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During the past two decades, our understand-
ing of human autoimmune diseases and pri-
mary immunodeficiencies has increased dra-
matically [1–5]. Many of these immunodeficient 
states are characterized by recurrent bacterial 
infection due to defects either in B-cell develop
ment or in the ability of naive B cells to dif-
ferentiate into effector cells [1,4] such as plasma 
cells that produce protective levels of neutralizing 
immunoglobulin (Ig), or memory B cells, which 
differentiate into plasma cells following subse-
quent encounter with the intial immunizing 
antigen [6]. The identification and characteriza-
tion of numerous human autoimmune diseases 
and primary B-cell immunodeficiencies provide 
in  vivo glimpses of how B  cells operate, how 
their dysfunction can manifest as disease and 
how these conditions could be treated. Thus, Ig 
replacement therapy in the form of intravenous 
Ig is often used to treat some of these immuno
deficient conditions [1,4]. Conversely, rituximab, 
a chimeric anti-human CD20 monoclonal anti-
body (mAb), is used therapeutically for the treat-
ment of some autoimmune conditions, owing to 
its ability to deplete B cells, even though not all 

of these cells are necessarily pathogenic  [3,7–9]. 
Despite these advances, much of our current 
understanding of human B  cells arises from 
animal studies. Furthermore, our understand-
ing is potentially limited due to difficulties in 
accessing appropriate human tissue samples and 
the logistic and ethical issues surrounding perfor-
mance of human in vivo research. Here, we will 
review recent findings regarding human B-cell 
development as well as the genetic and cellular 
defects underlying disease states that result from 
dysregulation of B-cell behavior.

B-cell development
B-cell development commences in the bone mar-
row (BM) from hematopoietic stem cell (HSC) 
progenitors that progress through the sequential 
stages that define the B-cell lineage pathway. 
HSCs initially develop into common lymphoid 
progenitors, which have the potential to give 
rise to T cells, B cells and natural killer  cells 
(reviewed in [10]). Common lymphoid progeni-
tors then mature into pro-B cells; it is at this stage 
that rearrangement of the Ig heavy chain genes 
commences. This involves the initial joining of 
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one diversity (D
H
) gene to a joining (J

H
) gene at the early pro-B-

cell stage and the subsequent alignment of a variable (V
H
) gene 

to the DJ
H  

element at the late pro-B-cell stage. Successful VDJ
H 

rearrangement allows pro-B cells to progress to the pre-B-cell stage 
of development, which is defined by the expression of cytoplasmic 
Igµ heavy chains, which pair with a surrogate light chain to form 
the pre-B-cell receptor (BCR). Rearrangement of the Ig light chain 
(V–L) subsequently results in the expression of a functional surface 
IgM molecule that defines immature B cells (Figure 1) [11,12]. 

During B-cell development, positive and negative selection 
occurs to regulate the development and function of self-reactive 
B cells. Immature BM resident B cells that recognize self-antigen 
are either eliminated (clonal deletion) or rendered unresponsive 
(anergic), or their BCR is revised to avoid self-reactivity (receptor 

editing) (reviewed in [13]). High-affinity interactions between 
the BCR and multimeric self-antigen typically result in deletion, 
while low-affinity interactions, such as exposure to soluble self-
antigen, render the B cells anergic or induce receptor editing [13]. 
Those cells that survive this selection process are exported to the 
periphery as transitional B cells. 

Interestingly, a large proportion (~40%) of transitional B cells 
present in the peripheral blood of healthy human donors have 
reactivity to self-antigens [14,15]. The differentiation of transitional 
B cells into mature naive B cells is accompanied by a twofold 
reduction in the frequency of autoreactive cells (from 40% to 
20%). This suggests the existence of another selection step at 
the transitional-to-mature naive stage of B-cell development. 
Therefore, only a small proportion of the cells generated in the 
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Figure 1. Human B-cell development/differentiation and specific mutations that cause diseases. B-cell development begins in 
the bone marrow from hematopoietic stem cells. Pro-B cells give rise to pre-B cells, which then become immature B cells. These cells then 
exit the bone marrow and enter the periphery as transitional B cells. To date, there are three known populations of human transitional 
B cells: CD10+CD21lo, CD10+CD21hi and CD10-CD21hiCD5+. Transitional B cells that survive selection then enter the mature B-cell repertoire 
as naive cells. Upon encountering T-cell-dependent antigen, naive B cells differentiate into germinal center cells that can follow one of 
two fates: plasma cells that produce antigen-specific immunoglobulin (Ig) and predominantly migrate to the bone marrow, or memory 
B cells that remain in the circulation or enter secondary lymphoid tissues and are capable of giving a rapid response following re-
encounter with the immunizing antigen. Two populations of naive B cells (based on expression of unmutated Ig variable region genes) – 
IgM+IgD- and CD21loIgM+IgD+ B cells – have recently been described; however, their exact position in the development pathway of human 
B cells remains unclear. Specific mutations have been identified that affect distinct stages in the developmental and differentiation 
processes. Mutations affecting the ability of human B cells to produce total Ig, or specific isotypes, are indicated in the white box. Several 
of these are discussed in this review (e.g., CD40, CD40L, ICOS, NEMO, STAT3, CD19, CD20, CD81 and BAFF-R); for the other genes 
indicated (e.g., UNG, PMS2, AID, FOXP3, TYK2, DOCK8, SP110 and TACI, the reader is directed to [4,5] for an overview).
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BM make it through the distinct stages of selection, thereby ensur-
ing that only non-self-reactive cells are selected into the circulat-
ing mature B-cell pool. Transitional B cells have been a focus 
of intense research during the past decade as this cellular subset 
represents an important link between B-cell development in the 
BM and that in the periphery.

