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Interleukin-7  (IL-7)  plays  several  important  roles  during  B  cell  development  including  aiding  in;  the  spec-
ification  and  commitment  of  cells  to  the  B lineage,  the  proliferation  and  survival  of  B cell  progenitors;
and  maturation  during  the  pro-B  to pre-B  cell  transition.  Regulation  and  modulation  of  IL-7 receptor
re-B
OCS

(IL-7R)  signaling  is  critical  during  B lymphopoiesis,  because  excessive  or deficient  IL-7R  signaling  leads
to  abnormal  or  inhibited  B  cell  development.  IL-7  works  together  with  E2A,  EBF,  Pax-5  and  other  tran-
scription  factors  to  regulate  B  cell  commitment,  while  also  functions  to  regulate  Ig rearrangement  by
modulating  FoxO  protein  activation  and  Rag  enhancer  activity.  Suppressor  of cytokine  signaling  (SOCS)
proteins  are  inhibitors  of  cytokine  activation  and,  in  B  cells,  function  to fine  tune  IL-7R  signaling;  ensuring

als  ar
that  appropriate  IL-7 sign

. Introduction

B cells are derived from hematopoietic stem cells (HSCs) in a
rocess by which cells progressively develop B cell traits while
epressing traits of other lineages. During development, progen-
tor B cells undergo rearrangement of their immunoglobulin (Ig)
oci in a stepwise and reproducible fashion, whereby recombina-
ion of the heavy chain (HC) genes occurs in pro-B cells followed
y recombination of the light chain (LC) genes in pre-B cells. Bind-

ng of �HC proteins with surrogate LC proteins �5 and VpreB leads
o surface expression of the pre-B cell receptor (pre-BCR) on large
re-B cells, which initiates survival, proliferation and maturation
ignals via Ig� and Ig� signaling subunits. Small resting pre-B cells
xit the cell cycle and once again begin the recombination process,
eading to rearrangement of the LC proteins. LC proteins associate

ith �HC proteins to form the B cell receptor (BCR), which is first
xpressed on immature B cells. Immature B cells undergo positive
nd negative selection in the bone marrow (BM) and subsequently
xit into the periphery where they undergo additional selection
rior to becoming functional mature B cells capable of responding

o antigen.

B lymphopoiesis takes place in niches within the fetal liver (FL)
r BM,  which provide the structure for development to proceed, as
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e  transmitted  to  allow  for efficient  B  cell  commitment  and  development.
© 2012 Elsevier Ltd. All rights reserved.

well as the necessary chemokines and cytokines that regulate sig-
nal transduction pathways in receptive cells. Initiation of signaling
pathways in turn activate transcription factors (TFs) that function to
induce or repress the expression of various target genes that mod-
ulate B cell survival, proliferation and differentiation. Interleukin-7
(IL-7) is a key cytokine during B cell development and is produced
by stromal cells in the FL, BM,  spleen and thymus. IL-7 receptor
(IL-7R) signaling leads to the proliferation and survival of B cell
progenitors as well as aids in the commitment of cells to the B lin-
eage. Mice with targeted deletions of IL-7 or the IL-7R display a
severe block at the early pro-B cell stage of development [1,2]. The
peripheral B cells that exist in these mice appear to have originated
during fetal development, a time during which B lymphopoiesis
is not absolutely dependent on IL-7. Thymic stromal lymphopoi-
etin (TSLP) is a cytokine that possesses a number of characteristics
in common with IL-7 and its receptor is composed of the IL-7R�
chain and TSLPR chain. Fetal derived pro-B and pre-B cells respond
to TSLP, while in adult BM,  only pre-B cells are TSLP-responsive
[3,4]. TSLP was  thought to substitute for IL-7 during fetal devel-
opment, because transgenic expression of TSLP in IL-7−/− mice
restored B cell development during fetal and adult life [5].  How-
ever, IL-7−/−/TSLP−/− mice did not show enhanced defects during
fetal B cell development and, instead, it was the absence of IL-7
and fms-related tyrosine kinase-3 ligand (Flt-3L) that completely
abolished both fetal and adult development of B cells [6,7]. Flt-

3L was  also able to recover the development of residual B cells
present in IL-7R� deficient mice [3].  IL-7 transgenic mice displayed
increased numbers of immature and mature B cells in the BM,
as well as extramedullary B lymphopoiesis whereby pro-B and

dx.doi.org/10.1016/j.smim.2012.02.001
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re-B cells were observed in the spleen, blood, and lymph nodes,
nd ultimately lead to lymphoproliferative disorders [8].

IL-7 is absolutely essential for murine B cell development, how-
ver, in humans it was thought that this was not the case. Genetic
utations in humans that disrupted the IL-7R led to X-linked severe

ombined immunodeficiency disease (X-SCID), which is charac-
erised by the absence of T cells and natural killer (NK) cells but
ormal B cell numbers [9].  However, similar to mice, these B cells
ppear to be the result of fetal or neonatal development. In vitro,
uman B cells can be generated from fetal BM as well as cord
lood (CB) in the absence of IL-7 [10,11]. However, human B cell
recursors express the IL-7R and displayed increased prolifera-
ion and survival in response to IL-7 that was mediated by Signal
ransducer and Activator of Transcription-5 (STAT5) [12]. IL-7 also
reatly increased the production of B cells in co-cultures contain-
ng human BM stroma and either CB or adult BM HSCs, while only
eonatal CB was able to give rise to B cell progenitors independent
f IL-7 [11]. In humans, TSLP cannot substitute for IL-7, while Flt-3L
s able to support IL-7-independent B lymphopoiesis from neonatal
B [11,13].

As important as the signaling pathways initiated by IL-7 and
ther cytokines, are the mechanisms that exist to regulate and ter-
inate these signals. The suppressor of cytokine signaling (SOCS)

amily of proteins are key regulators of cytokine signals and
re essential for the development and function of a variety of
ematopoietic lineages (reviewed in [14]). SOCS proteins contain
hree functional domains: a central SH2 domain that is neces-
ary for binding to phosphotyrosine residues on target proteins;

 C-terminal domain, termed the SOCS box, which is involved in
biquitin-mediated proteasomal degradation via elongins B and C;
nd an N-terminal domain whose function remains largely unde-
ned. SOCS proteins bind directly to Janus Associated Kinase (JAK)
nd STAT proteins, as well as cytokine receptor chains, and prevent
heir interaction as well as target them for destruction. SOCS pro-
eins are often induced by the same signaling pathway that they
nhibit, providing a negative feedback loop that functions to limit
eceptor activation.

