

4. What is the major site at which marginal zone B cells are
found? What do these cells do?

5. What are B-1 cells?

6. How does isotype swi tching occur?

7. What is the germnal center reaction. What changes m ght
a B cell undergo in a germ nal center?



8. How does AID pronpote somatic hypernutation?