Human transitional B cells
Identification & initial phenotypic characterization
The term ‘transitional B cell’ was first coined by Carsetti et al. in 
1995 [16]. Since then, it is now recognized that up to three subsets 
of murine transitional B cells can be identified (reviewed in [17]). In 
mice, two classifications have been described to distinguish subsets 
of transitional B cells: Loder et al. [18] defined transitional type 1 
(T1) B cells as CD24hiCD21loCD23loIgMhiIgDlo and transitional 
type 2 (T2) as CD24hiCD21hiCD23hiIgMhiIgDhi while Allman 
et al. [19] defined T1 as AA4+CD23-IgMhi, T2 as AA4+CD23+IgMhi 
and transitional type 3 (T3) as AA4+CD23+IgMlo (Table 1) [19]. 
By contrast, human transitional B cells were only first described 
in 2004  [20]. Consequently, our understanding of the human 
counterpart has greatly lagged behind that of mouse transi-
tional B cells. Flow cytometric studies established that human 
transitional B cells have a distinct phenotype in that they are 

CD19+CD10+CD24++CD38++ while naive and memory B cells are 
CD19+CD27-IgMloIgDhi and CD19+CD27+, respectively (Table 1). 
Similar to naive B cells, transitional B cells also express IgM and 
IgD, while memory B cells can express IgM, IgG or IgA [21–23]. In 
contrast to naive and memory B cells, human transitional B cells 
express elevated levels of CD5 (Table 1) [21,22]. Human transitional 
B cells represent approximately 10% of adult peripheral blood 
B cells  [21–23] but their frequencies in other tissues are variable. 
For example, 30% of B cells in umbilical cord blood and BM are 
transitional cells, while in secondary lymphoid tissues (i.e., the 
spleen, lymph node and tonsils), they comprise less than 0.5–5% 
of the B-cell compartment [21–23].

Delineation of subsets of human transitional B cells
Attempts have been made to further separate human transitional 
B cells into T1 and T2 subsets with the contention being that 
CD24 and CD38 expression is reduced as the earliest transitional 
B cells develop into subsequent stages [21,24]. A caveat to this is that 
the CD24++CD38++ B-cell subset is a rather homogeneous popu-
lation and delineation of this population into distinct subset is 
subjective. We recently reported the identification of two human 
transitional B-cell subsets based on the differential expression of 
CD21: CD10+CD21lo and CD10+CD21hi transitional B cells [23]. 

Table 1. Phenotypic features of human and murine peripheral B-cell subsets.

B-cell subset Phenotype

Murine B cells Human B cells

Transitional 1 B220+ AA4.1+ CD24hi CD21lo CD23lo/-IgMhi IgDlo CD10+ CD20+ IgM+ IgDlo CD27- CD40+ CD5hi CD9hi CD24hi 

CD38hi CD21lo CD44lo CD23lo Bcl-2-/lo MHC class II+ 

BAFF-Rlo TACI-

Transitional 2 B220+ AA4.1+ CD24hi CD21hi CD23hi IgMhi IgDhi CD10+ CD20+ IgM+ IgD+ CD27- CD40+ CD5hi CD9hi CD24hi 

CD38hi CD21hi CD44+ CD23+ Bcl-2lo MHC class II+ BAFF-Rhi 

TACI-

Transitional 3
(human ‘pre-naive’ 
CD5+)

B220+ AA4.1+ CD23+ IgMlo CD5hi CD9lo CD10- CD23+ CD24int CD38int IgD+ CD27- 

CD40+ MHC class II+ BAFF-Rhi TACI-

Naive B220+ IgDhi IgMlo CD21lo CD23hi MHC class II+ CD10- CD20+ IgMlo IgDhi CD27- CD5lo CD9lo CD24+ CD38+ 

CD39+ CD40+ CD21hi CD44+ CD23++ CD77- CD80- CD86- 
CD95- Bcl-2+ CXCR4+ CXCR5+ CCR7+ MHC class II+ 

BAFF-Rhi TACI-

Germinal center B220+ CD95hi GL-7+ CD38+/- MHC class II+ CD10+ CD20+ Iglo CD23- CD27+ CD24+ CD38hi CD39- 