This review will focus on the signal transduction pathways acti-
ated downstream of the IL-7R, as well as how IL-7R signals are
ranslated into the observed physiological outcomes of survival,
roliferation and differentiation. We  will also discuss the other sur-
ace proteins, signaling molecules and TFs that assist in mediating
he effects of IL-7 in developing B cells. Finally, we  will describe the

echanisms that exist both extrinsically and intrinsically to mod-
late and terminate IL-7R signals, ensuring that B cell development
roceeds efficiently.

. IL-7R signaling in B cells

.1. JAK/STAT and Src activation

The IL-7R is a heterodimer composed of the IL-7R� chain and
he common � (�c) chain. The �c chain is a shared component of
he receptors for IL-2, IL-4, IL-9, IL-15 and IL-21, while the IL-7R�
hain can also dimerize with the TSLPR chain to form the receptor
or TSLP. The �c chain is expressed by a variety of hematopoietic
ells and is essential for initiating signals downstream of the IL-7R;
owever, it is the � chain, which is predominantly expressed by

ymphoid cells, that confers receptor specificity for binding to IL-7
reviewed in [15]).

Both � and �c chains lack intrinsic tyrosine kinase activity

nd thus rely on non-receptor kinases and adaptors to mediate
ownstream signaling. The JAK family consists of four members
JAK1, 2, 3 and Tyk2), with JAK3 expression being confined pre-
ominantly to cells of hematopoietic origin. For the IL-7R, JAK3 is
munology 24 (2012) 198– 208 199

constitutively associated with the �c chain, while JAK1 associates
with the � chain. Binding of IL-7 to the IL-7R leads to dimerization
of the � and �c chains, which brings JAK1 and JAK3 in close prox-
imity and allows for trans-phosphorylation, resulting in increased
kinase activity (Fig. 1). Activated JAK kinases are able to phospho-
rylate tyrosine residues on the IL-7R� chain that in turn create
docking sites for SH2 containing proteins, which themselves are
JAK substrates. Mice deficient for JAK3 or the �c chain exhibit sim-
ilar phenotypes and closely resemble the defect observed in IL-7 or
IL-7R knockout mice; while in humans, mutations in JAK3 or the �c
chain result in a T−NK−B+ SCID phenotype [9,16–19]. JAK1−/− mice
are runted at birth and die perinatally, exhibiting a severe reduc-
tion in both B and T cell numbers, while in humans no cases of JAK1
deficiency have been described [20].

Phosphorylation of the IL-7R� chain is critical in initiating
downstream signaling because it leads to the recruitment of STAT
proteins. Phosphorylation of STAT proteins allows them to dimerize
and translocate to the nucleus where they act as TFs for a variety of
target genes by binding to specific promoter elements (reviewed
in [21]). A total of seven STAT family members exist (STAT 1, 2,
3, 4, 5a, 5b and STAT6); however, only STAT1, STAT3, STAT5a and
STAT5b are activated after stimulation of B cells with IL-7 [22,23].
While STAT1 does not play a direct role in B lymphopoiesis, STAT3
is required. STAT3−/− mice displayed a reduction in pro-B, pre-
B, immature and mature B cells, and pro-B cells from these mice
exhibited a decreased proliferative response to IL-7 [22]. STAT5 is
the predominant STAT protein activated by IL-7 and carries out the
majority of STAT-mediated responses in developing B cells, includ-
ing the activation of ccnd2, ccnd3, Bcl-2, Bcl-xL, and Mcl-1 (Fig. 1)
[24,25]. STAT5 is recruited to Tyr449 of the IL-7R� chain where
it is subsequently phosphorylated by JAK and Src kinases. STAT5a
and STAT5b have redundant roles during B cell development but are
absolutely essential, as B cells in STAT5a/b double deficient mice are
arrested at the pre-pro-B cell stage, similar to that observed in IL-
7R−/− mice [26–28].  Additionally, constitutive activation of STAT5b
in mice overcame IL-7R deficiency and significantly increased pro-
B cell numbers [29]. Recently, the use of Rag1-Cre knock-in mice
allowed for the conditional mutagenesis of STAT5. This resulted in
the complete inactivation of STAT5 in pro-B cells and caused severe
defects in the further development of B cells [30]. The transgenic
expression of Bcl-2 restored the development of STAT5−/− B cells in
these mice, suggesting that the predominant role of STAT5 during
B cell development under these conditions is survival.

Src family kinases are also recruited to the IL-7R� chain and
are activated by IL-7 binding. IL-7 induces the activation of both
p59fyn and p53lyn in pre-B cell lines, and Src kinase inhibitors
impaired proliferative responses to IL-7 [31,32]. Src family kinases
have redundant roles during B cell development and their function
in IL-7 signaling has yet to be fully elucidated. One potential role
is to help activate STAT proteins, because Src kinases can directly
phosphorylate STAT proteins independently or in conjunction with
JAK proteins (reviewed in [33]).