CD21hi CD44-/+ CD23++ CD40+ CD77+ CD80+ CD86+ 
CD95+ Bcl-2- CXCR4+ CXCR5+ CCR7- MHC class II+ TACI-/+ 

BCMA+

Memory B220+ CD80+ CD95+ CD73+ CD62Lhi MHC class II+ CD10 CD20+ IgM/G/A+ IgDlo CD27+ CD24+ CD38lo CD21hi 

CD44+ CD23lo/-CD77- CD39+ CD40+ CD80+ CD86+ CD95+ 

Bcl-2hi CXCR4+ CXCR5+ CCR7+ MHC class II+ BAFF-Rlo 

TACI+ BCMA-

Plasma cell B220lo/- CD138++ CD19lo/- B220lo/- MHC class II- CD38+/- 
CD43- CXCR5- CXCR4+ BCMA+

CD10- CD20lo sIglo cIghi CD9hi CD21- CD23- CD27hi CD38hi 

CD39hi CD40+ CD21-/lo CD44+ CD23- CD77- CD86+ CD95+ 

CD138-/+ CXCR4+ CXCR5- CCR7- MHC class II+ BAFF-Rlo/- 

BCMA-/+

BAFF-R: B-cell-activating factor receptor; Bcl: B-cell lymphoma; BCMA: B-cell maturation antigen; CCR: C-C chemokine receptor; CXCR: C-X-C chemokine receptor; 
TACI: transmembrane activator and calcium modulator and cyclophilin ligand interactor. 
Phenotype of human and murine B cells was derived from references [16,19,23,54,56,61–63,97–103].
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Our data revealed that these two subsets have distinct phenotypes, 
with the CD21hi subset expressing higher levels of Bcl-2, CD23, 
CD44, IgD and B-cell-activating factor receptor (BAFF-R) 
than the CD21lo subset (Table 1). We also showed that the CD21hi 

subset is the more mature subset based on the increased sur-
vival correlating with elevated Bcl-2 expression and greater pro-
liferation and antibody production in vitro [23]. Lastly, another 
approach that has been used to distinguish B-cell subsets is the 
presence or absence of the ABCB1 transporter, the expression of 
which can be visualized by extrusion of the dye rhodamine 123 
(R123). By using this method, Anolik and colleagues identified 
a third population of transitional B cells, T3 B cells, which are 
CD10-CD24intCD38intIgD+CD27- and could be distinguished 
from naive B cells by their poor ability to extrude R123 [25]. We 
hypothesize that this population is similar, if not identical, to the 
recently described population of pre-naive B-cell populations that 
are CD5+ but lack expression of CD10 [26]. 

The sharp drop in the frequency of self-reactive cells at the 
transitional-to-naive stage of B-cell development indicates that 
a selection event occurs in the periphery. We also noted that 
the production of autoreactive antibodies by transitional B cells 
decreased as they developed from a CD21lo to a CD21hi pheno-
type [23]. This suggests that selection takes place at the CD21lo 
to CD21hi stage of transitional B-cell development and provided 
additional evidence that the CD21lo transitional B cells were the 
precursors to the CD21hi subset. We employed several approaches 
to establish a precursor/product relationship between these subsets. 
First, by examining patients with X-linked agammaglobulinemia 
due to mutations in BTK we found that, although these patients 
had a severe reduction in the number of peripheral B cells, the 
vast majority of these were of a CD21lo transitional phenotype. 
This raised the likelihood that the first population of B cells 
exported from the BM to the periphery are CD10+CD21lo cells. 
Second, microarray analysis revealed differential gene expression 
between the CD21lo and CD21hi transitional B-cell subsets in that 
lymphoid-enhancing factor 1 (LEF-1) was highly expressed in the 
CD21lo transitional B cells and expression decreased in the CD21hi 
transitional subset [23]. Interestingly, a recent study by Hystad et al. 
that analyzed gene-expression profiles of early stages of human 
B-cell development in the BM showed that expression of LEF-1 
was low or absent in CD34+CD10+CD38+CD19- early B cells, 
was induced in CD34+CD10+CD19+IgM- pro-B cells but then 
decreased as these cells matured into CD34-CD10+CD19+IgM- 
pre-B and CD34+CD10+CD19+IgM+ immature B cells [27]. Such 
differential expression of LEF-1 would be consistent with a linear 
model of B-cell development whereby immature BM B cells give 
rise to CD21lo B cells, which then give rise to CD21hi transitional 
B cells (Figure 1). 

Transitional B cells in human diseases
Immunodeficiency & stem cell transplant
Transitional B cells have a unique phenotype compared with 
other B-cell subsets in that they are CD10+CD5+CD9+ and 
IgMhiCD38hiCD24hi  [22,23]. This distinction has allowed 
detailed analysis of human transitional B cells to be performed. 

Transitional B cells have been found to be increased in the 
peripheral blood of several immunodeficient conditions such as 
X-linked lymphoproliferative disease (XLP) [22], STAT3 defi-
ciency [28] and HIV infection [29], as well as following HSC 
transplant (HSCT) [22,23]. Analysis of lymphocyte reconstitu-
tion during the first 12 months post-HSCT indicated that the 
majority of B cells appearing in the initial stages are transitional 
cells [23]. This is consistent with early studies that established that 
B cells generated following HSCT are CD5+, IgMhi, IgDhi and 
CD38hi, which are all features of transitional B cells [30,31]. We 
extended these studies by demonstrating that the appearance of 
CD21lo transitional B cells preceded that of CD21hi transitional 
B cells in post-HSCT patients [23]. Post-HSCT, the frequency 
of transitional B cells decreased while the proportion of naive 
cells increased over time. Interestingly, B-cell reconstitution in 
patients with B-cell lymphoma or rheumatoid arthritis (RA) 
undergoing rituximab therapy follows a similar pattern to that 
observed for post-HSCT patients. Following reconstitution of the 
transitional B-cell compartment, mature cells began to increase 
in frequency, confirming that transitional B cells are the neces-
sary intermediates for the development of mature B cells from 
the immature precursors present in the BM [22,23]. Meanwhile, 
the recovery of memory B cells is delayed and remains below 
that observed in normal healthy donors for up to 1 year post-
therapy [24,32–34]. These studies showed that transitional B cells 
are the earliest cell to return when B cells are depleted either due 
to rituximab or chemotherapy/irradiation treatment.

Autoimmune diseases
In autoimmune diseases such as systemic lupus erythematosus 
(SLE) and RA, purging of self-reactive B cells from the mature 
B-cell repertoire at the transitional-to-mature naive stage is com-
promised. This is based on the observation that the frequency of 
autoreactive cells in the transitional and mature naive B-cell com-
partments of SLE and RA patients is the same (~40%), which 
contrasts with healthy donors where there is a 50% decrease (i.e., 
from 40% in the transitional subset to 20% in the naive sub-
set) [14,15,35,36]. Perturbations to B-cell development at the tran-
sitional stage potentially cause autoimmune development since 
this B-cell subset carries autoreactive potential [14,23]. Indeed, 
the first detailed characterization of human transitional B cells 
noted that these cells are increased in frequency in the blood of 
patients with SLE [21], an observation recently confirmed in a 
study of a larger cohort of SLE patients [37]. This infers that an 
understanding of the biology of human transitional B cells, espe-
cially the CD21lo transitional subset since these are enriched for 
autoreactive B cells [23], may aid the development of therapeutic 
interventions that target this population to improve the treatment 
of these autoimmune conditions. 

Unexpectedly, a new study showed that transitional B cells 
potentially play an important role in regulating autoimmunity. 
The term ‘regulatory’ B cell (Breg) has been used to describe 
B cells with regulatory function in animal models of human 
diseases [38–40]. Murine Breg cells are contained with the CD1dhi 
or CD1dhiCD5+ subset of splenic B cells and are enriched for 
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IL-10-producing cells [41]. It is generally accepted that Bregs 
exert their regulatory effect through the production of IL-10. For 
instance, protection against the development of the multiple scle-
rosis model experimental autoimmune encephalomyelitis (EAE), 
the RA model collagen-induced arthritis and also diabetes in 
mice was compromised in the presence of B cells derived from 
IL-10-deficient mice [41]. These murine studies have provided 
convincing evidence that B cells are capable of not only positively 
regulating immune responses through the production of specific 
Ig and costimulating CD4+ T cells, but also of suppressing the 
function of potentially autoreactive lymphocytes in the setting 
of inflammatory or autoimmune conditions. Until recently, 
no studies had characterized these cells in humans. Blair et al. 
found that in healthy individuals, CD24hiCD38hi B cells (i.e., 
those with a transitional phenotype) have the ability to suppress 
production of IFN-g and TNF-a by Th1 cells via an IL-10-
dependent mechanism following stimulation through CD40 [37]. 
Interestingly, CD24hiCD38hi (i.e., transitional) B cells isolated 
from SLE patients produced less IL-10 than those from healthy 
controls. It is possible that dysfunctional transitional B cells 
contribute to the development of autoimmunity on two levels. 
First, they are enriched for the production of autoreactive anti
bodies [14,23], and second, reduced production of IL-10 compro-
mises the suppressive activity that ordinarily regulates the behav-
ior of potentially pathogenic/proinflammatory Th1 cells  [37]. 
While impaired IL-10 production by a subset of B cells in SLE 
patients contrasts with previous studies, which found that SLE 
B cells were responsible for the spontaneous secretion of IL-10 
observed for mononuclear cells obtained from SLE patients, and 
that IL-10 is increased in the serum of patients with SLE [42], it 
provides further evidence that transitional B cells are an attrac-
tive cellular target for therapeutic intervention in SLE, and 
potentially other autoantibody-mediated diseases.

The requirements of B-cell development: differences 
between mice & humans
B-cell development depends not only on intrinsic factors such as 
Ig rearrangement and expression of a mature BCR, but also on 
extrinsic factors such as cytokines. Analysis of gene-targeted mice 
and human immunodeficiencies has revealed critical roles for key 
genes in B-cell development in both species. While the require-
ments for B-cell development in humans and mice are generally 
similar, there are notable differences. In this next section we con-
trast the roles of two cytokines – BAFF and IL-7 – in human and 
mouse B-cell development. 