2.2. PI3K/Akt and MAPK/Erk activation

Phosphatidylinositol 3-kinase (PI3K) activation is another
important consequence of IL-7-induced signaling. PI3K is com-
posed of a smaller regulatory subunit (p50�, p55� or p85�) and
a larger catalytic subunit (p110�,  p110� or p110�). IL-7R signal-
ing leads to the recruitment of the p85 subunit to Tyr449 of the
IL-7R� chain, via its SH2 domain [34]. Mutation of this site or the
p85 subunit, as well as treatment of B cells with PI3K inhibitors, led

to a loss in IL-7-induced proliferation and impaired B cell devel-
opment [35–37].  The p110� and p110� subunits play essential
but redundant roles during B lymphopoiesis, as evidenced by the
fact that double deficient mice are arrested at the pre-B cell stage
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Fig. 1. A schematic diagram of the signaling pathways initiated downstream of the IL-7R as well as other signaling molecules that work with or inhibit IL-7R activation. Red lines denote inhibitory actions and dashed lines denote
a  multistep pathway. See text for detailed description.
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nd displayed impaired proliferative responses to IL-7 [38]. One
ey downstream mediator of PI3K signaling is the serine/threonine
inase Akt (PKB). Akt regulates a variety of pro- and anti-apoptotic
actors and also targets the Forkhead box (FoxO) family of TFs
reviewed in [39]). Akt phosphorylation of FoxO proteins causes
hem to bind 14–3–3 proteins, which retains them in the cytosol
here they remain inactive and unable to regulate gene transcrip-

ion.
IL-7 stimulation of B cells also leads to the activation of the

APK/Erk pathway. Erk is a critical target of IL-7R and pre-BCR
ignaling, as demonstrated by the observation that treatment of
ells with Erk inhibitors or deletion of Erk1/2 in mice resulted in a
lock at the pro-B to pre-B cell transition as well as ablated IL-7-

nduced pro-B/pre-B cell survival and proliferation [36,40]. While
he full mechanism of action of the MAPK/Erk pathway has yet to
e described in B cells, the adaptor protein Shc may  be an impor-
ant mediator, similar to that observed for T cells [41,42]. In B cells,
hc was phosphorylated after IL-7 stimulation, and pro-B cells con-
aining a defective Shc protein displayed increased apoptosis [43].
dditionally, conditional mutation of Shc proteins led to a defect

n development at the pre-pro-B to pro-B cell stage, as well as a
ignificant reduction in pre-B cell numbers.

. The role of IL-7 during early B cell development

.1. IL-7 synergy with other early co-factors

Developing B cells rely on a variety of factors that provide signals
ndependently or in conjunction with those from the IL-7R. Stem
ell factor (SCF, c-Kit-Ligand) binds c-Kit and is required during the
arliest stages of hematopoietic development. SCF acts directly on
eveloping B cells and, in vitro, worked synergistically with IL-7 to

ncrease the numbers of pro-B cells in culture [44]. Flt-3L, and its
eceptor Flt-3, also play important roles in enhancing the survival
nd proliferation of early progenitors. In Flt-3−/− mice, pre-pro-

 and pro-B cell numbers were significantly reduced, while more
ature pre-B and immature B cell populations remained relatively

ormal [45]. Addition of Flt-3 and IL-7 to hematopoietic progeni-
or cells resulted in the synergistic activation of the MAPK/Erk and
I3K/Akt signaling pathways, which led to increased survival and
roliferation of pre-pro-B cells [46]. Experimentation with differ-
nt cytokine cocktails led to the discovery that IL-11, SCF and IL-7
upported the development of B cells from uncommitted progeni-
ors derived from FL, while the combination of IL-11, Flt-3L and IL-7
as even more potent [47,48]. While IL-11, SCF, and Flt-3L all play

mportant roles in enhancing B lymphopoiesis, only IL-7 is abso-
utely essential, and once a progenitor cell is capable of responding
o IL-7 these other factors are no longer required for cell survival,
roliferation or development toward the B lineage.

.2. IL-7 regulation of B cell specification and commitment

Prior to embarking down the B cell developmental pathway,
ematopoietic progenitors are primed for lymphoid specification
y a variety of TFs including Bcl11a, E2A, Gfi-1, Ikaros and PU.1
reviewed in [49]). Mice deficient for any of these factors display
efects in B cell development at the common lymphoid progenitor
CLP) stage, partially due to the failed expression of Flt-3 and/or IL-
R�, as well as the inappropriate expression of alternative lineage
pecific genes. Upon expressing the IL-7R, CLPs begin the process of
pecification and eventual commitment to the B lineage, which is

overned by a network of TFs including E2A, EBF1, Pax-5 and FoxO1.
L-7R signaling provides trophic signals during this process, how-
ver, constitutive expression of Bcl-2 is unable to compensate for
he loss of IL-7 in IL-7R�−/− or �c−/− mice, suggesting that IL-7 also
munology 24 (2012) 198– 208 201

provides instructive signals [50,51]. Furthermore, CLPs from IL-7−/−

mice have a greatly reduced ability to generate B cells, likely due to
ineffective activation of EBF1 and Pax-5, both of which are essen-
tial for the initiation and maintenance of B lineage commitment
[52]. Ectopic expression of EBF or constitutive STAT5 expression
in IL-7−/− mice restored B cell development, signifying that these
are key downstream mediators of IL-7R signaling [52,53].  A poten-
tial mechanism for IL-7R signaling in directing B cell commitment
comes from the observation that STAT5 signaling enhances the
expression of EBF1 and Pax-5 [53–56].  This activation appears not
to be direct though and likely requires priming or assistance from
other TFs. The conditional deletion of Pax-5 at various stages of B
cell development allowed cells to revert to a non-committed state
and develop into alternative lineages [57]. This lineage reversion
only occurred in the absence of IL-7 though; when cells were cul-
tured with IL-7 they maintained a pro-B cell phenotype, indicating
that IL-7 is able to keep cells committed to the B lineage.

Recently, Miz-1 was  identified as an important TF for B cell com-
mitment, as evidenced by the fact that Miz-1−/− mice displayed a
block at the pre-pro-B to pro-B cell stage of development [58]. This
defect resulted from a lack of IL-7R signaling, due to high expres-
sion of SOCS-1, as well as decreased Bcl-2 expression. Interestingly,
in Miz-1−/− mice, B cell development could only be recovered by
the combined ectopic expression of Bcl-2 and EBF1, demonstrating
that in the absence of IL-7R signaling both trophic and instructive
signals were required. In contrast to these studies demonstrating
an instructive role for IL-7, conditional deletion of STAT5a/b at the
onset on Rag expression did not result in decreased expression of
EBF or Pax-5 in pro-B cells, suggesting that IL-7R signaling may  not
be absolutely required for their expression [30]. In addition, the
developmental defect observed in STAT5a/b double deficient mice
could be partially overcome by Bcl-2 expression, implying that IL-7
plays a permissive role during commitment. Further studies inves-
tigating whether transient STAT5 activation prior to its deletion is
sufficient to initiate the activation of other factors that then regulate
B cell commitment will help address these contradictory findings.