BAFF
B-cell-activating factor belonging to the TNF family (BAFF; also 
known as TALL-1, BLyS, THANK, zTNF4 and TNFSF13B) is 
important in murine B-cell development because it appears to 
be a potent survival factor for transitional B cells and is critical 
for the normal function of the immune system [43–47]. BAFF 
exerts its effects by interacting with three receptors belonging to 
the TNF receptor (TNF-R) superfamily: B-cell maturation anti-
gen (BCMA), transmembrane activator and calcium modulator 

and cyclophilin ligand interactor (TACI) and BAFF receptor 
(BAFF-R), also known as BLyS receptor 3 (BR3)  [43–46]. The 
effects of BAFF on B-cell development are dependent on signal-
ing through BAFF-R [43–47]. BAFF can also promote the survival 
of plasmablasts/plasma cells; however, this appears to involve 
BCMA rather than BAFF-R [48,49]. By contrast, TACI appears to 
be a negative regulator of B-cell function [43,44,46]. Much atten-
tion has been given to BAFF in the context of human disease for 
several reasons: there are phenotypic similarities between BAFF 
transgenic mice and humans with autoimmune diseases such as 
Sjögren’s syndrome and SLE [43,44,47]; elevated levels of BAFF 
have been detected in the serum of patients with autoimmune 
diseases including SLE and Sjögren’s syndrome  [50,51]; excess 
BAFF can break peripheral B-cell tolerance in murine models 
of autoimmunity [52,53]; and disease severity in murine models of 
human SLE can be improved following BAFF blockade  [43,44]. 
Collectively, these studies lead to the conclusion that abnormal 
levels of serum BAFF contribute to disease pathogenesis in autoim-
mune conditions by enhancing the survival of autoreactive B cells. 
For this reason, a great deal of enthusiasm has been generated over 
the prospect of BAFF inhibitors as therapies for the treatment of 
human autoantibody-mediated autoimmune conditions  [3,9,47]. 
However, the results from clinical trials using the neutralizing 
anti-BAFF mAb belimumab have been underwhelming: Phase II 
trials failed to reach their primary end point, with no signifi-
cant differences in disease score or autoantibody levels detected 
between the treatment and placebo groups [47,54,55]. Although two 
Phase III trials did reach their primary end point, the response 
rates were modest: 57.6 and 43.2% in the treatment groups versus 
43.6 and 33.8% in the placebo groups for the two trials, respec-
tively [56]. These studies indicated that therapeutic targeting of 
BAFF may not be a particularly efficacious strategy for treating 
B-cell-mediated autoimmune conditions such as SLE [47,55,56]. 

These findings are perhaps not that surprising, since there 
have been several indications in the literature that the function 
of BAFF on human (and nonhuman primate) B cells may be 
different to that on murine B cells. For instance, in vivo BAFF 
blockade in monkeys only reduced peripheral B-cell numbers by 
approximately twofold  [57,58], while in mice the effect was more 
than tenfold  [43,45,47]. Similarly, while BAFF is an efficient pro
survival factor for murine transitional B cells [59], it has no effect on 
human transitional B cells [21,23]. Lastly, the recent identification of 
humans with mutations in TNFRSF13C, which encodes BAFF-R, 
further highlighted differences in the function of BAFF during 
B-cell development and differentiation in mice and humans. Thus, 
while deficiency in BAFF-R in mice leads to a significant reduc-
tion in B cells, particularly at the transitional and mature B-cell 
stages of development  [43,44], the percentage of human CD10+ 
transitional B cells was increased in BAFF-R-deficient patients; 
however, the absolute number was still within the normal range [60]. 
There was also a detectable population of class-switched memory 
B cells, and strong T-cell-dependent immune responses in BAFF-
R-deficient individuals  [60]; by contrast, BAFF-R is required for 
T-cell-dependent responses in mice, as evidenced by a reduction 
in the formation of germinal centers [46], which are generally 
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considered to be required for the generation of high-affinity class-
switched memory and plasma cell responses [6]. Perhaps the most 
striking difference between BAFF-R-deficient mice and humans is 
that the first BAFF-R-deficient patient did not exhibit any clinical 
symptoms of immunodeficiency until the age of 37 years, while the 
second individual remained healthy until 70 years of age [60]. This 
contrasts with Baffr-deficient mice, which develop B-cell deficiency 
at a relatively young age (6–8 weeks) [43,44]. Thus, it appears that, in 
contrast to mice, the immune systems of BAFF-R-deficient humans 
retain sufficient antibody-producing B cells to provide effective host 
defense following natural infection or immunization  [60]. Taken 
together, the requirement of BAFF-R (and by inference BAFF) dur-
ing B-cell development and differentiation is significantly different 
between mice and humans. The association of BAFF-R deficiency 
with adult-onset immunodeficiency implies that the predominant 
effect of BAFF on human B cells is not at the transitional stage of 
B-cell development but rather during the differentiation of memory 
B cells into plasmablasts/plasma cells [49]. Irrespective of these dif-
ferences, it is clear that BAFF-R is an excellent marker of human 
mature B cells. Based on this, there is no reason why targeting 
BAFF-R with a specific mAb could not be used as an approach for 
B-cell depletion therapy akin to that achieved by rituximab. This 
may have an advantage over rituximab in that BAFF-R is expressed 
on some subsets of plasma cells – for example, tonsil plasma cells 
as well as plasmablasts [61] – whereas expression of CD20 is down
regulated from these cells [62]. Since pathogenic autoantibodies are 
produced by both short-lived plasmablasts and long-lived plasma 
cells [63], plasma cell depletion would be an important component 
of ameliorating the serum levels of autoantibodies. The elimina-
tion of all plasma cells would obviously also compromise humoral 
immunity provided by antigen-specific plasma cell-produced anti-
bodies; this would need to be balanced with the benefit gained by 
reducing disease score in such cases of autoimmunity.

IL-7
Extensive focus has also been given to IL-7. IL-7 is produced by 
nonhematopoietic stromal cells and was initially identified and 
cloned by Namen et al. for to its ability to stimulate short-term 
proliferation of murine B cells in the absence of stromal cells [64]. 
IL-7 and its receptor subunits, the IL-7Ra chain and the common 
g chain (gc) [65], have since been shown to be important in murine 
B-cell development. In the absence of IL-7/IL-7R signaling due 
to gene targeting or mAb-mediated neutralization, murine B-cell 
development in vivo and in vitro was essentially abolished [66–70]. 
In contrast to these studies of murine B cells, human B-cell 
development appears to be independent of IL-7. This is based 
on the following observations. First, the in vitro differentiation 
of human B cells from stem cell precursors can be achieved in 
the absence of endogenous or exogenous IL-7  [71]. Second, and 
more revealing, patients with mutations in IL-7R  [72–74], gc [75] 
or JAK3 [76,77], which signals downstream of the IL-7R/gc com-
plex, displayed normal or increased numbers of B cells in their 
peripheral blood. Thus, although IL-7 can have some effects on 
human B-cell precursors in vitro [78–80], it clearly does not have 
an obligatory role in B-cell development in vivo, which is in stark 

contrast to murine B cells. An important area for future investiga-
tion, therefore, is the elucidation of the critical cytokines required 
for human B-cell development in vivo.

Recent identification of novel autoreactive human 
B-cell subsets
Transitional B cells continue their maturation in the periphery 
where they are selected to become mature naive B cells that have 
reduced autoreactivity and produce non-self antigen-specific Ig in 
response to appropriate cognate stimulation. Despite the advances 
made in characterizing transitional B-cell subsets, several recent 
studies have identified additional subsets of B cells that share fea-
tures with transitional and/or naive B cells but are in fact distinct 
from these populations. 

Duty et al. identified a subset of IgD+IgM-CD27- (i.e., ‘naive’) 
B cells comprising less than 2% of all circulating B cells [81]. 
These cells express unmutated (i.e., germline) Ig variable region 
genes, and the Ig produced binds self-antigen. These cells also 
have impaired responsiveness to BCR engagement compared 
with IgD+IgM+ CD27- naive B cells. While the enrichment for 
autoreactivity and reduced responsiveness are features of human 
transitional B cells, these cells do not appear to be transitional 
B cells since their extended phenotype resembles that of naive cells 
(i.e., they are CD10-CD5loCD23hi). Rather, it was concluded that 
they are anergic B cells rendered unresponsive to antigen stimula-
tion by peripheral tolerizing mechanisms. While this study showed 
that anergized self-reactive naive IgD+IgM- B cells are present in 
healthy individuals, it remains to be determined whether they are 
expanded and whether the tolerance mechanisms that ensure their 
hyporesponsiveness in normal individuals are compromised in cases 
of antibody-mediated autoimmune diseases. Furthermore, the exact 
precursor of this population – for example, a late transitional B cell 
or a naive B cell – is undefined at this stage (Figure 1).

Isnardi et al. and Rakhmanov et al. have both recently ana-
lyzed a unique B-cell subset, characterized by low expression 
of CD21 (CD21lo), which is present at a low frequency (<1% of 
total B cells) in the peripheral blood of healthy individuals but 
is substantially expanded in a subset of patients with common 
variable immunodeficiency (CVID) (~20% of total B cells) or 
RA (>5% of total B cells) [82,83]. These CD21lo B cells bear a 
striking resemblance to human anergic B cells [81] in that they 
express unmutated Ig variable region genes but autoreactive BCRs 
and impaired signaling following BCR engagement. However, 
in contrast to anergic B cells, the CD21lo B cells appear to be 
activated, since they express CD86, CD95 and inflammatory 
chemokine receptors (CXCR3 and CXCR6) but have down-
regulated cytokine (IL-4 receptor) and chemokine receptors (i.e., 
CXCR4, CXCR5 and CCR7) that are typically expressed by 
naive B cells. They have also undergone greater rounds of prolif-
eration in vivo than naive B cells from healthy individuals [83] and 
express an array of inhibitory receptors not observed on B cells 
from healthy donors [82,83]. We would speculate that this popula-
tion of CD21lo B cells is regulated in healthy individuals by spe-
cific tolerance mechanisms, while in diseases such as CVID and 
RA, such mechanisms are impaired, leading to their increased 
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frequency in these situations. It is likely that the production/
expression of autoreactive Ig by the CD21lo B cells contributes 
to autoimmune pathology in autoimmune conditions; this is 
consistent with their over-representation not only in RA but also 
in the subset of CVID patients that have the greatest incidence 
of autoimmune cytopenias [84]. The precursor of these CD21lo 