While it has been widely demonstrated that the absolute lack of
IL-7R signaling is detrimental to murine B cell development, it has
also been shown that excessive IL-7R signaling can be inhibitory.
Studies in which the IL-7R� chain was expressed at high levels
in multipotent progenitor cells led to a reduction or block in B
cell development prior to the expression of CD19, with cells fail-
ing to express EBF1 and Pax5 [59,60]. Therefore, it is not simply
the presence or absence of IL-7R signaling that is crucial for B cell
commitment, but also the magnitude of these signals. Mechanisti-
cally, IL-7R signaling is regulated at the level of IL-7 availability,
IL-7R expression, and inhibition of downstream IL-7R signaling
pathways. Transcription of the IL-7R� chain is regulated by PU.1,
which works together with signals downstream of Flt-3 to initiate
expression of the IL-7R� chain, while FoxO1 is critical in sustain-
ing receptor expression [61–63].  Flt-3−/− mice display a block in
commitment to the B lineage, identical to that observed for mice
expressing a dominant negative form of Ras (dN Ras) [64]. This
developmental defect was due to impaired Flt-3/Ras dependent
proliferation of CLPs and pre-pro-B cells, as well as diminished IL-
7R� chain expression and elevated SOCS-2 and SOCS-3 expression.
While PU.1 is necessary for B cell development, elevated levels can
be detrimental to lymphopoiesis and PU.1 expression is kept in
check, in part, by the transcriptional repressor Gfi-1 [65]. Gfi-1−/−

mice contain defective CLPs and exhibit a block in development
prior to B cell commitment that is the result of imbalanced IL-7R
signaling [66]. Cells from Gfi-1−/− mice expressed elevated levels
of the IL-7R� chain, which may  be the result of excessive PU.1

expression or lack of suppression of the IL-7R� gene, a Gfi-1 target.
Decreased STAT5 activation was also observed in Gfi-1−/− progeni-
tor cells stimulated with IL-7, which was  due to enhanced activation
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f SOCS-3. The abnormal regulation of SOCS proteins that led to
efective B cell commitment in Gfi-1−/−, Miz-1−/−, Flt-3−/− and dN
as mice highlight the fact that a balance of IL-7R signaling must
xist to allow for efficient B lymphopoiesis to proceed.

. IL-7 regulation of B cell survival, proliferation and
aturation

.1. Cell survival

One of the main functions of IL-7R signaling during B cell devel-
pment is to promote cell survival by regulating the localization
nd interaction of anti-apoptotic (Bcl-2, Bcl-xL and Mcl-1) and
ro-apoptotic (Bax, Bad and Bim) factors. Both the JAK/STAT and
I3K/Akt pathways play key roles in mediating survival responses.
L-7R signaling enhances pro-B cell survival by increasing the ratio
f Bcl-2 to Bax and, correspondingly, mice deficient for the IL-7R or
AK3 displayed increased levels of Bax [67,68]. Mcl-1 is another key

ediator of B cell survival and its expression is directly regulated
y STAT5 [30]. Mice deficient for Mcl-1 displayed a severe reduc-
ion in B lymphocytes as well as a block at the pro-B cell stage of
evelopment (reviewed in [69]). Akt regulates cell survival through
he induction of Bcl-2 and Bcl-xL, while also inhibiting Bad by phos-
horylating it and causing it to be retained in the cytosol where it
emains inactive [70]. Finally, Bim has recently been shown to play

 role in B cell survival, as Bim deficiency allowed for the partial
ecovery of B cell development in the absence of IL-7 [71,72].

.2. Cell proliferation

Cell proliferation is another consequence of IL-7R signaling and
s regulated through the induction and inhibition of positive and
egative cell cycle regulators. p27Kip is a negative regulator of
ell cycle activity and stimulation with IL-7 causes a reduction
n its expression [73]. Inhibition of p27Kip function is brought
bout by distinct but overlapping mechanisms: Akt can directly
hosphorylate p27Kip causing it to be retained in the cytoplasm
here it is subsequently ubiquitinated and degraded, while Akt
hosphorylation and inactivation of FoxO proteins prevent further
ranscription of p27Kip, a direct FoxO target [74,75].  IL-7 stimula-
ion also regulates cell proliferation by inducing activators of cell
ycle. As previously described, Erk activation downstream of IL-7R
ignaling is important for pro-B and pre-B cell proliferation. Acti-
ated Erk proteins are able to translocate to the nucleus where
hey phosphorylate a variety of TFs including Elk and CREB, which
n turn induce the expression of proliferation associated targets
lf2, Mef2c, Mef2d and myc  [40]. Myc  proteins are key transcrip-
ional regulators that induce cell cycle progression by stimulating
yclin-dependent kinase (cdk) activity. N-myc and c-myc were both
nduced by IL-7 stimulation and required E2A activity for full func-
ion [76,77]. Additionally, B cell specific deletion of N-myc and/or
-myc led to a block at the pro-B and pre-B cell stages of develop-
ent, while co-expression of IgH and E�-myc transgenes partially

estored B cell development in JAK3−/− mice [78–80].  IL-7R signal-
ng or constitutive STAT5 expression also induced the transcription
f the ccnd2 and ccnd3 genes, leading to cyclin D2 and cyclin D3
rotein expression, which function to promote cell cycle progres-
ion by activating cdks [25,29].

.3. Maturation

In addition to providing survival and proliferation signals, IL-7

as also been implicated in promoting B cell maturation. Injec-
ion of IL-7 into IL-7−/− mice, as well as addition of exogenous
L-7 to CLPs in vitro, resulted in the generation of B220+CD19+ pro-

 cells that expressed TdT and cytoplasmic � (c�)  [81]. In these
munology 24 (2012) 198– 208

cases, however, the question remained as to whether IL-7 actually
triggered maturation or simply provided proliferative and/or sur-
vival signals. In an attempt to address this dilemma, Corcoran et al.
inserted mutated IL-7R� chain molecules into IL-7R−/− progenitor
cells and determined what effect they had on cell proliferation and
differentiation [35]. They observed that mutation of the Tyr449 site
on the IL-7R� chain resulted in an inhibition of proliferation due
to lack of PI3K activation; but the capacity to differentiate to the
c�+ cell stage was  retained. Conversely, replacement of the entire
IL-7R� chain with the cytoplasmic domain of IL-2R� resulted in
maintenance of IL-7-induced proliferation, with a lack differentia-
tion. From these studies it appears that signals from the IL-7R can
promote B cell maturation and proliferation and these abilities may
be mediated by different receptor domains.