B cells is unknown but it could be either CD10+CD21lo transi-
tional B cells, as indicated by their low expression of CD21 and 
high autoreactivity [23], or CD10+CD21hi transitional or mature 
naive B cells that are not negatively selected against in the periph-
ery (Figure 1). It is also unclear whether the anergic B cells reported 
by Duty et al. [81] correspond to the normal counterpart of the 
CD21lo B cells described by Rakhmanov et al.  [83] and Isnardi 
et al. [82], since expression of CD21 on anergic B cells was not 
determined. Thus, it will be important to elucidate the origins of 
anergic B cells in healthy individuals and CD21lo B cells in cases 
of immune dyscrasias, and determine the relationship of these 
B-cell subsets with other well-defined stages of B-cell develop-
ment. This will provide significant insights into the processes of 
B-cell positive and negative selection that under normal conditions 
ensures the generation of a repertoire of mature B cells purged of 
autoreactive clones, but can also yield a B-cell repertoire enriched 
with self-reactive specificities in cases of immune dysregulation. 

Immunodeficiencies reveal requirements for specific 
molecules during B-cell differentiation
A prominent role of naive B cells is to differentiate into effec-
tor (memory and plasma) cells following interaction with, and 
subsequent activation by, foreign antigen. Several loss-of-func-
tion or loss-of-expression mutations in genes that cause specific 
immune-deficient conditions impair the ability of the naive 
B cells to undergo Ig class-switching to become memory B cells 
or Ig-producing plasma cells, thereby compromising long-lived 
humoral immunity in the affected patients [6]. Patients with 
mutations in SH2D1A/SAP (which causes XLP [85,86]), CD40L, 
CD40 and NEMO (which cause hyper-IgM syndrome  [87,88]), 
ICOS [89] or CD19 (which cause CVID) [90,91] or STAT3 (which 
causes autosomal dominant hyper-IgE syndrome [28,92]), all have 
reductions in memory B cells, particularly CD27+IgM-IgD- class-
switched B cells (Figure 1). These conditions present with normal/
increased levels of serum IgM but a deficiency in switched Ig 
isotypes and/or impaired antigen-specific antibody responses. 
Memory B cells fail to be generated in these patients, either 
because of an intrinsic requirement for expression and function 
of the mutant gene in the B cells (e.g., CD40, NEMO, CD19 
and STAT3), or the defect is extrinsic to the B cells reflecting 
impaired provision of CD4+ T-cell help that is required for B-cell 
differentiation (e.g., CD40L, ICOS and SH2D1A/SAP). The 
deficit in memory B cells due to STAT3 mutations may also 
reflect a requirement for STAT3 in CD4+ T cells (in addition to 
B cells), since studies in mice have demonstrated the importance 
of STAT3 in the differentiation of naive CD4+ T cells in fol-
licular T helper cells [93], the subset of CD4+ T cells specialized 
to provide help to B cells for their maturation into memory and 
plasma cells.

Recently, homozygous mutations in CD81, which forms a 
multimolecular complex with CD19, CD21 and CD225 on the 
surface of mature B cells, were found to cause an antibody defi-
ciency characterized by impaired formation of memory B cells and 
poor responses to both T-cell-dependent (i.e., tetanus) and poly
saccharide (i.e., pneumococcal) antigens [94]. The phenotype of 
this individual was very similar to that of patients with mutations 
in CD19 [90,91] – this is consistent with the reduced levels of CD19 
on their B cells (Figure 1). Apart from being required for the stable 
expression of CD19 on the B-cell surface, the exact function of 
CD81 in B-cell biology is unknown. Thus, it is unclear whether the 
antibody deficiency in this case of CD81 mutation resulted from a 
defect in CD81 function in B cells, or reflected impaired expression 
of the CD19 coreceptor. Irrespective of this uncertainty, what is clear 
is that the integrity of the multimeric complex comprising CD19, 
CD81, CD21 and CD225 is requisite for the normal functioning 
of human B cells in response to foreign antigens. 

Interestingly, a patient with homozygous mutations in CD20 
also developed an immune deficiency associated with a reduction 
in memory B cells. However, in contrast to the immune deficien-
cies detailed previously, the response of this patient to tetanus 
toxoid vaccination was normal, however, the recall response to 
pneumococcal polysaccharide vaccination was poor or absent, 
suggesting a defect in T-cell-independent B-cell responses [95]. 