The role that IL-7 plays in maturation at the pro-B to pre-
B cell stage of development has been highly debated. Much of
our understanding regarding the functional mechanisms of B cell
development have come from in vitro studies, which utilize IL-7
to sustain and propagate B lineage cells in culture. Initial reports
investigating the development of B cells in cultures containing IL-
7 described a phenomenon in which withdrawal of IL-7 led to
increased RAG expression, LC rearrangement, and percentage of
IgM+ cells in culture [82–85].  These observations led to a hypoth-
esis that IL-7 inhibited the development of pro-B cells into pre-B
cells by keeping them in a proliferative state, and that maturation
was  only induced upon withdrawal of IL-7 from culture. However,
theses studies failed to appreciate the highly dynamic and hetero-
geneous nature of in vitro B cell cultures. By carefully monitoring
cell maturation in culture and counting absolute cell numbers, our
lab determined that the absolute number of IgM+ cells that arose in
culture was  the same in the presence or absence of IL-7 [86]. There-
fore, in culture, IL-7 does not prevent the maturation of pro-B/large
pre-B cells, but rather selectively enhances their survival and pro-
liferation. Consequently, withdrawal of IL-7 leads to the death of
pro-B/large pre-B cells, which results in a relative, but not abso-
lute, increase in small pre-B and immature B cells, suggestive of
increased maturation. While IL-7 did not inhibit the maturation of
pro-B cells into small pre-B and immature B cells it also did not lead
to the survival or proliferation of these more mature populations,
demonstrating that after cells reach the small pre-B cell stage they
become unresponsive to IL-7 [86,87].

5. IL-7 regulation of V(D)J recombination

5.1. IL-7 regulation of heavy chain recombination

Additional roles for IL-7 in promoting B cell development have
been proposed based on studies demonstrating that IL-7R signal-
ing can affect both HC and LC recombination. Several reports have
noted that IL-7R activation of STAT5 promoted chromatin accessi-
bility through histone acetylation of the distal VH genes in pro-B
cells [88,89]. In small pre-B cells, which are non-responsive to IL-7,
distal VH sites were hypoacetylated and thus non-accessible, pro-
viding a possible IL-7-mediated mechanism for allelic exclusion
of the HC locus by restricting recombinase access. Additionally,
STAT5−/− mice displayed reduced germline transcription and rear-
rangement of VHJ558 genes, while pre-B cells from mice expressing
a constitutively active STAT5 displayed increased distal VH recom-
bination, a failure to “decontract” the IgH locus, and a lack of IgH and
IgL association [88,90]. Conversely, rearrangement of the distal VH
genes was found to be normal in Bcl-2 rescued STAT5−/− pro-B cells,
suggesting that STAT5 may  not be absolutely essential in this pro-

cess [30]. Clarification regarding these contradictory findings will
require further investigation into the possibility that early activity
of STAT5 in CLPs, prior to Cre-Rag-mediated deletion, might allow
for subsequent VH rearrangement and development to proceed.
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.2. IL-7 regulation of light chain recombination

The role of pre-BCR signaling in LC rearrangement has been
ubstantially supported, however, the role that IL-7 plays in this
rocess has been debated. While it has been demonstrated that LC
earrangement and the production of �+ cells occurs in the pres-
nce of IL-7, a potential role for IL-7 in regulating the efficiency of
his process remains. Decreased concentrations of IL-7 in cultures
ontaining IRF4−/−IRF8−/− cells, or IRF4−/−IRF8−/− cells in which
RF4 was reintroduced, resulted in an increased percentage of �+

ells [91]. Increased recombination was also observed in BLNK−/−

ell cultures upon removal of IL-7 or treatment with a PI3K inhibitor
92]. In both of these studies, cell cycle arrest was insufficient to ini-
iate LC recombination, suggesting that activation, or the removal
f inhibition, by other signaling pathways was necessary. It should
e noted that in these studies the measurement of recombination
as determined by percentage and was thus relative. Also, the loss

f IL-7-responsive �− pro-B/large pre-B cells that normally expand
n culture when IL-7 is present must be considered and accounted
or when attributing observed changes in development solely to
he absence of IL-7. In both situations, low levels of LC rearrange-

ent were observed in the presence of high concentrations of IL-7,
emonstrating that IL-7 signaling does not completely inhibit LC
ecombination. In the case of BLNK−/− cells, sustained PI3K activa-
ion led to Akt phosphorylation of FoxO proteins, which decreased
he efficiency of recombination [92]. Reintroduction of an inducible
LNK protein, or a mutated FoxO3a protein that was  unable to be
hosphorylated by Akt, resulted in an increased proportion of �+

ells. Correspondingly, mice deficient for FoxO3 display a reduced
requency of pre-B cells in the BM as well as reduced recirculat-
ng B cells in the blood and BM [93]. From these studies, a model
rises in which activation of the PI3K/Akt pathway downstream of
he IL-7R and/or the pre-BCR limits recombination by phosphory-
ating FoxO proteins; this inhibition is partially alleviated by the
ubsequent activation of BLNK downstream of the pre-BCR, which
revents Akt activity by a yet to be elucidated mechanism (Fig. 1).

The Igk locus is regulated by two enhancers, the intronic
nhancer (iE�) and the 3′ enhancer (3′E�). Deletion of either
nhancer resulted in reduced Ig� rearrangement, while dele-
ion of both enhancers completely abolished recombination [94].
ncreased recombination in the absence of IL-7 in IRF4−/−IRF8−/−

ell cultures was shown to be independent of signals from the pre-
CR, and instead, was the result of increased Rag expression and
istone H4 hyperacetylation as well as increased binding of E2A at
he iE�  enhancer [91]. It should be noted that in these studies the IL-

 concentration was merely reduced and not fully removed. In other
tudies in which IL-7 was completely removed from IRF4−/−IRF8−/−

ell cultures, no increase in � expressing cells was  observed [95].
ur lab has previously shown that even at picogram concentrations,

L-7 is still able to exert physiological effects on receptive cells and
ork in conjunction with signals from the pre-BCR to affect down-

tream targets [36]. Further evidence that IL-7R signaling normally
egulates LC recombination was provided when it was shown that
cl-2 rescued STAT5 deficient pro-B cells displayed a six-fold induc-
ion of V�–J� recombination as well as increased �0 germline tran-
cripts [30]. A potential mechanism for this inhibition came from
tudies that showed that STAT5 bound directly to the iE�  enhancer
n an IL-7-dependent manner and limited E2A accessibility [25,30].

.3. IL-7 regulation of Rag protein expression

Rag1 and Rag2 are expressed at distinct stages during B cell

evelopment and are absolutely essential for antigen receptor rear-
angement. A number of TFs regulate the expression of Rag genes,
ncluding Pax5, and mice deficient for E2A, Ikaros or FoxO1 all
isplay a deficiency in Rag expression (reviewed in [96]). FoxO1
munology 24 (2012) 198– 208 203

is a key factor in this system, as it directly regulates Rag1 and Rag2
expression and conditional deletion of FoxO1 resulted in impaired B
cell development at the early pro-B and small pre-B cell stages, pre-
cisely when Rag activity is necessary [61,97].  Furthermore, deletion
of the mTORC2 subunit Sin-1, which is required for Akt phospho-
rylation of FoxO1, resulted in increased IL-7R and Rag expression
[98]. Therefore, IL-7R and pre-BCR regulation of FoxO1 activity is
of critical importance during B cell development. Activation of the
MAPK/Erk pathway downstream of BCR activation has also been
shown to reduce Rag transcription by phosphorylating E47, which
inhibited its binding to the Rag enhancer regions [99]. While it has
yet to be shown if activation of Erk downstream of the pre-BCR or
IL-7R utilize this mechanism, it could provide and additional level
of regulation of Rag expression that may  work in synergy between
these receptors. Turnover of Rag proteins is also important, because
Rag2 stability is cell cycle regulated and accumulates in the G0 and
G1 phases, but is degraded in the S phase [100,101].  Therefore, IL-7R
signals that keep cells in a proliferative state by inducing cell cycle
progression would indirectly reduce Rag2 levels. These observa-
tions suggest a model in which IL-7R signaling must be kept under
tight control during the pre-pro-B cell stage of development to limit
proliferation and allow for FoxO activation of Rag proteins, both of
which are necessary for HC rearrangement. Increased IL-7R signal-
ing in pro-B cells would result in cell proliferation and survival,
while also inhibiting FoxO transcription of Rag and p27Kip genes,
and pre-BCR signaling in large pre-B cells would enhance this activ-
ity via the PI3K/Akt and MAPK/Erk pathways. Inhibition of FoxO
activity is alleviated in small pre-B cells by the termination or alter-
ation of IL-7R and pre-BCR signals, thus allowing for re-expression
of Rag and p27Kip leading to LC rearrangement (Fig. 1).

6. Regulation, modification and termination of IL-7R
signaling

6.1. Modulation of IL-7R signaling by CD45 and the pre-BCR

A variety of signaling pathways are initiated in developing B
cells. The factors activated by these pathways can interact with
signaling molecules downstream of the IL-7R, modifying the mag-
nitude, duration or quality of the response. B220 is the 220-kDa
isoform of the surface membrane phosphatase CD45. CD45 is
present on all mouse B cells, except terminally differentiated
plasma blasts, as well as in varying isoforms on dendritic cells,
T cells, macrophages and NK cells. CD45 dephosphorylates Src
kinases leading to their activation or inhibition depending on
the tyrosine residue targeted, and in its absence, Lyn is constitu-
tively phosphorylated (reviewed in [102]). CD45−/− mice exhibit
reduced proliferation of mature B cells in response to foreign anti-
gens but not to mitogens such as lipopolysaccharide (LPS) [103].
Increased numbers of early pro-B cells were also observed in
CD45−/− mice and this population was  elevated in in vitro cultures
initiated with CD45−/− precursors [104]. This result was due to
the increased survival of pro-B cells, which displayed prolonged
JAK and STAT phosphorylation in response to IL-7. These observa-
tions highlight that IL-7R signaling is normally kept in check and
that one function of CD45 in developing B cells is to limit IL-7R
signaling.

Signals downstream of the pre-BCR have also been shown
to converge with and regulate those initiated by the IL-7R. As
described earlier, Erk is phosphorylated downstream of both the
IL-7R and the pre-BCR, and allows for cell proliferation and survival

in picogram concentrations of IL-7 [36]. Further evidence demon-
strating the importance of signals emanating from these receptors
was  provided when it was observed that mice deficient for both the
IL-7R and pre-BCR displayed defects greater than observed with the
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oss of either alone [105]. Signals emanating from the pre-BCR have
lso been proposed to subsequently limit pre-BCR and IL-7 prolif-
ration. Ikaros and Aiolos were shown to bind directly to the c-myc
romoter and repress its expression, which resulted in increased
xpression of p27Kip and repression of ccnd3 [106]. As previously
iscussed, large pre-B cells must come out of cell cycle prior to rear-
anging their LC genes, and pre-BCR activation of Ikaros and Aiolos
ppears to be one way by which this outcome is accomplished.

.2. Modulation of IL-7R signaling by IFN-�

Signaling pathways downstream of a variety of cytokine recep-
ors have been shown to intersect and both positively and
egatively regulate B cell survival, proliferation and maturation.