These studies of monogenic immunodeficiencies have revealed 
key regulators of the differentiation of naive B cells into effector 
cells following encounter with T-dependent and/or T-independent 
antigens. This implies that pharmacological modulation of the 
function of molecules such as CD40/CD40L, ICOS, SAP, 
STAT3, CD19/CD81 or CD20 may allow the immune response 
of immunodeficient or autoimmune patients to be improved or 
attenuated, respectively, thereby alleviating some of the clinical 
features of these conditions. This is particularly relevant for cases 
of autoimmunity where defects in memory B-cell formation and 
function have been noted [2].

Expert commentary & five-year view
The past two decades have seen a great improvement in our under-
standing of the requirements for and regulators of human B-cell 
development and differentiation, as well as the identification and 
refined characterization of numerous stages of B-cell develop-
ment. We now also have a real appreciation of the importance 
of studying human primary B cells to elucidate the mechanics 
of their behavior, rather than simply relying on murine models. 
Despite this, significant gaps remain in our understanding of the 
biology of human B cells and their development and function. 
There are substantial differences between murine and human 
B cells with respect to the factors necessary for their develop-
ment. The fact that B-cell development is intact in humans with 
mutations in the IL-7R signaling pathway [72–77] and only mildly 
affected in those with mutations in BAFF-R [60], highlights the 
redundancy of these cytokines and the need to identify functional 
homologues of murine IL-7 and BAFF that play analogous roles 
during human B-cell development. Elucidation of such molecules 
may provide novel targets for the treatment of B-cell dyscrasias. It 
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Key issues

•	 The B-cell population present in human peripheral blood is heterogeneous, being comprised of transitional, naive and memory subsets.

•	 Transitional B cells correspond to recent bone-marrow emigrants, which enter the periphery and can then give rise to mature naive 
B cells.

•	 Three subsets of ‘pre-naive’ transitional B cells have been identified; these can be resolved from each other by the differential 
expression of CD21, CD10 and the ABCB1 transporter.

•	 The CD21lo subset of human transitional B cells appears to be the immediate product of immature B cells and gives rise to the more 
mature CD21hi subset of transitional B cells; these subsets differ with respect to gene expression, phenotype and autoreactive potential.

•	 Unlike murine B cells, the cytokine B-cell activating factor does not appear to exert a potent prosurvival effect on human transitional 
B cells; this suggests that alternative soluble factors regulate selection and survival of human B cells at this critical stage of development.

•	 CD21-/lo B cells represent a population of autoreactive naive B cells that are functionally unresponsive to signaling through the B-cell 
receptor. However, in contrast to bona fide naive B cells, these CD21-/lo cells exhibit a phenotype and in vivo proliferation history that is 
consistent with activated B cells. It is possible that these changes reflect chronic stimulation with self-antigen.

•	 Differentiation of naive B cells into memory B cells is compromised in many cases of monogenic immunodeficiencies. Thus, there is 
strong evidence for important roles of CD40/CD40 ligand, NEMO, ICOS, CD19, CD81, SH2D1A/SAP and STAT3 in T-cell-dependent 
B-cell activation and the subsequent generation of long-lived memory B cells/humoral immune responses.

will also be important to gain a greater understanding of human 
anergic B cells [81] and putative Bregs [37] and the relationship 
between these cells and other recently defined subsets, namely 
transitional/pre-naive B cells [23,25,26] and the CD21lo/- B cells 
identified in several cases of autoimmunity [82,96]. For example, 
the signals required for the maturation of CD21hi transitional 
B cells into the pre-naive CD5+CD10- B-cell subset remain to 
be determined, as does the precursor/normal counterpart of the 
CD21lo B cells detected in diverse disease states. Further study 
of autoimmune and immunodeficient individuals with defined 
genetic mutations will no doubt shed substantial light on the 
requirements for the development, survival and function of these 
B-cell subsets. Since several of these subsets (anergic, transitional 
and CD21lo) harbor autoreactive specificities [14,23,81,96], it will 
be important to elucidate regulatory mechanisms that pre-
vent overt production of autoantibodies by these cells. Lastly, 
while murine Bregs and their contribution to controlling auto
immunity in models of human diseases have been the focus of 
intense research  [41], the discovery of the human counterpart 
has only recently been reported [37]. The functionality of these 

cells in normal and autoimmune individuals requires validation, 
however, their initial characterization has clearly provided a plat-
form for future studies. With recent discoveries relating to the 
molecular identification of genetic lesions underlying immuno-
deficiencies, together with improved tools for studying human 
B-cell subsets, function and dysfunction, there is no doubt that 
future investigation will continue to provide critical insights into 
the pathogenesis of B-cell-mediated diseases and the identifica-
tion of molecules or signaling pathways that can be targeted for 
the improved treatment of conditions including autoimmunity, 
immunodeficiency and malignancy.
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