FN-�, a type II interferon produced mainly by T cells and NK cells,
ossesses antiviral activity that is mediated through the regulation
f cell growth, differentiation, apoptosis and antigen presentation
reviewed in [107]). The IFN-� receptor is composed of two IFN-
R1 chains and two IFN-�R2 chains, which dimerize after binding
o IFN-�, leading to transphosphorylation of constitutively asso-
iated JAK proteins and subsequent recruitment and activation of
TAT1

Treatment of B cells with IFN-� suppressed IL-7-mediated pre-
 cell colony formation and abrogated IL-7-induced proliferation
f ex vivo pre-B cells and pre-B cell lines resulting in their apop-
otic death [108,109].  However, IFN-� did not exert an affect on
mall resting pre-B cells, nor did IFN-� lead to increased apoptosis
f E�-Bcl-2 transgenic pre-B cells; even though IL-7 proliferative
ignals were inhibited. Elevated expression of IFN-� in vivo yielded
imilar results, whereby IFN-� transgenic mice displayed signifi-
antly reduced B cell numbers in the periphery and BM,  with cells
rrested at the pro-B cell stage [110]. Administration of exogenous
L-7 was unable to correct this defect, suggesting that these cells

ere unable to respond to IL-7. Mice deficient for T cell protein
yrosine phosphatase (TC-PTP) also possessed a decreased num-
er of pre-B cells, which was due to increased IFN-� production by
M stromal cells [111]. TC-PTP−/− pre-B cells displayed constitutive
hosphorylation of STAT1 but decreased JAK1 and STAT5 activa-
ion after IL-7 stimulation. Regulation of mitochondrial apoptotic
actors was shown to be important for IFN-�-mediated apoptosis
f pre-B cells, as evidenced by the fact that IL-7-dependent pre-

 cells treated with IFN-� displayed decreased Bcl-2 and Bcl-xL
xpression, as well as increased expression of the pro-apoptotic
olecule Diablo [112]. These findings demonstrate that IFN-� can

nhibit the proliferation and survival of B cell progenitors, but do
ot fully address the mechanism by which inhibition occurs.

We have recently published a study that sheds some light on the
echanism of action of IFN-�-mediated B cell death. These studies
ere initiated utilizing stromal cell-independent IL-7-dependent
ro-B and pre-B cell lines that were established by cloning B220+

M cells that had been cultured in IL-7 [113]. One particularly useful
ine was a pre-B cell line that was selected for its ability to survive
ndependent of IL-7, but retained the capacity to signal and prolif-
rate in response to IL-7. Treatment of this line with IFN-� alone did
ot lead to reduced proliferation or cell death; however, IFN-� did

nhibit IL-7-induced cell proliferation [87]. These results are in line
ith those utilizing E�-Bcl-2 cells and highlight the fact that IFN-�
oes not inherently cause pro-B/large pre-B cell death. Instead, ini-
iation of apoptosis in IFN-� treated cells is likely due to inhibition
f IL-7 survival and proliferation signals. We  have shown that stim-
lation of pre-B cells with IFN-� led to a robust expression of SOCS-1
nd SOCS-3 [87]. Previous studies have described that induction of

OCS proteins after treatment with IFN-� inhibited STAT activa-
ion downstream of IL-4 or TNF-� stimulation [114–116]. In light
f these findings, we suggest a novel mechanism of action for IFN-�
nduced inhibition of pro/large pre-B cell proliferation and survival,
munology 24 (2012) 198– 208

in which IFN-� signaling activates SOCS proteins that function not
only to limit IFN-� signaling, but also inhibit signals mediated by
the IL-7R.

While these studies demonstrate the potential of IFN-� to reg-
ulate B lymphopoiesis, the physiological role of IFN-�-mediated
inhibition of IL-7 signaling has yet to be elucidated. Interestingly,
infection and inflammation responses in the mouse lead to pref-
erential myelopoiesis and extramedullary B lymphopoiesis, which
is mediated in part by inhibited production of CXCL12 and SCF by
BM stromal cells (reviewed in [117]). IFN-� is a key factor pro-
duced during infectious responses and its activation may  regulate
B cell development in these situations by inhibiting IL-7R signals.
In line with this hypothesis, IL-15, a cytokine important for NK
cell development under naïve and inflammatory conditions, selec-
tively expanded Mac-1+B220+ NK cells in the BM, which were then
capable of inhibiting pre-B cell proliferation and survival in an IFN-
�-dependent manner [118]. Finally, recently emigrated IgD−CD21−

immature B cells in the periphery have been shown to be able to
produce low levels of IL-15 and IFN-� [119,120].  If one or both of
these factors are produced by immature B cells in the BM they could
potentially play a role in regulating the development of earlier pre-
cursors, either directly or through the development of NK cells.

6.3. Regulation and termination of IL-7R signaling

Having highlighted the many functions that IL-7 plays during
B cell development, one thing remains clear; regulation of IL-7R
signaling is critical. Local availability of IL-7 is key, and removal
of IL-7 is the most direct manner by which IL-7R signaling can
be abrogated. As previously described, IL-7 is produced by stro-
mal  cells in the BM,  which are a class of large adherent cells
that include fibroblasts, reticular cells, preadipocytes, endothelial
cells, and macrophages. The distribution of B cells in the BM is
dependent on their interaction with stromal cells, which utilize
chemokines, such as CXCL12, to attract cells to distinct cellular
niches [121].

CXCR4, the receptor for CXCL12, is expressed on subsets of
developing B cells and both CXCR4 and CXCL12 are essential for B
lymphopoiesis at the earliest stages of development [122]. Different
classes of stromal cells produce varying levels of IL-7 and CXCL12,
and expression of these factors has been shown to vary under cer-
tain conditions, such as cytokine stimulation, pregnancy and ageing
[123–125]. In vivo, pre-pro-B cells were found to be associated with
CXCL12Hi expressing cells, while pro-B cells associated with IL-7
producing stromal cells that expressed low levels of CXCL12 [126].
Small pre-B cells have been shown to up-regulate CXCR4, and this
expression has been proposed to initiate cell migration away from
IL-7 producing stromal cells [91,127]. Immature B cells on the other
hand, were found not to be associated with CXCL12 or IL-7 produc-
ing cells, thus allowing for their emigration out of the BM and into
the periphery [126]. Interestingly, the ATPase ATP11c has recently
been identified as an essential molecule in BM mediated develop-
ment of B lineage cells, and functions to control the structure of
cellular membranes. Mice deficient for ATP11C display a signifi-
cant reduction in pro-B, pre-B and immature B cells in the bone
marrow, as well as a diminished response to IL-7, yet exhibit nor-
mal  FL lymphopoiesis and marginal zone B cells [128,129].  While
it has yet to be determined exactly how this molecule mediates its
action, it highlights the complex and fundamental importance of
stromal cell–B cell interactions.

It is also possible that the local concentration of IL-7 is depen-
dent on B cell consumption rather than stromal cell production. The

greater the number of IL-7R molecules present on the cell surface,
as well as the number of cells expressing the IL-7R that exist in
any given environment, the more IL-7 that may be consumed and
the less that would remain for other cells to utilize. This effect is
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mplified by the fact that stimulation with IL-7 leads to cell sur-
ival and proliferation, resulting in the generation of daughter cells
hat continue to consume IL-7 until they either move away from
he IL-7 source, terminate IL-7R signaling, or decrease IL-7R sur-
ace expression. This model has been proposed for regulating T
ell development in the thymus (reviewed in [130]). During B cell
evelopment, pro-B and large pre-B cells proliferate in response
o IL-7 and/or pre-BCR expression, and in doing so may  effectively
ring about their death by diluting out local IL-7 concentrations.
owever, expression of a functionally rearranged pre-BCR on the
ell surface allows large pre-B cells to proliferate in low concen-
rations of IL-7, giving them a survival advantage [36]. Our lab
as suggested that as B cells develop they are exposed to gradi-
nt concentrations of IL-7 that are either created by stromal cell
iches or local consumption of available IL-7, which provides a
echanism to positively select for functionally rearranged cells

36,131]. While it has been shown that different B cell subsets
ssociate with different types of stromal cells, it is not possible at
his time to determine the direct effect that consumption has on
he availability of IL-7 in vivo, because conventional immunohisto-
hemistry is not sensitive enough to visualize the IL-7 protein in
issues.

While consumption and migration away from a source of IL-
 are two ways in which cells can limit their exposure to IL-7,
ther mechanisms also exist. This is highlighted by the fact that
oth IL-7-responsive and IL-7-non-responsive populations exist in

 cell cultures matured in vitro under conditions in which cells are
rovided with excess amounts of IL-7 and are unable to migrate
way from the IL-7 source [86]. We  and others have demon-
trated that the IL-7R is expressed on IL-7-responsive pro-B and
arge pre-B cells, while more mature small pre-B and immature

 cells maintain IL-7R expression, but are unable to respond to
L-7 [81,87,104,132,133]. We  have recently shown that SOCS pro-
eins play a role in regulating IL-7R signaling in pro-B and pre-B
ells. IL-7-induced the expression of SOCS-1 and SOCS-3 in devel-
ping B cells and the magnitude of this induction was  dependent
n the concentration of IL-7 [87]. Thus, as B cells respond to IL-7
hey also initiate negative feedback mechanisms that regulate the
xtent of IL-7R signaling. When this balance is disrupted, such as in
D45−/− mice or by enforced expression of SOCS-1, B cell develop-
ent is altered [87,104]. IFN-�, together with IL-7, synergistically

ncreased the expression of SOCS-1 and led to inhibition of IL-7-
nduced proliferation; a similar phenomenon was  observed with
L-21 and IL-7 [87]. Our model system allowed us to alter the levels
f SOCS proteins expressed in developing B cells and demonstrated
hat once a threshold of SOCS expression is reached, further IL-
R signaling is abrogated. Investigation into the expression levels
f SOCS-1 and SOCS-3 in developing B cell populations revealed
hat the small pre-B cell population, which is non-responsive to
L-7, expressed the highest levels of SOCS-1 [87]. We  therefore
ropose that it is the elevated level of SOCS proteins in small
re-B cells that contribute to their IL-7-non-responsive nature.
hile we have demonstrated that IL-7, IFN-� and IL-21 can all

lter SOCS expression, it has yet to be shown if any or all of
hese factors directly contribute to the elevated levels of SOCS
xpression observed in small pre-B cells. What can be concluded
s that a variety of known and possibly yet to be identified factors

ork together to regulate a SOCS-mediated “rheostat” that con-
rols the magnitude of response to IL-7 in developing B lineage
ells.
. Conclusion

IL-7 is a key factor that regulates B lymphopoiesis and plays
ultiple roles in the commitment, survival, proliferation and
munology 24 (2012) 198– 208 205

differentiation of B cell progenitors. During development, B cells
receive both activation and inhibition signals from IL-7, which are
modified by the amount of IL-7 present and the activation of other
signaling pathways (Fig. 1). Certain aspects of the IL-7R signaling
pathway have been well characterized, however, others have yet to
be fully elucidated, including; the degree to which IL-7 activation
regulates FoxO protein activity at various stages of development,
the role of Src kinase phosphorylation downstream of IL-7R activa-
tion, and the identification of the signaling intermediates that lead
to Erk activation. Additionally, while several studies have pointed
to an instructive role for IL-7 in the commitment of cells to the
B lineage as well as HC recombination, recent evidence suggests
that these functions may  not be as conclusive as originally thought.
However, the inhibitory role that IL-7 plays in the efficiency of LC
recombination is becoming more evident and further studies will
help to determine the detailed mechanisms by which IL-7 exerts
this effect.

While factors such as c-Kit, Flt-3L, and IL-11 work with IL-7 to
enhance cell survival and proliferation, signals downstream of IFN-
� and CD45 limit IL-7R activation; and the pre-BCR appears to both
positively and negatively modulate IL-7R signals. It is becoming
increasingly clear that expression and signaling downstream of the
IL-7R is not a on or off situation, but one that is highly regulated
and kept in balance by a dynamic network of TFs and signaling
molecules. SOCS proteins are emerging as important members of
this network that function not only as a feedback inhibitors, but also
play key developmental roles during B cell commitment as well as
during the pro-B to pre-B cell transition, by modulating a B cell’s
ability to respond to IL-7. Regulation of IL-7R expression along with
SOCS protein levels allows B cells to control their ability to respond
to IL-7-independently of external IL-7. This internal control in
conjunction with external regulation of IL-7 production and avail-
ability provides a model in which cells can be positively selected
and expanded during various stages of development, ensuring that
functional HC rearrangement has taken place while not inhibiting
further LC rearrangement and maturation.
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